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Spectroscopic ellipsometry of thin film and bulk anatase (TiOy)
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Spectroscopic ellipsometr{SE) measurements were made on thin-film and single-crysta} TiO
anatase using a two-modulator generalized ellipsometer. Thefilii®s were epitaxially stabilized

on a LaAlQ; substrate in the anatase crystal structure using reactive sputter deposition. The films
were highly crystalline, possessing a “stepped surface” morphology indicative of atomic
layer-by-layer growth. The SE results for the anatase film indicate that the material is essentially
oriented with thec axis perpendicular to the substrate, but there is some anisotropy near the interface
and the surface. Corrugations of the film surface, as observed using atomic force microscopy, are
consistent with a surface structure needed to create cross polarization. Accurate values of the optical
functions of crystalline anatase were obtained above and below the band edge using SE. Above the
band edge, both the ordinary and extraordinary complex dielectric functions exhibited two critical
points. © 2003 American Institute of Physic§DOI: 10.1063/1.1573737

I. INTRODUCTION to describe the linear interaction with light at each wave-
length. The ordinary refractive index and extinction coeffi-
TiO, is an interesting wide band-gap oxide that is potencients,n, andk,, are used to describe linear light interac-
tially of use in a number of applications, including transpar-tions for light polarized perpendicular to tleaxis of the
ent conducting oxide’,chemical sensors;> and optical  crystal, while the extraordinary refractive index and extinc-
components. TiQoccurs in three distinct polymorphs: rutile, tion coefficient,n, andk,, are used for light polarized along
anatase, and brookite. Anatase and rutile have different struehe c axis. As can be seen from the optical functions of rutile
tures but possess the same crystal symmeéiyragonal, presented in Refs. 25—27, the rutile form of Ji® highly
4/mmm, orD,y). Limited work has been done on brookite anisotropic, both above and below the band gap. Below the
(orthorhombic, mmm, oD,;, symmetry.® Anatase has an band gap, rutile has a very large birefringeficAn=(n,
elongated unit cella=3.78 A, ¢=9.52 A) with two natural ~ —n,)~0.27, making rutile a very useful optical material.
cleavage planef)01] and[011]. Scanning electron micros- Similarly, one expects that the optical functions of ana-
copy studies of th¢001] face of naturally occurring anatase tase will also be significantly anisotropic, but quite different
show that the surface reconstructs favoring 0&1] face!  from those of rutile. Other than the work of Ref. 24, very
Undoped anatase is an insulator with a band gap reported fiatle work of this kind exists in the literature. It is the pur-
be ~3.2 e\? and a reported static dielectric constant t8 be pose of this article to discuss the spectroscopic ellipsometric
31. TiG, can be made an-type semiconductor with a carrier measurements of both thin-film and bulk anatase, performed
concentration of~10' cm™3 via chemical substitution or using the two-modulator generalized ellipsometer
by Ti interstitials®-12 (2-MGE).? This instrument, briefly described below, is ca-
Numerous prior efforts have concentrated on the formapable of measuring the normal ellipsometric parameters, as
tion of anatase films that are both phase pure and highlyell as the cross-polarization parameters from an optical re-
crystalline®*~**In general, epitaxial stabilization offers a flection experiment, thereby allowing for the complete deter-
means by which anatase thin films can be obtained on latticgnination of the optical functions of a suitably oriented an-
matched substrates—often using processing conditiongotropic material from a single measurement.
where the phase is thermodynamically unstable in the bulk.
Acr_uevmg an understandmg of_the 9pt|cal propert.|es of eP, EXPERIMENT
taxial stabilized anatase thin films is necessary in order to
assess the viability of these materials for a variety of photoA. Sample preparation

nic applications. ) The thin-film sample of anatase was fabricated on a
Since both anatase and rutile have tetragonal symmetry,, a0, substrate in a reactive rf magnetron sputter deposi-
they are optically anisotropic with uniaxial symmetry. That o, system equipped with a load-lock for substrate ex-
is, two refractive indices and two extinction coefficie®s,  change A quartz lamp heater provided for substrate heating
equivalently, two complex dielectric functionare required up to 750 °C. Ti sputtering targets of 2 in. diameter were
used. The target-to-substrate distance was approximately 15
dElectronic mail: jellisongejr@ornl.gov cm. The base pressure of the deposition system was on the
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order of 5 108 Torr. For epitaxially stabilized anatase film
growth, (001 LaAlO; was chosen as the substrate as it pro-
vides a lattice mismatch on the order of 0.2%. The substrates
were cleaned in trichloroethylene, acetone, and ethanol prior
to mounting on the sample platen with Ag paint. Oxygen was
provided through a mass-flow control valve.

The crystalline sample of anatase was naturally occur-
ring, and the sample surface was obtained by using the natu-
ral cleavage plane along@11] face. For this orientation, the
optic axis makes an angle of 68.3° with respect to the sample
surface normal. The sample surface was cleaned with a
methanol rinse and Ndrying before the measurement.

B. Ellipsometric measurement

The optical functions of thin-film and bulk anatase were
determined using the two-modulator generalized ellipsom-
eter (2-MGE).?® Light reflection from a nondepolarizing
sample can be conveniently expressed in terms of its Jones
matrix, which is given b$’

J:(rpp rDS):rSS(Ppp PDS)’ D

Fsp Tss Psp 1

where each of the elements dfare complex. Therefore, six
elements are required to completely specify the normalized
matrix J. The complex cross-polarization terms, and p s
are normally zero for isotropic samples, but can be nonzero
for anisotropic samples. This is because the and
p-polarization states are no longer eigenmodes for reflection
from anisotropic samples. The 2-MGE is capable of measurFIG. 1-f AtOTiC fOfr_lce minOSCO(DG;@\; |OIV0[€3>Sgluti0n :%tg hcigh rr]esqlutifiﬂ
ing the six elements of the complex,,ps,, andp,s simul- ~ Scan of anatase Him grown att;) = orr an °C, showing the
taﬂeously. If the sample is app?g?aﬁlg aligrfé)usbt is. if stepped growth surface with a terrace spacing-680 nm.
psp @nd p,s are significantly different from )0 then only a
single measurement is required to determine all of the opticalnd the PSA that aré0°,+45°, (90°,+45°),(+45°,09, or
functions (,,Ko . Ne  Ke). (+45°,909, then either the upper-right or the lower-left
The details of the 2-MGE are discussed in Ref. 28. Theyock of the sample Mueller matrix is completely measured.
instrument consists of two polarizer-photoelastic modulatolf the sample is nondepolarizing then light reflecting from
pairs, one acting as the polarization-state generd®&QG,  the sample can be described using the sample Mueller—Jones
the other as the polarization-state analy®8A. The modu-  matrix and all six elements of the normalized Jones matrix
lators are operated at different frequencies,£50.2 and  can be determinetsee Refs. 28 and 29 for details
w1=60.2 kH32, so the resulting intensity wave form at the
detector is of the form lll. RESULTS AND DISCUSSION
[(t)=lgct+IxoXo+yoYo+ IxiXy+1y1Y1+Ixox1XoXy

In terms of crystallinity and surface morphology, the
oy XoY1+ TvoxiYoX1+ Ivoy1YoY1, (20 anatase films grown using ;,Owere excellent. Films
deposited at 700 °C and®,) =102 Torr were phase-pure

where anatase with no evidence of rutile as a secondary phase.
Xi=sin A; sin(w;t)], (3a  The epitaxial relationship between the film and substrate,

) ) as determined by four-circle x-ray diffraction, is

Yi=cogA; sin(wit)], 1=0,1. (3b) (00D[110] ani0, /(00)[110]anaase @S reported  else-

The Bessel angles; are proportional to the modulating am- where3°3! The surface morphology exhibits evidence for
plitude of each modulator. Using Fourier analysis, the eighstep-flow or atomic layer-by-layer growth in atomic force
coefficients | xg,lvo, ! x1:1v1I xox1: 1 xoy1:yox1, and lygyi microscopy(AFM) images. Figure 1 is an AFM image show-
are measured relative tg. which serves as a normalization ing the growth morphology defined by surface terraces. The
factor. If the instrument is properly calibrated and alighgd, rms roughness for this film is 2.1 nm.

the eight parameters are independent and are equal to eight Figure 2 shows the complex reflection ratios measured
different elements of the normalized Mueller mat(possi-  using the 2-MGE from the anatase/LaAl€ample(with the

bly times a sign factgrassociated with light reflection from c axis of the anatase perpendicular to the substrasea
the sample surface. For azimuthal orientations of the PS@unction of photon energy with an angle of incidence of 65°.
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TABLE I. The results of the fitting procedure of the data shown in Fig. 1

———r
03 Re(p), Im(p) using a five-medium modé¢including air as the ambientresulting in a final
0.2 3 x2=0.28. Fitted parameters include a &rror estimation, while set param-
0.1 3 /\ /\ eters have no associated error. The photon energy span was restricted to
0.0 74 r 1.48-3.10 eV for this fit.
-01F E . ;
E E Thickness Sellmeieri,
0.2 E Re(P) E Layer (nm) Sellmeier A (nm)
‘0-3 E PURPI I~
r r v r——— Surface roughness 4D.1
0.005 Anatase film 1591 4.73+0.03 233:2
) Interface 192 3.82+0.1 255
L LaAlO; substrate 3.190.02 126
0.000 |
-0.005 interfacial layer/LaAlQ. The surface roughness was mod-
eled using the Bruggeman effective medium approximétion
0'010;' using 50% anatase and 50% voids. In this photon energy
0.005 s region(below the band edgethe anatase film was modeled
) [ using a simple Sellmeier approximation:
0.000 | , AN2
E n(A)“=1+ 2 (4)
-0.005 F 0

where\ y andA are fitted parameters ands the wavelength
of light. The interfacial layer was modeled using the Sell-
Energy (eV) meier approximation, with a different value &f but with
o , _ the value ofr  set to 255 nm(This is close to the final value
FIG. 2. Real and imaginary parts of the complex reflection ratios from any¢ ) * for the film, and was fixed to reduce the number of
ellipsometry experiment at an angle of incidence of 65°. The solid lines refer, .
to the experiment where tH601) axis of the substrate was aligned with the fitted parameters.The LaAlO; substrate was also described
plane of incidence, while the dotted lines refer to the case where this angleising Eq.(4), where\ g5,,Was set to 126 nnffrom indepen-
is 45°. dent measurementsandA was treated as a fitted parameter.
All told, there were seven fitting parameters, and the results
of this fit are summarized in Table I.
Three sets of measurements were taken at different angles  Using the parameters shown in Table |, it is possible to
of the substrat€001) axis with respect to the plane of inci- obtain approximate values of the refractive index and the
dence(the 90° measurement is not showihere is very extinction coefficientk) of the anatase film from the 0° data
little variation of the standard ellipsometric reflection ratio in some regions of the spectrufsee Fig. 3. (Here, the no-
with y. However, interference oscillations are easily observ4ation (n) and(k) indicates that the calculated values rof
able in thepg, and p, reflection ratios wheny=+45°,  andk contain contributions from both the ordinary and ex-
which is not observed with the measurements takep=dd®  traordinary values; this is obviously different from the nor-
(or at y=90°, not showih Well above the band edde-3.8  mal ellipsometric definitions of the pseudo refractive index
eV), no interference oscillations are observed, bu the imagiand pseudo extinction coefficienfThe values ofn) below
nary part ofpg, is ~0.006. the band edge are just the calculatedrom the Sellmeier

Ideally, one would expect no cross polarization from aapproximation, while the values gh) and (k) above the
c-axis-perpendicular film on a cubic substrate. However, théband edge are calculated from the ellipsometric data—
displaced Imps,,) and the oscillations observed whes45°  correcting for the surface roughness thickness shown in
indicate that the sample is not a simglaxis perpendicular Table I. Aspne® has shown that if the magnitude of the
film on a cubic substrate. The displaced pyy) above the complex dielectric function is much greater than 1, then el-
band edge indicates that either thaxis of the film is off  lipsometric measurements ofcaaxis perpendicular sample
normal by a small amount and randomly oriented, or that thevill be most sensitive to the ordinary refractive index and
surface roughness is creating some cross polarization. Thextinction coefficientn, and k,, so(n) and(k) should be
oscillations observed below3.4 eV for they=45°-oriented reasonably close to, andk, for anatase.
sample(but not for they=0°-oriented samp)eindicate that For comparison purposes, spectroscopic ellipsometry
there is a significant interfacial region between the substratmeasurements were also made using a naturally occurring
and the film where the axis is not normal to the substrate. sample of anatase, where the reflection face i$Qté&| natu-

In order to analyze the data shown in Fig. 2, it is neces+al cleavage plane. Using the ellipsometric data well below
sary to model the near-surface region of the fiffzor the  the band edge, it is possible to estimate the surface rough-
determination of the film thicknesses, the photon energiesess, assuming that it can be modeled using the Bruggeman
were restricted to the transparent regionl.48—3.1 eV, effective medium approximation according to the procedure
and the near-surface region was modeled using a fivedescribed in Refs. 25 and 29. Once the surface roughness is
medium structure: air/surface roughness/anatase filmknown, the ellipsometric data can be used to determine the
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FIG. 3. The refractive index and extinction coefficient bulk anatase, rutile, gy( V)
and thin-film anatase determined from the spectroscopic ellipsometry datq,_.IG 4. The complex dielectric function for bulk anatase, rutile

film anatase, determined from the values shown in Fig. 3.

and thin-

complex refractive indicesn(,k,,ne, andk., where theo
index indicates the ordinary values and thimdex indicates
the extraordinary valug¢sThese values are shown in Fig. 3.
It is also possible to display the complex refractive index in

terms of the complex dielectric functior: {=n’—k? &, The spectroscopic ellipsometry results for the thin film
=2nk) and the optical absorption coefficient4mk/N),  ghow that it is somewhat different than either rutile or ana-
as shown in Figs. 4 and 5. These figures also show comparjzse The effective spectroscopic refractive index of the ana-
son values of the complex indices of refraction of rutile, ;¢ film(n) is somewhat lower than that of eitheg andn,
determined down to 222 nm in a similar fashion to the vaIue%f rutile, but higher than eithen of anatase. However, the

shown in Ref. 25. values ofk above the band edge resemble the valuds, aff

_Clearly, the complex refractive indices of anatase andynatase, which is to be expected from the approximation of
rutile are quite different. Below the band edge, rutile has 3spnes®

higher refractive index, as well as a greater value of birefrin-
gence, than does anatase. Above the band edge, two critical

points (that is, features in the, spectra are observable in

the spectra of anatage shoulder at 3.8 eV and a broad peak [ AR Y
at 4.8 eV fore,, and a peak at 4.3 and a shoulder at 5.05 eV

for e,), while rutile exhibits one peatat 4.1 eV fore,, and 10°
a much stronger one at 4.3 eV feg.). The absorption co-
efficients for rutile(both o, and a,) and «,, for anatase fall

off rapidly with decreasing photon energy near the band
edge. However, thex, for anatase falls off much more
gradually.

The values ok, can be compared with the results of the
band structure calculations of Mo and Chitigthe values of
€20 and e, (denoted as,,, ande,,, respectively, in Ref,
34) are shown in Fig. 6 for rutile and anatase. As can be seen, 10*
other thane,, for rutile, the magnitudes of the peaks gener- S —
ally agree. However, there are significant differences be- 30 35 4.0 4.5 50 55
tween the values of, determined experimentally and from Energy (&V)
the calculations. In all cases, the calculations indicate signifir;g. 5. The optical absorption coefficient for bulk anatase, rutile, and thin-
cant optical absorption above2.5-3 eV, which is not ob- film anatase, determined from the values shown in Fig. 3.

served experimentally. Furthermore, the two peaks,iob-
served in both the and e spectra of anatase are not well
represented in the calculated spectra.

T

Absorption Coefficient (1/am)
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