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Infrared response of vitreous titanium dioxide films with anatase
short-range order
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The polarization-dependent optical response of vitreous titanium dioxide films was determined by
infrared reflection–absorption spectroscopy~IRAS!. The predominant nearest-neighbor
coordination~short-range order! in the films was characteristic of crystalline anatase. A dielectric
function e~n! was constructed, based on random orientational disorder of anataselike, octahedral
TiO6 units relative to the substrate. This dielectric function, which is the directional average of the
dielectric function for an anatase crystal in theE'c and Eic orientations, was used to calculate
energy loss functions from which theoretical IRAS spectra were obtained. Experimental absorption
band frequencies are in good agreement with peaks in the calculated transverse optic loss function,
Im@e~n!#, at 261 and 436 cm21, and in the calculated longitudinal optic loss function, Im@21/e~n!#,
at 840 cm21. Agreement ~i.e., polarization-dependent behavior, band frequency, and relative
intensity! between the experimental and theoretical IRAS spectra indicates that orientational
disorder of TiO6 units is the important factor governing infrared reflection–absorption behavior of
the films. © 2002 American Institute of Physics.@DOI: 10.1063/1.1427430#
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I. INTRODUCTION

The behavior of titanium dioxide in response to optic
photons has made this material technologically import
and therefore the subject of continued study. Optical prop
ties of TiO2 include a wide electron energy band gap, tra
parency throughout the visible spectrum, and a high refr
tive index over a wide spectral range from the ultraviolet
the far infrared. These properties led to the use of TiO2 for
diverse thin film optical and electro-optic devic
applications.1–6

Bulk TiO2 at atmospheric pressure and room tempe
ture can exist in three crystalline polymorphs.7–9 Rutile is the
thermodynamically stable phase at all temperatures, w
anatase and brookite form as metastable phases b
;800 °C. Titanium is in octahedral coordination with O
TiO6 units in all polymorphs. However, different Ti–O bon

a!Electronic mail: aita@uwm.edu
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length and angle, and consequently, different arrangem
of TiO6 octahedra, generate different lattice structures. T
rutile and anatase lattices are tetragonal withP42 /mnmand
I41 /amd space groups, respectively, and brookite is orth
rhombic with Pbca symmetry.10 In addition, a series of
TinO2n21(4<n<10) daughter-structures form by shear o
erations on a rutile mother-structure to accommod
nonstoichiometry.11

Some bulk oxides have structural complexity, mean
~a! bond flexibility giving rise to polymorphs with the sam
chemistry and similar free energy of formation, and/or~b!
the formation of mixed valence compounds with verni
block, or infinitely adaptive physical structures to accomm
date changes in stoichiometry.12 A thin film grown at room
temperature of such an oxide is likely to have an atom
structure in which long-range crystallographic order~LRO!
is lacking, i.e., the film is noncrystalline. The precise atom
arrangement within a noncrystalline oxide film has long be
the subject of discussion, and depends somewhat upon
© 2002 American Institute of Physics
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type of structural complexity of the bulk oxide. Followin
Felner,12 we classify noncrystalline oxides in terms of in
creasing nearest-neighbor atomic order as amorphous o
reous. An amorphous oxide film has no short-range or
~SRO!, i.e., atomic coordination and chemistry at t
nearest-neighbor level differ throughout the film. A vitreo
oxide film has SRO, i.e., the same atomic coordination
chemistry at the nearest-neighbor level throughout the fi
and furthermore, may contain ordered domains extending
yond nearest neighbors to the subnanometer or even na
eter level. In other words, a vitreous oxide film may conta
nanocrystallites, but has no LRO.

Titanium dioxide meets both criteria for structural com
plexity, and it is not surprising that films grown at low tem
perature by diverse processes contain noncrystalline m
rial, either alone or coexisting with crystalline anatase and
rutile.13–29Furthermore, Eastman30 reported a noncrystalline
structure coexistent with crystalline material in freestand
nanostructured TiO2 , and astutely pointed out that this pha
is likely to be overlooked because its detection is extrem
difficult.

We previously29 examined absorption of near ultraviol
photons in noncrystalline TiO2 films. A nonresonant Rama
spectroscopy study31 showed that these films were vitreou
~as distinguished from amorphous, in keeping with the afo
mentioned definition! and had SRO characteristic of crysta
line anatase. The fundamental optical absorption edge
effectively modeled within the framework of the cohere
potential approximation with Gaussian site disorder int
duced into the valence and conduction bands of a per
virtual anatase crystal. The films were then annealed to
duce various amounts of crystalline anatase, hence LRO.
results reaffirmed a general rule by Tauc:32 interband optical
transitions described by wave functions localized over d
tances on the order of a lattice constant are relatively
changed by disorder. The transfer of electronic chargewithin
TiO6 octahedral units~i.e., between nearest-neighbor Ti an
O atoms! was found to be the key factor in determining t
material’s response to ultraviolet radiation, irrespective
the degree of LRO.

However, a solid’s response to infrared photons is g
erned by the relative motion of atoms, and indeed may
different for crystalline and vitreous TiO2 .33 The goals of the
present paper are, therefore:~a! to determine the infrared
reflection–absorption behavior of vitreous TiO2 with anatase
SRO,~b! to model this behavior by choosing an appropria
dielectric function, and~c! to identify the type of structura
disorder that is commensurate with the experimental and
oretical modeling results.

Infrared reflection–absorption spectroscopy~IRAS! of
solids was historically33 used to measure vibrational mode
In a crystal, long wavelength vibrational modes are ass
ated with atomic motion perpendicular and parallel to
direction of wave propagation. The two types of modes
denoted transverse optic~TO! and longitudinal optic~LO!.
For thin crystalline films~thickness!infrared wavelength!,
TO modes are detected as absorption bands in transmis
and reflection spectra in boths and p polarization, whereas
LO modes are detected only inp polarization.34 Polarization-
Downloaded 13 Feb 2009 to 193.52.108.46. Redistribution subject to AIP
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dependent bands are also detected in thin noncrysta
films, and have been attributed to TO-like or LO-lik
modes.35–41

In reality, however, the vibrational modes in a noncry
talline solid do not cleanly separate into atomic motion p
pendicular and parallel to the propagation direction. Rath
the atomic displacements generally form a complicated p
tern varying markedly in magnitude and direction througho
the medium. Nonetheless, a noncrystalline solid can be
scribed by a dielectric function,e~n!, that contains all the
relevant microscopic information as far as the response to
incident electromagnetic wave is concerned. Such inform
tion includes the resonant frequencies of the individual
brating units, their associated lifetimes, and their oscilla
strengths~or effective charges!. The dielectric function is
also affected by coupling between units through the lo
range Coulomb interaction as well as through short-ra
chemical bonding.

Thus, by modeling the dielectric function and compari
the results of theoretical IRAS spectra with experimen
IRAS spectra, one can, in principle, deduce the value of
microscopic parameters of a noncrystalline solid. Furth
more, structural information concerning the shape, orien
tion, and distribution of the individual vibrating units ca
also be obtained.42 Alternatively, if one is interested only in
the electromagnetic response of macroscopic samples,
could forgo the microscopic information entirely and use t
experimental IRAS spectra to deducee~n!. Oncee~n! is de-
termined, the electromagnetic response of any macrosc
sample of the noncrystalline solid can be found.

We report the optical response of sputter-deposited
reous TiO2 films with anatase SRO. Experimental IRA
spectra were obtained in the 100–1000 cm21 wave number
range. Our data were found to differ from those for sing
crystal anatase.43 We therefore constructed a dielectric fun
tion to account for random orientational disorder within t
films. Calculated energy loss functions and theoreti
reflection–absorption spectra using this dielectric funct
were compared with experimental results. Good qualitat
agreement between experimental and theoretical IRAS s
tra indicates that orientational disorder is the important fac
governing the reflection–absorption behavior of our vitreo
films.

II. EXPERIMENTAL PROCEDURE

Titanium dioxide films~0.25-mm-thick film A and 0.70-
mm-thick-film B!, were grown by sputter deposition from
99.995% Ti target in a radio-frequency-excited O2 plasma as
described in Ref. 29. Films were grown on substrates
from a 99.0% pure rolled Al sheet.

Double-angle x-ray diffraction~XRD! was used to iden-
tify the small amount of nanocrystalline material in ea
film. Diffraction patterns were obtained using unresolv
0.15418-nm-wavelength Cu Ka radiation. Peak position
(2uhkl), maximum intensity (I max), and full width at one-half
maximum intensity~FWHM! were measured from high reso
lution scans of individual peaks. Phase identification, p
ferred orientation, and phase composition were determi
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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1120 J. Appl. Phys., Vol. 91, No. 3, 1 February 2002 Scarel et al.
from these data. The Debye–Scherrer relationship44 was
used to estimate the crystallite dimension parallel to
growth direction, assuming the absence of peak broade
due to random lattice strain.

Infrared reflection–absorption spectroscopy data in
far-infrared spectra range were obtained with a Fourier tra
form infrared spectrometer by Bruker~Model IFS 113v!
equipped with a polyethylene-supported polarizer. For e
spectrum, 100 scans were taken at 4 cm21 resolution and at
an angle of incidencef545°. ~An oblique incident beam
was required to observe LO-like features.! Measurements
were made at a pressure of 131023 Torr and room tempera
ture. Middle-IRAS data was obtained with a Bruker V2
Fourier transform infrared spectrometer equipped with
ZnSe-supported polarizer. For each spectrum, 300 s
were taken at a resolution of 4 cm21 and at an angle o
incidencef545°. Data were taken at ambient conditions.
bare Al substrate was used as reference for both far-
mid-IRAS measurements. Theoretical IRAS spectra w
calculated from the Fresnel equations34,45 using MATH-

EMATICA.

III. FILM STRUCTURE

The XRD spectra~not shown! of 0.25-mm-thick film A
and 0.70-mm-thick film B had the following common fea
tures: ~a! Reflections from both rutile and anatase pha
were present.~b! The dominant anatase reflection was fro
~101! planes at 2u525.4°, with additional minor reflection
from ~004! planes at 2u.38° and~200! planes at 2u.48°.46

A comparison of peak intensities with that for a random
oriented powder sample46 showed that anatase preferab
crystallized with ~101! planes parallel to the substrate.~c!
Solely rutile-~110! reflections were present, at 2u527.5°,47

i.e., rutile crystallized with~110! planes parallel to the sub
strate.~d! All peaks were broad, suggesting nanocrystallin
~e! All peaks had low intensity, indicating that a TiO2 struc-
ture not detectable by XRD coexists along with the na
crystalline phases.

The maximum intensity and FWHM for anatase-~101!
and rutile-~110! peaks are recorded in Table I. For referen
the maximum intensities in Table I should be compared t
fully crystallized, single ~110! orientation, 0.25-mm-thick
rutile film with a first order diffraction peak intensity of 230
cps and a FWHM equal to that for instrumental broaden
effects. The average minimum crystallite dimension~D! par-
allel to the growth direction anatase-~101! and rutile-~110!
are included in Table I.

The detectable rutile volume fraction in each film w
determined using the external standard method.44 The for-

TABLE I. XRD parameters and crystallite size in titanium dioxide films
aluminum.

Film/Peak I max(cps) FWHM ~deg! D ~nm!

A/r ~110! 60 0.65 24
A/a ~101! 107 0.65 24
B/r ~110! 287 0.50 17
B/a ~101! 135 0.50 17
Downloaded 13 Feb 2009 to 193.52.108.46. Redistribution subject to AIP
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malism developed for the application of this method to d
ordered TiO2 films is given in Ref. 29. In summary, th
volume fraction of the rutile component of a uniform mult
phase mixture,f r , is related to the integrated intensity of
specific rutile reflection,I hkl

(r ) , as

I hkl
~r !

I hkl
~s! 5

f r

f s
, ~1!

whereI hkl
(s) is the XRD intensity of a rutile standard that ha

the same preferred orientation as the film to be analyzed,
f s ~standard! is the volume fraction of rutile in the standar
and is equal to unity by definition. In order to apply Eq.~1!
to our films, we used a previously fabricated, fully crysta
lized rutile standard film:29 an annealed 0.25-mm-thick TiO2

film on fused silica whose XRD pattern showed two orde
of a single rutile-~110! peak. For film A, Eq.~1! becomes:
f r(film A) 5I r110(film A)/ I r110(standard). A similar proce-
dure was followed to calculate the rutile volume fraction
film B, with the added stipulation that the thickness diffe
ence between film B and film A must be taken into accou
A previous calculation29 lead to the relationship:f r(film B)
50.43@ I r110(film B)/ I r110(standard)#. The volume fraction
of rutile in each film is recorded in Table II.

Since both films contain a large component that can
be detected by XRD, a straightforward calculation usingf a

512 f r , where f a is the anatase volume fraction, is n
valid. Furthermore, precise calculation off a using the exter-
nal standard method, analogous to the above calculation
f r , requires a completely crystallized anatase external s
dard with the same preferred orientation as the films. Pre
ration of an anatase film standard is not possible by ann
ing because the transformation of crystalline anatase to ru
occurs in these films before complete crystallization of
noncrystalline component.21,22 However, the standardless d
rect comparison method of Averbach and Cohen48,49 will
yield a reasonable estimate off a . In this case, the anatase
~101! peak is compared to the rutile-~110! peak in both films:
I a(101) /I r (110)'Xaf a /Xr f r . X for each component is the
product of five factors:~a! the inverse of the square of th
unit cell volume,~b! the square of the absolute value of th
structure factor,~c! the multiplicity of a particular set of dif-
fracting planes,~d! the Lorentz polarization factor, and~e!
the Debye–Waller temperature factor. Calculation44 of these
factors leads to the relationshipI a(101) /I r (110)'0.65f a / f r .
Substitution of the relative anatase-~101! and rutile-~110! in-
tegrated intensities into the above expression yields an
mate of the volume fraction of detectable nanocrystall
anatase, recorded in Table II, neglecting the small contri
tion of nanocrystalline anatase with other than a~101! orien-

TABLE II. Phase composition of titanium dioxide films on aluminum.

Film f r(3102) f a(3102) f a(3102)

A 3.7 3.2 93.1
B 2.0 6.5 91.5
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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1121J. Appl. Phys., Vol. 91, No. 3, 1 February 2002 Scarel et al.
tation. Also recorded is the total volume fraction of mater
that cannot be detected by XRD, calculated fromf a51
2( f a1 f r).

Nonresonant Raman spectra~see Ref. 31! of films on Si
grown under the same conditions as films A and B show
four absorption peaks attributable to Raman-active vib
tional modes of anatase.50 The assignment and wave num
bers of these vibrations are:~1! unresolvedB1g at 144 cm21

andEg at 147 cm21, ~2! B1g andA1g at 198 cm21, ~3! B1g at
398 cm21, and~4! Eg at 640 cm21. These peaks account fo
five of the six Raman-active vibrational modes of anatase
sixth mode,Eg at 515 cm21, was masked in the films by th
strong LO phonon mode of the Si substrate at 520 cm21.
Markedly, the three characteristic rutile modes,Eg at 448
cm21, A1g at 612 cm21, andB1g at 827 cm21, were absent
from spectra of films A and B.

The XRD data given in Table II show that two nanocry
talline phases, anatase and rutile, are present in both film
and B, but these phases account for a small amount of
films’ volume. Of the detectable nanocrystalline mater
less than 4% in film A and 2% in film B is crystalline rutile
Raman spectroscopy of companion films on Si detects o
anatase Ti–O short-range order. From these results, we
clude that greater than 96% of film A and 98% of film B
comprised of material that has anatase short-range orde

IV. EXPERIMENTAL IRAS SPECTRA

The experimental IRAS spectra for films A and B a
shown in Figs. 1 and 2, respectively. In these figures,
quantityRfilm1Al /RAl is graphed as a function of wave num
ber,n/c, from 102 to 103 cm21, whereRfilm1Al is the reflec-
tivity of the sample obtained usingp or s polarization, and
RAl is the reflectivity of the bare Al substrate. The inse
shows an expanded region from 225–475 cm21 to highlight
small features in that spectral range.@For the sake of com-
parison, theoretical spectra are included in Figs. 1 an
~broken curves!, but discussion of these curves is postpon
until Sec. V.# The spectral position of all features is record
in Table III.

With respect to film A, Fig. 1 shows that absorptio
bands are present at 260, 355, and 442 cm21 when an
s-polarized beam is used. Absorption bands at 260, 443,
853 cm21 ~with a shoulder at 962 cm21! occur forp polar-
ization. In addition, weak features occur inRp between 300–
400 cm21.

With respect to film B, Fig. 2 shows absorption bands
259 and 439 cm21 when ans-polarized beam is used. I
addition, extremely weak features centered at;310 and
;345 cm21 are present inRs . Absorption bands at 258, 438
and 849 cm21 ~with shoulders at 785 and 962 cm21! are
observed forp polarization. In addition, the features at;310
and;345 cm21 in Rs broaden into a single, extremely wea
featureless band extending from 300–350 cm21 in Rp .

Comparing the spectra of films A and B, three absorpt
bands can be identified as having the same frequency w
experimental error. Two absorption bands common to b
polarizations of both films have average frequencies of
cm21 and 441 cm21. Furthermore, a band with an avera
Downloaded 13 Feb 2009 to 193.52.108.46. Redistribution subject to AIP
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frequency of 851 cm21 occurs in thep-polarization spectra
of both films and is absent from theirs-polarization spectra.

The above results should be compared to those of T
feretti et al.,51 who used IRAS over a spectral range of 400
1400 cm21 to study plasma-enhanced chemical vapor dep
ited noncrystalline TiO2 on Al. The SRO was not measure
by an independent method and was unspecified. Only
peak was reported, a single broad band that appeared inRp ,
but not inRs , centered at;850 cm21 for an incident beam
angle of 50°. This frequency is in excellent agreement w
the highest frequency absorption band in our films. Tras
etti et al. discussed this band’s frequency as being in d
agreement with the prominent LO mode of rutile at 8
cm21,52 but we suggest, on the basis of agreement with
spectra, that the SRO order of their films was most like
anatase.

V. THEORETICAL IRAS SPECTRA

Gonzalezet al.43 recently published experimentally de
termined TO and LO phonon frequencies of single-crys
anatase in which the applied electric field,E, was either par-
allel or perpendicular to thec crystallographic vector. Those
researchers found thatEic gave rise to one pair ofA2u

modes: a transverse optical phonon mode at 367 cm21 and a
longitudinal optical phonon mode at 755 cm21 andE'c gave

FIG. 1. Solid curves show experimental IRAS spectra and broken cu
show theoretical IRAS spectra for 0.25-mm-thick film A. Rfilm1Al /RAl is
graphed as a function of wave number,n/c. The insert shows an expande
region from 225–475 cm21 to highlight small features in that spectral rang
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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1122 J. Appl. Phys., Vol. 91, No. 3, 1 February 2002 Scarel et al.
rise to two pairs ofEu modes: a low frequency pair at 26
cm21 ~TO!–366 cm21 ~LO! and a high frequency pair at 43
cm21 ~TO!–876 cm21 ~LO!. However, a comparison o
single-crystal data with the experimental IRAS data~Table
III ! shows that only the twoEu ~TO! modes correlate with
bands in both films A and B.

We suggest that the primary cause of the disparity
tween our experimental results and those for single-cry
anatase is that the Ti–O units in the vitreous film are
solely in either theE'c or Eic orientation. Consequently, th
electromagnetic response of the film is described not by
ther of the dielectric functionse'(n) or e i(n) alone. In the
following text, we construct a suitable dielectric functio
e~n!, that is the directional average ofe'(n) ande i(n). We
then show that the theoretical spectra calculated usinge~n!
do, in fact, differ from the reported spectra for single-crys
anatase.

In order to calculate theoretical IRAS spectra, we m
determine the reflection coefficient for infrared radiation
cident from air onto a dielectric film that lies on a met
substrate, i.e., the standard electromagnetic-wave-reflec
problem for a ‘‘three-layer model.’’ Its explicit solution, em
bodied in the Fresnel equations, can be found, for exam
in the work of Berreman34 and Hansen.45 The dielectric func-
tion of the film and the metal, denotede~n! and em(n), re-
spectively, are required to apply this solution.@The corre-
sponding indices of refraction aree(n)1/2 andem(n)1/2.#

FIG. 2. Solid curves show experimental IRAS spectra and broken cu
show theoretical IRAS spectra obtained usings andp polarization for 0.70-
mm-thick film B. Rfilm1Al /RAl is graphed as a function of wave numbe
n/c.
Downloaded 13 Feb 2009 to 193.52.108.46. Redistribution subject to AIP
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In constructing our model, we assume that each in
vidual Ti–O unit, which may be as small as a single TiO6

molecule, in the vitreous structure has the same polarizab
and the same dielectric function that the unit would have
an anatase crystal environment. We are thus considering
entational disorder of Ti–O units, but ignoring chemical e
fects, local strains, and local defects that might cause
polarizability parameters of an individual Ti–O unit to b
different in the vitreous solid compared to a perfect crys
~Such parameters include the frequencies, oscilla
strengths, and lifetimes of the local vibrational modes.! Evi-
dence that this type of orientational disorder is the domin
contribution to line broadening in the spectra of noncryst
line films has been given by Ovchinnikov and Wight in the
studies of N2O, CO2, and O3 films.42

In keeping with the assumption of randomly orient
Ti–O units described by the dielectric functions appropri
to the crystal, we construct a dielectric function that is t
directional average of the dielectric functions for a crystal
the E'c andEic orientations:

e~n!5@2e'~n!1e i~n!#/3, ~4!

wheree'(n) ande i(n) are obtained from the factorized form
of the dielectric function for theE'c and Eic orientations,
respectively, using the resonant frequencies and dam
factors for phonon modes given in Ref. 43. The same p
scription for constructing an effective dielectric function w
used by Aoki et al. to model polycrystalline MgF2 IRAS
spectra.53 The real and imaginary parts of the dielectric fun
tions e i(n), e'(n), ande~n! are shown in Fig. 3.

For a single crystal, the TO loss function, defined as
imaginary part of the dielectric function, has a peak at a
mode resonance. These resonances can be seen in the g
of Im@ei(n)# @Fig. 3~a!# and Im@e'(n)# @Fig. 3~b!# for single-
crystal anatase. Consistent with established nomencla
we refer to Im@e~n!# as the TO loss function for the vitreou

TABLE III. Wave number of absorption bands of titanium dioxide films o
aluminum.

Film Polarization n/c (cm21)

Experimental Theoretical
A s 260 259

355 374
442 434

A p 260 261
a b

443 435
853, c 841

B s 259 247
d 367

439 423
B p 258 247

e 368
438 423

849, ~c,f! 846

aWeak features between 300–400 cm21.
bWeak bands at 330 and 380 cm21.
cShoulder at 962 cm21.
dExtremely weak bands at;310 and;345 cm21.
eBroad, extremely weak band from 300–350 cm21.
fShoulder at 785 cm21.

es
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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films. The peaks in Im@e~n!# resulting from Eq.~4! are re-
corded in Table IV. These peaks are essentially at the s
frequencies as the TO loss function peaks of the ana
single crystal.

Likewise, for a single crystal, the LO loss function, d
fined as the imaginary part of the negative inverse dielec
function, has a peak at an LO mode resonance. These
nances can be seen in the graphs of Im@21/e i(n)# @Fig. 4~a!#
and Im@21/e'(n)# @Fig. 4~b!# for an anatase single crysta
Again, using established nomenclature, Im@21/e~n!# is re-
ferred to as the LO loss function for the vitreous films. T
peaks in Im@21/e~n!# resulting from Eq.~4! are recorded in
Table IV. Unlike the case of the TO loss function peaks,
LO loss function peaks are significantly different from tho
for single-crystal anatase. Notably, the strong high-freque
peak in Im@21/e~n!# is at 840 cm21 and lies between the

FIG. 3. The real~broken curve! and imaginary~solid curve! parts of the
dielectric function vs wave number, showing~a! e i(n), ~b! e'(n), and ~c!
e(n)5@2e'(n)1e i(n)#/3.

TABLE IV. Wave numbers of theoretical loss function peaks@see Figs. 3~c!
and 4~c!#.

Loss function peak n/c (cm21) Maximum intensity

TO: Im@e~n!# 262 158
369 32.6
436 80.3

LO: Im@21/e~n!# 328 0.06
396 0.04
840 2.62
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anatase single crystal LO loss peaks at 755 cm21 @Fig. 4~a!#
and 876 cm21 ~Fig. 4b! for Eic and E'c beam configura-
tions, respectively.

The final ingredient needed to calculate theoretical IR
spectra is the dielectric function of the metal. Here we
sume the free-electron model, and take~in Gaussian units!

em~n!5112is~n!/n, ~5!

wheres~n! is the frequency-dependent conductivity, whic
has the Drude form,

s~n!5s~0!/~122p int!, ~6!

wheret is the relaxation time. In our calculations, we us
the valuess(0)53.6731017s21 and t50.80310214s for
Al at room temperature.54

The theoretical reflection coefficients for films A and
are shown fors polarization (Rs) in Figs. 5 and 6, and forp
polarization (Rp) in Figs. 7 and 8. Each figure is comprise
of three panels calculated using a dielectric function:~a!
e i(n), ~b! e'(n), and ~c! e~n!. The wave numbers at th
peaks of the absorption bands~reflectivity minima for case
~c!! are recorded in Table III.

With respect to film A, Fig. 5~c! shows that absorption
bands are present at 259, 374, and 434 cm21 when an
s-polarized beam is used. Figure 6~c! shows absorption
bands at 261, 435, and 841 cm21 occur forp polarization. In
addition, weak bands occur inRp at 330 and 380 cm21.

With respect to film B, Fig. 7~c! shows absorption band
at 247, 367, and 423 cm21 when ans-polarized beam is used
Figure 8~c! shows absorption bands at 247, 368, 423, a
846 cm21 for p polarization.

A comparison of Figs. 5~c! and 7~c! ~film A ! with Figs.
6~c! and 8~c! ~film B! shows that for the same polarizatio

FIG. 4. LO loss function vs wave number showing~a! Im@21/e i(n)#, ~b!
Im@21/e'(n)#, and~c! Im@21/e~n!#.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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FIG. 5. Theoretical reflection coefficients for film A on aluminum f
s-polarized beam conditions as a function of wave number using~a! e i(n),
~b! e'(n), and~c! e(n)5@2e'(n)1e i(n)#/3.

FIG. 6. Theoretical reflection coefficients for film B on aluminum f
s-polarized beam conditions as a function of wave number using~a! e i(n),
~b! e'(n), and~c! e(n)5@2e'(n)1e i(n)#/3.
Downloaded 13 Feb 2009 to 193.52.108.46. Redistribution subject to AIP
state, the shapes of the theoretical spectra are similar,
there are significant changes in peak intensity, as migh
expected in going from a thinner to thicker film, and sm
shifts in peak position.

VI. DISCUSSION

A. Comparison of experimental and theoretical IRAS
spectra

The quantityRfilm1Al /RAl , calculated usinge~n!, is in-
cluded in Figs. 1 and 2~broken curves!, along with the ex-
perimental curves. A comparison of the experimental a
theoretical spectra for both films shows similar peak po
tion, but the theoretical bands are more intense. In additio
band at 367–368 cm21 in the theoretical spectra of film B is
absent from the corresponding experimental spectra.

The experimental and theoretical absorption band
quencies for film A~Table III! can be compared with TO an
LO loss function peaks~Table IV!. Both the experimenta
and theoretical band frequencies correlate well with TO l
function peaks at 262 and 435 cm21. Weaker bands in ex-
perimentalRs at 355 cm21 and in theoreticalRs at 374 cm21

can be associated with an TO loss function peak at
cm21. A strong band in experimentalRp at 853 cm21 and
theoreticalRp at 841 cm21 can be associated with an LO los
function peak at 840 cm21. Note that this band is absent i
Rs . We therefore associate this band with an LO-like re

FIG. 7. Theoretical reflection coefficients for film A on aluminum fo
p-polarized beam conditions as a function of wave number using~a! e i(n),
~b! e'(n), and~c! e(n)5@2e'(n)1e i(n)#/3.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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nance in film A, a manifestation of the Berreman effect34

which finds LO resonances inp-polarized spectra, but not in
s-polarized spectra. Similarly, weak structures in theRp

spectrum can be traced to minor peaks of the LO loss fu
tion at 328 and 396 cm21.

The experimental and theoretical absorption band
quencies for film B~Table III! can be compared with TO an
LO loss function peaks~Table IV!. Both the experimenta
and theoretical band frequencies can be correlated with
loss function peaks at 262 and 435 cm21. A strong band in
experimentalRp at 849 cm21 and in theoreticalRp at 846
cm21 is in good agreement with an LO loss function peak
840 cm21. As in the case of film A, these peaks are abs
from Rs , again, the Berreman effect.

The experimental splitting,DLO–TO, of the high fre-
quency ‘‘LO–TO’’ pair for both films is equal to 410–41
cm21, in excellent agreement with that predicted from t
difference in corresponding theoretical LO–TO loss funct
peaks in the vitreous films,DLO–TO5404 cm21. For a crys-
talline solid, this correspondence yields the width of the h
reflectivity Reststrahlen band, andDLO–TO5441 cm21, for
the analogous high frequencyE'c LO–TO mode pair in
single-crystal anatase.43 These results show that introducin
random disorder into an anatase crystal has the effect of
rowing the Reststrahlen region. Furthermore,DLO–TO in a
crystalline solid is related to its ionicity,33 and this concept
has been extended to glasses as well.40 The fact thatDLO–TO

in the vitreous films is reduced from the single crystal va

FIG. 8. Theoretical reflection coefficients for film B on aluminum f
s-polarized beam conditions as a function of wave number using~a! e i(n),
~b! e'(n), and~c! e(n)5@2e'(n)1e i(n)#/3.
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indicates that random orientational disorder reduces the
fective dipole moment per unit film volume.

There is also a difference to note in the experimen
versus theoretical spectra when comparing the frequenc
equivalent bands between films. Referring to Table III, t
difference in experimental frequencies of equivalent band
within experimental error when comparing films A and
However, this is not in general the case for the theoret
band frequencies. For example, experimentalRp bands at
260, 443, and 853 cm21 in film A shift by 22, 25, and24
cm21, respectively, in film B~within experimental error!,
whereas the theoretical shifts in these bands in going fr
film A to B are 214, 212, and15 cm21, respectively.

B. Connection between absorption bands and loss
functions

To understand the relationship of the theoretical abso
tion bands to the loss functions for the vitreous film
Im@e~n!# and Im@21/e~n!#, and in particular to trace the
source of the shifts in the theoretical spectra with increas
film thickness, we next consider the case in which the s
strate is a perfect metal@s~0!→`#. Figure 9 comparesRs and
Rp curves for film A on perfect and real metal substrates a
shows the validity of thes~0!→` assumption. The effect o
finite conductivity is to increase the overall absorption~or
decrease the reflectivity!, but there is very little change in th
shape of the curves or in the positions of the absorpt
bands. The same conclusion applies to film B, where
perfect-metal and real-metal results are actually much clo
together than they are for film A.

The expressions forRs andRp for a film of thicknessd
on a perfect metal substrate can be obtained from
Berreman34 or Hansen45 expressions by taking the limi
s~0!→` ~also see Ref. 55!. The results for both polarization
can be written in the following compact form,

FIG. 9. Theoretical reflection coefficients~a! Rs and~b! Rp as a function of
wave number for film A on perfect~solid curve! and real metal~broken
curve! substrates.
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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R5u~11 ia tanbd!/~12 ia tanbd!u2, ~7!

where a5(cosf)@e(n)2sin2 f#21/2 for s polarization, a
5@e(n)2sin2 f#1/2/@e(n)cosf# for p polarization, andb
5k0@e(n)2sin2 f#1/2 with k052pn/c.

Expanding Eq.~7! for a very thin film, i.e., forubdu
!1 andk0d!1, we find,

Rs512~4/3!~cosf!~k0d!3 Im@e~n!#, ~8!

and

Rp512~4/3!~1/cosf!~k0d!3 Im@e~n!#

14~sin2 f/cosf!~k0d!Im@1/e~n!#, ~9!

where higher-order terms ink0d in both Im@e~n!# and Im@1/
e~n!# have been omitted, andf is assumed to be not too clos
to 90°. The conditionubdu!1 can be relaxed toubdu,0.5
since this condition is only used to justify the series exp
sion tanbd5bd1(bd)3/3 in Eq. ~7!. We have numerically
verified that Eqs.~8! and~9! are good approximations to th
‘‘exact’’ theoretical results, from Eq.~7!, for film A on an
ideal-metal substrate, except that Eq.~9! overestimates the
strength of the absorption band at 840 cm21 in the Rp spec-
trum.

Equations~8! and ~9! show that for very thin films, the
absorption bands fors polarization are located at the peaks
Im@e~n!#, and forp polarization the absorption bands are l
cated at the peaks of Im@e~n!# and Im@21/e~n!#. This phe-
nomenon is the essence of the Berreman effect: absorp
bands for thin films occur inp polarization, but not ins
polarization at the peaks of Im@21/e~n!#, which is the LO
loss function for our film. Further, note that for very th
films, thep-polarization absorption is dominated by Im@21/
e~n!# peaks rather than by Im@e~n!# peaks because absorptio
bands associated with Im@e~n!# peaks are of order (k0d)3,
while the absorption bands associated with Im@21/e~n!#
peaks are of orderk0d.

To understand the physical origin of these absorpt
band intensities for very thin films, note that the elect
field, E in the film is parallel to the film surface in
s-polarization, whereas inp polarizationE is dominated by a
componentE' that is perpendicular to the surface. The a
sorption due to the parallel component ofE is proportional to
the TO loss function Im@e~n!#, and the absorption due toE'

is proportional to the LO loss function Im@21/e~n!#. This is a
very general statement aboute~n! and absorption bands i
very thin films, regardless of the physical processes oc
ring in the film. Thus, despite our use of the usual termin
ogy of TO and LO loss functions for Im@e~n!# and Im@21/
e~n!#, respectively, this does not imply that vibrational mod
with atomic motion perpendicular or parallel to the directi
of propagation exist in our films. Indeed, Eqs.~8! and ~9!
would hold in the hypothetical case that a film did not su
port any vibrational modes at all, provided of course that
relevant dynamical processes were included ine~n!.

The relative strength ofs-polarization andp-polarization
absorption bands can be understood from the fact that
electric fieldE in the film is much weaker for ans-polarized
beam than for ap-polarized beam.56 This is a consequence o
the boundary condition requiring the tangential compon
Downloaded 13 Feb 2009 to 193.52.108.46. Redistribution subject to AIP
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of E to be continuous across the film/metal interface. SincE
vanishes in a perfect metal, andE is parallel to the surface
only for thes-polarized beam, there must be a node inE at
the film/metal interface for ans-polarized beam, but not for a
p-polarized beam. More quantitatively, note that fors polar-
ization, the sine-wave standing wave pattern forE in a very
thin film results in an essentially linear variation forE, rising
from zero at the film/metal interface to a constant at
air/film interface. Since the absorbed power is proportio
to integral ofuEu2 over the film volume, we deduce that th
band intensity is proportional to (k0d)3 for s polarization.
For p polarization, on the other hand,E contains a dominan
componentE' , that is perpendicular to the film surface, an
this component has no node at the film/metal boundary.
band intensity is now proportional tok0d, sinceuEu2 is es-
sentially constant throughout the film and thed dependence
of the absorbed power enters only through the volume in
gral.

For film A, the conditionsk0d!1 and ubdu,0.5 are
both satisfied. Thus, film A is in the very-thin-film limit, s
Eqs. ~8! and ~9! are applicable, and therefore absorpti
bands do occur at the peaks of Im@e~n!# and Im@21/e~n!#. For
film B, however, ubdu.1 in the vicinity of the peaks in
Im@e~n!#. This difference accounts for the shifts in the the
retical absorption band frequencies associated with the p
of Im@e~n!# in going from film A to film B. If film B was still
in the very-thin-film limit, the absorption bands in the the
retical spectra for this film would remain where they are
film A, consistent with our experimental observation. T
reason for the frequency shifts in the theoretical spectra
pears to be that oure~n! expression, determined from Eq.~4!,
is too resonant, i.e., the values ofe~n! at the TO loss function
peaks are too large. A sharp resonance would also acc
for the theoretical absorption bands being more intense t
the experimental absorption bands.

C. Choice of dielectric function

The problem of constructing an appropriate dielect
function for the vitreous films starting from orientational
disordered anatase Ti–O units is a difficult one. Within
mean-field-theory approach, this requires consideration o
cal effective fields in inhomogeneous media.57 The result de-
pends on the shape of the unit and its orientation with resp
to the macroscopic electric fieldE. The choice of Eq.~4! for
e~n! implies that~on average! the effective field acting on a
unit is the macroscopic electric field in the medium, or,
other words, there are no local-field corrections.57,58 Strictly
speaking, such a result is valid only if the individual un
have rodlike, needlelike, or platelike shapes with the lo
axis along the direction ofE.57,58 If, on the other hand, the
units are platelike and are oriented perpendicular toE, the
correct choice would be given by the ‘‘parallel capacitor fo
mula,’’ e(n)215@2e'(n)211e i(n)21#/3.58 Clearly, in the
latter case, one would find strong absorption bands
p-polarized spectra at the LO mode resonances in bothe'(n)
ande i(n). This is not the case in our experiments. Furth
more, dielectric functions based on a preferred geometr
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
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arrangement of units that are either parallel or perpendic
to E can be excluded because the direction ofE is different
in s andp polarizations.

We have also considered alternative prescriptions
constructing a dielectric function within a mean-field-theo
framework. IRAS spectra were calculated using dielec
functions obtained from effective-medium theory,59 and from
Maxwell–Garnett and Clausius–Mossotti expression60

None of these dielectric functions resulted in reflectiv
curves that fit the experimental data as well as those obta
from our original choice ofe~n! given by Eq.~4!.

Evidently, there are significant contributions to inhom
geneous broadening that are left out of our model, which
mean-field model consisting of component parts,e i(n) and
e'(n) that are those for a perfect anatase crystal. Part of
difficulty may be in the mean-field aspect of the model.
using an average~or effective-medium! prescription to con-
struct a dielectric function, we are not faithfully includin
short-range correlations between dipoles in neighbor
Ti–O units except in some mean-field manner. Perhaps e
more significantly, we have neglected additional life-tim
broadening and frequency-shift effects that are associ
with chemical bonding between Ti–O units that may diff
from the chemical bonding in the crystalline material. Th
includes local strain fields and local defects in the vitreo
films that are not present in crystalline material.

We have been able to infer from these studies that
entationally disordered Ti–O units with a local structu
characteristic of anatase play a dominant role in the dielec
response of our vitreous films. Further refinement of o
model will include consideration of local~dis!order, trace-
able to short-range correlations in the coupling and/or che
cal bonding between neighboring Ti–O units.

VII. SUMMARY

We reported the optical response of sputter-depos
vitreous TiO2 films with anatase short-range order. Expe
mental IRAS spectra were obtained in the 100–1000 cm21

wave number range. Our data were found to differ fro
those for single crystal anatase. We constructed a diele
function to account for random orientational disorder with
the films. Calculated energy loss functions and theoret
reflection–absorption spectra using this dielectric funct
were compared with experimental results. Good qualita
agreement between experimental and theoretical IRAS s
tra indicates that orientational disorder is the important fac
governing the reflection–absorption behavior of our vitreo
films.
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