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Berreman effect applied to phase characterization of thin films supported on metallic substrates
The case of TiO2
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Infrared reflection-absorption spectra of TiO2 thin films deposited by plasma-enhanced chemical vapor
deposition onto aluminum and by a sol-gel process onto platinum were obtained usings- andp-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 the 8002900 cm21 wave number range
whenp-polarized light and oblique incidence were used. Such bands were attributed to an LO mode of TiO2

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 Kramers-Kro¨nig analysis~KKA ! of the
reflectance spectra of pellets of powdered amorphous TiO2, anatase and rutile. Optical constants for hypotheti-
cal polycrystalline TiO2 systems were also calculated from the dielectric functions of single crystals by means
of effective medium theories~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.

DOI: 10.1103/PhysRevB.64.125404 PACS number~s!: 78.20.2e, 33.20.Ea, 87.64.Je
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I. INTRODUCTION

Infrared reflection absorption spectroscopy~IRRAS! has
been widely applied to characterize the surface and inter
of thin films on metallic substrates because of its h
sensitivity.1–3 If p-polarized light is used, reflection minim
can be observed not only for the transverse optical~TO!
excitations, but also for the longitudinal optical~LO! ones, as
a result of the finite thickness of the film. Such a pheno
enon, which is known among spectroscopists as the Be
man effect4,5 due to the pioneer works of Berreman,6 is
widely exploited for the characterization of very thin film
Berreman argued that, in crystalline thin films, zone-cen
~long wavelength! phonons have wave vectorK perpendicu-
lar to the film surface, such that normal-incidence radiat
can only interact with TO vibrations, in which the atom
displacements are perpendicular to the direction of perio
ity of K . On the other hand, thep-polarized component o
oblique incident radiation has subcomponents parallel
perpendicular to the film surface, which in addition to exc
ing the TO phonon, can also interact with LO vibrations,
which the atomic displacements are parallel to the wave v
tor.

As far as the authors are aware, Berreman effect has n
before been exploited in phase characterization of mater
0163-1829/2001/64~12!/125404~8!/$20.00 64 1254
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Among the techniques currently used for phase characte
tion, x-ray diffraction ~XRD! is the most commonly em
ployed. However, the information it provides about amo
phous materials is restricted and, in the case of very t
films, it is difficult and time-consuming to obtain a reliab
diffractogram. For the case of TiO2 coatings, Raman spec
troscopy~RS! is also very useful for phase characterizatio
as shown by a series of articles published by Exarhos
co-workers.7–10 This technique was reported to be very e
fective in identifying even trace amounts of anatase in
rutile phase due to a very intense band at 143 cm21, which
is attributed to anatase. Our aim in this paper is to show t
by virtue of Berreman effect, reliable IRRAS spectra can
obtained even for amorphous and very thin TiO2 films. Such
spectra allowed to infer about solid-state properties of
deposited films. This was accomplished by means of
LO-TO functions of powdered standard samples of anata
rutile, and amorphous TiO2 and by means of spectral simu
lation. We strongly believe that such an approach can be u
in phase characterization of other solids that present p
morphism. However, it is mandatory that the material hav
polar character for the LO-TO splitting to be observe
Therefore, covalent compounds, such as most of the org
ones, cannot be investigated by this approach.

In this work, IRRAS was used to characterize TiO2 films
©2001 The American Physical Society04-1
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B.C. TRASFERETTIet al. PHYSICAL REVIEW B 64 125404
prepared by two different techniques: plasma-enhan
chemical vapor deposition~PECVD! and a spin-coating sol
gel process. The PECVD films were deposited o
aluminum-coated glass substrates, while the sol-gel o
were deposited onto platinum. The former are very smo
as shown by profilometric analysis, which makes compari
between simulated and experimental results straightforw
and the latters are rough. For the sol-gel films, platinum w
the substrate chosen because these films were prepared
the aim of an electrochemical investigation. It will be show
that, despite platinum’s roughness, reliable spectra could
obtained within the low-wave number region and inferen
about film phase could be made even without having ex
information about film thickness. As with other semicondu
tor oxides, TiO2 has been extensively studied due to
photoelectrochemical11,12 and electrochromic13,14 properties,
whose applications range from photocatalysis to sm
windows.

Our study is restricted to the Mid-Infrared wavenumb
region because far-infrared reflection-absorption meas
ments are difficult to be carried out by using conventio
sources due to their characteristic low emission. We h
observed experimentally intense bands in the 8
2900 cm21 wavenumber range for the three different TiO2
structures we studied. Although they are expected accor
to calculations presented in pioneering works15–17 from the
1960’s, this is the first time they are directly observed in
experiment, as far as the authors are concerned.

This paper is organized as follows. In Sec. II we descr
both the experimental procedures for making and measu
thin films of TiO2 and the analytical procedures for obtainin
experimental results, such as infrared spectra, field emis
scanning electron microscopy~FESEM! micrographs and
x-ray diffractograms. In Sec. III A, we discuss LO and T
functions for polycrystalline TiO2 obtained through well-
known effective medium theories~EMTs! and LO and TO
functions calculated through the Kramers-Kro¨nig analysis
~KKA ! of the reflectance spectra of pellets of powdered T2
standards. Section III B is a description of how spect
simulations were carried out. While in Sec. III C we discu
the experimental results for the PECVD films, in Sec. III
we discuss those for the sol-gel films. Conclusions dra
from the infrared study are described in Sec. IV.

II. EXPERIMENTAL

A. PECVD films

The PECVD TiO2 films were obtained from mixtures o
titanium ~IV ! isopropoxide @Ti(OC3H7)4#, from now on
called TTIP, with He and Ar using an experimental appara
described elsewhere.18 Briefly, it consists of a stainless ste
vacuum chamber fitted with two parallel-plate electrod
connected to a 13.56 MHz radiofrequency generator.
substrate holder was positioned outside the electrode gap
at a distance of about 3 cm from the electrode edges. Du
deposition, a voltage bias could be applied to the substr
connecting the substrate holder to a dc power supply.
substrate could be also heated by an electrical resisto
tached to the substrate holder, whose temperature was
12540
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sured with a thermocouple. Precision mass flowmeters w
used to admit He and Ar~purity better than 99.99%, White
Martins! in the chamber, while TTIP (99% pure, Aldrich!
was admitted from a heated evaporation cell. The press
was measured with a capacitance manometer. All deposit
were made with He and Ar flows of 3.0 and 5.0 sccm,
spectively, and a partial pressure of TTIP of 0.3 Pa.

Several films were deposited onto aluminum-coated g
substrate using different deposition parameters. Film thi
nesses were determined using a profilemeter~Veeco, Dek-
tak3!. To illustrate the technique presented here, two PEC
films were used: sample P1 and P2. Both were depos
using a substrate bias of1200 V. P1 was deposited withou
heating the substrate during deposition whereas P2 was
posited with the substrate heated up to 300 °C. The subs
used was aluminum evaporated thermally onto a glass s
The thickness of sample P1 was 0.45mm and of sample P2
was 0.25 mm.

B. Sol-gel films

The TiO2 films were deposited using the spin-coating pr
cess, with a nonaqueous sol-gel precursor. The precu
used was a solution of 1.20 mL TTIP~Aldrich! diluted in
30 mL of isopropyl alcohol P.A.~Merck!. To provide proper
conditions for the acidic hydrolysis, 0.1 mL of concentrat
HCl ~Merck! were added to the precursor solution. The m
ture was stirred during 1 h in anopen flask at 50 °C. The
platinum substrate was placed on a spin-coater~Photoresist
Spinner Headway research EC101DT-R485! and spun at
3000 rev min21. Keeping the sol at 50 °C, a volume o
500 mL was dripped onto the substrate in portions
100 mL. The substrates used in this work were platinu
(99.95%). After deposition, the samples were annealed
four different temperatures~100, 400, 600, and 800 °C) fo
1 h and labeled according to them as S100, S400, S600,
S800.

C. Infrared spectra acquisition

Infrared reflection-absorption spectra were measured
all samples in a Bomen MB-101 FT-IR spectrome
equipped with a DTGS detector. The spectral range cove
was 40025000 cm21. Each spectrum was the result of c
adding 128 scans collected at 4 cm21 resolution, in the
external-specular-reflectance mode, by means of a varia
angle attachment~SPECAC!, at the incidence angles 30°
50° and 70° off normal for bothp- ands-polarized radiation.
Polarization was provided by the insertion of a grid polariz
~SPECAC! in the optical path. All reflection-absorption mea
surements were referenced to an aluminum mirror and t
were carried out at room temperature.

D. Determination of the optical constants of TiO2 standards

Infrared specular reflectance spectra were measured
pellets of powdered amorphous TiO2, anatase~Aldrich! and
rutile ~Tilbrás! using the above-mentioned conditions exce
for the incidence angle, which was kept at 10° off norm
and for the radiation, which was not polarized. The comp
4-2
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BERREMAN EFFECT APPLIED TO PHASE . . . PHYSICAL REVIEW B 64 125404
refractive index of this material was determined through
Kramers-Krönig analysis~KKA ! of these reflectance spectr
KKA requires an extrapolation of the spectrum to zero a
infinite frequencies. There are several extrapolation routi
that can be used. In our calculations, we used constan
flectivities derived from the first and last points of the me
sured spectrum file. The software used was developed b
in a MatLab~The Math Works! environment based on pre
viously reported investigations.19,20 The amorphous TiO2
used in this work was obtained through the hydrolysis
TTIP in the air, a process which is well described in t
literature since it is the basis of the sol-gel deposition.
crystalline structure was observed for this solid by x-ray d
fraction.

E. X-rays diffractograms „XRD… and field emission scanning
electron microscopy„FESEM… micrographs acquisiton

X-ray diffraction studies were carried out using a S
madzu XRD6000 x-ray diffraction analyzer with a CuKa
source. Images were obtained in a JSM-6340F JEOL fi
emission scanning microscope, which allows a better res
tion compared to conventional scanning electron mic
scopes. Samples were coated with carbon.

III. RESULTS AND DISCUSSION

A. TO and LO energy-loss functions

TO and LO energy-loss functions, whose maxima cor
spond to the vibrational modes TO and LO, respectively,
be obtained from the complex dielectric functionẽ2:

TO function5Im~ ẽ ! ~1!

LO function5Im~21/ẽ !. ~2!

The complex dielectric functions of the crystal forms
titanium dioxide, anatase, and rutile, are available in the
erature only for single crystals.21,22As for amorphous TiO2,
there is no information about its dielectric function. Sin
both crystalline forms are uniaxial, there are two differenẽ
for each one: one calculated from the specular reflecta
spectrum measured with the electric vector of the incid
radiation parallel to the crystallographicc axis (Eic) and the
other with the electric vector perpendicular to the crysta
graphicc axis (E'c).21,22 The anisotropicẽ for anatase and
rutile’s single crystals were calculated through the followi
four-parameter dispersion model based on the factor
form of the dielectric functions from parameters made av
able by Gonzalez and co-workers21 ~for anatase! and Gervais
and Piriou22 ~for rutile!:

ẽ~n!5e`)
n

nLOn
2 2n21 igLOnn

nTOn
2 2n21 igTOnn

, ~3!

wherenLO and nTO are the resonance frequency related
LO and TO modes, respectively, whilegLO andgTO are the
damping parameters related to LO and TO modes, res
tively. However, since both anatase and rutile are anisotro
crystals, these functions cannot be compared directly to
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films’ because it is likely that they are in fact polycrystallin
i.e., they are composed of small crystalline regions with r
dom orientations. As will be discussed in Sec. III D, th
cracks observed in FESEM micrographs seem to corrobo
this hypothesis. A possible solution to this problem would
at first sight, obtainingẽ for polycrystalline TiO2 which can
be accomplished by means of effective medium theor
Polycrystalline TiO2 is represented by the two different or
entations of the crystallites.

Although it is not a recent problem, the description
properties of composite materials by EMTs has attracted c
siderable attention lately.23–26 Numerous expressions of th
effective dielectric functionẽeff of varying degrees of detai
and complexity have been developed. However, the valid
of each expression seems to be still unknown.20 Our inten-
tion here is not an exhaustive study of EMTs’ validity, but w
focus on the results they generated for our specific probl

We took three typical expressions for the effective diele
tric function, those derived by Bruggeman,27

Maxwell-Garnett,28 and Hunderi,29 which are summarized in
Table I. In the equations shown in Table I,ẽ1 and ẽ2 are the
dielectric functions of the constituents,f denotes the filling
factor, i.e., the volume fraction occupied by constituent 2 a
a is a term dependent on the particles’ geometry. In o
calculations, the particles were assumed to be spherica
that a can be written as

a5
ẽ22 ẽ1

ẽ11
1

3
~ ẽ22 ẽ1!

, ~4!

Bruggeman’s theory is the most widely discussed in
literature. In this EMT, one regards a typical element of t
two-phase material which are embedded in an effec
medium, whose properties are to be determin
self-consistently.30 To achieve this one solves for the loc
field around the element and imposes the condition that
fluctuations of this local field around its effective valu
should average to zero. Maxwell-Garnett’s theory assum
that the Lorentz local-field correlation applies, that the
duced polarization of one particle from its neighbors is
stantaneous, and that the distances between the particle

TABLE I. Effective medium theories~EMTs! and their
formulas.

Effective medium theory~EMT! Formula

Bruggeman ẽeff5 ẽ1

12 f 1
1
3 f a

12 f 2
2
3 f a

Maxwell-Garnett ẽeff5 ẽ1

11
2
3 f a

12
1
3 f a

Hunderi ẽeff5 ẽ1S 11
1
4 f a

12
1
4 f a

D

4-3
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FIG. 1. LO and TO energy-
loss functions calculated for poly
crystalline TiO2 by means of
EMTs.
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so large that they act as independent scatterers.30 Hunderi’s
theory was derived from the apparent dielectric function
the backscattered fields.30

The results for both rutile and anatase are shown in Fig
Assuming an overall random orientation, the optical prop
ties related to each of the axes contribute equally, and s
two ~out of three mutually perpendicular! axes are equiva
lent, the so-called filling factor was set to 0.3
accordingly—we have considered theẽ for Eic as the con-
stituent 2. From inspection of Fig 1, one can easily not
that the EMTs do not yield identical functions. The mo
striking difference among them is that the functions cal
lated through the Maxwell-Garnett and Hunderi models p
sented splittings that were not observed for the functi
calculated through Bruggeman’s model. Disagreements c
cerning frequency maxima were also observed.

In order to decide which EMT reproduces the LO and T
functions for polycrystalline TiO2, we determined LO and
TO functions for pressed pellets of powdered TiO2. Such an
approach allows the study of amorphous TiO2, which is im-
possible using the methodology discussed above. Sinc
nonmagnetic materials,ẽ is related to the complex refractiv
index throughẽ5ñ2, it can be determined from experiment
reflectance data by Kramers-Kro¨nig analysis ~KKA !.19,20

Such a method has been widely used to determineñ of ma-
terials in the IR region because it needs only a specular
flectance spectrum observed at some known angle of i
dence. A specular reflection spectrum of these powders
be regarded as a superposition of the two polarized sin
crystal’s reflectance spectra attenuated by the fact that
density of the pellet is smaller than that of the single crys
In this work, KKA was used to determineñ of anatase, rutile,
and amorphous TiO2, and subsequently their TO and L
energy-loss functions, which are shown in Fig 2.

Although the physical meaning of TO and LO modes
clear for crystals, the significance of such splittings at atom
12540
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level is not totally clear in the case of amorpho
materials,31–37where the wave vectorK is not a well-defined
quantity. However, using linear response theory, Lehman34

has shown that spatial periodicity is not required for the
istence of TO and LO surface modes, making their obser
tion also possible in amorphous materials. Since then, s
eral investigations on amorphous materials have b
exploiting LO-TO splittings.31–37 Our results for the amor-
phous TiO2 corroborate the possibility of the existence of
LO-TO splitting for amorphous polar compounds. Both T
and LO functions are very broad, which are expected wh

FIG. 2. LO and TO energy-loss functions determined by KK
of the reflectance spectra of pellets of powdered TiO2 standards.
4-4
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BERREMAN EFFECT APPLIED TO PHASE . . . PHYSICAL REVIEW B 64 125404
an amorphous material is concerned. The LO function ha
maximum at 823 cm21 with a shoulder in; 800 cm21 and
has an asymmetric tail in the lower wavenumber region. T
TO function probably has a maximum outside the inve
gated region but displays a tail in the region of higher wa
number.

Rutile’s LO function has two bands, the most intense o
at 800 cm21 and the less intense one at 444 cm21, while its
TO function displays only one band (493 cm21) in the
spectral region investigated. As for anatase, it has a
maximum at 838 cm21 and a TO maximum at 445 cm21.
Although considerably less pronounced than in the am
phous TiO2’s case, the bands observed for the polycrystall
samples are also asymmetrically broadened, particularly
tase’s. Why is it so? The most likely explanation is that t
crystal nature of rutile and anatase is anisotropic. In a se
of papers,38–41Ovchinnikov and Wight investigated inhomo
geneous broadening of absorption bands in the infrared s
tra of both amorphous and polycrystalline sample. They h
shown that the long-range dipole interactions can transc
the grain boundaries in polycrystalline samples having i
tropic structures, thereby delocalizing the optical phon
modes over the entire sample and effectively eliminating
dipole broadening.38 In polycrystalline samples having an
isotropic crystal structures, the dipole broadening rema
because the unique axes of the individual grains are
aligned in the sample.38 Therefore, the distribution of fre
quencies resulting from the various shapes of microcrys
line regions is manifested as inhomogeneous broadenin
the band.38

Comparing the LO and TO functions calculated from t
reflectance spectra of pellets with those calculated by me
of EMTs, one can easily notice that the Bruggeman mo
provides the closest functions to our results for the pel
both in the number of bands and their frequencies. The s
tings observed in the functions calculated by the Maxw
Garnett and Hunderi models were not observed in the fu
tions for the pellets. Spectral simulations carried out us
optical constants calculated by the EMTs did not reprod
well the experimental reflection-absorption spectra of
films we have obtained by PECVD, whose thickness
could determinate satisfactorily. Bruggeman’s theory led
the best result, but even though it failed to reproduce exp
mental spectra in a quantitative fashion. As it will be d
cussed in the next section, the experimental results were
reproduced by simulation carried out using the optical c
stants determined for the pellets. This may be due to the
that the pellets are likely to be closer to the structure of
films.

B. Spectral simulations

Figure 3 depicts the incidence of a plane wave in
system studied and introduces the parameters involved i
external reflection measurement for the system consistin
a single film on a semi-infinite substrate. The incident wa
is described by the wave number in vacuon, the incident
angleu, which is defined relative to the surface normal, a
the state of polarization.s polarization has the electric vecto
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transverse to the plane of incidence whilep polarization has
it in the plane of incidence. The material parameters are
complex refractive indexes and the thicknessd of the film.
The reflection amplitude for the system of a film layer on
substrate can be written as a function of Fresnel reflec
coefficients for each of a three-phase layered system, w
has been successfully employed in the modelation of opt
properties of multilayered systems. The result of such a p
cedure is the equation for the reflection amplituder of a
three-phase system, which has been described elsewhe33

The reflectanceR of the system is then given byur u2.
Spectral simulations were carried out for different inc

dence angles, polarization and thicknesses of an amorp
TiO2, anatase or rutile thin layer on platinum or on alum
num. The complex refractive indexes of the different TiO2
phases used in the calculations were the ones determ
through the KKA of the reflectance spectra of pellets of t
powdered oxides. As for the complex refractive indexes
platinum and aluminum, since they exist in tables42 and
hence are not suitable for computer modelling, their real a
imaginary parts had to be fit to polynomials which we
functions of the wave number.

FIG. 3. Parameters involved in an external reflection meas
ment for the system consisting of a single film on a semi-infin
substrate.

FIG. 4. Simulated reflection-absorption spectra~p-polarization
and u570 °) for a TiO2/Pt system and four different film
thicknesses.
4-5
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Figure 4 shows the spectra simulated using platinum a
substrate,p polarization and an incidence angle of 70 °. T
films’ thicknesses were varied. Within the wave numb
range presented, the differences between the spectra s
lated using the optical constants of platinum and alumin
can be neglected. For thinner films, the simulated spe
reproduces the LO-function features and are not influen
by the TO function. However, as the films get thicker, t
spectra begin to be influenced by both functions, but the
function is still predominant.

A quick glance at Fig. 4 suffices to show that Berrem
minimum, i.e., the minimum in reflectance related to an L
mode, is thickness dependent. Such a dependence, illust
in Fig. 5, does not prevent IRRAS from being used as
phase characterization technique. Amorphous TiO2 has its
characteristic broadened band which cannot be mistaken
one of the crystalline phases. As for the latters, their m
intense LO bands lie at different wave number ranges and
rutile has an LO mode at 444 cm21, which appears even fo
very thin films.

C. Experimental spectra: PECVD films

The experimental spectra were obtained for both polar
tions and for three different incidence angles. For
p-polarized spectra, we have observed a band within
8002900 cm21 range, whose intensity increased with inc
dence angle. Such a band was not observed in thes-polarized
spectra. Figure 6 shows experimental spectra for sample
and P2 that were recorded withu570 °. It also shows simu-
lations that were carried out using the optical constants of
amorphous TiO2 @Fig. 6~a!# and of anatase@Fig. 6~b!#, and
the films thicknesses determined by a profilometer~450 and
200 nm, respectively!.

A good agreement is verified since experimental l
shapes are qualitatively reproduced by the simulated spe
The band observed for sample P2 is narrower than the
observed for P1 and in addition the amorphous TiO2 band
shape is very characteristic. Such a narrowing is often a
ciated to crystallization. The spectrum for P2 was compa

FIG. 5. The effect of film thickness on Berreman minimum f
the three TiO2 phases studied.
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with simulations carried out using both anatase and ru
optical constants. However, it was clearly closer to the sp
trum simulated for anatase. The Berreman minimum
served lied at 841 and 848 cm21 for the simulated and the
experimental spectra, respectively. According to our simu
tions, such a value is only attainable for rutile if the fil
thickness is more than 1000 nm. No band at;444 cm21

also excludes the possibility of the film to be rutile. As far
the authors are concerned, this is the first time that these
bands are detected experimentally.

It is important to remark that, by using XRD, no crysta
line structure was observed for sample P1, while a very sm
peak associated to anatase43 (2u525.3°) was observed fo
sample P2. No peak associated to rutile was observed.

D. Experimental spectra: Sol-gel films

Figure 7 shows field emission scanning micrographs
the platinum surface which was covered with TiO2 ~S100
and S800!. The platinum surface was completely covered
the oxide. However, even for low annealing temperatur
the film surface was not homogeneous and cracks could
observed. As expected, increasing the annealing tempera
the film surface became much more cracked. As a con
quence of such inhomogeneity, thickness determination
not possible to be carried out. However, since light scatter
increases with the wavenumber, within the range where
TiO2 LO-bands are observed, the spectrum are not disto
by the above-mentioned cracks and hence, they do not
vent spectral analysis. Figure 5 shows that even when

FIG. 6. Experimental spectra for the PECVD films and sim
lated spectra using the optical constants of amorphous TiO2 and of
anatase.~Solid line! experimental spectra (u570° andp polariza-
tion!; ~dashed line! simulated spectra (u570° andp polarization!;
~dotted line! experimental spectra (u530° ands polarization! and
~dashed dotted line! simulated spectra (u530° ands polarization!.
4-6
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accurate thickness is not available, conclusions about
TiO2 phase can be drawn from the experimental spectra

Figure 8 shows the experimental spectra for the sol-
films. We will use this set of samples to discuss the effec
the annealing temperature on the spectra and their relatio

FIG. 7. FESEM microgaphs:~a! sample S100 and~b! sample
S800.

FIG. 8. Experimental spectra (p polarization andu570°) for
the sol-gel films~samples S100, S400, S600, and S800!.
12540
he

el
f
to

the crystallization process. For its shape and band posi
(875 cm21), the S100 spectrum is clearly associated
amorphous TiO2, while the other three spectra are associa
to the crystalline phases, having Berreman minima
850 cm21 ~sample S400), 856 cm21 ~sample S600), and
813 cm21 ~sample S800). The difference between S400 a
S600 spectra are the bandwidth, which is narrower for S6
and the minimum position. The band narrowing can be
signed to the fact that the crystallization process may
more advanced for an annealing temperature of 600 °C.

According to our simulations, the differences betwe
S600 and S800 spectra can be attributed to a phase ch
from anatase to rutile as the annealing temperature incre
from 600 to 800 °C. The band observed at 447 cm21 only
for sample S800 corroborates our conclusion since it is
lated to an LO mode that is present only in the rutile L
function ~Fig. 2!. However, due to the fact that the mo
prominent band in the S800 spectrum extends from ab
700 to 900 cm21, the possibility of a small quantity of ana
tase be present cannot be discarded.

X-ray diffraction was used to confirm our results. How
ever, even the most intense peaks related to anatase
rutile,43 at 2u525.4° and 2u527.5°, respectively, are
hardly discernible in the diffractogram, whereas the pe
associated to the platinum substrate are very clearcut~at 2u
539.7°, 2u546.2°, and 2u567.4°). Figure 9 shows the
diffractogram obtained for sample S400. While the pea
related to platinum are very prominent, the peak related
anatase is almost indiscernible due to noise. On the o
hand, as shown in Fig. 8, a band with an intensity of ab
30% ~ minimum at 850 cm21) can be observed in the infra
red spectrum for sample S400.

IV. CONCLUSION

Profiting from Berreman effect, we have shown how i
frared reflection-absorption can be used to characterize T2
phases, even without knowledge of the exact film thickne
It is important to remark that in addition to crystallin

FIG. 9. X-ray diffractogram for samples S400. In the detail, t
region within which the peak related to anatase should be obser
4-7
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samples, it can also be used to characterize amorph
samples and films whose thickness does not allow the m
surement of a reliable diffractogram. Furthermore, infrar
reflection-absorption spectroscopy has advantages suc
being a nondestructive, unexpensive and direct character
tion technique.
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