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The polarization-dependent optical response of vitreous titanium dioxide films was determined by
infrared reflection—absorption spectroscopffRAS). The predominant nearest-neighbor
coordination(short-range orderin the films was characteristic of crystalline anatase. A dielectric
function e(v) was constructed, based on random orientational disorder of anataselike, octahedral
TiOg units relative to the substrate. This dielectric function, which is the directional average of the
dielectric function for an anatase crystal in tBé ¢ and Elic 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(v)], at 261 and 436 ci, and in the calculated longitudinal optic loss function[ +/e(v)],

at 840 cm®. Agreement(i.e., polarization-dependent behavior, band frequency, and relative
intensity between the experimental and theoretical IRAS spectra indicates that orientational
disorder of TiQ units is the important factor governing infrared reflection—absorption behavior of
the films. © 2002 American Institute of Physic§DOI: 10.1063/1.1427430

I. INTRODUCTION length and angle, and consequently, different arrangements
of TiOg octahedra, generate different lattice structures. The
The behavior of titanium dioxide in response to opticalrytile and anatase lattices are tetragonal With,/mnmand
photons has made this material technologically important4, /amd space groups, respectively, and brookite is ortho-
and therefore the subject of continued study. Optical propefrhombic with Pbca symmetry®® In addition, a series of
ties of TiG, include a wide electron energy band gap, trans-tj o, ,(4<n<10) daughter-structures form by shear op-

parency throughout the visible spectrum, and a high refracarations on a rutile mother-structure to accommodate
tive index over a wide spectral range from the ultraviolet tononstoichiometr)}.l

the far infrared. These properties led to the use of, Ti@

diverse thin film optical and electro-optic device (a) bond flexibility giving rise to polymorphs with the same

application_sl.‘e . chemistry and similar free energy of formation, and(by
Bulk TiO, at atmospheric pressure and room tempera:

2 . _ L the formation of mixed valence compounds with vernier,
ture can exist in three crystalline polymorphSRutile is the e . .
. block, or infinitely adaptive physical structures to accommo-

anatase and brookite form as metastable phases beIo%/\‘/”1te changes in stoichiometiy/A thin film grown at room

~800 °C. Titanium is in octahedral coordination with O astemperature of such an oxide is likely to have an atomic

TiOg units in all polymorphs. However, different Ti—O bond structure in which long-range crystallographic orgeRO)
' is lacking, i.e., the film is noncrystalline. The precise atomic

arrangement within a noncrystalline oxide film has long been
dElectronic mail: aita@uwm.edu the subject of discussion, and depends somewhat upon the

Some bulk oxides have structural complexity, meaning
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type of structural complexity of the bulk oxide. Following dependent bands are also detected in thin noncrystalline
Felner? we classify noncrystalline oxides in terms of in- films, and have been attributed to TO-like or LO-like
creasing nearest-neighbor atomic order as amorphous or vitnodes>®~*!
reous. An amorphous oxide film has no short-range order In reality, however, the vibrational modes in a noncrys-
(SRO, i.e., atomic coordination and chemistry at the talline solid do not cleanly separate into atomic motion per-
nearest-neighbor level differ throughout the film. A vitreouspendicular and parallel to the propagation direction. Rather,
oxide film has SRO, i.e., the same atomic coordination andhe atomic displacements generally form a complicated pat-
chemistry at the nearest-neighbor level throughout the filmtern varying markedly in magnitude and direction throughout
and furthermore, may contain ordered domains extending béhe medium. Nonetheless, a noncrystalline solid can be de-
yond nearest neighbors to the subnanometer or even nanomssribed by a dielectric functiong(v), that contains all the
eter level. In other words, a vitreous oxide film may containrelevant microscopic information as far as the response to the
nanocrystallites, but has no LRO. incident electromagnetic wave is concerned. Such informa-
Titanium dioxide meets both criteria for structural com- tion includes the resonant frequencies of the individual vi-
plexity, and it is not surprising that films grown at low tem- brating units, their associated lifetimes, and their oscillator
perature by diverse processes contain noncrystalline matétrengths(or effective charges The dielectric function is
rial, either alone or coexisting with crystalline anatase and/oflso affected by coupling between units through the long-
rutile.*3-2° Furthermore, Eastmdhreported a noncrystalline range Coulomb interaction as well as through short-range
structure coexistent with crystalline material in freestandingchemical bonding.
nanostructured TiQ) and astutely pointed out that this phase ~ Thus, by modeling the dielectric function and comparing
is likely to be overlooked because its detection is extremelghe results of theoretical IRAS spectra with experimental
difficult. IRAS spectra, one can, in principle, deduce the value of the
We previously® examined absorption of near ultraviolet Microscopic parameters of a noncrystalline solid. Further-
photons in noncrystalline Tifilms. A nonresonant Raman More, structural information concerning the shape, orienta-
Spectroscopy StuaSL/ showed that these films were vitreous tion, and distribution of the individual Vibrating units can
(as distinguished from amorphous, in keeping with the afore@lso be obtainet? Alternatively, if one is interested only in
mentioned definitionand had SRO characteristic of crystal- the electromagnetic response of macroscopic samples, one
line anatase. The fundamental optical absorption edge wauld forgo the microscopic information entirely and use the
effectively modeled within the framework of the coherent €xperimental IRAS spectra to deduee). Oncee(y) is de-
potential approximation with Gaussian site disorder intro-{termined, the electromagnetic response of any macroscopic
duced into the valence and conduction bands of a perfed@mple of the noncrystalline solid can be found.
virtual anatase crystal. The films were then annealed to pro- \We report the optical response of sputter-deposited vit-
duce various amounts of crystalline anatase, hence LRO. TH&0US TiQ films with anatase SRO. Experimental IRAS
results reaffirmed a general rule by Tadnterband optical ~SPEctra were obtained in the 100-1000 ¢rwave number
transitions described by wave functions localized over disfange. Our data were found to differ from those for single
tances on the order of a lattice constant are relatively un¢ystal anatas&’ We therefore constructed a dielectric func-
changed by disorder. The transfer of electronic chavigein 10N to account for random orlentatlongl disorder within t_he
TiOg octahedral unitgi.e., between nearest-neighbor Ti and films. Calculated energy loss functions and theoretical
O atoms was found to be the key factor in determining the reflection—absorption spectra using this dielectric function

material's response to ultraviolet radiation, irrespective ofV€re compared with experimental results. Good qualitative
the degree of LRO. agreement between experimental and theoretical IRAS spec-

However, a solid’s response to infrared photons is goV_tra indicates that orientational disorder is the important factor

erned by the relative motion of atoms, and indeed may pgoverning the reflection—absorption behavior of our vitreous
different for crystalline and vitreous TiO® The goals of the ~ flIMS-

present paper are, therefor@) to determine the infrared
reflection—absorption behavior of vitreous i@ith anatase

. - . - Il. EXPERIMENTAL PROCEDURE
SRO, (b) to model this behavior by choosing an appropriate

dielectric function, andc) to identify the type of structural Titanium dioxide films(0.25-um-thick film A and 0.70-
disorder that is commensurate with the experimental and theam-thick-film B), were grown by sputter deposition from a
oretical modeling results. 99.995% Ti target in a radio-frequency-excited @asma as

Infrared reflection—absorption spectroscofRAS) of  described in Ref. 29. Films were grown on substrates cut
solids was historicalf? used to measure vibrational modes. from a 99.0% pure rolled Al sheet.
In a crystal, long wavelength vibrational modes are associ- Double-angle x-ray diffractiofiXRD) was used to iden-
ated with atomic motion perpendicular and parallel to thetify the small amount of nanocrystalline material in each
direction of wave propagation. The two types of modes ardilm. Diffraction patterns were obtained using unresolved
denoted transverse opti{@O) and longitudinal optigLO). 0.15418-nm-wavelength Cu K radiation. Peak position
For thin crystalline films(thickness<infrared wavelength  (26;,), maximum intensity K,), and full width at one-half
TO modes are detected as absorption bands in transmissiomaximum intensitfFWHM) were measured from high reso-
and reflection spectra in bothandp polarization, whereas Iution scans of individual peaks. Phase identification, pre-
LO modes are detected only jrpolarization®® Polarization-  ferred orientation, and phase composition were determined
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TABLE |. XRD parameters and crystallite size in titanium dioxide films on TABLE Il. Phase composition of titanium dioxide films on aluminum.
aluminum.

Film f (X107 fa(X 1) f (X107
Film/Peak | max (CPS) FWHM (deg D (nm) A 37 22 931
Alr (110 60 0.65 24 B 2.0 6.5 91.5
Ala (101) 107 0.65 24
B/r (110 287 0.50 17
B/a (101) 135 0.50 17

malism developed for the application of this method to dis-

oréhi ordered TiQ films is given in Ref. 29. In summary, the
from these data. The Debye-Scherrer relationShigas olume fraction of the rutile component of a uniform multi-

used to estimate the crystallite dimension parallel t0 theypase mixturef, , is related to the integrated intensity of a
growth direction, assuming the absence of peak broadenm,g;peciﬁC rutile reflection| )

due to random lattice strain. hid» &S
Infrared reflection—absorption spectroscopy data in the
far-infrared spectra range were obtained with a Fourier trans- Ity f,
form infrared spectrometer by BrukéModel IFS 113y O @
equipped with a polyethylene-supported polarizer. For each

spectrum, 100 scans were taken at 4 ¢mresolution and at oy . . .
an angle of incidencey=45°. (An oblique incident beam wherely; is the XRD intensity of a rutile standard that has

was required to observe LO-like featunesdeasurements the same preferred orientation as the film to be analyzed, and
were made at a pressure ok10~3 Torr and room tempera- f4 (standard is the volume fraction of rutile in the standard
ture. Middle-IRAS data was obtained with a Bruker V22 @nd is equal to unity by definition. In order to apply Ed)
Fourier transform infrared spectrometer equipped with g° our films, we used agprewously fabricated, fully crystal-
ZnSe-supported polarizer. For each spectrum, 300 scariged rutile standard filnt’ an annealed 0.2fm-thick TiO,
were taken at a resolution of 4 ¢hand at an angle of film on fused silica whose XRD pattern showed two orders
incidence¢=45°. Data were taken at ambient conditions. A°f @ single rutilet110 peak. For film A, Eq.(1) becomes:
bare Al substrate was used as reference for both far- anft(filmA) =1,11(filmA)/11,standard). A similar proce-

mid-IRAS measurements. Theoretical IRAS spectra werdure was followed to calculate the rutile volume fraction in
calculated from the Fresnel equatidh® using MATH- film B, with the added stipulation that the thickness differ-

EMATICA . ence between film B and film A must be taken into account.
A previous calculatiof? lead to the relationshipf, (film B)
=0.431,11(filmB)/1,11Standard). The volume fraction
of rutile in each film is recorded in Table II.

The XRD spectrgnot shown of 0.25-um-thick film A Since both films contain a large component that cannot
and 0.70pm-thick film B had the following common fea- be detected by XRD, a straightforward calculation usigg
tures: (a) Reflections from both rutile and anatase phases=1—f,, where f, is the anatase volume fraction, is not
were present(b) The dominant anatase reflection was fromvalid. Furthermore, precise calculation fof using the exter-
(101 planes at 2=25.4°, with additional minor reflections nal standard method, analogous to the above calculation for
from (004) planes at 2=38° and(200) planes at 2=48°%®  f_, requires a completely crystallized anatase external stan-
A comparison of peak intensities with that for a randomlydard with the same preferred orientation as the films. Prepa-
oriented powder sampi& showed that anatase preferably ration of an anatase film standard is not possible by anneal-
crystallized with(101) planes parallel to the substrate) ing because the transformation of crystalline anatase to rutile
Solely rutile{110) reflections were present, ap227.5°}"  occurs in these films before complete crystallization of the
i.e., rutile crystallized with(110) planes parallel to the sub- noncrystalline componeit:?2 However, the standardless di-
strate.(d) All peaks were broad, suggesting nanocrystallinity.rect comparison method of Averbach and Cdfién will
(e) All peaks had low intensity, indicating that a Ti®truc-  yield a reasonable estimate bf. In this case, the anatase-
ture not detectable by XRD coexists along with the nano{101) peak is compared to the rutil@10 peak in both films:
crystalline phases. lagony/1r 110y~ Xafa/ X f,. X for each component is the

The maximum intensity and FWHM for anata&edl) product of five factors(a) the inverse of the square of the
and rutile{110 peaks are recorded in Table I. For reference,unit cell volume,(b) the square of the absolute value of the
the maximum intensities in Table | should be compared to atructure factor(c) the multiplicity of a particular set of dif-
fully crystallized, single(110 orientation, 0.25xm-thick  fracting planes(d) the Lorentz polarization factor, an@)
rutile film with a first order diffraction peak intensity of 2300 the Debye—Waller temperature factor. Calculatfoof these
cps and a FWHM equal to that for instrumental broadeningactors leads to the relationshig 1)/l (110y~0.65/f, .
effects. The average minimum crystallite dimensipn par-  Substitution of the relative anataéE31) and rutile{110) in-
allel to the growth direction anata$#01) and rutile{110 tegrated intensities into the above expression yields an esti-
are included in Table I. mate of the volume fraction of detectable nanocrystalline

The detectable rutile volume fraction in each film wasanatase, recorded in Table Il, neglecting the small contribu-
determined using the external standard metfi{ofihe for-  tion of nanocrystalline anatase with other thafi@1) orien-

Ill. FILM STRUCTURE
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tation. Also recorded is the total volume fraction of material = =
that cannot be detected by XRD, calculated frdp=1 0.25 um TiO /Al
- (fa+ fr).

Nonresonant Raman spectisee Ref. 3Lof films on Si
grown under the same conditions as films A and B showed
four absorption peaks attributable to Raman-active vibra-
tional modes of anatas®.The assignment and wave num-
bers of these vibrations arét) unresolvedB, 4 at 144 cm? ~
andE, at 147 cm, (2) By andA, 4 at 198 cm'?, (3) B4 at
398 cm !, and(4) E4 at 640 cm'. These peaks account for
five of the six Raman-active vibrational modes of anatase. A _
sixth mode Eg4 at 515 cm®, was masked in the films by the &
strong LO phonon mode of the Si substrate at 520 tm
Markedly, the three characteristic rutile modé&s, at 448
cm ™, Ay at 612 cm?, andB, 4 at 827 cm'?, were absent -
from spectra of films A and B.

The XRD data given in Table Il show that two nanocrys-
talline phases, anatase and rutile, are present in both films /
and B, but these phases account for a small amount of the
films’ volume. Of the detectable nanocrystalline material,
less than 4% in film A and 2% in film B is crystalline rutile.
Raman spectroscopy of companion films on Si detects only y 30 EERORY R W E—
anatase Ti—O short-range order. From these results, we cor o #0300 30 400 40
clude that greater than 96% of film A and 98% of film B is 10%

comprised of material that has anatase short-range order. ,
| L | | LY |
200 400 600 800 1000

B
IV. EXPERIMENTAL IRAS SPECTRA vic (cm)

Rfilm+AI/

[=)

The experimental IRAS spectra for films A and B areFIG. 1. Solid curves show experimental IRAS spectra and broken curves
shown in FIgS 1 and 2 reSpeCtiVEly. In these ﬁgUreS théhOW theoretical IRAS spectra for 0.28n-thick film A. Rgm.a /Ra IS
itvR = ’ hed f . h ’ graphed as a function of wave numbefc. The insert shows an expanded
quantity Ryim + ai /R 1S grap 1e asa unCtlon_ of wave num- region from 225—475 cii to highlight small features in that spectral range.
ber, v/c, from 10 to 10° cm™ %, whereRgm . o is the reflec-

tivity of the sample obtained using or s polarization, and
R is the reflectivity of the bare Al substrate. The insertfrequency of 851 cm! occurs in thep-polarization spectra
shows an expanded region from 225-475 ¢rto highlight  of both films and is absent from thesmpolarization spectra.
small features in that spectral randiEor the sake of com- The above results should be compared to those of Tras-
parison, theoretical spectra are included in Figs. 1 and Zerettiet al,>! who used IRAS over a spectral range of 400—
(broken curveg but discussion of these curves is postponedi 400 cmi ! to study plasma-enhanced chemical vapor depos-
until Sec. V] The spectral position of all features is recordedited noncrystalline Ti@ on Al. The SRO was not measured
in Table 1. by an independent method and was unspecified. Only one
With respect to film A, Fig. 1 shows that absorption peak was reported, a single broad band that appear@g,in
bands are present at 260, 355, and 442 tmwhen an  but not inRg, centered at-850 cni * for an incident beam
s-polarized beam is used. Absorption bands at 260, 443, anghgle of 50°. This frequency is in excellent agreement with
853 cm * (with a shoulder at 962 cirf) occur forp polar-  the highest frequency absorption band in our films. Trasfer-
ization. In addition, weak features occurRy between 300— etti et al. discussed this band’s frequency as being in dis-
400 cmi ™, agreement with the prominent LO mode of rutile at 806
With respect to film B, Fig. 2 shows absorption bands atcm™1°? but we suggest, on the basis of agreement with our

259 and 439 cm' when ans-polarized beam is used. In spectra, that the SRO order of their films was most likely
addition, extremely weak features centered-~&210 and anatase.

~345 cm ! are present iR, . Absorption bands at 258, 438,
and 849 cm?' (with shoulders at 785 and 962 ¢h are
observed fop polarization. In addition, the features-aB810
and~345 cm ! in Rg broaden into a single, extremely weak, Gonzalezet al*® recently published experimentally de-
featureless band extending from 300—350 ¢rim R;. termined TO and LO phonon frequencies of single-crystal
Comparing the spectra of films A and B, three absorptioranatase in which the applied electric fielt],was either par-
bands can be identified as having the same frequency withiallel or perpendicular to the crystallographic vector. Those
experimental error. Two absorption bands common to bothmesearchers found thdlic gave rise to one pair of\,,
polarizations of both films have average frequencies of 259nodes: a transverse optical phonon mode at 367 a@nd a
cm ! and 441 cm?. Furthermore, a band with an average longitudinal optical phonon mode at 755 chrendE_L c gave

V. THEORETICAL IRAS SPECTRA
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TABLE Ill. Wave number of absorption bands of titanium dioxide films on

0.70 um IO /Al aluminum.
- R Film Polarization vic (cm 1)
Experimental Theoretical
A s 260 259
355 374
442 434
B A p 260 261
a b
b 443 435
A 853, ¢ 841
& A B s 259 247
< T ! d 367
£ " 439 423
N X B p 258 247
\ /' e 368
M 438 423
L b - 849, (c,f 846
' ]
. ; Aeak features between 300—400¢m
20% "o P\Weak bands at 330 and 380 chn
v Shoulder at 962 cm-
‘a dExtremely weak bands at310 and~345 cm %,
B " ] ®Broad, extremely weak band from 300-350¢m
" fShoulder at 785 cnt.
"
: ‘ In constructing our model, we assume that each indi-
I | | Al . . . . . .
o 200 200 P 500 7000 vidual T|—Q unit, .WhICh may be as small as a smglg a—l(_).
vic em™) molecule, in the vitreous structure has the same polarizability
and the same dielectric function that the unit would have in

FIG. 2. Solid curves show experimental IRAS spectra and broken curve@n anatase crystal environment. We are thus considering ori-
show theoretical IRAS spectra obtained usinandp polarization for 0.70-  entational disorder of Ti—O units, but ignoring chemical ef-
pm-thick film B. Rem- a1 /Ry i graphed as a function of wave number, facts |ocal strains, and local defects that might cause the
vlc. . . .. . .

polarizability parameters of an individual Ti—O unit to be

different in the vitreous solid compared to a perfect crystal.
rise to two pairs ofE, modes: a low frequency pair at 262 (Such parameters include the frequencies, oscillator
cm ! (TO)-366 cmi* (LO) and a high frequency pair at 435 strengths, and lifetimes of the local vibrational moul&i-
cm ' (TO)-876 cm*' (LO). However, a comparison of dence that this type of orientational disorder is the dominant
single-crystal data with the experimental IRAS défable  contribution to line broadening in the spectra of noncrystal-
[11) shows that only the twd,, (TO) modes correlate with line films has been given by Ovchinnikov and Wight in their
bands in both films A and B. studies of NO, CO,, and Q films*?

We suggest that the primary cause of the disparity be- In keeping with the assumption of randomly oriented
tween our experimental results and those for single-crystafi—O units described by the dielectric functions appropriate
anatase is that the Ti—O units in the vitreous film are noto the crystal, we construct a dielectric function that is the
solely in either theeL ¢ or Ellc orientation. Consequently, the directional average of the dielectric functions for a crystal in
electromagnetic response of the film is described not by eithe E1 ¢ and Ellc orientations:
ther of the dielectric functiong, (v) or ¢,(v) alone. In the
following text, we construct a suitable dielectric function, € =L2eL(»)+e(»)]f3, )

e(v), that is the directional average ef (v) and e (v). We  wheree, (v) ande(v) are obtained from the factorized form
then show that the theoretical spectra calculated usfng of the dielectric function for thée 1 ¢ and Ellc orientations,

do, in fact, differ from the reported spectra for single-crystalrespectively, using the resonant frequencies and damping
anatase. factors for phonon modes given in Ref. 43. The same pre-

In order to calculate theoretical IRAS spectra, we mustscription for constructing an effective dielectric function was
determine the reflection coefficient for infrared radiation in-used by Aokiet al. to model polycrystalline Mgf IRAS
cident from air onto a dielectric film that lies on a metal spectr> The real and imaginary parts of the dielectric func-
substrate, i.e., the standard electromagnetic-wave-reflectidions ¢,(v), €, (v), ande(v) are shown in Fig. 3.
problem for a “three-layer model.” Its explicit solution, em- For a single crystal, the TO loss function, defined as the
bodied in the Fresnel equations, can be found, for examplémaginary part of the dielectric function, has a peak at a TO
in the work of Berremai{ and Hansef?® The dielectric func- mode resonance. These resonances can be seen in the graphs
tion of the film and the metal, denotedr) and e.,(v), re-  of Im[¢(v)] [Fig. 3@] and Infe, (v)] [Fig. 3(b)] for single-
spectively, are required to apply this solutidithe corre- crystal anatase. Consistent with established nomenclature,
sponding indices of refraction aedv)*? and e,(v)*2 ] we refer to Infe(v)] as the TO loss function for the vitreous
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\ \ ! 3
100 [~ ol
50 1
a)E /lc
| | |
50 (a)E/ic 3
100 2
Im[-1/e(v)]
50 »
&(v) (b)E 1c
0 | L |
— 3C
-50 (b)E Lc
2~ 0.06
0.04
100 1 002
50 (C) | |
0 0 250 500 750 1000
vic [em-]
-50 (c)
| | FIG. 4. LO loss function vs wave number showit@ Im[—1/¢,(v)], (b)
750 1000 Im[—1/e, (v)], and(c) Im[—1/e(v)].

-1
vic [em™] anatase single crystal LO loss peaks at 755 Cffig. 4(a)]

FIG. 3. The real(broken curvg and imaginary(solid curve parts of the and 876 cm* (F'g' 4b for Elic and ELc beam conflgura-

dielectric function vs wave number, showit@ €,(v), (b) €, (»), and(c) tions, respectively.

e(v)=[2¢€,(v) +€(»)]/3. The final ingredient needed to calculate theoretical IRAS
spectra is the dielectric function of the metal. Here we as-

sume the free-electron model, and tdke Gaussian uni
films. The peaks in Ifre(v)] resulting from Eq.(4) are re- 4 I

corded in Table IV. These peaks are essentially at the same €n(v)=1+2i0(v)/v, ()
frequencies as the TO loss function peaks of the anataSghere o(1) is the frequency-dependent conductivity, which
single crystal. _ _ has the Drude form,

Likewise, for a single crystal, the LO loss function, de- .
fined as the imaginary part of the negative inverse dielectric ~ o(¥)=0(0)/(1—2miv7), (6)

function, has a peak at an LO mode resonance. These resghere 7 is the relaxation time. In our calculations, we used
nances can be seen in the graphs df-ttve (v)] [Fig. 4@)]  the valueso(0)=3.67x 10s ! and 7=0.80x 10~ s for
and Inf—1/e, (v)] [Fig. 4b)] for an anatase single crystal. aA| at room temperaturé*
Again, using established nomenclature[tn/e(v)] is re- The theoretical reflection coefficients for films A and B
ferred to as the LO loss function for the vitreous films. Thezre shown fos polarization Ry) in Figs. 5 and 6, and fop
peaks in Ini—1/e(v)] resulting from Eq.(4) are recorded in  pojarization R,) in Figs. 7 and 8. Each figure is comprised
Table IV. Unlike the case of the TO loss function peaks, theys three panels calculated using a dielectric functiéa:
LO loss function peaks are significantly different from thoseeu(y), (b) €, (v), and (c) e(»). The wave numbers at the
for single-crystal anatase. Notably, the strong high-frequencbeakS of the absorption ban@eflectivity minima for case
peak in Inf—1/e(v)] is at 840 cm! and lies between the (c)) are recorded in Table II.

With respect to film A, Fig. &) shows that absorption

TABLE IV. Wave numbers of theoretical loss function pe@se Figs. &) bands are present at 259, 374, and 434 trwhen an

and 40)]. s-polarized beam is used. Figurgch shows absorption
bands at 261, 435, and 841 choccur forp polarization. In

Loss function peak vic (em™) Maximum intensity addition, weak bands occur R, at 330 and 380 cnt.

TO: Im[e(v)] 262 158 With respect to film B, Fig. (&) shows absorption bands
369 32.6 at 247, 367, and 423 cm when ans-polarized beam is used.
436 80.3 Figure 8c) shows absorption bands at 247, 368, 423, and

LO: Im{~1/e(v)] 232 8'82 846 cmi ' for p polarization.
840 262 A comparison of Figs. &) and 7c) (film A) with Figs.

6(c) and &c) (film B) shows that for the same polarization
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FIG. 5. Theoretical reflection coefficients for film A on aluminum for
s-polarized beam conditions as a function of wave number uging,(v),
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p-polarized beam conditions as a function of wave number uging,(v),
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state, the shapes of the theoretical spectra are similar, but
there are significant changes in peak intensity, as might be
expected in going from a thinner to thicker film, and small
shifts in peak position.

VI. DISCUSSION

A. Comparison of experimental and theoretical IRAS
spectra

The quantityRs,. a1 /Ra, calculated using(v), is in-
cluded in Figs. 1 and 2broken curveg along with the ex-
perimental curves. A comparison of the experimental and
theoretical spectra for both films shows similar peak posi-
tion, but the theoretical bands are more intense. In addition, a
band at 367—368 ciit in the theoretical spectra of film B is
absent from the corresponding experimental spectra.

The experimental and theoretical absorption band fre-
guencies for film A(Table Ill) can be compared with TO and
LO loss function peakgTable IV). Both the experimental
and theoretical band frequencies correlate well with TO loss
function peaks at 262 and 435 ¢ Weaker bands in ex-
perimentalR at 355 cm* and in theoreticaR, at 374 cm'*
can be associated with an TO loss function peak at 367
cm ™. A strong band in experiment&, at 853 cm* and
theoreticaR, at 841 cm ! can be associated with an LO loss
function peak at 840 cit. Note that this band is absent in
Rs. We therefore associate this band with an LO-like reso-
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indicates that random orientational disorder reduces the ef-
v/c [em] fective dipole moment per unit film volume.
FIG. 8. Theoretical reflection coefficients for film B on aluminum for There is a.ISO a difference to note '.” the EXpe”memal
s-polarized beam conditions as a function of wave number ugng,(v), versus theoretical spectra when comparing the frequency of
(b) €, (v), and(c) e(v)=[2¢, (v)+ € (v)]/3. equivalent bands between films. Referring to Table lllI, the
difference in experimental frequencies of equivalent bands is
within experimental error when comparing films A and B.
However, this is not in general the case for the theoretical
nance in film A, a manifestation of the Berreman efféct, pand frequencies. For example, experimerRgl bands at
which finds LO resonances mpolarized spectra, but notin 260, 443, and 853 cnt in film A shift by —2, —5, and—4
s-polarized spectra. Similarly, weak structures in tRg  cm™?, respectively, in film B(within experimental error
spectrum can be traced to minor peaks of the LO loss funowhereas the theoretical shifts in these bands in going from
tion at 328 and 396 ci. film A to B are —14, —12, and+5 cm %, respectively.
The experimental and theoretical absorption band fre-
guencies for film B(Table Ill) can be compared with TO and
LO loss function peakgTable 1V). Both the experimental
and theoretical band frequencies can be correlated with T
loss function peaks at 262 and 435 ¢tnA strong band in To understand the relationship of the theoretical absorp-
experimentalR, at 849 cm Land in theoreticaR, at 846  tion bands to the loss functions for the vitreous films,
cm 1is in good agreement with an LO loss function peak atim[e(»)] and Inf—1/e(v)], and in particular to trace the
840 cm L. As in the case of film A, these peaks are absensource of the shifts in the theoretical spectra with increasing
from Rg, again, the Berreman effect. film thickness, we next consider the case in which the sub-
The experimental splittingA, o_to, of the high fre- strate is a perfect metpd(0)—cc]. Figure 9 compareR, and
quency “LO-TO" pair for both films is equal to 410-411 R, curves for film A on perfect and real metal substrates and
cm 1, in excellent agreement with that predicted from theshows the validity of ther(0)—« assumption. The effect of
difference in corresponding theoretical LO—TO loss functionfinite conductivity is to increase the overall absorpti@n
peaks in the vitreous films\ o_1o=404cm 1. For a crys- decrease the reflectivitybut there is very little change in the
talline solid, this correspondence yields the width of the highshape of the curves or in the positions of the absorption
reflectivity Reststrahlen band, amk o_to=441cm !, for  bands. The same conclusion applies to film B, where the
the analogous high frequendgLc LO-TO mode pair in perfect-metal and real-metal results are actually much closer
single-crystal anatagé.These results show that introducing together than they are for film A.
random disorder into an anatase crystal has the effect of nar- The expressions faRs andR,, for a film of thicknessd
rowing the Reststrahlen region. Furthermofgo_1o in @ on a perfect metal substrate can be obtained from the
crystalline solid is related to its ionicif§f, and this concept Berreman* or Hansef® expressions by taking the limit
has been extended to glasses as #lélhe fact thatA, o1, 0(0)— (also see Ref. 35The results for both polarizations
in the vitreous films is reduced from the single crystal valuecan be written in the following compact form,

B. Connection between absorption bands and loss
&Jnctions
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R=|(1+iatangd)/(1—iatanpd)|?, (7)

where a=(cos¢)[e(v)—sir? ¢] Y2 for s polarization, a
=[e(v) —sir? ¢]¥¥[ e(v)cosg] for p polarization, andg
=ko[ e(v) — sir? ¢]*2 with ko= 27 v/c.

Expanding Eq.(7) for a very thin film, i.e., for|ad|
<1 andkyd<1, we find,

Re=1-(4/3)(cose)(ked)® Im[e(v)], (8
and
R,=1—(4/3)(1/cose)(kod)® Im[ e()]
+ 4(sir? ¢plcose)(ked)Im[ 1/e(v)], 9)

where higher-order terms ikyd in both In{e(»)] and Inf1/
e(v)] have been omitted, anglis assumed to be not too close
to 90°. The conditior]8d|<1 can be relaxed t68d|<0.5
since this condition is only used to justify the series expan
sion tanBd=Bd+(Bd)%*3 in Eq. (7). We have numerically
verified that Eqs(8) and(9) are good approximations to the
“exact” theoretical results, from Eq(7), for film A on an
ideal-metal substrate, except that Ef) overestimates the
strength of the absorption band at 840¢nin the Rp spec-
trum.

Equations(8) and (9) show that for very thin films, the
absorption bands farpolarization are located at the peaks of
Im[e(v)], and forp polarization the absorption bands are lo-
cated at the peaks of [#(»)] and Inf—1/e(v)]. This phe-

Scarel et al.

of E to be continuous across the film/metal interface. Skce
vanishes in a perfect metal, afdis parallel to the surface
only for thes-polarized beam, there must be a nodeEiat

the film/metal interface for as-polarized beam, but not for a
p-polarized beam. More quantitatively, note that $quolar-
ization, the sine-wave standing wave patternEoin a very
thin film results in an essentially linear variation 6y rising
from zero at the film/metal interface to a constant at the
air/film interface. Since the absorbed power is proportional
to integral of|E|? over the film volume, we deduce that the
band intensity is proportional tok§d)® for s polarization.
For p polarization, on the other hanB, contains a dominant
componeng, , that is perpendicular to the film surface, and
this component has no node at the film/metal boundary. The
band intensity is now proportional ta,d, since|E|? is es-
sentially constant throughout the film and tthelependence

of the absorbed power enters only through the volume inte-
ral.

For film A, the conditionskod<1 and|Bd|<0.5 are
both satisfied. Thus, film A is in the very-thin-film limit, so
Egs. (8) and (9) are applicable, and therefore absorption
bands do occur at the peaks offkfv)] and Inf—1/e(v)]. For
film B, however,|Bd|>1 in the vicinity of the peaks in
Im[e(v)]. This difference accounts for the shifts in the theo-
retical absorption band frequencies associated with the peaks
of Im[&(v)] in going from film A to film B. If film B was still

nomenon is the essence of the Berreman effect: absorptidn the very-thin-film limit, the absorption bands in the theo-

bands for thin films occur irp polarization, but not ins
polarization at the peaks of [m1/e(v)], which is the LO
loss function for our film. Further, note that for very thin
films, the p-polarization absorption is dominated by [ll/
e(v)] peaks rather than by [ra(v)] peaks because absorption
bands associated with [&(v)] peaks are of orderkgd)3,
while the absorption bands associated with[-Hi/e(v)]
peaks are of ordekyd.

retical spectra for this film would remain where they are for
film A, consistent with our experimental observation. The
reason for the frequency shifts in the theoretical spectra ap-
pears to be that oui(v) expression, determined from Ed),

is too resonant, i.e., the values«pi) at the TO loss function
peaks are too large. A sharp resonance would also account
for the theoretical absorption bands being more intense than
the experimental absorption bands.

To understand the physical origin of these absorption ) . . )
band intensities for very thin films, note that the electricC- Choice of dielectric function

field, E in the film is parallel to the film surface in
s-polarization, whereas ip polarizationE is dominated by a

componentE, that is perpendicular to the surface. The ab-

sorption due to the parallel componenttofs proportional to
the TO loss function Ife(v)], and the absorption due ®,

is proportional to the LO loss function [m1/e(v)]. This is a
very general statement abodfry) and absorption bands in
very thin films, regardless of the physical processes occu

ring in the film. Thus, despite our use of the usual terminol-

ogy of TO and LO loss functions for Ipa(»)] and Inf—1/

€e(v)], respectively, this does not imply that vibrational modes

with atomic motion perpendicular or parallel to the direction
of propagation exist in our films. Indeed, Ed8) and (9)

would hold in the hypothetical case that a film did not sup-

The problem of constructing an appropriate dielectric
function for the vitreous films starting from orientationally
disordered anatase Ti—O units is a difficult one. Within a
mean-field-theory approach, this requires consideration of lo-
cal effective fields in inhomogeneous medidhe result de-
pends on the shape of the unit and its orientation with respect
to the macroscopic electric field. The choice of Eq(4) for

r_

e(v) implies that(on averaggthe effective field acting on a
unit is the macroscopic electric field in the medium, or, in
other words, there are no local-field correctidh2® Strictly
speaking, such a result is valid only if the individual units
have rodlike, needlelike, or platelike shapes with the long
axis along the direction of.5>"8If, on the other hand, the

port any vibrational modes at all, provided of course that allUnits are platelike and are oriented perpendiculak tdhe

relevant dynamical processes were included(ir).
The relative strength af-polarization ang-polarization

correct choice would be given by the “parallel capacitor for-
mula,” e(v) 1=[2¢,(v) '+ ¢/(v) 11/338 Clearly, in the

absorption bands can be understood from the fact that thiatter case, one would find strong absorption bands in

electric fieldE in the film is much weaker for as-polarized
beam than for @-polarized beami® This is a consequence of

p-polarized spectra at the LO mode resonances in bpofh)
and e, (v). This is not the case in our experiments. Further-

the boundary condition requiring the tangential componenmore, dielectric functions based on a preferred geometrical
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