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Spectroscopic ellipsometry of thin film and bulk anatase „TiO2…
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Spectroscopic ellipsometry~SE! measurements were made on thin-film and single-crystal TiO2

anatase using a two-modulator generalized ellipsometer. The TiO2 films were epitaxially stabilized
on a LaAlO3 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 Physics.@DOI: 10.1063/1.1573737#
n
ar

,
tru

te

-
e

d
e
r
r

a
h
a
tic
io
ul
p
r
to

et
a

e-
fi-
c-

c-
g
ile

the

a-
nt
ry
r-
tric
ed

ter
a-
, as
re-

er-
n-

a
si-
x-
ting
re
y 15

the
I. INTRODUCTION

TiO2 is an interesting wide band-gap oxide that is pote
tially of use in a number of applications, including transp
ent conducting oxides,1 chemical sensors,2–5 and optical
components. TiO2 occurs in three distinct polymorphs: rutile
anatase, and brookite. Anatase and rutile have different s
tures but possess the same crystal symmetry~tetragonal,
4/mmm, orD4h). Limited work has been done on brooki
~orthorhombic, mmm, orD2h symmetry!.6 Anatase has an
elongated unit cell~a53.78 Å, c59.52 Å! with two natural
cleavage planes@001# and @011#. Scanning electron micros
copy studies of the@001# face of naturally occurring anatas
show that the surface reconstructs favoring the@011# face.7

Undoped anatase is an insulator with a band gap reporte
be ;3.2 eV8 and a reported static dielectric constant to b9

31. TiO2 can be made ann-type semiconductor with a carrie
concentration of;1019 cm23 via chemical substitution o
by Ti interstitials.10–13

Numerous prior efforts have concentrated on the form
tion of anatase films that are both phase pure and hig
crystalline.9,14–24 In general, epitaxial stabilization offers
means by which anatase thin films can be obtained on lat
matched substrates—often using processing condit
where the phase is thermodynamically unstable in the b
Achieving an understanding of the optical properties of e
taxial stabilized anatase thin films is necessary in orde
assess the viability of these materials for a variety of pho
nic applications.

Since both anatase and rutile have tetragonal symm
they are optically anisotropic with uniaxial symmetry. Th
is, two refractive indices and two extinction coefficients~or,
equivalently, two complex dielectric functions! are required

a!Electronic mail: jellisongejr@ornl.gov
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to describe the linear interaction with light at each wav
length. The ordinary refractive index and extinction coef
cients,no and ko, are used to describe linear light intera
tions for light polarized perpendicular to thec axis of the
crystal, while the extraordinary refractive index and extin
tion coefficient,ne andke , are used for light polarized alon
thec axis. As can be seen from the optical functions of rut
presented in Refs. 25–27, the rutile form of TiO2 is highly
anisotropic, both above and below the band gap. Below
band gap, rutile has a very large birefringence25 Dn5(ne

2no);0.27, making rutile a very useful optical material.
Similarly, one expects that the optical functions of an

tase will also be significantly anisotropic, but quite differe
from those of rutile. Other than the work of Ref. 24, ve
little work of this kind exists in the literature. It is the pu
pose of this article to discuss the spectroscopic ellipsome
measurements of both thin-film and bulk anatase, perform
using the two-modulator generalized ellipsome
~2-MGE!.28 This instrument, briefly described below, is c
pable of measuring the normal ellipsometric parameters
well as the cross-polarization parameters from an optical
flection experiment, thereby allowing for the complete det
mination of the optical functions of a suitably oriented a
isotropic material from a single measurement.

II. EXPERIMENT

A. Sample preparation

The thin-film sample of anatase was fabricated on
LaAlO3 substrate in a reactive rf magnetron sputter depo
tion system equipped with a load-lock for substrate e
change. A quartz lamp heater provided for substrate hea
up to 750 °C. Ti sputtering targets of 2 in. diameter we
used. The target-to-substrate distance was approximatel
cm. The base pressure of the deposition system was on
7 © 2003 American Institute of Physics
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order of 531028 Torr. For epitaxially stabilized anatase film
growth, ~001! LaAlO3 was chosen as the substrate as it p
vides a lattice mismatch on the order of 0.2%. The substr
were cleaned in trichloroethylene, acetone, and ethanol p
to mounting on the sample platen with Ag paint. Oxygen w
provided through a mass-flow control valve.

The crystalline sample of anatase was naturally occ
ring, and the sample surface was obtained by using the n
ral cleavage plane along a@011# face. For this orientation, the
optic axis makes an angle of 68.3° with respect to the sam
surface normal. The sample surface was cleaned wit
methanol rinse and N2 drying before the measurement.

B. Ellipsometric measurement

The optical functions of thin-film and bulk anatase we
determined using the two-modulator generalized ellipso
eter ~2-MGE!.28 Light reflection from a nondepolarizing
sample can be conveniently expressed in terms of its Jo
matrix, which is given by29

J5S r pp r ps

r sp r ss
D 5r ssS rpp rps

rsp 1 D , ~1!

where each of the elements ofJ are complex. Therefore, si
elements are required to completely specify the normali
matrix J. The complex cross-polarization termsrsp andrps

are normally zero for isotropic samples, but can be nonz
for anisotropic samples. This is because thes- and
p-polarization states are no longer eigenmodes for reflec
from anisotropic samples. The 2-MGE is capable of mea
ing the six elements of the complexrpp ,rsp , andrps simul-
taneously. If the sample is appropriately aligned~that is, if
rsp and rps are significantly different from 0!, then only a
single measurement is required to determine all of the opt
functions (no ,ko ,ne ,ke).

The details of the 2-MGE are discussed in Ref. 28. T
instrument consists of two polarizer-photoelastic modula
pairs, one acting as the polarization-state generator~PSG!,
the other as the polarization-state analyzer~PSA!. The modu-
lators are operated at different frequencies (v0550.2 and
v1560.2 kHz!, so the resulting intensity wave form at th
detector is of the form

I ~ t !5I dc1I XOXO1I YOYO1I X1X11I Y1Y11I X0X1X0X1

1I X0Y1X0Y11I Y0X1Y0X11I Y0Y1Y0Y1 , ~2!

where

Xi5sin@Ai sin~v i t !#, ~3a!

Yi5cos@Ai sin~v i t !#, i 50,1. ~3b!

The Bessel anglesAi are proportional to the modulating am
plitude of each modulator. Using Fourier analysis, the ei
coefficients I X0 ,I Y0 ,I X1 ,I Y1 ,I X0X1 ,I X0Y1 ,I Y0X1 , and I Y0Y1

are measured relative toI dc which serves as a normalizatio
factor. If the instrument is properly calibrated and aligned28

the eight parameters are independent and are equal to
different elements of the normalized Mueller matrix~possi-
bly times a sign factor! associated with light reflection from
the sample surface. For azimuthal orientations of the P
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
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and the PSA that are~0°,645°!, ~90°,645°!,~645°,0°!, or
~645°,90°!, then either the upper-right or the lower-le
block of the sample Mueller matrix is completely measure
If the sample is nondepolarizing then light reflecting fro
the sample can be described using the sample Mueller–J
matrix and all six elements of the normalized Jones matriJ
can be determined~see Refs. 28 and 29 for details!.

III. RESULTS AND DISCUSSION

In terms of crystallinity and surface morphology, th
anatase films grown using O2 were excellent. Films
deposited at 700 °C and P~O2)51023 Torr were phase-pure
anatase with no evidence of rutile as a secondary ph
The epitaxial relationship between the film and substra
as determined by four-circle x-ray diffraction, i
~001!@110#LaAlO3

//~001!@110#anatase, as reported else
where.30,31 The surface morphology exhibits evidence f
step-flow or atomic layer-by-layer growth in atomic forc
microscopy~AFM! images. Figure 1 is an AFM image show
ing the growth morphology defined by surface terraces. T
rms roughness for this film is 2.1 nm.

Figure 2 shows the complex reflection ratios measu
using the 2-MGE from the anatase/LaAlO3 sample~with the
c axis of the anatase perpendicular to the substrate! as a
function of photon energy with an angle of incidence of 65

FIG. 1. Atomic force microscope~a! low resolution and~b! high resolution
scan of anatase film grown at P~O2)51023 Torr and 750 °C, showing the
stepped growth surface with a terrace spacing of;160 nm.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Three sets of measurements were taken at different angg
of the substrate~001! axis with respect to the plane of inc
dence~the 90° measurement is not shown!. There is very
little variation of the standard ellipsometric reflection ratior
with g. However, interference oscillations are easily obse
able in thersp and rps reflection ratios wheng5645°,
which is not observed with the measurements taken atg50°
~or at g590°, not shown!. Well above the band edge~;3.8
eV!, no interference oscillations are observed, bu the ima
nary part ofrsp is ;0.006.

Ideally, one would expect no cross polarization from
c-axis-perpendicular film on a cubic substrate. However,
displaced Im(rsp) and the oscillations observed wheng545°
indicate that the sample is not a simplec-axis perpendicular
film on a cubic substrate. The displaced Im(rsp) above the
band edge indicates that either thec axis of the film is off
normal by a small amount and randomly oriented, or that
surface roughness is creating some cross polarization.
oscillations observed below;3.4 eV for theg545°-oriented
sample~but not for theg50°-oriented sample! indicate that
there is a significant interfacial region between the subst
and the film where thec axis is not normal to the substrat

In order to analyze the data shown in Fig. 2, it is nec
sary to model the near-surface region of the film.28 For the
determination of the film thicknesses, the photon energ
were restricted to the transparent region~;1.48–3.1 eV!,
and the near-surface region was modeled using a fi
medium structure: air/surface roughness/anatase fi

FIG. 2. Real and imaginary parts of the complex reflection ratios from
ellipsometry experiment at an angle of incidence of 65°. The solid lines r
to the experiment where the~001! axis of the substrate was aligned with th
plane of incidence, while the dotted lines refer to the case where this a
is 45°.
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
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interfacial layer/LaAlO3. The surface roughness was mo
eled using the Bruggeman effective medium approximatio32

using 50% anatase and 50% voids. In this photon ene
region~below the band edge!, the anatase film was modele
using a simple Sellmeier approximation:

n~l!2511
Al2

l22l0
2 , ~4!

wherel0 andA are fitted parameters andl is the wavelength
of light. The interfacial layer was modeled using the Se
meier approximation, with a different value ofA, but with
the value ofl0 set to 255 nm.~This is close to the final value
of l0 for the film, and was fixed to reduce the number
fitted parameters.! The LaAlO3 substrate was also describe
using Eq.~4!, wherel0subwas set to 126 nm~from indepen-
dent measurements!, andA was treated as a fitted paramete
All told, there were seven fitting parameters, and the res
of this fit are summarized in Table I.

Using the parameters shown in Table I, it is possible
obtain approximate values of the refractive index^n& and the
extinction coefficient̂ k& of the anatase film from the 0° dat
in some regions of the spectrum~see Fig. 3!. ~Here, the no-
tation ^n& and ^k& indicates that the calculated values ofn
and k contain contributions from both the ordinary and e
traordinary values; this is obviously different from the no
mal ellipsometric definitions of the pseudo refractive ind
and pseudo extinction coefficient.! The values of̂ n& below
the band edge are just the calculatedn from the Sellmeier
approximation, while the values of̂n& and ^k& above the
band edge are calculated from the ellipsometric dat
correcting for the surface roughness thickness shown
Table I. Aspnes33 has shown that if the magnitude of th
complex dielectric function is much greater than 1, then
lipsometric measurements of ac-axis perpendicular sampl
will be most sensitive to the ordinary refractive index a
extinction coefficientno and ko , so ^n& and ^k& should be
reasonably close tono andko for anatase.

For comparison purposes, spectroscopic ellipsome
measurements were also made using a naturally occur
sample of anatase, where the reflection face is the@011# natu-
ral cleavage plane. Using the ellipsometric data well bel
the band edge, it is possible to estimate the surface rou
ness, assuming that it can be modeled using the Brugge
effective medium approximation according to the proced
described in Refs. 25 and 29. Once the surface roughne
known, the ellipsometric data can be used to determine

n
r

le

TABLE I. The results of the fitting procedure of the data shown in Fig
using a five-medium model~including air as the ambient!, resulting in a final
x250.28. Fitted parameters include a 2s error estimation, while set param
eters have no associated error. The photon energy span was restric
1.48–3.10 eV for this fit.

Layer
Thickness

~nm! Sellmeier A
Sellmeierlo

~nm!

Surface roughness 4.160.1
Anatase film 15961 4.7360.03 23362
Interface 1962 3.8260.1 255
LaAlO3 substrate 3.1960.02 126
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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complex refractive indices (no ,ko ,ne , andke , where theo
index indicates the ordinary values and thee index indicates
the extraordinary values!. These values are shown in Fig.
It is also possible to display the complex refractive index
terms of the complex dielectric function («15n22k2; «2

52nk) and the optical absorption coefficient (a54pk/l),
as shown in Figs. 4 and 5. These figures also show comp
son values of the complex indices of refraction of ruti
determined down to 222 nm in a similar fashion to the valu
shown in Ref. 25.

Clearly, the complex refractive indices of anatase a
rutile are quite different. Below the band edge, rutile ha
higher refractive index, as well as a greater value of birefr
gence, than does anatase. Above the band edge, two cr
points ~that is, features in the«2 spectra! are observable in
the spectra of anatase~a shoulder at 3.8 eV and a broad pe
at 4.8 eV for«2o and a peak at 4.3 and a shoulder at 5.05
for «2e), while rutile exhibits one peak~at 4.1 eV for«2o and
a much stronger one at 4.3 eV for«2e). The absorption co-
efficients for rutile~both ao andae) andao for anatase fall
off rapidly with decreasing photon energy near the ba
edge. However, theae for anatase falls off much mor
gradually.

The values of«2 can be compared with the results of th
band structure calculations of Mo and Ching.34 The values of
«2o and«2e ~denoted as«2xy and«2z , respectively, in Ref.
34! are shown in Fig. 6 for rutile and anatase. As can be se
other than«2e for rutile, the magnitudes of the peaks gen
ally agree. However, there are significant differences
tween the values of«2 determined experimentally and from
the calculations. In all cases, the calculations indicate sig
cant optical absorption above;2.5–3 eV, which is not ob-

FIG. 3. The refractive index and extinction coefficient bulk anatase, ru
and thin-film anatase determined from the spectroscopic ellipsometry d
Downloaded 11 Sep 2009 to 160.91.157.167. Redistribution subject to AI
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served experimentally. Furthermore, the two peaks in«2 ob-
served in both theo and e spectra of anatase are not we
represented in the calculated spectra.

The spectroscopic ellipsometry results for the thin fi
show that it is somewhat different than either rutile or an
tase. The effective spectroscopic refractive index of the a
tase film^n& is somewhat lower than that of eitherno andne

of rutile, but higher than eithern of anatase. However, th
values ofk above the band edge resemble the values ofko of
anatase, which is to be expected from the approximation
Aspnes.33

,
a.FIG. 4. The complex dielectric function for bulk anatase, rutile, and th
film anatase, determined from the values shown in Fig. 3.

FIG. 5. The optical absorption coefficient for bulk anatase, rutile, and th
film anatase, determined from the values shown in Fig. 3.
P license or copyright; see http://jap.aip.org/jap/copyright.jsp
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Generally, accurate spectroscopic ellipsometry meas
ments of the absorption coefficienta can only be made for
values of a.;104 cm21, and optical transmission mea
surements can be used to measurea for a,;100 cm21. As
a result there is a range of absorption coefficients from;102

to 104 cm21 where it is very difficult to obtain good mea
surements of the absorption coefficient. In addition, opti
absorption in this region is often complicated by surfa
scattering, Urbach tail absorption, and other nonintrinsic
fects that can contribute to the measured optical absorp
As a result, only estimates of the optical and edge can o
be made from either ellipsometry or transmissi
measurements.35–37 If we define the optical band edge as t
photon energy where the value ofa5104 cm21, then the
band edges areEgo(rutile)53.84eV, Ege~rutile53.51,
Ego~anatase!53.57 eV, andEge~anatase!53.67. These values
are considerably higher than those obtained from transm
sion measurements.35–37
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FIG. 6. The imaginary part of the complex dielectric function for both rut
and anatase, compared with the band structure calculations of Mo
Ching.
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