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Abstract

The effects of the post-deposition annealing on the structural and optical properties of sputtered
TiO, thin films were studied; annealing was carried cut in air up to 1000°C for different duration.
The results of the X-ray diffraction and the Raman spectroscopy showed the annealing-condition de-
pendent structural transformation of Ti0. films from the as-deposited amorphous phase to the
anatase and rutile phases. The spectroscopic ellipsometry was used to investigate the deposition—con-
dition dependence of the as-deposited film optical constants and alse the evolution of the optical con-
stants correlated with the annealing-induced structural transformation.

I. INTRODUCTION

It is very well known that the properties of
the thin films are different from those of the
bulk materials, and exhibit a strong dependence
on the deposition conditions. Hence, the charac-
terization of the thin films has been the indispe-
nsible prerequisite for the various applications.
In case of optical coatings, the investigation of
the deposition cendition dependence of the spec-
tral refractive indices and the optical absorption
which are the two major intrinsic properties

that govern the performance of the optical coat-

ings has been widely carried out. Titanium diox-
ide is one of the most extensively used optical
coating materials due to its desirable optical
properties and good stability in adverse environ-
ment". In spite of its excellent properties, the
use of the TiOfilms in the applications with
stringent constraints requires cauticus approach
due to the diverse phases in that Ti0Q, films can
appear. Titanium dioxide can exist in the three
different, crystalline phases; rutile, anatase, and
brookite”, and generally TiQ, films are deposit-
ed in either amorphous, anatase or rutile phases

according to the depesition conditions®. Hence
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when the the TiO, films are used for the applica-
tions that make the Ti0, films to be exposed to
the high temperature or high power laser light,
the structural transformations are always a
concern.

In this paper we deposited TiO, films by the
RF magnetron sputtering, and the Raman spec-
troscopy and the X-ray diffraction were used to
investigate the annealing condition dependent
crystallization. We also investigated the deposi-
tlon condition dependent optical constants of the
as—deposited Ti(Q; films and the evolution of the

optical constants due to thermal annealing.
II. EXPERIMENTAL

TiO, thin films were deposited at room tem-
perature by the RF magnetron sputtering on sil-
icon substrates which were either thermaily oxi-
dized, HF-etched, or only chemically cleaned,
while the sputtering power was increased f{rom
100 W to 250 W at the interval of 50 W. Sput-
tering chamber has the base pressure of 2.0 x 10
~% torr and the Ar working pressure was main-
tained at 3x107* torr. The as-deposited films
were annealed in air up te 1000 for different
durations.

Raman spectroscopy, X-ray diffraction,
and spectroscopic ellipsometry (SE) were used
for the structural and optical characterization
of the as-deposited and thermally annealed TiO,
films. Raman spectroscopy was perfor-med
using an 5145 A laser line up te an effective
frequency shift of 1000 ¢!, X-ray diffraction
was performed using a Cu target with 0.02°
resolution, and photon-energy -dependent eillp-
someteric constant J-and ¥-spectra were mea-
sured by a Rudolph model 52000 spectroscopic

ellipsometer.

. RESULT AND DISCUSSION

For all the as-deposited films regardless of
the deposition conditions, both the Raman spec-
troscopy and the X-ray diffraction produced
only features related to the silicon substrates,
which is the strong evidence for the amorphous
nature of these films. Not surprisingly, our at-
tempts to fit the measured SE spectra of the as
~deposited films based on either rutile and
anatase optical constants were faijled. However,
we were able to fit the measured SE spectra of
the as—deposited films by representing the opti-
cal constants with the dispersion equations In
our multilayer modeling. In multilayer modeling,
the films were assumed to be composed of
multilayers with different thickness and wvoid
fraction, and the effective optical constants of
each layer were caloulated using the Brugg-
eman effective medium theorv¥. In Fig. 1, we
show the measured SE spectra of the as-depos-
ited amorphous TiO; film which is deposited
with REF power of 100 W together with the best
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Fig. 1 The comparison of the SE spectra of the as-
depcsited and thermally annealed Ti0. fims,
The film is deposited with the sputtering
power of 100 W and annealed at 900°C for 3
hours. The best fit curves are also shown in
solid hnes.
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fit curves. We also present the refractive indi-
ces of the as-deposited TiO, films determined
from the multilayer modeling in Fig. 2. The re-
fractive indices of the rutile and the anatase
phases are added for comparison. In Fig. 2, it
can be seen that the refractive indices of all the
as~deposited Ti0, films are smaller than those
of the crystalline phases except the film deposit-
ed with RF power of 150 W. The exceptionally
large refractive indices of the film deposited
with 150 W RF power suggests that unlike the
other as-deposited films which seem less dense
then the crystalline phases, this film has some
rutile seeds which are undetectable by the
Raman spectroscopy or the X-ray diffraction,
but can contribute to the observed large refrac-
tive indices. In Fig.l, we also show the SE spec-
tra which is measured after the film deposited
with RF power of 100 W is thermally annesaled
at 900 ¢ for 3 hours, together with the best fit

curves, The observed large difference between

wnt

Refractive index {n)

wavelength {nm)

Fig. 2 The refractive indices of the as-deposited
amerphous TiQ, fims. These films were de-
posited at room temperature with the RF
power of 100, 150, 200, and 250 W. The re-
fractive indices of the rutle and the anatase
phases are also shown,

the spectra of the as-deposited film and
thespectra of the annealed film is the sign of the
optical property change caused by the thermal
annealing. Especially, the magnitude of the spe-
ctral difference indicates that the film under-
went a significant evolution which 1s far more
than the mere densification of the amorphous
film. The quantitative change of the refractive
indices induced by the thermal annealing is
shown in Fig. 3. In this figure, we find that the
annealed film exhibit the refractive indices
which are very close to those of the anatase
phase TiO, which lead us to conclude that the
thermal annealing induced the transformation
of TiO; fiim from the amorphous phase to the
anatase phase.

The above discussions based on the optical
characterizations can be directly confirmed by
the structural investigation of the annealed films
using the Raman spectroscopy and the X-ray dif-
fraction. We present the results of the Raman
spectroscopy and the X-ray diffraction of the
TiO; films annealed at 900°C for 3 hours in Fig. 4.

RF power: 100 W

Refractive index (n)

wavelength (nm)

Fig. 3 The wvariation of the refractive indices of the
TiO, fim due to the thermal annealing. The fikn
is deposited with the sputtering power of 100
W and annealed at 80C 'C for 3 hours,
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First, the Raman spectra presented in Fig. 4 (&)
shows the typical features of the anatase for all the
an-nealed films. These are the Raman bands at
about 144, 400, and 640 em™' ¥, and are labeled ac-
cordingly in addition to the band from the silicon
substrate. Alse, the closer examination of the
Raman bands shows the difference in the intensities
and the values of the FWHM among the films de-
posited with different RF sputtering power, which
indicates the dependence of the degrees.of crystalli-
zation on fim deposition conditions. Second, the X-
ray diffraction pattern presented in Fig. 4 (b)

shows mainly the anatase peaks which were
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Fig. 4 The results of the Raman spectroscopy and
the X-ray diffraction of the annesaled TiC,
fims: (a} Raman spectra, (b} X-ray diffrac-
tion patterns. The Ti0, fims were deposited
at 100, 150, 200, and 250 W and annealed at
300 C for 3 hours.

Counts (arbitrary unit)

individually indexed®. The differences in the
peak areas and the peak widths of the anatase
peaks shown in this figure also indicate that
each film has the different preferential orienta-
tion and also the different degrees of crystalliza-
tion. Very interestingly we find small rutile
(110) peaks at about 27° from the films depocs-
ited with RF power of 150 or 200 W in addition
to the anatase peaks. We propose that these
stem from the rutile crystalline seed that were
embedded in the amorphous phase, as we

already discussed above. Currently, we do not
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Fig. 5 The effects of the annealing temperature and
the annealing tme on the structural transfor-
mation of TiQ,; films: {a) Raman spectra, (b}
X-ray diffraction patterns. The TiO, fims were
deposited at 200 W and annealed at 200°C for
3 hours, then annealed 6 more hours (total 9
hours), and finally another 3 hours at 1000 C.
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understand why the rutie seed were formed in
the first place, and why they do not grow into
the large grains as we annea! the films. Howev-
er, the disappearance of the small rutile (110)
peak due to the additional annealing at 800°C
as shown in Fig. 9, strongly suggest that at this
temperature either the anatase phase i3 more
stable than the rutiie phase or the amorphous—
rutile transformation is energetically unfavor-
able compared to the amorphous-anatase-rutile
transformation. The transformation frem the
anatase phase to the rutile phase is observed
from the sample that was annealed at 1000
for 3 hours. From the Raman spectra shown in
Fig. 5 (a), we find that the rutile Raman bands
appear, while the anatase bands become weaker.
The growth of the rutile phase at the expense of
the anat-ase phase Is more clearly seen from the
X-ray diffraction patterns shown in Fig. 5 (b).
In this figure, it can be seen that as we raise
the annealing temperature to 1000C and an-
neal fer three hours, the well defined anatase
peaks which were observed when the film was
annealed for 10 hours at 900°C weaken signifi-
cantly, and simultaneously the strong rutile
peaks appear. Based on the above disc-ussions,
it has 1o be emphasized that the Ti0, films can
undergo very complicated structural transfor-
mations, and consequently the TiQ, films can
exhibit diverse optical constants. For example,
the increase of the refractive indices can origi-
nate not only from the improved packing denst-
ty but also from the onset of crystallization. On
the other hand, the increase of the crystallinity
can induce larger extinction coefficients due to
the enhanced scattering loss. Hence, it is a very
interesting and also very challenging problem to

study the structural transfermation and the op-

tical constant evolution simultaneously, and to
correlate them. Currently, such studies are in
progress and the results will be reported in an-

nther paper.
V. CONCLUSICNS

In this paper, we investigated both the
structural transformation and the optical con-
stant varation of the sputtered TIO, films. We
find that the refractive indices of the as-deposit-
ed films are smaller than those of the crystaliine
phases, and also that thermal annealing increas-
es the refractive indices. The similarity of the
refractive indices between the annealed film
and the anatase phase 15 found due to the struc-
tural transformation from the amorphous to
anatase., We zlso extended our ihvestigation to
the structural transformation from the anatase
phase to rutile phase. Our siudy shows that the
X-ray diffraction and Raman spectroscopy are
the complementary techniques 1o Investigate the
structural transformation of TiO; films, Our
study also shows that the simultaneous studies
of the structural transformation and optical
constant evolution are indispensible to under-
stand the diverse and complex variation of the

TiQ, film properties.
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