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Nanocrystalline TiQ thin films, deposited on single crystal §i00) 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 in

800 °C of annealing temperature have been observed. For the heat-treated and low temperature
(400 °Q annealed filmsn 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 whesgas 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 temperat@880 °C annealed sample on the Si substrate, formation of a
thick SiG, interfacial layer has been observed and the degree of homogeneity deteriorates severely.
© 2000 American Institute of Physids$S0021-897600)00820-3

I. INTRODUCTION vestigate the optical properties of inhomogeneous films, has
been used to study our films. Ellipsometric determination of
Titanium dioxide is a large band gap semiconductor ofpptical constants of inhomogeneous Fidms deposited by
exceptional stability that has diverse industrial applicationsjtferent evaporation techniques has been reported by vari-
TiO; thin films with their high refractive index have broad ;5 authors where they assumed a linear variation in the
applications in optical coatings and waveguidedin recent  fractive index along the thickness of the fifrif In a pre-

years, sol—gel derived nanocrystalline Fiin films of ana- vious communication, we described a model for the determi-

tase phase have become of increasing importance becausen%ftion of optical constants of sol—gel derived Jiin films

their ease of preparation and potential application in the arg . . o
. ) . ) spectroscopic ellipsometry where void distribution was
eas of photovoltaics, sensing devices, photocatalysis, andy

. . T | —"assumed instead of the variation in the refractive inf®x
microelectronics.Consequently, determination of the optical S

. ; along the thickness of the film and the unknown dielectric
constants and evaluation of microstructural features such a}s i fTi q ibed b inal illator formn
surface roughness in these films are important. unction of TiC, was described by a single oscillator form.

Wide variations in the optical and physical properties of,In that model, a foyr—layer structuteir/rough surfa.ce layer/
TiO, thin films deposited by different techniques have beer?0mogeneous TiDlayer/substrafewas used to fit the SE
reported For sol—gel derived films, film properties such asdat@. In this article, we study Tidilms deposited on a Si -
crystallinity, particle size, degree of homogeneity, etc. deSubstrate using the same model, however, an additional in-
pend largely on annealing temperature and substrate topoberfacial layer between the Tidilm and substrate has been
raphy. The aim of this work is to study the effects of sub-assumed for the higher temperature annealed films in order

strate and annealing temperature on the optical constants aflobtain a good fit. Excellent agreement between the calcu-
degree of inhomogeneity of sol—gel derived Fitdin films.  lated and measured data of SE in the 335-830 nm wave-

Spectroscopic ellipsometr¢SE), which is known to be a length range has been obtained. Details of experimental pro-
very useful and nondestructive technique with which to in-cedures and results and discussion are given in the following.
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TABLE |. Experimental conditions of sol—gel derived Tithin films. A(1 01) S
ample 1
- . . (a) P
ample No. Drying Heat treatment Annealing A(ZOO)
1 80 °C for 15 min 400°C for1 h ‘WMPW
2 80°C for 15min  400°Cfor1h  400°C for 6 h MWWM“W‘WMWWWWWM
3 80°Cfor15min  400°Cfor1h  600°C for 6 h b S le 2
4 80°C for 15 min  400°Cfor1h 800 °C for 6 h (b) ample
> o b P
IIl. EXPERIMENT > Sample 3
k%)
TiO, thin films were deposited on a single crystal £
. . D
Si (100 substrate by the sol—gel method using titanium tet- = MWMWWWWW«W:WWWW
raisopropoxide, TiC;H,0),, as the starting material for Ti. = (d)
Details of the sol solution preparation are described 1 Sample 4
elsewheré?
Films were coated onto the substrate by the dip-coating
method with a pulling speed of 0.1 mm/s. Prior to deposition, R(110)

30 40 50 60

the substrates were cleaned with acetone and methanol suc M w\‘ A1)
cessively using an ultrasonic cleaner, etched with 10% HF M g oo ol
aqueous solution for 1 min, rinsed with distilled water, and 20' . .
then, blown dry with N. The films thus coated were dried at
80°C for 15 min and heat treated at 400 °C for 1 h. The 28 (degree)
process was repeated five times and ﬁna.'”y the f.”m.s Wer%IG. 1. X-ray diffraction patterns of heat-treated and annealed nanocrystal-
annealed a_t 400, 600, and 800 °C, regpectl\./elyﬁfb inair. . line TiO, thin films, deposited on a Si substrd#& anatase, R: rutile
For annealing, the temperature was first raised to the desired
temperature at a constant heating rate of 5°C/min, kept at
that temperature for 6 h, and then cooled down at the same
rate. However, at around 300 °C, the rate of cooling fell be- ~ The ellipsometric parameterd and A are defined as
low 5°C/min, and the two ends of the tubular furnace wereusual from the ratio of reflected amplitudes fandp po-
opened to allow fast cooling. The drying heat treatment, andgrization,
annealing conditions for all the samples are summarized in
Table | _rp_|rp| i(0p=0s) = iA
. p=—=1—e'P % =tan¥e'", (D)
The crystal structure, growth, and crystallinity of var- rsIrd
ious phases of these films were studied by Xx-ray dif- |n the case of an inhomogeneous film, the refractive in-
fraction (XRD) (Rigaku Rint-1100 using CuKe radiation  dex of the film is not uniform but varies as a function of
(1.5406 A as an x-ray source. All the patterns were recordedjistance along the thickness of the film. Under the simplify-
at a scanning rate of 1° min in steps of 0.4° in standard jng assumption that the reflection of light from the interior of
6—26 geometry with 40 kV voltage and 30 mA current for the film can be ignored, detailed expressionsibfand A
x-ray excitation. Cross-sectional views of the films were ob-have been given by Carniglf.It has also been shown by
served by a high-resolution scanning electron microscop€arniglia that ellipsometric data at half-wayeW) points,
(Hitachi S-5000. Formation of a silicon oxide layer usually defined as wavelengths that are multiples of twice the optical
takes place at the interface when metal oxides are depositefickness, in the taWw spectrum[hereafter referred to as
on the Si substrate using the sol—gel technique at high anan¥ (HW)], offers a sensitive measure of the degree of
nealing temperatur€. The nature of any such interfacial inhomogeneity. In particular, when the film is homogeneous,
layer, if present, at the Si and Tjnterfaces was character- tanW(HW)=tanW,, where tanV, is amplitude reflectance
ized by Fourier transform infraredTIR) spectroscopy. ratio of the uncoated substrate, showing that for homoge-
Measurements of spectroscopic ellipsometry were carneous film tanW(HW) is independent of the index of the
ried out at an angle of incidence of 70° in the wavelengthfiim. Thus, from the difference between td and
range of 335—-830 nm. The automatic ellipsometry used waganW¥(HW), one can get an idea about the degree of inho-
of rotating analyzer type, fitted with a 75 W xenon lamp as amogeneity of a film which is defined byn/n; heren is the
light source. The optical properties of the thin films wereaverage refractive index of the film adch=n,;—n,, where
fitted directly to measured S&, V) data using a classical n; andn, are the refractive indices at the outer and inner
dispersion formula. All the measurements were performed asurfaces of the film, respectively.
room temperature. Although details of the theoretical treat- The Bruggeman effective-medium theofigMT), con-
ment for ellipsometric measurement of an inhomogeneousidered an important tool to investigate inhomogeneous film,
film have been discussed in our earlier publicafiba,brief  is used to calculate the effective dielectric function of the
overview will be given here. film. The mathematical formula can be expressed as
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( U)8m+28 U142¢ @ A
. . : . . . SiO,
where e, is the dielectric function of the main constituent
material andf, is the volume fraction of void. In this equa- Si Subs.
tion the dielectric function of void is taken to be 1. In our SE
data analysis, the unknown dielectric function of Ji® de-
scribed by a single oscillatdf, Sample 4
212 o , (es—el)wf \ TiO
e=n-—k°+2ink=¢e,+ —5—5———, 3 \ ¢ 2
o~ tiljw
where e, represents the high-frequency dielectric constant, Sio,

e, the static dielectric constant,; the frequency, anfl; the
damping factor of the oscillator. The unknown parameters
can be numerically determined by minimizing the following
mean squares deviation with a regression progfamnbi-

Si Subs.

ased: L J
1 N 300 nm
2= > [(tanW&P—tanyca)?
2N-P 5 FIG. 3. Cross-sectional scanning electron micrographs of heat-treated and
different temperature annealed nanocrystalline,t@n films, deposited on
+ (cosAPP— COSAicaI)Z], (4) a Si substrate.

whereN is the number of data points aftdis the number of
unknown model parameters.
observed. These observations are in agreement with those

11l. RESULTS AND DISCUSSION reported by Yuan and Tsujika\?xf%tfor sol—gel derived TiQ
powder where they found it to be anatase type up to 600 °C
annealing temperatures and above {&0—-900 °Q a mix-

XRD patterns of TiQ thin films, both heat treated and ture of anatase/rutile. Although the anatase/rutile transforma-
annealed at different temperature conditions, deposited otion temperature is around 600—700 °C, our films are pre-
the Si substrate, are shown in Fig. 1. All the peaks are indominantly of anatase type even at 800°C with crystals
dexed according to standard JCPDS patterns for the, TiOoriented preferentially in th€l01) plane as can be seen from
latticel” As is evident from these patterns, the films are poly-the intense x-ray peak corresponding to th@ @) plane of
crystalline, single phase, anatag®) type, except for the anatase modification of the TiQattice. The x-ray patterns
sample annealed at 800 °C where presence of an x-ray peakso show a gradual decrease in the full width at half maxi-
corresponding to th€110) plane of rutile(R) phase is also mum (FWHM) of the x-ray peak corresponding to the

A. X-ray diffraction
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TABLE II. Lists of coefficients of the classical dispersion formula, void fraction at the inner surface of thdilic{ f ;) void fraction of the interfacial layer
(f;), and thicknesses of the rough layet;), TiO, film (d,), and the interfacial layerds) for all the samples, obtained by fitting of SE data. The 90%
confidence limit are given by=*).

Sample y Iy d, d, ds
No. e’ (n?) &(n?) (eV) (eV) foi f; (nm) (nm) (nm) 5
1 2.620.01 3.49-0.01 4.25-0.01 0.095:0.002 —0.085+0.002 1.620.1 145.3-0.2 0.026
2 2.59+0.02 3.58-0.03 4.28-0.02 0.114-0.004 —0.093*0.005 1.8:0.2 144.4-0.2 0.040
3 2.530.07 3.95:0.07 4.22:0.03 0.20-0.01 0.005:0.02  0.33:0.03  0x0.3 114.8-3 19.452  0.044
4 512+0.01 5.930.01 4.04:0.01 0.19%0.002 0.32#0.009 0.64@:0.005 5.4-0.1 119.6:0.3 14221 0.062

A(101) plane with increasing annealing temperature, indicatneity of a film results from the nonuniform packing density
ing improved crystallinity. The crystallite sizes deducedof the film which is usually expressed by the volume fraction
from the linewidths of the ALOD) plane using the Scherrer of void f, . In our fitting analysi<, is varied fromf,,=0 at
equationt® are found to be approximately 7.4, 8.5, 15.3, andthe outer surface of the film tb,; at the inner surfacef,,
23.4 nm for the heat-treated and 400, 600, and 800 °C arpbtained by such a fitting analysis shows only a relative
nealed samples, respectively. The crystallite sizes of the foufariation in the void fraction along the thickness of the film
samples observed by scanning electron microsd@#M)  and the change in refractive index along the depth of the film
surface morphology are 7-9, 8-10, 15-25, and 25-75 nnyj|| follow the change inf,. After obtaining the refractive
respectively. The particle sizes determined from x-ray lineindex by fitting to SE data, actual void distribution along the
widths match closely the minimum particle sizes observedjepth of the film has been calculated using the “void-free”
by SEM. Since the sharper x-ray linewidths of the biggerefractive index of TiQ.2! The refractive index of a dense
particles get buried in the broader linewidths coming fromgnatase film considered void free has been taken from

the smaller particles, it is only possible to determine theret 21 and is used to calculate the actual void distribution
minimum size of the crystallites present in the film from the using the expressiom(;—n;)/n,;, wheren,; is the refrac-
vl v

x-ray linewidths. _ _ _tive index of the void-free dense anatase film ands the

In order to determine the crystallographic preferred ori- o5 cfive index obtained by fitting analyses. For the heat-
e.ntatlon of growth, we have caICt_JIated the normalized 'menfreated and low temperature annealed films, a very good fit
sity ratio B of each sample defined g=1i200)/lp200))  has been obtained without considering any interfacial layer.
where 1(200)= Ci(ZOO)/_Ci(lol? IS thg intensity ratio of Fhe However, it is found that for higher temperatui@00 and
Bragg peaks of the diffraction profiles recorded &pgdoo) is £00 °Q annealed samples an interfacial layer has to be con-

the mtensﬂy ratio qf the Bragg _peqks for the sta_n dar sidered to get a reasonably good fit. The interfacial layer is
randomly oriented Ti©® powder which is 0.35 as obtained . . : . .

g L characterized for optical properties by the same dispersion
from JCPDS powder diffraction file No. 21-1272 for anataseformula as that of TiQ except that a different void fraction
TiO, powder. Theg values obtained for samples 1-4 are b

0.44+0.09, 0.5%0.10, 0.62-0.03, and 0.830.008, re- f; of the constant value along the thickness has been as-

i ) : . . sumed.
spectively. Thex term shows the uncertainty with which . . .
(200 peak intensity has been measured. This result indicates Measured(open and closed circlesand fitted (solid

highly preferred orientation of the(A01) plane for sample 1 Ines) cosA (top) a.nd tart” (bottom spectra of samples 1
which gradually diminishes with annealing time and tem_and 4, together with the calculated data of a bare substrate

perature. Similar preferred orientation has also been ob(-OIaShed lines are shown in Fig. 2. Excellent agreement be-

served for films deposited on quartz and sapphire substrate¥/een the experimental and f|tted_(zloand tank spectrg for
Preferred orientation of the (A01) plane was also reported both the samples has begn obtained. From Fig. 2, it can be
by Kato et al?° for sol—gel derived TiQfilms deposited on Cl€arly seen that at HW fringes tar(HW) # tan, for both

a quartz substrate by the dip-coating method using a titaniur'® Samples, indicating inhomogeneity in the films. Further,
tetraisopropoxide-ethanol-diethanolamine-water solution. N&/though for sample 1 tafi(HW) is very close to ta’s, it
amorphous background is observed in any of the patterndS Separated by a big distance from t#nfor sample 4,
This is also in agreement with the observation made by Yua§howing very high inhomogeneity for this sample, which is
and Tsujikawa that an amorphous to crystalline transitiorRnn€aled at a very high temperatg0 °Q.

derived TiG. simulation of cos\ and tart¥ spectra. A decrease in the

thickness with increasing annealing temperature is observed,
due to increased packing density of the films as evidenced by
SEM cross-sectional micrograptifig. 3), which show a

A five-phase structure (air/rough surface layer/ nanocrystalline porous structure of the films with increasing
inhomogeneous Tiginterfacial layer/substratehas been particle size and decreasing void with annealing temperature.
used in the simultaneous fitting of measured parameters Similar results were also reported by Vorotilet al?* for
andW¥ of SE. The rough layer on the surface was modeled asol—gel derived TiQ thin films. While the unannealed and
an effective mixture of 50% Ti®and 50% void. Inhomoge- low temperature annealed samples show no detectable inter-

B. Spectroscopic ellipsometry
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FIG. 4. Plot of TiGQ layer thickness vs annealing temperature for heat-
treated and annealed TjGhin films.
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|

||
facial layer by SEM, an interfacial layef~140 nm, by v *‘
SEM) thicker than that of Ti@film (~120 nm, by SEM is !
observed for the high temperature annealed sample. The i i
film thicknesses obtained for both the Ti@nd the interfa- i J
cial layers by spectroscopic ellipsometry are in good agree- i

ment with the SEM cross-sectional thickness measurements. \lj
Figure 4 shows a pictorial representation of the gradual de- : s ' >
crease in film thickness with increasing annealing tempera- 1000

ture. Wavenumber (cm™)
Figure 5 shows the refractive index spectrum of the in-
terfacial layers for samples 3 and 4 together with that forFIG. 6. FTIR spectra of heat-treated and annealed nanocrystallingfiio
pure SiQ. Although the refractive indices of the interfacial films, deposited on a Si substrate.
layer of sample 3 are very different from these of pure SiO

ElFlrgétsc;hdsgfdvtgﬁ \}Vr;ﬁlﬁgasg“é? 'Z?gg&rlghnate?fvtzyge teristic IR features of Si@and correspond to stretching,
Y b 9 bending, and rocking vibrations of the-8)—Sibond, re-

lengths. At shorter wavelengths, due to absorption by the to . .
TiO, layer, it is not possible to extract the correct values ofgpectwely. The sharp absorption band at 1080 ttogether

o : . o with the broad shoulder at the higher frequency side shows
refractive indices of the interfacial layer by the fitting analy- L . o
. the presence of stoichiometric Si@r the 800 °C tempera-
sis of SE data. These results are further crosschecked
S . : . . tlre annealed sampfé.However, for sample 3, where the
examining the nature of the interfacial layers using Fourier

transform infrared spectroscopy. Figure 6 shows the IRabsorptlon is very weak due to much lower thickness of the

transmission spectra of all the samples. The three abs;orptidlqterfaclal layer, the absorption band is slightly shifted to-

bands at 1080, 810, and 459 chfor sample 4 are charac- wards the lower frequency sid@069 cm'}), indicating that
' ' the interfacial layer is not purely stoichiometric SiONo

clear absorption peaks in the IR spectra are observed for the
unannealed and low temperature annealed films which show
the absence of any detectable interfacial oxide layer and con-

— Sample 4 form with the results of SE analyses and SEM micrographs.
o gfo"zp'e 3 As shown in Table Il f,;, the void fraction at the inner

surface of the TiQ film is negative for samples 1 and 2,
indicating that the films are more dense at the interface than
at the outer surface since the void fraction at the surface is
considered to be zero. Although for both samples 3 arfg; 4,
is positive, it is very small and close to zero for sample 3,
\ showing almost uniform void distribution, but very high for
1.4 sample 4, indicating high nonuniformity of this sample.
N As shown in Table II, the high frequency dielectric con-
T.el stants obtained by fitting analyses of SE data are 2.62, 2.59,
2.53, and 5.12 for samples 1, 2, 3, and 4, respectively. How-
ever, as pointed out by Gerfin and Gratzel for ITO filths,
here alsae/, does not represent the true high-frequency di-
FIG. 5. Plot of refractive indices of the interfacial layers of 600 and 800 °c €lectric constant... The optimized dispersion formula can
temperature annealed samples together with that of purg SiO be regarded only as a mathematical description of the optical

Refractive index, n

400 500 600 700 800
Wavelength (nm)
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N Sample 2
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So26kt,
2.4
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2.2 Ve
20
3 031
c
x 0.2}
0.1F%
0.0 = : '
400 500 600 700 800
i | | | | Wavelength (nm)
0.0 0.1 0.2 0.3 0.4
Photon Energy © (eV ) FIG. 8. Refractive index (top) and extinction coefficierk (bottom spectra

at the surface of nanocrystalline Ti€hin films, deposited on Si substrates.
FIG. 7. Graphical determination of the high-frequency dielectric constant of
all the samples.

samples 3 and 4 is probably due to higher crystallinity for the

high temperature annealed samples. Note that the nonzero
properties below the band edge region of the semiconductogyxtinction coefficient for all the samples at a lower photon
The value ofs.. can be determined graphically, as shown inenergy than the band gap energy indicates a scattering effect
Fig. 7 and are found to be 3.82, 3.96, 4.5, and 6.27 foi the nanocrystalline Tigthin film which increases for high
samples 1, 2, 3, and 4, respectively. The corresponding valemperature annealed samples due to larger particle size. The
ues of refractive indices at high frequenay,, are 1.95, presence of voids in the film may also lead to a nonzero
1.99, 2.12, and 2.5, respectively, for the four samples. Alaytinction coefficient.
though for samples 1, 2, and 3 the values of the high fre- |, Fig. 9, we show the grading profiles of the refractive
quency dielectric constants are close to that determined bydex for all the samples at 500 nm wavelength along with
Kim for a void-free valug4.8) of electron-beam-evaporated those for the films deposited on the vitreous silica substrate,
TiO, thin film,?* from sample 4, which is annealed at a muchjines q400 and 600 for the 400 and 600 °C temperature
higher temperature, it is quite high, and may be due to thennealed films, respectively, reported in our previous
larger crystallite size, higher packing density, and presencgommunicatioh® for comparison. An almost linear index
of the rutile phase along with the anatase, which has highgjradient along the depth of the films has been obtained. For

refractive indices. o the heat-treated and low temperature annealed samples, the
In Fig. 8, we show the refractive index (top) and

extinction coefficientk (bottom spectra at the surface of

the samples over the wavelength range of 335-800 nm.

There is a gradual increase finas the as-deposited samples 2.4 —— Sample 1

are annealed at higher temperatute® to 600°G and - g:ms::g

at a much more elevated temperatu@&00 °C, a sharp <22 - -- Sample 4

increase inn is observed(Fig. 8, top. This increase im 5 T %0

with annealing temperature is attributed to the increase in 220

packing density and crystallinity of the films which are also o

evident from the thickness measurement and XRD analysis. B

Furthermore, the sharp increaserirabove 600 °C may be <

due to the enhanced crystallinity of the Lifims and for- ® .6

mation of the rutile phase along with the anatase at this el-

evated temperature, evidenced by the x-ray analp§ikD 14b """""""""

pattern 4, Fig. 1 . L . |
Measurement ok, where absorption is very small, is not 0 50 100 150 200 250

very accurate with spectroscopic ellipsometry. However, Distance from the surface (nm)

within the accuracy limit, thek spectra do not show any

S i ; ; ; FIG. 9. Depth profiles of the refractive indices for all the samples at 500 nm
Slgmflcant absorptlon in the Wavelength region lower thar1wave|ength. Lines g400 and g600 represent the depth profiles of the films

the band_ gap energy of the anatase form of ;132 eV. The deposited on a vitreous silica substrate, annealed at 400 and 600 °C, respec-
sharper increase ik above the fundamental band gap for tively, reported previouslysee Ref. 5which are included for comparison.
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FIG. 10. Variation of void fraction along the thickness of the TfIms. FIG. 11. Variation of the degree of inhomogenelty/n with photon en-

ergy for all the samples.

refractive index is highest at the interface and gradually de-
creases towards the outer surface with the refractive indexjo, thin film by Kim. For sol-gel derived films, all the films
gradient slightly increasing for the annealed sample. Thiseem to have higher void fraction than the electron-beam
trend is Completely OppOSite to that what is obtained for filmSevaporated film except the 800°C annealed film which
deposited on the vitreous silica substrate annealed at 400 agflows a very low void fraction near the film surface, indi-
600 °C. This difference in grading profiles between the filmscating the dense nature of the film. Figure 11 shows the
deposited on two different substrates is probably due to th@ariation in the degree of inhomogeneity with wavelength
difference in substrate topography. Vitreous silica is anfor different samples. For all the samples variation in the
amorphous substrate which inhibits crystallization, thereforejegree of inhomogeneity with wavelength follows the same
crystallization and densification begin at the surface of therend as that of the refractive index which gradually de-
deposited film which gradually progresses towards the intercreases with increasing wavelength. Whereas the low tem-
face during the course of annealing, thus giving higher reperature annealed sample shows a slightly higher degree of
fractive indices at the SUrfa(?é.On the other hand, silicon is inhomogeneity than the unannealed one, the h|gher tempera-
a crystalline substrate, therefore crystallization of the deposyre (600 °C) annealed sample shows a very small degree of
ited films starts from the silicon surface and graduallyinhomogeneity which is in sharp contrast with the results
progresses towards the film surface resulting in higher refracobtained for films deposited on the vitreous silica substrate
tive indices at the interface than at the film surface. HOWQVerhere the degree of inhomogeneity great|y increased for the
this situation holds for low annealing temperature conditionssame annealing conditions, from 5%—6% to 12%—149%.
only. As the annealing temperature increases beyond 400 °Ghe degree of inhomogeneity of samples 1 ant438%—
an interfacial silicon oxide Iayer is formed which retards the51cy@ is very close to those reported for Tdﬂms deposited
crystallization process at the interface. At this point, the subpy electron-beam(EB) evaporation(3%—5% and radio-
strate behaves like an amorphous one, and crystallization afgbquency (rf) sputtering (5%) technique$. However, for
densification are more pronounced at the outer surface thagample 4, annealed at a much higher temperai@®e °O,
at the interface. In the case where the annealing temperatugge degree of inhomogeneity is as high as 25%, indicating
is 600 °C, the two effects, first the crystallization at the in-severe inhomogeneity in the film. Thus it is evident that very
terface at low annealing temperature and later that at thpigh temperature annealing severely deteriorates the degree
outer surface at high annealing temperature, seem to balangg homogeneity of a film.
out, resulting in a quite homogeneous film as can be seen
from Fig. 9 WhICh shows an almost constant refractive |nde>iv_ CONCLUSIONS
along the thickness for sample 3. However, for sample 4,
which is annealed at 800 °C, the latter effect seems to outdo A detailed optical characterization of sol-gel derived
the former one, resulting in a very high refractive index atnanocrystalline Ti@thin films, deposited on single crystal Si
the surface. Furthermore, the refractive index at the interfacél00 substrates under different temperature conditions, has
for sample 4 is below that of sample 3, maybe due to diffu-been carried out by ultraviolet-visible spectroscopic ellip-
sion of Si atoms into the TiQlayer at this high temperature. sometry. XRD patterns reveal a polycrystalline, single phase,
Variation in the void fraction along the thickness of the anatase polymorph with preferred orientation of A(g.01)
films calculated using the void-free refractive index of aplane up to 600 °C annealing temperature and a mixture of
dense film taken from Ref. 21 is shown in Fig. 10. High void anatase/rutile at 800 °C. SEM cross-sectional micrographs
fraction can be seen for sample 1 which decreases with arshow the nanocrystalline porous structure of the films with
nealing time and temperature. An average void fraction ofncreasing particle size, decreasing thickness, and a lesser
0.16 has been reported for electron-beam evaporategbid with increasing annealing temperature.
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