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Berreman effect applied to phase characterization of thin films supported on metallic substrates:
The case of TiQ
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Infrared reflection-absorption spectra of JiGhin films deposited by plasma-enhanced chemical vapor
deposition onto aluminum and by a sol-gel process onto platinum were obtainedsuaimdp-polarized light
and oblique incidence angles. Prominent bands with variable reflection minima position and line shapes, which
were shown to be phase dependent, were observed for all samples in theé@Dam * wave number range
when p-polarized light and oblique incidence were used. Such bands were attributed to an LO modg of TiO
and their enhancement with the incidence angle is a good example of Berreman effect. Such spectra were
analyzed by means of spectral simulation based on the Fresnel equation for a three-layered system. The films’
optical constants used in the simulations were obtained through the Kramenigrtammalysis(KKA ) of the
reflectance spectra of pellets of powdered amorphous, E@atase and rutile. Optical constants for hypotheti-
cal polycrystalline TiQ systems were also calculated from the dielectric functions of single crystals by means
of effective medium theorie$EMTS), such as those of Bruggeman, Maxwell-Garnett, and Hunderi. These
optical constants were used both for spectral simulation and for understanding the bands observed. However,
the optical constants for the powdered standards determined through KKA reproduced experimental results
more accurately than those determined through the EMTs. In both experimental and simulated spectra, Berre-
man effect was very clear-cut and a reliable phase characterization could be carried out.
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I. INTRODUCTION Among the techniques currently used for phase characteriza-
tion, x-ray diffraction (XRD) is the most commonly em-

Infrared reflection absorption spectroscopiRAS) has  ployed. However, the information it provides about amor-
been widely applied to characterize the surface and interfagghous materials is restricted and, in the case of very thin
of thin films on metallic substrates because of its highfilms, it is difficult and time-consuming to obtain a reliable
sensitivity> 3 If p-polarized light is used, reflection minima diffractogram. For the case of Tijroatings, Raman spec-
can be observed not only for the transverse optid@d) troscopy(RS) is also very useful for phase characterization,
excitations, but also for the longitudinal opti¢alO) ones, as as shown by a series of articles published by Exarhos and
a result of the finite thickness of the film. Such a phenom-co-workers’~° This technique was reported to be very ef-
enon, which is known among spectroscopists as the Berrdective in identifying even trace amounts of anatase in a
man effect® due to the pioneer works of Berreméris  rutile phase due to a very intense band at 143 trwhich
widely exploited for the characterization of very thin films. is attributed to anatase. Our aim in this paper is to show that,
Berreman argued that, in crystalline thin films, zone-centeby virtue of Berreman effect, reliable IRRAS spectra can be
(long wavelengthphonons have wave vectsr perpendicu-  obtained even for amorphous and very thin Fi@ms. Such
lar to the film surface, such that normal-incidence radiatiorspectra allowed to infer about solid-state properties of the
can only interact with TO vibrations, in which the atomic deposited films. This was accomplished by means of the
displacements are perpendicular to the direction of periodictO-TO functions of powdered standard samples of anatase,
ity of K. On the other hand, thp-polarized component of rutile, and amorphous TiDand by means of spectral simu-
oblique incident radiation has subcomponents parallel antation. We strongly believe that such an approach can be used
perpendicular to the film surface, which in addition to excit-in phase characterization of other solids that present poly-
ing the TO phonon, can also interact with LO vibrations, inmorphism. However, it is mandatory that the material have a
which the atomic displacements are parallel to the wave vegolar character for the LO-TO splitting to be observed.
tor. Therefore, covalent compounds, such as most of the organic

As far as the authors are aware, Berreman effect has nevenes, cannot be investigated by this approach.
before been exploited in phase characterization of materials. In this work, IRRAS was used to characterize Jifdms
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prepared by two different techniques: plasma-enhancedured with a thermocouple. Precision mass flowmeters were
chemical vapor depositioPECVD) and a spin-coating sol- used to admit He and Afpurity better than 99.99%, White
gel process. The PECVD films were deposited ontoMarting in the chamber, while TTIP (99% pure, Aldrich
aluminum-coated glass substrates, while the sol-gel onesas admitted from a heated evaporation cell. The pressure
were deposited onto platinum. The former are very smoothwas measured with a capacitance manometer. All depositions
as shown by profilometric analysis, which makes comparisomvere made with He and Ar flows of 3.0 and 5.0 sccm, re-
between simulated and experimental results straightforwardpectively, and a partial pressure of TTIP of 0.3 Pa.
and the latters are rough. For the sol-gel films, platinum was Several films were deposited onto aluminum-coated glass
the substrate chosen because these films were prepared wihbstrate using different deposition parameters. Film thick-
the aim of an electrochemical investigation. It will be shownnesses were determined using a profileméWeeco, Dek-
that, despite platinum’s roughness, reliable spectra could bk3). To illustrate the technique presented here, two PECVD
obtained within the low-wave number region and inferencedilms were used: sample P1 and P2. Both were deposited
about film phase could be made even without having exaalising a substrate bias 6200 V. P1 was deposited without
information about film thickness. As with other semiconduc-heating the substrate during deposition whereas P2 was de-
tor oxides, TiQ has been extensively studied due to itsposited with the substrate heated up to 300 °C. The substrate
photoelectrochemicdt'? and electrochromié** properties, used was aluminum evaporated thermally onto a glass slide.
whose applications range from photocatalysis to smarThe thickness of sample P1 was 0.46m and of sample P2
windows. was 0.25 um.
Our study is restricted to the Mid-Infrared wavenumber
region because far-infrared reflection-absorption measure-
ments are difficult to be carried out by using conventional o ] ) ) ]
sources due to their characteristic low emission. We have The TiG; films were deposited using the spin-coating pro-
observed experimentally intense bands in the 80(F€SS, With a nonaqueous sol-gel precursor. The precursor
—900 cni * wavenumber range for the three different FiO used was a solution of 1.20 mL TTI@Idrich) qnuted in
structures we studied. Although they are expected according® ML of isopropy! alcohol P.A(MerckK). To provide proper
to calculations presented in pioneering wdrks’ from the conditions for the acidic hydrolysis, 0.1 mL of concentrated
1960s, this is the first time they are directly observed in anHCl (Merck) were added to the precursor solution. The mix-
experiment, as far as the authors are concerned. ture was stirred durgp 1 h in anopen flask at 50 °C. The
This paper is organized as follows. In Sec. Il we describePlatinum substrate was placed on a spin-co@®totoresist
both the experimental procedures for making and measuringPinner Headway research EC101DT-RA&®Hd spun at
thin films of TiO, and the analytical procedures for obtaining 3000 revmin*. Keeping the sol at 50 °C, a volume of
experimental results, such as infrared spectra, field emissio?P0 ©L was dripped onto the substrate in portions of
Scanning electron microscop@:ESEMi micrographs and 100 wlL. The substrates used in this work were platinum
x-ray diffractograms. In Sec. Ill A, we discuss LO and TO (99.95%). After deposition, the samples were annealed at
functions for polycrystalline Ti@ obtained through well- four different temperature€l00, 400, 600, and 800 °C) for
known effective medium theorieEMTs) and LO and TO 1 hand labeled according to them as S100, S400, S600, and
functions calculated through the Kramers Kig analysis S800.
(KKA) of the reflectance spectra of pellets of powdered,TiO
standards. Section 1l B is a description of how spectral C. Infrared spectra acquisition
simulations were carried out. While in Sec. Il C we discuss
the experimental results for the PECVD films, in Sec. Il D
we discuss those for the sol-gel films. Conclusions draw
from the infrared study are described in Sec. IV.

B. Sol-gel films

Infrared reflection-absorption spectra were measured for
ﬁ”‘” samples in a Bomen MB-101 FT-IR spectrometer
equipped with a DTGS detector. The spectral range covered
was 400-5000 cm . Each spectrum was the result of co-
adding 128 scans collected at 4 cthresolution, in the

IIl. EXPERIMENTAL external-specular-reflectance mode, by means of a variable-
A. PECVD films angle attachmentSPECAQ, at the incidence angles 30°,
o ) . 50° and 70° off normal for botp- ands-polarized radiation.
_ The PECVD TiQ films were obtained from mixtures of pgjarization was provided by the insertion of a grid polarizer
titanium (IV) isopropoxide[Ti(OC;H7)4], from now on (SpeCAQ in the optical path. All reflection-absorption mea-

called TTIP, with He and Ar using an experimental apparatugrements were referenced to an aluminum mirror and they
described elsewher Briefly, it consists of a stainless steel were carried out at room temperature.

vacuum chamber fitted with two parallel-plate electrodes

connected to a 13.56 MHz radiofrequency generator. The o . )

substrate holder was positioned outsige theyelgctrode gap an&f- Determination of the optical constants of TiQ; standards

at a distance of about 3 cm from the electrode edges. During Infrared specular reflectance spectra were measured for
deposition, a voltage bias could be applied to the substratgellets of powdered amorphous TiCanatasdAldrich) and
connecting the substrate holder to a dc power supply. Theutile (Tilbras) using the above-mentioned conditions except
substrate could be also heated by an electrical resistor afer the incidence angle, which was kept at 10° off normal,
tached to the substrate holder, whose temperature was mead for the radiation, which was not polarized. The complex

125404-2



BERREMAN EFFECT APPLIED TO PHAE. .. PHYSICAL REVIEW B 64 125404

refractive index of this material was determined through the TABLE |. Effective medium theories(EMTs) and their
Kramers-Kraig analysiSKKA) of these reflectance spectra. formulas.
KKA requires an extrapolation of the spectrum to zero and

infinite frequencies. There are several extrapolation routine5ffective medium theoryEMT) Formula
that can be used. In our calculations, we used constant re- L
flectivities derived from the first and last points of the mea- Bruggeman ~ _~ 1-f+3fa
sured spectrum file. The software used was developed by us 9 eft Ell_f_%fa
in a MatLab(The Math Work$ environment based on pre- )
viously reported |nvest|gat|(_)rf'é?:20 The amorphous Ti® Maxwell-Garnett - 1+3fa
used in this work was obtained through the hydrolysis of ef 11_%fa

literature since it is the basis of the sol-gel deposition. NO  ynderi
crystalline structure was observed for this solid by x-ray dif-
fraction.

TTIP in the air, a process which is well described in the 141t
-~ ~ ita
Sepe

1—%fa

E. X-rays diffractograms (XRD) and field emission scanning
electron microscopy(FESEM) micrographs acquisiton films’ because it is likely that they are in fact polycrystalline,

X-ray diffraction studies were carried out using a Shi- 1-e., they are composed of small crystalline regions with ran-

madzu XRD6000 x-ray diffraction analyzer with a ICa dom orientations_. As will be_discussed in Sec. llID, the
source. Images were obtained in a JSM-6340F JEOL ﬁem\hacks observed in FESEM micrographs seem to corroborate

emission scanning microscope, which allows a better resol IS hypothesis. A possible solution to this problem would be,
at first sight, obtaining: for polycrystalline TiQ which can

tion compared to conventional scanning electron micro- : : . .
scopes. Samples were coated with carbon. be accomp.hshe(_j by means of effective medlpm theor!es.
Polycrystalline TiQ is represented by the two different ori-
entations of the crystallites.
Although it is not a recent problem, the description of

A. TO and LO energy-loss functions properties of composite materials by EMTs has attracted con-
. . —-26 .
TO and LO energy-loss functions, whose maxima correSiderable attention latef7~2° Numerous expressions of the

spond to the vibrational modes TO and LO, respectively, caﬁﬁect've d|el_ectr|c functioreeq of varying degrees of deta_|l_
be obtained from the complex dielectric functieh and complexity have been developed. However, the validity
of each expression seems to be still unknd%@ur inten-

IIl. RESULTS AND DISCUSSION

TO function=Im(%) (1)  tion here is not an exhaustive study of EMTs’ validity, but we
focus on the results they generated for our specific problem.
LO function=Im(— 1/¢). (2) We took three typical expressions for the effective dielec-

tric  function, those derived by Bruggemah,

The complex dielectric functions of the crystal forms of Maxwell-Garnetf® and Hunder?® which are summarized in
titanium dioxide, anatase, and rutile, are available in the lit-Taple I. In the equations shown in Tabléel, and’e, are the
erature only for single crystafs:?As for amorphous Ti@  dielectric functions of the constituentsdenotes the filling
there is no information about its dielectric function. Sincefactor, i.e., the volume fraction occupied by constituent 2 and
both crystalline forms are uniaxial, there are two different  is a term dependent on the particles’ geometry. In our
for each one: one calculated from the specular reflectancealculations, the particles were assumed to be spherical so
spectrum measured with the electric vector of the incidenthat & can be written as
radiation parallel to the crystallograpti@xis (E|c) and the
other with the electric vector perpendicular to the crystallo- ~ ~
graphicc axis (EL c).???The anisotropi& for anatase and g= 2”1 (4
rutile’s single crystals were calculated through the following ~ 1
four-parameter dispersion model based on the factorized e1t3(e2—€)
form of the dielectric functions from parameters made avail-

able by Gonzalez and co-workétsfor anataspand Gervais  Bruggeman’s theory is the most widely discussed in the

and Piriod (for rutile): literature. In this EMT, one regards a typical element of the
5 , two-phase material which are embedded in an effective
~ 1—[ Vion™ Y"1 YLon¥ 3 medium, whose properties are to be determined
€(v)=e. 2 _ 2. ’ (3) self-consistently® To achieve this one solves for the local
N Vion— Y 1 ¥Yton?

field around the element and imposes the condition that the
where v o and v are the resonance frequency related tofluctuations of this local field around its effective value
LO and TO modes, respectively, whitg 5 and yo are the  should average to zero. Maxwell-Garnett’s theory assumes
damping parameters related to LO and TO modes, respethat the Lorentz local-field correlation applies, that the in-
tively. However, since both anatase and rutile are anisotropiduced polarization of one particle from its neighbors is in-
crystals, these functions cannot be compared directly to owtantaneous, and that the distances between the particles are

125404-3



B.C. TRASFERETTIet al. PHYSICAL REVIEW B 64 125404

Anatase Rutile
80 . , 40 .
Bruggeman .‘“'|I
ko] — Maxwell-Garnett
s 1| - Hunderi
T 40
C
2
o =20}
'_

0 X ) FIG. 1. LO and TO energy-
loss functions calculated for poly-
crystalline TiGQ by means of

20} 20} EMTs.
c
L2 15} 15}
©
c
2 10} 100
O
-
05} 05}
00F 0.0F

1000 800 600 400 1000 800 600 400
wavenumber (cm™)

so large that they act as independent scattéPdrsinderi’'s  level is not totally clear in the case of amorphous
theory was derived from the apparent dielectric function ofmaterials>*~3"where the wave vectd is not a well-defined
the backscattered field8. quantity. However, using linear response theory, Lehrifann

The results for both rutile and anatase are shown in Fig. lThas shown that spatial periodicity is not required for the ex-
Assuming an overall random orientation, the optical properistence of TO and LO surface modes, making their observa-
ties related to each of the axes contribute equally, and sindgon also possible in amorphous materials. Since then, sev-
two (out of three mutually perpendiculaaxes are equiva- eral investigations on amorphous materials have been
lent, the so-called filling factor was set to 0.33 exploiting LO-TO splittings’*~*’ Our results for the amor-
accordingly—we have considered fhedor E||c as the con- phous TiQ corroborate the possibility of the existence of a
stituent 2. From inspection of Fig 1, one can easily noticeLO-TO splitting for amorphous polar compounds. Both TO
that the EMTs do not yield identical functions. The mostand LO functions are very broad, which are expected when
striking difference among them is that the functions calcu-
lated through the Maxwell-Garnett and Hunderi models pre- [
sented splittings that were not observed for the functions 6 fAmorphous TiO,
calculated through Bruggeman’s model. Disagreements con- [
cerning frequency maxima were also observed.

In order to decide which EMT reproduces the LO and TO
functions for polycrystalline TiQ, we determined LO and
TO functions for pressed pellets of powdered FiSuch an
approach allows the study of amorphous Zi@hich is im-
possible using the methodology discussed above. Since in
nonmagnetic materialg, is related to the complex refractive
index throughé =12, it can be determined from experimental
reflectance data by Kramers-Kig analysis (KKA ).1%2°
Such a method has been widely used to determiné ma-
terials in the IR region because it needs only a specular re- 10
flectance spectrum observed at some known angle of inci-
dence. A specular reflection spectrum of these powders can
be regarded as a superposition of the two polarized single
crystal’'s reflectance spectra attenuated by the fact that the
density of the pellet is smaller than that of the single crystal.
In this work, KKA was used to determirreof anatase, rutile,
and amorphous Ti§) and subsequently their TO and LO
energy-loss functions, which are shown in Fig 2.

Although the physical meaning of TO and LO modes is  FIG. 2. LO and TO energy-loss functions determined by KKA
clear for crystals, the significance of such splittings at atomiof the reflectance spectra of pellets of powdered,Té@ndards.
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an amorphous material is concerned. The LO function has ¢

maximum at 823 cm? with a shoulder in~ 800 cm ! and K PEILO ~
has an asymmetric tail in the lower wavenumber region. The ;
TO function probably has a maximum outside the investi- TOI g
- - P . . e
gated region but displays a tail in the region of higher wave no

number.
Rutile’'s LO function has two bands, the most intense one

d \/
at 800 cm ! and the less intense one at 444 cimwhile its ‘/ 77
TO function displays only one band (493 ch) in the n+ik
spectral region investigated. As for anatase, it has a LQ
maximum at 838 cm! and a TO maximum at 445 cm.
Although considerably less pronounced than in the amor

phous TiQ's case, the bands observed for the polycrystalline
samples are also asymmetrically broadened, particularly ana- FIG. 3. Parameters involved in an external reflection measure-
tase’s. Why is it so? The most likely explanation is that thement for the system consisting of a single film on a semi-infinite
crystal nature of rutile and anatase is anisotropic. In a seriegubstrate.
of papers®®~*Ovchinnikov and Wight investigated inhomo-
geneous broadening of absorption bands in the infrared spetfansverse to the plane of incidence wtpl@olarization has
tra of both amorphous and polycrystalline sample. They havé in the plane of incidence. The material parameters are the
shown that the long-range dipole interactions can transcenePmplex refractive indexes and the thicknesef the film.
the grain boundaries in polycrystalline samples having isoThe reflection amplitude for the system of a film layer on a
tropic structures, thereby delocalizing the optical phonorsubstrate can be written as a function of Fresnel reflection
modes over the entire sample and effectively eliminating the&oefficients for each of a three-phase layered system, which
dipole broadening® In polycrystalline samples having an- has been successfully employed in the modelation of optical
isotropic crystal structures, the dipole broadening remaingroperties of multilayered systems. The result of such a pro-
because the unique axes of the individual grains are notedure is the equation for the reflection amplitudef a
aligned in the sampl# Therefore, the distribution of fre- three-phase system, which has been described elsewhere.
quencies resulting from the various shapes of microcrystalThe reflectance of the system is then given Hy|.
line regions is manifested as inhomogeneous broadening of Spectral simulations were carried out for different inci-
the band® dence angles, polarization and thicknesses of an amorphous
Comparing the LO and TO functions calculated from theTiO,, anatase or rutile thin layer on platinum or on alumi-
reflectance spectra of pellets with those calculated by meari®im. The complex refractive indexes of the different FiO
of EMTs, one can easily notice that the Bruggeman modephases used in the calculations were the ones determined
provides the closest functions to our results for the pellet¢hrough the KKA of the reflectance spectra of pellets of the
both in the number of bands and their frequencies. The splitpowdered oxides. As for the complex refractive indexes of
tings observed in the functions calculated by the Maxwell-platinum and aluminum, since they exist in tabfeand
Garnett and Hunderi models were not observed in the funchence are not suitable for computer modelling, their real and
tions for the pellets. Spectral simulations carried out usingmaginary parts had to be fit to polynomials which were
optical constants calculated by the EMTs did not reproducéunctions of the wave number.
well the experimental reflection-absorption spectra of the

M +ik1

films we have obtained by PECVD, whose thickness we  ["amopnoustio, | [ Rutle | ' Anatase
could determinate satisfactorily. Bruggeman’s theory led to " 27
the best result, but even though it failed to reproduce experi- AN
mental spectra in a quantitative fashion. As it will be dis- o 7" 7 4
cussed in the next section, the experimental results were wel v

reproduced by simulation carried out using the optical con-
stants determined for the pellets. This may be due to the fac
that the pellets are likely to be closer to the structure of our
films.

(Y- ST .

ctance

04 -

Refle

B. Spectral simulations

Figure 3 depicts the incidence of a plane wave in the oo
system studied and introduces the parameters involved in a PR s e P R I R R
eX'[ernal reﬂection measurement fOI‘ the SyStem Consisting o 1200 1000 800 600 400 1200 1000 800 600 420 1200 1000 800 600 400
a single film on a semi-infinite substrate. The incident wave wavenumber {om)
is described by the wave number in vacupthe incident FIG. 4. Simulated reflection-absorption specfpepolarization
angled, which is defined relative to the surface normal, andand ¢=70°) for a TiQ/Pt system and four different film
the state of polarizatiors polarization has the electric vector thicknesses.

125404-5



B.C. TRASFERETTIet al. PHYSICAL REVIEW B 64 125404

920 —m— amorphous E

| —o— rutile .
900 - —A— anatase ]
880 - / / i
860 '/ i

L ]

1 A / 1
8404 aaa .

1 mnN 1
820 .
800 @ee 4

U IR ST S RN S R WS N R
0 200 400 600 800 1000 1200 1400 1600

T T T T T T T T T T T T
Sample P1 Sample P2

Position of the Berreman minima (cm'*)

thickness (nm)

FIG. 5. The effect of film thickness on Berreman minimum for
the three TiQ phases studied.

(@)

0 | PR N B N L
1200 1000 800 600 400 1000 800 600 400

wavenumber (cm)

Figure 4 shows the spectra simulated using platinum as a
substratep polarization and an incidence angle of 70 °. The
films’ thicknesses were varied. Within the wave number
range presented, the differences between the spectra simu-FIG. 6. Experimental spectra for the PECVD films and simu-
lated using the optical constants of platinum and aluminuniated spectra using the optical constants of amorphous ai@ of
can be neglected. For thinner films, the simulated spectranatase(Solid line) experimental spectragt=70° andp polariza-
reproduces the LO-function features and are not influencetion); (dashed ling simulated spectraf=70° andp polarizatior);
by the TO function. However, as the films get thicker, the(dotted ling experimental spectrag=30° ands polarization and
spectra begin to be influenced by both functions, but the | gdashed dotted linesimulated spectra@=30° ands polarization).
function is still predominant.

A quick glance at Fig. 4 suffices to show that BerremanWith simulations carried out using both anatase and rutile
minimum, i.e., the minimum in reflectance related to an LOoptical constants. However, it was clearly closer to the spec-
mode, is thickness dependent. Such a dependence, illustratBfm simulated for anatase. The Berreman minimum ob-
in F|g 5, does not prevent IRRAS from being used as aserved lied at 841 and 848 Crh for the simulated and the
phase characterization technique. Amorphous,Ti@s its experimental spectra, respectively. According to our simula-
characteristic broadened band which cannot be mistaken féons, such a value is only attainable for rutile if the film
one of the crystalline phases. As for the latters, their mosthickness is more than 1000 nm. No band~a#44 cm *
intense LO bands lie at different wave number ranges and yélso excludes the pOSS|b|||ty of the film to be rutile. As far as
rutile has an LO mode at 444 crh, which appears even for the authors are concerned, this is the first time that these LO

very thin films. bands are detected experimentally.
It is important to remark that, by using XRD, no crystal-
C. Experimental spectra; PECVD films line structure was observed for sample P1, while a very small

peak associated to anat&5€29=25.3°) was observed for

~ The experimental spectra were obtained for both polarizasample P2. No peak associated to rutile was observed.
tions and for three different incidence angles. For the

p-polarized spectra, we have observed a band within the _ . _
800-900 cmi! range, whose intensity increased with inci- D. Experimental spectra: Sol-gel films
dence angle. Such a band was not observed is-gwarized Figure 7 shows field emission scanning micrographs of
spectra. Figure 6 shows experimental spectra for samples Rie platinum surface which was covered with FJiC5100
and P2 that were recorded with=70 °. It also shows simu- and S800. The platinum surface was completely covered by
lations that were carried out using the optical constants of théhe oxide. However, even for low annealing temperatures,
amorphous Ti@ [Fig. 6(@] and of anatasgFig. 6(b)], and the film surface was not homogeneous and cracks could be
the films thicknesses determined by a profilomé#&s0 and  observed. As expected, increasing the annealing temperature,
200 nm, respectively the film surface became much more cracked. As a conse-
A good agreement is verified since experimental linequence of such inhomogeneity, thickness determination was
shapes are qualitatively reproduced by the simulated spectraot possible to be carried out. However, since light scattering
The band observed for sample P2 is narrower than the onacreases with the wavenumber, within the range where the
observed for P1 and in addition the amorphous,Tand  TiO, LO-bands are observed, the spectrum are not distorted
shape is very characteristic. Such a narrowing is often assdyy the above-mentioned cracks and hence, they do not pre-
ciated to crystallization. The spectrum for P2 was comparedent spectral analysis. Figure 5 shows that even when an
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FIG. 9. X-ray diffractogram for samples S400. In the detail, the
region within which the peak related to anatase should be observed.

the crystallization process. For its shape and band position
(875 cm1), the S100 spectrum is clearly associated to
amorphous TiQ, while the other three spectra are associated
to the crystalline phases, having Berreman minima at
850 cm ! (sample S400), 856 cnt (sample S600), and
813 cm ! (sample S800). The difference between S400 and
S600 spectra are the bandwidth, which is narrower for S600,
and the minimum position. The band narrowing can be as-
signed to the fact that the crystallization process may be
more advanced for an annealing temperature of 600 °C.
According to our simulations, the differences between
S600 and S800 spectra can be attributed to a phase change
from anatase to rutile as the annealing temperature increased
from 600 to 800 °C. The band observed at 447 ¢ronly
for sample S800 corroborates our conclusion since it is re-

. . . . lated to an LO mode that is present only in the rutile LO
accurate thickness is not available, conclusions about thﬁJ

TiO, phase can be drawn from the experimental spectra.

nction (Fig. 2). However, due to the fact that the most

d . rominent band in the S800 spectrum extends from about
Figure 8 shows the experimental spectra for the sol-gebqq 15 900 cmt, the possibility of a small quantity of ana-

films. We will use this set of samples to discuss the effect 0550 pe present cannot be discarded.

the annealing temperature on the spectra and their relation to X-ray diffraction was used to confirm our results. How-

T T T T T
90

pr—cmem o -

.....

80

S 7ot 3 - .
[} '
2 v
[3¥] N\ L
i by
g 60 Ff v E
= — 8800 Ve
)
o ----8600 '
sol |- $400 \ i
———— $100 \
'
\
!
40 | . 1 . ! 1 . 1 . 7
1200 1000 800 600 400

wavenumber (cm™)

FIG. 8. Experimental spectrgp(polarization anddé=70°) for
the sol-gel films(samples S100, S400, S600, and S800

ever, even the most intense peaks related to anatase and
rutile® at 20=25.4° and »=27.5°, respectively, are
hardly discernible in the diffractogram, whereas the peaks
associated to the platinum substrate are very cledat26
=39.7°, 20=46.2°, and #=67.4°). Figure 9 shows the
diffractogram obtained for sample S400. While the peaks
related to platinum are very prominent, the peak related to
anatase is almost indiscernible due to noise. On the other
hand, as shown in Fig. 8, a band with an intensity of about
30% ( minimum at 850 cm?) can be observed in the infra-
red spectrum for sample S400.

IV. CONCLUSION

Profiting from Berreman effect, we have shown how in-
frared reflection-absorption can be used to characterizg TiO
phases, even without knowledge of the exact film thickness.
It is important to remark that in addition to crystalline
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