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Nanocrystalline TiO2 thin films, deposited on single crystal Si~100! substrates under different
temperature conditions by the sol–gel dip coating method, have been investigated for their optical
properties using ultraviolet-visible spectroscopic ellipsometry. A gradual increase in refractive
index,n, with increasing annealing temperature up to 600 °C, and thereafter a sharp increase inn at
800 °C of annealing temperature have been observed. For the heat-treated and low temperature
~400 °C! annealed films,n is found to be higher at the film–substrate interface than at the film
surface and the refractive index gradient slightly increases for the annealed sample. However, for
the 600 °C temperature annealed film, the refractive index gradient significantly decreases and the
film appears to be almost homogeneous. These results are in sharp contrast with those for the films
deposited on a vitreous silica substrate wheren was found to be higher at the film surface than at
the film–substrate interface and the refractive index gradient increased with increasing annealing
temperature. For the high temperature~800 °C! annealed sample on the Si substrate, formation of a
thick SiO2 interfacial layer has been observed and the degree of homogeneity deteriorates severely.
© 2000 American Institute of Physics.@S0021-8979~00!00820-3#
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I. INTRODUCTION

Titanium dioxide is a large band gap semiconductor
exceptional stability that has diverse industrial applicatio
TiO2 thin films with their high refractive index have broa
applications in optical coatings and waveguides.1–6 In recent
years, sol–gel derived nanocrystalline TiO2 thin films of ana-
tase phase have become of increasing importance becau
their ease of preparation and potential application in the
eas of photovoltaics, sensing devices, photocatalysis,
microelectronics.7 Consequently, determination of the optic
constants and evaluation of microstructural features suc
surface roughness in these films are important.

Wide variations in the optical and physical properties
TiO2 thin films deposited by different techniques have be
reported.8 For sol–gel derived films, film properties such
crystallinity, particle size, degree of homogeneity, etc.
pend largely on annealing temperature and substrate to
raphy. The aim of this work is to study the effects of su
strate and annealing temperature on the optical constants
degree of inhomogeneity of sol–gel derived TiO2 thin films.
Spectroscopic ellipsometry~SE!, which is known to be a
very useful and nondestructive technique with which to
4630021-8979/2000/88(8)/4634/8/$17.00
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vestigate the optical properties of inhomogeneous films,
been used to study our films. Ellipsometric determination
optical constants of inhomogeneous TiO2 films deposited by
different evaporation techniques has been reported by v
ous authors where they assumed a linear variation in
refractive index along the thickness of the film.9,10 In a pre-
vious communication, we described a model for the deter
nation of optical constants of sol–gel derived TiO2 thin films
by spectroscopic ellipsometry where void distribution w
assumed instead of the variation in the refractive index~n!
along the thickness of the film and the unknown dielect
function of TiO2 was described by a single oscillator form.11

In that model, a four-layer structure~air/rough surface layer
inhomogeneous TiO2 layer/substrate! was used to fit the SE
data. In this article, we study TiO2 films deposited on a S
substrate using the same model, however, an additiona
terfacial layer between the TiO2 film and substrate has bee
assumed for the higher temperature annealed films in o
to obtain a good fit. Excellent agreement between the ca
lated and measured data of SE in the 335–830 nm wa
length range has been obtained. Details of experimental
cedures and results and discussion are given in the follow
4 © 2000 American Institute of Physics
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II. EXPERIMENT

TiO2 thin films were deposited on a single cryst
Si ~100! substrate by the sol–gel method using titanium t
raisopropoxide, Ti~C3H7O!4, as the starting material for Ti
Details of the sol solution preparation are describ
elsewhere.12

Films were coated onto the substrate by the dip-coa
method with a pulling speed of 0.1 mm/s. Prior to depositi
the substrates were cleaned with acetone and methanol
cessively using an ultrasonic cleaner, etched with 10%
aqueous solution for 1 min, rinsed with distilled water, a
then, blown dry with N2. The films thus coated were dried
80 °C for 15 min and heat treated at 400 °C for 1 h. T
process was repeated five times and finally the films w
annealed at 400, 600, and 800 °C, respectively, for 6 h in air.
For annealing, the temperature was first raised to the des
temperature at a constant heating rate of 5 °C/min, kep
that temperature for 6 h, and then cooled down at the s
rate. However, at around 300 °C, the rate of cooling fell b
low 5 °C/min, and the two ends of the tubular furnace we
opened to allow fast cooling. The drying heat treatment,
annealing conditions for all the samples are summarize
Table I.

The crystal structure, growth, and crystallinity of va
ious phases of these films were studied by x-ray d
fraction ~XRD! ~Rigaku Rint-1100! using CuKa radiation
~1.5406 Å! as an x-ray source. All the patterns were record
at a scanning rate of 1° min21 in steps of 0.4° in standard
u–2u geometry with 40 kV voltage and 30 mA current fo
x-ray excitation. Cross-sectional views of the films were o
served by a high-resolution scanning electron microsc
~Hitachi S-5000!. Formation of a silicon oxide layer usuall
takes place at the interface when metal oxides are depo
on the Si substrate using the sol–gel technique at high
nealing temperature.13 The nature of any such interfacia
layer, if present, at the Si and TiO2 interfaces was characte
ized by Fourier transform infrared~FTIR! spectroscopy.

Measurements of spectroscopic ellipsometry were c
ried out at an angle of incidence of 70° in the wavelen
range of 335–830 nm. The automatic ellipsometry used
of rotating analyzer type, fitted with a 75 W xenon lamp a
light source. The optical properties of the thin films we
fitted directly to measured SE~D, C! data using a classica
dispersion formula. All the measurements were performe
room temperature. Although details of the theoretical tre
ment for ellipsometric measurement of an inhomogene
film have been discussed in our earlier publication,11 a brief
overview will be given here.

TABLE I. Experimental conditions of sol–gel derived TiO2 thin films.

Sample No. Drying Heat treatment Annealing

1 80 °C for 15 min 400 °C for 1 h ¯

2 80 °C for 15 min 400 °C for 1 h 400 °C for 6 h
3 80 °C for 15 min 400 °C for 1 h 600 °C for 6 h
4 80 °C for 15 min 400 °C for 1 h 800 °C for 6 h
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The ellipsometric parametersC and D are defined as
usual from the ratio of reflected amplitudes fors andp po-
larization,

r5
r P

r s
5

ur Pu
ur su

ei ~dP2ds!5tanCeiD. ~1!

In the case of an inhomogeneous film, the refractive
dex of the film is not uniform but varies as a function
distance along the thickness of the film. Under the simpli
ing assumption that the reflection of light from the interior
the film can be ignored, detailed expressions ofC and D
have been given by Carniglia.14 It has also been shown b
Carniglia that ellipsometric data at half-wave~HW! points,
defined as wavelengths that are multiples of twice the opt
thickness, in the tanC spectrum@hereafter referred to a
tanC ~HW!#, offers a sensitive measure of the degree
inhomogeneity. In particular, when the film is homogeneo
tanC(HW)5tanCs, where tanCs is amplitude reflectance
ratio of the uncoated substrate, showing that for homo
neous film tanC~HW! is independent of the index of th
film. Thus, from the difference between tanCs and
tanC(HW), one can get an idea about the degree of in
mogeneity of a film which is defined byDn/n̄; heren̄ is the
average refractive index of the film andDn5n12n2 , where
n1 and n2 are the refractive indices at the outer and inn
surfaces of the film, respectively.

The Bruggeman effective-medium theory~EMT!, con-
sidered an important tool to investigate inhomogeneous fi
is used to calculate the effective dielectric function of t
film. The mathematical formula can be expressed as15

FIG. 1. X-ray diffraction patterns of heat-treated and annealed nanocry
line TiO2 thin films, deposited on a Si substrate~A: anatase, R: rutile!.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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~12 f v!
«m2«

«m12«
1 f v

12«

112«
50, ~2!

where«m is the dielectric function of the main constitue
material andf v is the volume fraction of void. In this equa
tion the dielectric function of void is taken to be 1. In our S
data analysis, the unknown dielectric function of TiO2 is de-
scribed by a single oscillator,16

«5n22k212ink5« 8̀ 1
~«s2« 8̀ !v t

2

v t
22v21 iG0v

, ~3!

where« 8̀ represents the high-frequency dielectric consta
«s the static dielectric constant,v1 the frequency, andG0 the
damping factor of the oscillator. The unknown paramet
can be numerically determined by minimizing the followin
mean squares deviation with a regression program~unbi-
ased!:

d25
1

2N2P (
i

N

@~ tanC i
exp2tanC i

cal!2

1~cosD i
exp2cosD i

cal!2#, ~4!

whereN is the number of data points andP is the number of
unknown model parameters.

III. RESULTS AND DISCUSSION

A. X-ray diffraction

XRD patterns of TiO2 thin films, both heat treated an
annealed at different temperature conditions, deposited
the Si substrate, are shown in Fig. 1. All the peaks are
dexed according to standard JCPDS patterns for the T2

lattice.17 As is evident from these patterns, the films are po
crystalline, single phase, anatase~A! type, except for the
sample annealed at 800 °C where presence of an x-ray
corresponding to the~110! plane of rutile~R! phase is also

FIG. 2. Measured~closed and open circles! and fitted~solid lines! cosD
~top! and tanC ~bottom! spectra of samples 1 and 4, together with t
calculated data of a bare substrate~dashed lines!.
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observed. These observations are in agreement with th
reported by Yuan and Tsujikawa18 for sol–gel derived TiO2
powder where they found it to be anatase type up to 600
annealing temperatures and above that~600–900 °C! a mix-
ture of anatase/rutile. Although the anatase/rutile transfor
tion temperature is around 600–700 °C, our films are p
dominantly of anatase type even at 800 °C with cryst
oriented preferentially in the~101! plane as can be seen from
the intense x-ray peak corresponding to the A~101! plane of
anatase modification of the TiO2 lattice. The x-ray patterns
also show a gradual decrease in the full width at half ma
mum ~FWHM! of the x-ray peak corresponding to th

FIG. 3. Cross-sectional scanning electron micrographs of heat-treated
different temperature annealed nanocrystalline TiO2 thin films, deposited on
a Si substrate.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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TABLE II. Lists of coefficients of the classical dispersion formula, void fraction at the inner surface of the TiO2 film ( f v i) void fraction of the interfacial layer
( f i), and thicknesses of the rough layer (d1), TiO2 film (d2), and the interfacial layer (d3) for all the samples, obtained by fitting of SE data. The 90
confidence limit are given by~6!.

Sample
No. « 8̀ (n`

2 ) «(ns
2)

v t

~eV!
G0

~eV! f v i f i

d1

~nm!
d2

~nm!
d3

~nm! d

1 2.6260.01 3.4960.01 4.2560.01 0.09560.002 20.08560.002 1.6260.1 145.360.2 0.026
2 2.5960.02 3.5860.03 4.2860.02 0.11460.004 20.09360.005 1.860.2 144.460.2 0.040
3 2.5360.07 3.9560.07 4.2260.03 0.2060.01 0.00560.02 0.3360.03 060.3 114.863 19.462 0.044
4 5.1260.01 5.9360.01 4.0460.01 0.19760.002 0.32760.009 0.64060.005 5.460.1 119.060.3 142.261 0.062
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A~101! plane with increasing annealing temperature, indic
ing improved crystallinity. The crystallite sizes deduc
from the linewidths of the A~101! plane using the Scherre
equation19 are found to be approximately 7.4, 8.5, 15.3, a
23.4 nm for the heat-treated and 400, 600, and 800 °C
nealed samples, respectively. The crystallite sizes of the
samples observed by scanning electron microscope~SEM!
surface morphology are 7–9, 8–10, 15–25, and 25–75
respectively. The particle sizes determined from x-ray lin
widths match closely the minimum particle sizes observ
by SEM. Since the sharper x-ray linewidths of the bigg
particles get buried in the broader linewidths coming fro
the smaller particles, it is only possible to determine
minimum size of the crystallites present in the film from t
x-ray linewidths.

In order to determine the crystallographic preferred o
entation of growth, we have calculated the normalized int
sity ratio b of each sample defined asb5I i (200) /I P(200) ,
where I i (200)5Ci (200) /Ci (101) is the intensity ratio of the
Bragg peaks of the diffraction profiles recorded andI P(200) is
the intensity ratio of the Bragg peaks for the stand
randomly oriented TiO2 powder which is 0.35 as obtaine
from JCPDS powder diffraction file No. 21-1272 for anata
TiO2 powder. Theb values obtained for samples 1–4 a
0.4460.09, 0.5160.10, 0.6260.03, and 0.8360.008, re-
spectively. The6 term shows the uncertainty with whic
~200! peak intensity has been measured. This result indic
highly preferred orientation of the A~101! plane for sample 1
which gradually diminishes with annealing time and te
perature. Similar preferred orientation has also been
served for films deposited on quartz and sapphire substr
Preferred orientation of the A~101! plane was also reporte
by Kato et al.20 for sol–gel derived TiO2 films deposited on
a quartz substrate by the dip-coating method using a titan
tetraisopropoxide-ethanol-diethanolamine-water solution.
amorphous background is observed in any of the patte
This is also in agreement with the observation made by Y
and Tsujikawa that an amorphous to crystalline transit
occurs in the temperature range of 300–400 °C for sol–
derived TiO2.

B. Spectroscopic ellipsometry

A five-phase structure ~air/rough surface layer
inhomogeneous TiO2/interfacial layer/substrate! has been
used in the simultaneous fitting of measured parameterD
andC of SE. The rough layer on the surface was modeled
an effective mixture of 50% TiO2 and 50% void. Inhomoge
loaded 23 Aug 2010 to 133.68.192.97. Redistribution subject to AIP licens
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neity of a film results from the nonuniform packing dens
of the film which is usually expressed by the volume fracti
of void f v . In our fitting analysisf v is varied fromf vo50 at
the outer surface of the film tof v i at the inner surface.f v
obtained by such a fitting analysis shows only a relat
variation in the void fraction along the thickness of the fil
and the change in refractive index along the depth of the fi
will follow the change inf v . After obtaining the refractive
index by fitting to SE data, actual void distribution along t
depth of the film has been calculated using the ‘‘void-fre
refractive index of TiO2.

21 The refractive index of a dens
anatase film considered void free has been taken f
Ref. 21 and is used to calculate the actual void distribut
using the expression (nv f2nf)/nv f , wherenv f is the refrac-
tive index of the void-free dense anatase film andnf is the
refractive index obtained by fitting analyses. For the he
treated and low temperature annealed films, a very goo
has been obtained without considering any interfacial lay
However, it is found that for higher temperature~600 and
800 °C! annealed samples an interfacial layer has to be c
sidered to get a reasonably good fit. The interfacial laye
characterized for optical properties by the same dispers
formula as that of TiO2 except that a different void fraction
f i of the constant value along the thickness has been
sumed.

Measured~open and closed circles! and fitted ~solid
lines! cosD ~top! and tanC ~bottom! spectra of samples 1
and 4, together with the calculated data of a bare subst
~dashed lines!, are shown in Fig. 2. Excellent agreement b
tween the experimental and fitted cosD and tanC spectra for
both the samples has been obtained. From Fig. 2, it can
clearly seen that at HW fringes tanC(HW)ÞtanC, for both
the samples, indicating inhomogeneity in the films. Furth
although for sample 1 tanC(HW) is very close to tanCs, it
is separated by a big distance from tanCs for sample 4,
showing very high inhomogeneity for this sample, which
annealed at a very high temperature~800 °C!.

Table II shows the best fit model parameters used in
simulation of cosD and tanC spectra. A decrease in th
thickness with increasing annealing temperature is obser
due to increased packing density of the films as evidenced
SEM cross-sectional micrographs~Fig. 3!, which show a
nanocrystalline porous structure of the films with increas
particle size and decreasing void with annealing temperat
Similar results were also reported by Vorotilovet al.22 for
sol–gel derived TiO2 thin films. While the unannealed an
low temperature annealed samples show no detectable i
e or copyright; see http://jap.aip.org/about/rights_and_permissions



T

e
n
d
r

in
fo
al
iO
le

to
o

ly-
d
rie
I
ti
-

,

ws

e
the
o-

the
how
on-
hs.

,
han
e is
,
3,
r

n-
.59,
ow-
,
di-
n
tical

at

°C

4638 J. Appl. Phys., Vol. 88, No. 8, 15 October 2000 Mosaddeq-ur-Rahman et al.

Down
facial layer by SEM, an interfacial layer~;140 nm, by
SEM! thicker than that of TiO2 film ~;120 nm, by SEM! is
observed for the high temperature annealed sample.
film thicknesses obtained for both the TiO2 and the interfa-
cial layers by spectroscopic ellipsometry are in good agr
ment with the SEM cross-sectional thickness measureme
Figure 4 shows a pictorial representation of the gradual
crease in film thickness with increasing annealing tempe
ture.

Figure 5 shows the refractive index spectrum of the
terfacial layers for samples 3 and 4 together with that
pure SiO2. Although the refractive indices of the interfaci
layer of sample 3 are very different from these of pure S2
~Fig. 5, dotted line!, the refractive indices for that of samp
4 match very well with those of pure SiO2 at longer wave-
lengths. At shorter wavelengths, due to absorption by the
TiO2 layer, it is not possible to extract the correct values
refractive indices of the interfacial layer by the fitting ana
sis of SE data. These results are further crosschecke
examining the nature of the interfacial layers using Fou
transform infrared spectroscopy. Figure 6 shows the
transmission spectra of all the samples. The three absorp
bands at 1080, 810, and 459 cm21 for sample 4 are charac

FIG. 4. Plot of TiO2 layer thickness vs annealing temperature for he
treated and annealed TiO2 thin films.

FIG. 5. Plot of refractive indices of the interfacial layers of 600 and 800
temperature annealed samples together with that of pure SiO2.
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he

e-
ts.
e-
a-

-
r

p
f

by
r

R
on

teristic IR features of SiO2 and correspond to stretching
bending, and rocking vibrations of the Si–O–Si bond, re-
spectively. The sharp absorption band at 1080 cm21 together
with the broad shoulder at the higher frequency side sho
the presence of stoichiometric SiO2 for the 800 °C tempera-
ture annealed sample.23 However, for sample 3, where th
absorption is very weak due to much lower thickness of
interfacial layer, the absorption band is slightly shifted t
wards the lower frequency side~1069 cm21!, indicating that
the interfacial layer is not purely stoichiometric SiO2. No
clear absorption peaks in the IR spectra are observed for
unannealed and low temperature annealed films which s
the absence of any detectable interfacial oxide layer and c
form with the results of SE analyses and SEM micrograp

As shown in Table II,f v i , the void fraction at the inner
surface of the TiO2 film is negative for samples 1 and 2
indicating that the films are more dense at the interface t
at the outer surface since the void fraction at the surfac
considered to be zero. Although for both samples 3 and 4f v i

is positive, it is very small and close to zero for sample
showing almost uniform void distribution, but very high fo
sample 4, indicating high nonuniformity of this sample.

As shown in Table II, the high frequency dielectric co
stants obtained by fitting analyses of SE data are 2.62, 2
2.53, and 5.12 for samples 1, 2, 3, and 4, respectively. H
ever, as pointed out by Gerfin and Gratzel for ITO films16

here also« 8̀ does not represent the true high-frequency
electric constant«` . The optimized dispersion formula ca
be regarded only as a mathematical description of the op

-

FIG. 6. FTIR spectra of heat-treated and annealed nanocrystalline TiO2 thin
films, deposited on a Si substrate.
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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properties below the band edge region of the semiconduc
The value of«` can be determined graphically, as shown
Fig. 7 and are found to be 3.82, 3.96, 4.5, and 6.27
samples 1, 2, 3, and 4, respectively. The corresponding
ues of refractive indices at high frequency,n` , are 1.95,
1.99, 2.12, and 2.5, respectively, for the four samples.
though for samples 1, 2, and 3 the values of the high
quency dielectric constants are close to that determined
Kim for a void-free value~4.8! of electron-beam-evaporate
TiO2 thin film,21 from sample 4, which is annealed at a mu
higher temperature, it is quite high, and may be due to
larger crystallite size, higher packing density, and prese
of the rutile phase along with the anatase, which has hig
refractive indices.

In Fig. 8, we show the refractive indexn ~top! and
extinction coefficientk ~bottom! spectra at the surface o
the samples over the wavelength range of 335–800
There is a gradual increase inn as the as-deposited sampl
are annealed at higher temperatures~up to 600 °C! and
at a much more elevated temperature~800 °C!, a sharp
increase inn is observed~Fig. 8, top!. This increase inn
with annealing temperature is attributed to the increase
packing density and crystallinity of the films which are al
evident from the thickness measurement and XRD analy
Furthermore, the sharp increase inn above 600 °C may be
due to the enhanced crystallinity of the TiO2 films and for-
mation of the rutile phase along with the anatase at this
evated temperature, evidenced by the x-ray analysis~XRD
pattern 4, Fig. 1!.

Measurement ofk, where absorption is very small, is no
very accurate with spectroscopic ellipsometry. Howev
within the accuracy limit, thek spectra do not show an
significant absorption in the wavelength region lower th
the band gap energy of the anatase form of TiO2 3.2 eV. The
sharper increase ink above the fundamental band gap f

FIG. 7. Graphical determination of the high-frequency dielectric constan
all the samples.
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samples 3 and 4 is probably due to higher crystallinity for
high temperature annealed samples. Note that the non
extinction coefficient for all the samples at a lower phot
energy than the band gap energy indicates a scattering e
in the nanocrystalline TiO2 thin film which increases for high
temperature annealed samples due to larger particle size
presence of voids in the film may also lead to a nonz
extinction coefficient.

In Fig. 9, we show the grading profiles of the refracti
index for all the samples at 500 nm wavelength along w
those for the films deposited on the vitreous silica substr
lines q400 and q600 for the 400 and 600 °C temperat
annealed films, respectively, reported in our previo
communication11 for comparison. An almost linear inde
gradient along the depth of the films has been obtained.
the heat-treated and low temperature annealed samples

f

FIG. 8. Refractive indexn ~top! and extinction coefficientk ~bottom! spectra
at the surface of nanocrystalline TiO2 thin films, deposited on Si substrate

FIG. 9. Depth profiles of the refractive indices for all the samples at 500
wavelength. Lines q400 and q600 represent the depth profiles of the
deposited on a vitreous silica substrate, annealed at 400 and 600 °C, re
tively, reported previously~see Ref. 5! which are included for comparison
e or copyright; see http://jap.aip.org/about/rights_and_permissions
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refractive index is highest at the interface and gradually
creases towards the outer surface with the refractive in
gradient slightly increasing for the annealed sample. T
trend is completely opposite to that what is obtained for fil
deposited on the vitreous silica substrate annealed at 400
600 °C. This difference in grading profiles between the fil
deposited on two different substrates is probably due to
difference in substrate topography. Vitreous silica is
amorphous substrate which inhibits crystallization, theref
crystallization and densification begin at the surface of
deposited film which gradually progresses towards the in
face during the course of annealing, thus giving higher
fractive indices at the surface.24 On the other hand, silicon is
a crystalline substrate, therefore crystallization of the dep
ited films starts from the silicon surface and gradua
progresses towards the film surface resulting in higher ref
tive indices at the interface than at the film surface. Howev
this situation holds for low annealing temperature conditio
only. As the annealing temperature increases beyond 400
an interfacial silicon oxide layer is formed which retards t
crystallization process at the interface. At this point, the s
strate behaves like an amorphous one, and crystallization
densification are more pronounced at the outer surface
at the interface. In the case where the annealing tempera
is 600 °C, the two effects, first the crystallization at the
terface at low annealing temperature and later that at
outer surface at high annealing temperature, seem to bal
out, resulting in a quite homogeneous film as can be s
from Fig. 9 which shows an almost constant refractive ind
along the thickness for sample 3. However, for sample
which is annealed at 800 °C, the latter effect seems to ou
the former one, resulting in a very high refractive index
the surface. Furthermore, the refractive index at the interf
for sample 4 is below that of sample 3, maybe due to dif
sion of Si atoms into the TiO2 layer at this high temperature

Variation in the void fraction along the thickness of th
films calculated using the void-free refractive index of
dense film taken from Ref. 21 is shown in Fig. 10. High vo
fraction can be seen for sample 1 which decreases with
nealing time and temperature. An average void fraction
0.16 has been reported for electron-beam evapor

FIG. 10. Variation of void fraction along the thickness of the TiO2 films.
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TiO2 thin film by Kim. For sol-gel derived films, all the films
seem to have higher void fraction than the electron-be
evaporated film except the 800 °C annealed film wh
shows a very low void fraction near the film surface, ind
cating the dense nature of the film. Figure 11 shows
variation in the degree of inhomogeneity with waveleng
for different samples. For all the samples variation in t
degree of inhomogeneity with wavelength follows the sa
trend as that of the refractive index which gradually d
creases with increasing wavelength. Whereas the low t
perature annealed sample shows a slightly higher degre
inhomogeneity than the unannealed one, the higher temp
ture ~600 °C! annealed sample shows a very small degree
inhomogeneity which is in sharp contrast with the resu
obtained for films deposited on the vitreous silica substr
where the degree of inhomogeneity greatly increased for
same annealing conditions, from 5%–6% to 12%–14%11

The degree of inhomogeneity of samples 1 and 2~4.8%–
5.1%! is very close to those reported for TiO2 films deposited
by electron-beam~EB! evaporation~3%–5%! and radio-
frequency ~rf! sputtering ~5%! techniques.8 However, for
sample 4, annealed at a much higher temperature~800 °C!,
the degree of inhomogeneity is as high as 25%, indicat
severe inhomogeneity in the film. Thus it is evident that ve
high temperature annealing severely deteriorates the de
of homogeneity of a film.

IV. CONCLUSIONS

A detailed optical characterization of sol–gel deriv
nanocrystalline TiO2 thin films, deposited on single crystal S
~100! substrates under different temperature conditions,
been carried out by ultraviolet-visible spectroscopic ell
sometry. XRD patterns reveal a polycrystalline, single pha
anatase polymorph with preferred orientation of theA(101)
plane up to 600 °C annealing temperature and a mixture
anatase/rutile at 800 °C. SEM cross-sectional microgra
show the nanocrystalline porous structure of the films w
increasing particle size, decreasing thickness, and a le
void with increasing annealing temperature.

FIG. 11. Variation of the degree of inhomogeneityDn/n̄ with photon en-
ergy for all the samples.
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Down
Optical properties,n andk, of the thin films were fitted
directly to measured SE~D, C! data using the classical dis
persion formula. A gradual increase in the refractive ind
n, with increasing annealing temperature up to 600 °C
been observed due to the increase in crystallization and
sification as observed by XRD patterns and SEM mic
graphs. The sharp increase inn at a much elevated tempera
ture ~800 °C! may be due to enhanced crystallinity at th
temperature along with the presence of the rutile phase
observed by the XRD patterns. Further, for the heat-trea
and low temperature~400 °C! annealed films,n is found to
be higher at the film–substrate interface than at the film s
face and the refractive index gradient slightly increases
the annealed sample. However, for the 600 °C tempera
annealed film, the refractive index gradient significantly d
creases and the film appears to be almost homogene
These results are completely opposite to that what we
tained for films deposited on the vitreous silica substrate
nealed at 400 and 600 °C, wheren was found to be higher a
the outer surface of the film than at the film–substrate in
face, with the refractive index gradient increasing with a
nealing temperature. This difference in grading profiles
films deposited on the two different substrates is explaine
terms of substrate topography. Formation of an interfa
silicon oxide layer has been observed for the films depos
on the Si substrate when annealed above 400 °C. For
800 °C annealed sample, the degree of homogeneity has
found to deteriorate severely along with the formation o
very thick interfacial SiO2 layer. This study shows that th
degree of inhomogeneity depends strongly on the annea
temperature as well as on the substrate topography.
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