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ABSTRACT

TiO,, thin films were deposited by DC reactive magnetron sputtering. Some TiO, thin films samples were
annealed for 5min at different temperatures from 300 to 900°C. The structure and optical properties
of the films were characterized by X-ray diffraction (XRD), field emission scanning electron microscopy
(SEM) and ultraviolet-visible (UV-vis) spectrophotometry, respectively. The influence of the annealing
temperature on the structure and optical properties of the films was investigated. The results show that
the as-deposited TiO, thin films are mixtures of anatase and rutile phases, and possess the column-
like crystallite texture. With the annealing temperature increasing, the refractive index and extinction
coefficient increase. When the annealing temperature is lower than 900°C, the anatase phase is the
dominant crystalline phase; the weight fraction of the rutile phase does not increase significantly during
annealing process. As the annealing temperature rises to 900 °C, the rutile phase with the large extinction
coefficient becomes the dominant crystalline phase, and the columnar structure disappears. The films
annealed at 300 °C have the best optical properties for the antireflection coatings, whose refractive index
and extinction coefficient are 2.42 and 8 x 104 (at 550 nm), respectively.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide (TiO;) thin films have a long history in sili-
con photovoltaics (PV) as antireflection (AR) coatings [1]. TiO, thin
films have many advantages, including their very good chemical
resistance to the majority of chemicals used in the PV industry
and their optimal refractive index for glass encapsulated silicon
solar cells [2]. From the three crystalline phases (anatase, rutile,
and brookite) in titanium oxides, the anatase phase is desired in
AR coatings applications because of its high refraction index and
low extinction coefficient [3]. Moreover, the anatase TiO, films
have numerous interesting applications in optical coatings, opti-
cal waveguides, photo-decomposition of environmental pollutants,
solar cells and electronic devices [4-6]. Many different proce-
dures for the preparation of TiO, thin films are reported [7-10].
Among these deposition methods, the magnetron sputtering is very
attractive due to many advantages, such as the freedom to choose
substrate material, low deposition temperature and a uniform
deposition over a relatively larger area. Unfortunately, the anatase
phase is not thermodynamically stable. This instability arises from
the transition of anatase to rutile. Therefore, the optimization of
the annealing process is important. A large number of studies have
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reported the transition temperature is about 700 °C [10]. For phys-
ical vapour deposition (PVD), the actual temperature range of this
transition depends on the details of the preparation conditions. For
instance, Ben Amor et al. [11] found that the anatase phase is sta-
ble at 800°C and the anatase completely transforms to the rutile
at 1200°C. Tian et al. [12] reported that annealing at 1100 °C only
leads to the growth of the anatase crystallite, and the rutile phase
does not appear. Whereas some studies showed that the anatase
completely transforms to the rutile phase when annealed at about
900°C[13]. Hunsche et al. [14] even found that the transition starts
at 500°C. However, few reports try to explain these differences.
This research aims to investigate the effect of annealing tempera-
ture on the crystalline structure and optical properties of the TiO,
thin film prepared by DC reactive magnetron sputtering. Further-
more, the relations between thermal stability and microstructure
of the sputtered TiO, thin films were tried to be established.

2. Experimental

TiO, thin films were deposited at room temperature by DC reactive magnetron
sputtering of a Ti target (purity 99.99% and diameter 100 mm). The oxygen (0, ) and
argon (Ar) were used as reactive gas and working gas, respectively. The sputter-
ing pressure was kept at 0.7 Pa, with an O, flow rate of 10 mL/min and an Ar flow
rate of 90 mL/min. A turbo molecular pump was used to achieve a base pressure
of 1 x 1073 Pa. The target-to-substrate distance was kept constant at 60 mm. The
sputtering power was kept at approximately 400 W. Quartz glass plates with size of
25mm x 25 mm x 1 mm were used as substrates. The substrates were ultrasonically
cleaned in acetone, ethyl ethanol and deionized water for 15 min in sequence, then
dried by N,. The pre-sputtering was performed for 5 min to clean the surface of the
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Fig. 1. XRD patterns for the TiO, films annealed at different temperatures: (a) as-
deposited; (b) 300°C; (c) 500°C; (d) 700°C; (e) 900°C.

titanium target, and then the TiO; thin films were deposited at room temperature
for 50 min. For the annealing studies, some samples were annealed by RTP-500 rapid
thermal processor at 300, 500, 700 and 900 °C for 5 min, respectively.

The crystalline structures of the films were investigated with Rigaku D/max 2500
VB+ XRD using Cu Ka radiation. The 6 — 26 scans range is between 10° and 80° with
a step size of 0.01°. From the broadening of the diffraction peaks, the crystallite size
was estimated using the Scherrer formula [15]. The cross-sectional morphology of
the TiO, thin films was observed with Philips Sirion 200 field emission SEM. The
samples were covered with gold for SEM operation. The thickness of the films was
measured by SEM and Alpha-Step IQ type profiler. Optical transmittance spectra of
the films were investigated at room temperature with TU-1800 type UV-vis spec-
trophotometer. From the transmittance spectra, the optical constants of the films
were calculated using the Swanepoel method [16].

3. Results and discussion
3.1. X-ray diffraction measurements

Fig. 1 shows the XRD spectra of TiO; films annealed at different
temperatures. ‘A’ means the anatase phase, ‘R’ is the rutile phase.
The average crystallite size of the TiO, thin films is estimated by
the Scherrer’s equation [15] as follows:

0.89A

Dpr1 = Bcos b (1)

where Dy denotes the average crystallite size of the TiO, thin
films, A=0.15405nm is the X-ray wavelength of Cu Ka, g is the
width of the peak measured at half maximum intensity (FWHM)
and 6 is the Bragg’s angle of the peak. The anatase crystallite size is
calculated for the films annealed at temperatures lower than 900 °C,
while the rutile crystallite size is calculated for the films annealed
at 900°C. The results are given in Table 1. The crystallite size of
the films increases with the annealing temperature. The crystal-

Table 1

lite size of the films annealed at 900°C is nearly twice that of the
as-deposited films. The broad scattering peak occurring at 22° is
from the substrate. As shown in Fig. 1, all the films are mixtures
of anatase and rutile crystalline phases. When the annealing tem-
perature is lower than 900°C, the anatase is the main phase and
exhibit a preferential orientation along the (101) plane. Anatase
(101) peak shows a slight increase in its intensity with increasing
annealing temperature. The intensity of rutile (1 10) peak shows
an insignificant variation. That means the weight fraction of the
anatase phase increases, while that of the rutile does not change
significantly. It may arise from the phase transition from the amor-
phous to the anatase [17,18]. After the films are annealed at 900 °C,
the intensity of rutile (1 1 0) peak increases significantly, while the
anatase (10 1) peak becomes weak. That indicates the rutile phase
is the dominating phase, and the anatase phase does not transform
to rutile phase completely at 900°C. The transition temperature
of the anatase to rutile is about 900 °C, which is higher than 500°C
reported by Hunsche et al. [ 14]. Moreover, the mixed anatase/rutile
structures can combine the effects of the higher transparency and
surface area of anatase with the lower band gap of rutile. Nakaruk
et al. have obtained the structures with mixed anatase and rutile
phases, but also pure rutile phase at annealing temperatures of
900°C[17]. In this paper, the mixed anatase/rutile phases still exist
at annealing temperatures of 900°C. This is a good result. It may
arise from the different microstructure. It is worth noticing that
the as-deposited TiO, films on the unheated substrates with mixed
anatase and rutile phases were observed firstly for the sputtering
method. Lrbl et al. thought that the oxygen particles impinging on
the substrate promoted the nucleation of rutile [18]. In our exper-
iment, the low sputtering pressure (0.7 Pa) and high oxygen ratio
(10%) ensure the oxygen particles can hit the substrate with appre-
ciable energy. According to Ref. [18], this could favor the nucleation
of the rutile. Thereby, the rutile crystallite size is small. Besides, the
deposition temperature can also influence the growth of the com-
peting phases of rutile and anatase. In our experiment, the films
were deposited at room temperature. Between about 25°C and
about 600 °C the anatase is a fast-growing phase whereas the rutile
is growing very slowly [14]. Thus a mixed anatase/rutile structure
is formed in the films.

3.2. Cross-sectional morphologies observed by SEM

SEM micrographs of the films annealed at different tempera-
tures are shown in Fig. 2. It is observed that the as-deposited films
exhibit a columnar structure. When the annealing temperature
is below 900°C, the columns grow thick and the film compact-
ness increases with increasing the annealing temperature. This is
because the incorporated atoms can move and adjust their posi-
tions in the titania network by a thermal diffusion process. After the
films are annealed at 900 °C, the columnar structure disappears and
some pores appear in the films. The density of rutile is 4.26 g/cm?,
whereas the anatase has a density of only 3.84g/cm3 [11]. From
XRD, it is known that rutile phase becomes the main phase in the
films annealed at 900°C. Thus the imperfect densification led to
the appearance of pores. It is worth noticing that anatase is the

The crystallite size, refractive index (550 nm), extinction coefficient (550 nm), porosity and optical band gap of the TiO films as-deposited and annealed.

Annealing temperature (°C) Crystallite size (nm)

Refractive index at 550 nm

Extinction coefficient at 550 nm Porosity (%) Optical band gap (eV)

Anatase Rutile
As-deposited 56 - 2.36 1x1073 14.5 3.32
300 64 - 2.42 8x 104 9.2 3.22
500 66 - 244 4x1073 7.4 3.22
700 84 - 247 4x1073 4.6 3.01
900 - 119 2.54 3x1072 14.1 2.57
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Fig. 2. SEM micrographs of the TiO, films annealed at different temperatures: (a) as-deposited; (b) 300°C; (c) 500°C; (d) 700°C; (e) 900 °C.

main phase when the columnar structure exists in the films, and the
rutile phase becomes the main phase when the annealing destroys
the columnar structure. This indicates that the columnar structure
restricts the transition of the anatase to rutile. This is because of
the rutile nucleation at the boundary of two anatase particles dur-
ing their annealing and a further migration towards the exterior
of the new larger particle. This mechanism was observed firstly in
the annealing of the anatase powders [19]. It can explain the differ-
ence between Nakaruk’s results [17] and ours. Moreover, it can be
derived from the mechanism that the crystallite size of the formed
rutile films should be about twice that of the starting anatse films.
The strong evidence can be found in the XRD results that the crys-
tallite size of the films annealed at 900°C is nearly twice that of
the as-deposited films. It is worth noticing that the mechanism in
thin films has not been reported before. As a result, the transition
temperature is increased, which is consistent with the XRD results.

3.3. Transmittance spectra of TiO, thin films

Fig. 3 shows the transmittance spectra in UV-vis region of the
quartz glass substrate and TiO, thin film samples annealed at differ-
ent temperatures. The average transmittance of the as-deposited
sample is 75%. When the annealing temperature is lower than
900°C, the average transmittance is 76, 73 and 72% for the sam-
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Fig. 3. Transmittance spectra of the TiO, films annealed at different temperatures:
(a) as-deposited; (b) 300°C; (c) 500°C; (d) 700°C; (e) 900°C.
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Fig. 4. Variation of refractive index and extinction coefficient for TiO, films: (a) refractive index; (b) extinction coefficient.

ples annealed at 300, 500 and 700°C, respectively; an obvious
absorption edge is observed around 380 nm. The transmittance
improvement for the films annealed at 300°C is due to the reduc-
tion of the unsaturated bonds [3]. The transmittance decreases
with increasing the annealing temperature is due to the increase of
scattering loss owing to crystallization. When the annealing tem-
perature is up to 900°C, the transmittance of the films decreases
sharply and the absorption edge is around 480 nm. That is due to
the absorption caused by the rutile phase.

3.4. Optical constants of TiO, films

According to the developed Swanepoel method [16], the refrac-
tive index and extinction coefficient of TiO, films were calculated.
The refractive index ny, in the spectral region of medium and weak
absorption, can be calculated by the expression:

Tlf: N+\/(N2—Tlsz)

(2)

where
Tv—Tm n2+1
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Fig. 5. Optical band gap for the TiO, films.

Here Ty; and T,; are the transmission maximum and the corre-
sponding minimum at a certain wavelength A. The refractive index
of the substrate ng was derived by independently measuring the
transmittance of the substrate Ts:

Ts+<i_)

The extinction coefficient k can be obtained from the expression:

(4)

ns =

k= In xq (5)

" 4nd
where the absorbance y can be calculated from the interference-
free transmission curves [16]. The film thickness d is about 700 nm,
which is obtained from the SEM and profiler. The refractive index
of the substrate is about 1.52 (at 550 nm).

The variation of the refractive index and extinction coefficient
for TiO, films is shown in Fig. 4. The porosity of the films can be
estimated by using the following expression [20]:

nfz—l
P=1-L— (6)

where n is the refractive index of bulk TiO,. The values are 2.52 and
2.71 (at 550 nm) for the anatase and rutile bulk [20,21]. The refrac-
tive index at 550 nm and the porosity for the films as-deposited
and annealed are given in Table 1. The refractive index of the
as-deposited films is larger than those reported in other studies
[11,13,20], being attributed to the higher packing density of the
films [22]. When the annealing temperature is lower than 900°C,
the refractive index increases with the increase of the annealing
temperature while the porosity decreases. The porosity increases
after the films are annealed at 900 °C due to the appearance of pores
in the films. The increase of refractive index arises from the denser
rutile phase.

From Fig. 4b, it is found that the extinction coefficient decreases
slightly for the films annealed at 300 °C, while the extinction coef-
ficient increases for the films annealed at 500 and 700°C. This
is because unsaturated bonds are removed after the films are
annealed at 300°C [3], while the light scattering owing to crys-
tallization is enhanced after the films are annealed at 500 and
700°C. For the films annealed at 900°C, there is a remarkable
increase of the extinction coefficient because the anatase phase
transforms to the rutile. Comparatively, the films annealed at 300 °C
has higher refractive index and higher transparency over a wide
spectral range, which means the film annealed at 300°C has the
best optical properties for the AR coatings.
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The optical band gap E; of the films is estimated by using the
relation [16]:

(ahv)/? = A(hv — Eg) (7)

where hv is the photon energy, Eg is the optical band gap and A
is constant which does not depend on photon energy. The optical
band gap of film is determined from the extrapolation of the linear
plots of (ahv)'/2 versus hv at @ =0. « is absorption coefficient. The
optical band gap for the films is shown in Fig. 5. The values of band
gap for the films as-deposited and annealed are given in Table 1. It
is found that the band gap of the films decreases with increasing
annealing temperature. Moreover, the optical band gap is smaller
than that reported in Refs. [8,20]. This behavior is probably due to
the rutile phase in the films, which has a lower band gap [23].

4. Conclusions

The films prepared on unheated substrates by DC reactive mag-
netron sputtering, are mixtures of anatase and rutile phases, which
is observed for the first time. The films possess a column-like tex-
ture, and the columnar structure restricts the transition of anatase
to rutile. When the annealing temperature is lower than 900°C,
the anatase phase is the dominant crystalline phase, the weight
fraction of the rutile phase does not increase significantly during
annealing process. As the annealing temperature rises to 900°C,
the rutile phase becomes the dominant crystalline phase, and
the columnar structure disappears. The refractive index of the
films increases from 2.36 to 2.54 (at 550 nm) with the anneal-
ing temperature, while their extinction coefficients increase from
8 x10~% to 0.03 (at 550 nm). The optical band gap of the films
decreases from 3.32eV to 2.57eV as the annealing temperature
increases.
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