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Abstract

Titanium dioxide thin films were deposited on quartz substrates kept at different O, pressures using pulsed laser deposition technique. The
effects of reactive atmosphere and annealing temperature on the structural, morphological, electrical and optical properties of the films are
discussed. Growth of films with morphology consisting of spontaneously ordered nanostructures is reported. The films growth under an oxygen
partial pressure of 3 x 10~% Pa consist in nanoislands with voids in between them whereas the film growth under an oxygen partial pressure of
1 x 10™* Pa, after having being subjected to annealing at 500 °C, consists in nanosized elongated grains uniformly distributed all over the surface.

The growth of nanocrystallites with the increase in annealing temperature is explained on the basis of the critical nuclei-size model.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Synthesis of semiconductor nanostructures holds consider-
able technological promise for device applications and energy
production. Ordered nanostructures have been extensively
studied raising new possibilities at the nanoscale and have been
found to exhibit a broad range of enhanced mechanical, optical,
magnetic, and electronic properties. Well-ordered nanostruc-
tures of TiO, is a promising material for photonic and
photoelectrochemical applications, because of its high refrac-
tive index, chemical stability, and remarkable photocatalytic
activity. Nanostructured TiO, thin films have many important
applications in photocatalysis, photovoltaic devices in solar
cells, gas sensors and antireflective coatings [1,2]. These
applications are found to strongly depend on the phase,
morphology, average particle size and size distribution. TiO; is
known to crystallize in three different crystallographic
structures: rutile (tetragonal), anatase (tetragonal), and brookite
(orthorhombic). Brookite and anatase transform to rutile over a
wide range of temperatures. The rate and activation energy of
anatase—rutile transformation are greatly affected by the
concentration of oxygen vacancies or interstitials [3]. Small
amounts of oxygen addition in the growing surrounding
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atmosphere is necessary for depositing nanostructured films
having the compositional, structural, and optical characteristics
including the stoichiometric composition, good optical
transmittance, smooth surface morphology and strong resis-
tance to moisture absorption. Oxygen vacancies and grain
boundaries are the main defects of nanostructured TiO, films.
Oxygen annealing can decrease the oxygen vacancies and
passivate the grain boundaries. Annealing temperature is hence
a key factor influencing the microstructure and optical
properties of nanostructured TiO, thin films [4]. The
microstructural changes occurring during annealing lead to
the decrease in the stored energy due to plastic deformation [5].
In this paper, we report the synthesis of spontaneously ordered
nano structures of TiO, of amorphous, anatase and rutile phases
as thin films on amorphous quartz substrates by employing
pulsed laser deposition. Pulsed laser deposition (PLD) is a
relatively simple and versatile method for producing metal
oxide nanostructures [6]. Effect of reactive O, atmosphere
during deposition and post deposition annealing on structural,
morphological, optical and electrical properties of these
structures is discussed in detail.

2. Experimental

TiO, thin films were deposited using pulsed laser deposition
by employing a Q switched Nd:YAG laser at wavelength of
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532 nm with 150 mJ of laser energy, pulse duration of 8 ns and
repetition frequency of 10 Hz. The pellets used in this ablation
process were prepared from 99.99% pure titanium dioxide
powder. Pellets were sintered at a temperature of 1000 °C and
pressure of 1 x 10° Pa for 4 h. Before starting the ablation
process, the base pressure in the deposition chamber was brought
down to ~x10"®Pa. Pure oxygen was circulated in the
evacuated chamber through a gas inlet valve and films were
deposited in reactive atmosphere of different oxygen pressures in
the range 1-5 x 10~* Pa. Uniform ablation was ensured by
rotating the target at constant speed of 90 rpm. Fused amorphous
quartz plates of 2cm x 1 cm X 1 mm size were used as
substrates. Substrate—target distance was kept at 4 cm and the
time of deposition was 45 min. The obtained films were annealed
at different temperatures 7, in the range from 30 to 1000 °C for
duration of 1 h. The crystallinity of the films was analyzed using
Grazing Incidence X-ray Diffraction (GIXRD) measurements
(INEL, France, with Cu K alpha radiation). Raman spectroscopic
analyses were conducted using a laser power of 150 mW with
Bruker RFS 100/S instrument (Bruker Optics Korea Co. Ltd., S.
Korea). The surface morphology of the films was investigated
using scanning electron microscopy (SEM) technique using the
system Sirion (FEI, USA) in SE mode. Optical measurements
were conducted in the wavelength range of 300-900 nm using a
double beam UV-Visible spectrophotometer (model V-550,
Jasco USA). The electric resistivity of the films at room
temperature was measured using four-probe method with current
source meter model 6430 (Keithley, USA).

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

All as-deposited films showed amorphous nature in GIXRD
analysis irrespective of the O, partial pressure during the
deposition of the films (not shown). This amorphous nature is
due to the low mobility of particles impinging on the substrates
kept at room temperature, causing very low surface diffusion.
Substrate temperature and energy of the particles impinging on
the substrate are indeed the relevant parameters in determining
the crystalline nature of the as deposited film [7,8].

GIXRD patterns of films deposited at different O, pressures,
after subjected to annealing at 750 °C, are shown in Fig. 1. For
films deposited under lower oxygen partial pressures
(<2 x 10~* Pa), along with dominant anatase phase, formation
of rutile phase along R(1 1 0) crystal plane is observed. It has
already been reported that TiO, films prepared using sputtering
technique at lower oxygen pressure (20% O, in a total pressure
of 0.27 Pa) consists in a mixture of anatase and rutile phases,
and at higher oxygen pressure, the film has only the anatase
phase and the preferred orientation is along the (1 0 1) crystal
plane [9]. At lower partial pressures of O,, ablated particles can
deposit, with fewer collisions with the O, molecules of the
medium, at the substrate with high kinetic ejection energy
equivalent to the formation temperature of the resulting phase.
For films deposited under higher oxygen partial pressures
(>2 x 10~* Pa), when subjected to annealing at 750 °C, grain

=
<
(=3
=]
<
=
=
2 a s _T ¢ =8 @
= = S 8 oS 9 <
& 4 8 83 § ¢ &
> < < < <

- A(101)
e A(105)

intensity (a.u.)

20 (degree)

Fig. 1. GIXRD pattern of films deposited at different O, pressures of (a)
1 x 107*Pa, (b) 3 x 107*Pa, and (c) 5 x 10~ Pa; after annealing at 750 °C.

growth with anatase phase with preferential growth along A
(1 01) crystal plane is observed.

GIXRD patterns of films deposited at different O, pressures,
after having being subjected to annealing at 1000 °C, are shown
in Fig. 2. Intensities of X-ray diffraction peaks are found to
increase for films deposited at higher O, partial pressures, when
annealed at 1000 °C. The relative intensity of the R (1 0 1) peak
is found to increase with the increase in O, pressure while that
of the R (1 1 0) diminishes, as shown in Fig. 2, indicating a
favourable condition for growth on the (10 1) plane. The
energy of the particles impinging on the substrate is an
important parameter affecting the film microstructure [10].
Even after annealing, the preferred orientation is often
determined by thermodynamic constraints during deposition.
Anatase crystallites were also observed in the film deposited at
3 x 10~ Pa O, even after annealing at 1000 °C. The brookite
phase has not been observed in any of the films investigated.

The crystallite size of the preferentially oriented crystal
planes are calculated using the Debye Scherrer formula [11]:

K
~ Beost

(D

where K is the shape factor, 0 the Bragg’s diffraction angle in
radian, § the broadening of diffraction line at half its maximum



S. Sankar et al. /Ceramics International 37 (2011) 3307-3315 3309

s = s o= = = <
=) = -~ — —_ -
2= 252 = 8 g?— 2
= cSsT 8 s 8¢ ¢
S gre x ¥
A%j !tE(C)
D : L Ya——, .

intensity (a.u.)

B e
15 20 25 30 35 40 45 50 55 60 65 70
20 (degree)

Fig. 2. GIXRD pattern of films deposited at different O, pressures of (a)
1 x 107*Pa, (b) 3 x 10~* Pa, and (c) 5 x 10~ * Pa; after annealing at 1000 °C.

Table 1

intensity (FWHM) in radian and A the wavelength of X-rays
used. Crystallite size associated with different thin film samples
are given in Table 1.

The GIXRD patterns of the films annealed at different
temperatures are shown in Fig. 3. Annealing at 500 °C resulted
in the formation of pure anatase phase with preferential
orientation along (10 1) plane. Films annealed at 750 °C
exhibited a mixed phase with growth along (1 0 1) and (2 0 0)
planes of anatase and (1 1 0) and (0 0 2) planes of rutile. Film
annealed at 1000 °C exhibited rutile phase with preferential
growth along (1 10) plane. Anatase-to-rutile transformation
involves an overall contraction or shrinking of the oxygen
structure and a co-operative movement of oxygen and titanium
ions. At high temperatures, it is possible for the phase transition
to overcome strain energy for the oxygen ions to reach their new
configuration by breaking the Ti—O bonds [12]. Rutile has
minimum free energy in comparison with other titania
polymorphs. Hence, by annealing at elevated temperatures,
required activation energy is provided so that all other
polymorphs including anatase transform into rutile through
first-order phase transformation. However, the temperature at
which metastable anatase to stable rutile transformation takes
place depends upon several factors, including impurities
present in the anatase, primary particle size, texture and strain
in the structure. Hence, porosity and/or surface area reduction
can occur due to the sintering effects associated with
nucleation-growth type of phase transformations [13-15].
The variation of crystallite average size with annealing
temperature is given in Table 1. Crystallite average size is
found to increase with the increase in annealing temperature:

Different structural parameters as a function of annealing temperature and O, partial pressure.

Annealing Phase identified

temperature (°C)

O, pressure (107 Pa)

(A—anatase, R—rutile)

Lattice
constants (A)

Interplanar Grain size D (nm)

spacing d A)

1 A0
500 A (200)

A0
750 A(103)
A (200)
R(110)

R (110)
1000 R101)
R(111)

3 A(101])
750 A(200)

R(110)
1000 R(101)
RQ211)
A(101D)

5 750 A(200)
1000 R(110)
R(101)
RQ211D)

3.5060 33.74 Anatase:
1.8897 29.31 a=3.7794
¢=9.3889
3.5060 44.54 Anatase:
2.3783 23.44 a=3.7766
1.8883 41.55 ¢=9.4320
3.2397 17.43 Rutile:
a=4.5816
¢ =2.9980
3.2388 56.28 Rutile:
2.4820 44.02 a=4.5803
2.1843 28.61 ¢=2.9532
3.5054 61.28 Anatase:
1.8856 32.96 a=3.7712
¢ =9.5056
3.2331 56.32 Rutile:
2.4737 62.32 a=4.5723
1.6845 31.99 c=2.9423
3.4940 36.45 Anatase:
1.8856 a=3.7712
¢=9.2851
3.2263 56.28 Rutile:
2.4706 44.00 a=4.5627
1.6808 36.35 c=2.9387
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Fig. 3. GIXRD pattern of films deposited at O, pressure of 1 x 10~* Pa and
subjected to annealing at (a) 30 °C, (b) 500 °C, (c) 750 °C and (d) 1000 °C.
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Fig. 4. Raman spectra of films, after subjected to annealing at 750 °C deposited
on substrates kept at room temperature and at O, partial pressures of
1 x 107*Pa, (b) 3 x 107*Pa, and (c) 5 x 10™* Pa.
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the smaller crystallites tend to have surfaces with sharper
convexity and gradually by coalescence very likely the larger
crystallites [16]. Although both anatase and rutile phases have
tetragonal crystalline structure, there is a difference in the
lattice parameter making the anatase phase less dense than the
rutile phase. This fact explains the difference in the refractive
index values for these phases [17]. The lattice constant a and ¢
were found to agree well with bulk values [18]. The films
annealed at 750 °C showed mixed phase of anatase and rutile.
In mixed phase films, weight percentage of anatase phase, Wx
was calculated using the relation deduced by Spurr and Mayers
[19], as follows:

W : @

b (14 1265((Tw)/ (1))

where I, and I are intensities of A (1 0 1) anatase peak and
R (1 1 0)rutile peak, respectively. Under such approximation, the
weight percentage of the anatase phase was found to be 64%.

3.2. Raman spectroscopic analyses

Raman spectra of films deposited at different O, partial
pressures, after subjected to annealing at 750 and 1000 °C, are
shown in Figs. 4 and 5, respectively. Raman spectra of films,
deposited on substrates kept at room temperature under oxygen
partial pressure of 1 x 10~ Pa, after subjected to annealing at
different temperatures is shown in Fig. 6.

Intensity (a.u.)

1000

100 200 300 400 500 600 700 800 900
Wavenumber (cmi')

Fig. 5. Raman spectra of films, after subjected to annealing at 1000 °C
deposited on substrates kept at room temperature and at O, partial pressures
of 1 x 107 Pa, (b) 3 x 10~*Pa, and (c) 5 x 10~ Pa.
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Fig. 6. Raman spectra of films deposited at O, pressure of 1 x 10™* Pa after
subjected to annealing at (a) 30 °C, (b) 500 °C, (c) 750 °C and (d) 1000 °C.

The Raman spectra indicate that all films annealed at 750 °C
are made of anatase TiO, phase. The Raman lines at 145, 399,
516 and 640 cm™! are corresponding to the Ey, By, Ajg 0r By,
and E, vibrational modes of bulk anatase TiO,. All the Raman
lines are found to be slightly redshifted from the bulk values
except for the E, mode at 640 cm™ ! The slight shift observed in
the Raman lines can be attributed to the refinement in crystallite
size to the nanometer range together with a high density of
defects in thin films [20]. The most intense Raman line is
observed corresponding to E, mode at 145 cm ! for all these
films. This low frequency mode of anatase corresponds to
O-Ti—O bending vibration in the TiOg octahedra [21]. The
separation distance between the two oxygen atoms involved in
this bending is very large (3.04 A). It will result in weak
repulsion interaction between these two oxygen atoms and
contribute maximum intensity to Raman line corresponding to
E, mode at 145 cm ™. The strongest Raman lines are observed
for the film deposited at 3 x 10~* Pa of O, and annealed at
750 °C. The Raman spectra of all the films annealed at 1000 °C
are found to be of rutile TiO, phase. The frequencies
corresponding to Raman active modes in bulk rutile TiO,
are 143cm™' (Byy), 447cm™"' (Ey), 612cm™' (A;,) and
826 cm ™! (Byg) [22]. Raman peaks are observed to be
sharpened and redshifted for the films deposited under
increased oxygen partial pressures after subjected to annealing
at 1000 °C. Maximum intensity is observed for the E, mode at
447 cm ™! for all these films. Bandwidth and frequency shift of
Raman lines can be attributed to extend of non-stoichiometry
by oxygen deficiencies or the disorder induced by minor
phases, pressure and phonon confinement effects. It is well

established that non-stoichiometry strongly affect the lattice
vibrational characteristics and induces the line shape change of
Raman lines in oxides. Frequency shift and broadening of
Raman lines can also be attributed to the decrease in the
crystalline dimension to the nanometer regime and phonon
confinement [23,24].

The structural evolution of crystalline phases of TiO, thin
films as a function of annealing temperature and the anatase to
rutile transformation is clearly evident from the Raman spectra
shown in Fig. 6.

3.3. SEM structural analyses

SEM micrographs of the films grown under different
conditions are shown in Fig. 7. The morphology of the film is
found to change significantly with increase in oxygen partial
pressure. Films deposited under low oxygen pressure exhibit a
dense microstructure without porosity (Fig. 7(a)). With increase
in oxygen pressure, morphology of the film changes to a
spontaneously ordered nature with nanoislands with voids of
nanoscale dimensions in between them (Fig. 7(b)). The
significant modifications of morphology of TiO, thin films
with increase in background oxygen pressure suggest that
oxidation kinetics play a key role in determining the
morphology of the films. The laser ablation of the target in
the PLD process ejects highly energetic species, which favours
the formation of dense films when the deposition is performed
under a high vacuum environment of the order of 10~ ° Pa.
Beside, under higher background pressures of the order of
10~ Pa, the ablated species undergo several collisions with the
oxygen atoms resulting in enhanced oxidations and in addition
reach at the substrate with a much lower energy, which limits
their surface mobility and consequently leads to structures as
shown in Fig. 7(b) [25].

The influence of the annealing temperature on the surface
morphology has also been studied. It can be seen from the SEM
micrographs that the morphology of the thin films changes
drastically with increase in annealing temperature. Fig. 7(c) and
(d) shows the surface morphology of TiO, films deposited in O,
partial pressure of 1 x 10~* Pa after subjected to annealing at
500 and 750 °C, respectively. Surface morphology of the film
annealed at 500 °C is found to be of nanosized elongated grains
in an ordered fashion. These crystallites are confirmed as that of
anatase phase in GIXRD analysis. Grain size is found to
increase significantly with annealing above this temperature.
Film annealed at 750 °C is found to be consisting of
agglomerated nanocrystals. These crystallites are confirmed
as that of mixed phase with anatase domination. It can be seen
that when the annealing temperature reaches 1000 °C
(Fig. 7(e)), there is a distinct change of surface morphology.
Fig. 7(e) shows that previously observed column-like nodules,
now have facets. In addition, the size of the particles is found to
increase drastically. From GIXRD analysis it can be concluded
that TiO, film annealed at 1000 °C has changed into rutile
structure completely (Fig. 2(a)).

During annealing, the anatase nanocrystals coarsen and
when their size reaches a critical value they transform to stable
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Fig. 7. SEM micrographs of films deposited at different O, pressures and annealing temperatures: (a) 1 x 10~ Pa and 30 °C, (b) 3 x 10™* Pa and 30 °C, (c)
1 x 10~*Pa and 500 °C, (d) 1 x 10 *Pa and 750 °C, () 1 x 10~* Pa and 1000 °C, (f) 3 x 10~* Pa and 1000 °C.

rutile phase. This behaviour has been described by the
critical nuclei-size model [26]. According to this model the
rutile crystallites cannot grow until the nucleus size of this
phase reaches a critical value; this requires an agglomeration
of fine-grained anatase particles into larger ones. The growth
of anatase nanocrystallites beyond the critical size is
energetically not favourable since anatase has a higher total
energy compared to rutile. Further growth of anatase grains
during thermal annealing above 750 °C is unlikely and the
transformation to rutile takes place. In contrast to the
anatase, the rutile grains grow very fast during the annealing
above this temperature. Only grains with a certain orientation
are preferentially reacting with oxygen. Several studies on
(1 10) rutile surface reactivity have shown that in the
presence of oxygen, the surface reconstruction is achieved by
the growth of various types of structures [27-29]. The
changes in the (1 1 0) surface led to a structure of terraces
that is formed after annealing in oxygen at 1000 °C [30].
Fig. 7(f) shows the surface morphology of the film deposited
in O, partial pressures of 3 x 10~*Pa after subjected to
annealing at 1000 °C. It consists in elongated large closely
packed grains.

3.4. UV—vis spectroscopic studies

Optical transmittance spectra of as deposited films at
different O, pressures are shown in Fig. 8. Optical transmit-
tance is found to increase with the increase in O, pressure of the
reactive atmosphere. For the as deposited films with maximum
transmittance, refractive indices at different wavelengths were
calculated. Dispersion of refractive index of these films was
fitted using the single oscillator-Wemple and Didomenico
model [31-33]. The oscillator energy E; and the strength of
inter band optical transition of dispersion energy E,; were found
out for films deposited at 0.05 mbar as 5.8 and 28.97 eV,
respectively.

In the vicinity of the fundamental absorption, the absorption
edge was calculated as follows:

(ahv) = A(hv — Eg)" 3)

where A is the edge width parameter representing the film
quality, calculated from the linear part of the relation, Ej is the
optical energy gap of the material and m determines the type of
transition. The absorption coefficient can be calculated from
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Fig. 8. Transmittance spectra of films deposited at different O, pressures of (a)
1 x 107*Pa, (b) 2 x 107*Pa, (c) 3 x 107*Pa and (d) 5 x 10* Pa.

Lambert’s formula as follows:

()

where T is the transmittance and ¢ is the thickness of the film.
The value of m is 1/2 for direct allowed, 2 for indirect allowed,
3/2 for direct forbidden and 3 for indirect forbidden transition
[34]. The correct value for m is found as corresponding to the
best fit.

The optical band gap values E, of the as deposited films were
obtained from a plot of (hv)"’? vs. hv and is given in Table 2.

Table 2
Variation in optical band gap of thin films as a function of annealing temperature
and O, partial pressure.

Annealing temperature (°C) O, pressure (1074 Pa) Band gap (eV)

3.21
3.26
3.16
3.23

30

W N =

3.11
3.18
3.25
3.27

750

W W N =

2.92
2.98
3.06
3.14

1000

W W N =

0.7

0.6 —

(d)
0.5

0.4
(a)

0.3 4

Extinction coefficient (k)

0.2

0.1
(b)

0.0 T T T T T T T T T T T !
300 400 500 600 700 800

Wavelength (nm)

Fig. 9. A plot of extinction coefficient against A for films deposited at O,
pressure of 1 x 10~* Pa after subjected to annealing at (a) 30 °C, (b) 500 °C, (c)
750 °C and (d) 1000 °C.

The extinction coefficient was also calculated for different
wavelengths A as follows:

aA
k= 47 )
A plot of extinction coefficient against A is shown in Fig. 9.
It can be seen that even after annealing at high temperatures,
reactive atmosphere during deposition has a vital role in
determining the transmittance of the films. Optical transmit-
tance is found to be increased with annealing temperature in the
300-750 °C range. Maximum transmittance is observed for the
film annealed at 750 °C. But the films annealed at 1000 °C
exhibited the minimum transmittance. The sharp decrease in
the transparency of TiO, thin films in the UV region is caused
by the fundamental light absorption. The optical properties of
these films can be explained by the phase transformation and
the growth of crystallites taking place during deposition and
annealing. X-ray diffraction investigations showed that as-
deposited TiO, films obtained are amorphous, which often
contains many structural defects. On annealing at lower
temperatures, the TiO, films become denser and change into
anatase structure. The structural defects in TiO, films decreased
and the crystal grains did not get very coarse. So, the TiO, film
annealed at 750 °C has the best optical property. After that, the
crystallites grow and will become coarser. The sudden decrease
in transmission observed at 1000 °C can be attributed to the
phase transformation.
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Fig. 10. Variation of sheet resistance of the as deposited films with oxygen
pressure.

Optical band gap of the films annealed at different
temperatures were found out using Eq. (3). Variation of
(ahv)'"? vs. hv graph for the films were plotted. The values of
energy gap E, for indirect allowed transitions are determined
from the intercepts of the extrapolation to zero absorption to
photon energy axis (Table 2).

3.5. Electric characterization

Variation of sheet resistance of the as-deposited films with
oxygen pressure is shown in Fig. 10. Sheet resistance was found
to increase with the increase in O, pressure. General formula of
titanium oxides can be represented by the formula Ti,,0,,,_;
(m =1 to 00) and they exhibit a variety of electrical properties
depending on the oxidation state. For example, TiO shows
superconductivity [35] and stoichiometric TiO, acts as an
insulator. It is well known that the electrical conductivity of
TiO, is markedly affected by the oxygen defects. Semicon-
ductivity is caused by introduction of oxygen defects into the
TiO, structure [36]. After annealing processes as discussed in
preceding sections at 750 and 1000 °C, all the films were found
to be changed to dielectric.

4. Conclusions

The structural, morphological, optical and electrical proper-
ties of titanium oxide thin films are found to be strongly
influenced by the thermodynamics involving reactive atmo-
sphere during deposition and annealing temperature. Growth of
films with morphology consisting of spontaneously ordered
nanostructures is reported. The films grown under an oxygen
partial pressure of 3 X 10~* Pa consist in nanoislands with
voids between them and the films grown under an oxygen
partial pressure of 1 x 10™* Pa, after subjected to annealing at
500 °C, consists in nanosized elongated grains uniformly
distributed all over the surface. Annealing at higher tempera-
tures resulted in morphology with larger grains. The growth of

nanocrystallites with increase in annealing temperature is
explained on the basis of the critical nuclei-size model. In films,
subjected to annealing at 750 °C, deposited at room tempera-
ture under lower oxygen partial pressures (<2 X 10~ Pa),
along with dominant anatase phase, formation of rutile phase
with preferred orientation for (1 1 0) plane was also observed.
Phase transformation from amorphous to anatase, anatase to
mixed and then to rutile TiO, with annealing temperature is
described with GIXRD and Raman spectroscopy. Variations in
optical properties of TiO, thin films prepared with different
growth parameters are also studied and the results are correlated
with structural and morphological properties of the films. Sheet
resistance of the as deposited films was found to increase with
increase in O, partial pressure and the films became dielectric
when subjected to annealing at elevated temperatures.
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