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Ceria is a transparent oxide suitable for various optical and optoelectronic devices. In this work, we
tailor independently the refractive indexn and fundamental gapEg of nanocrystalline Ceria films by
varying the substrate temperature or using Ar1 ion beams during growth with electron beam
evaporation. Spectroscopic ellipsometry and x-ray reflectivity are employed to studyn andEg and
to identify the physical parameters that affect them. We correlaten ~varies from 1.65 to 2.15 in the
studied films! with the film density through a universal, square law. The film composition strongly
affectsEg , which varies from 2.8 to;2.0 eV. The optical absorption below 3 eV and theEg shift
are attributed to O-defect states and not to modifications in interband transitions. ©2002
American Institute of Physics.@DOI: 10.1063/1.1494458#
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Cerium dioxide (CeO2) or Ceria is a transparent oxide i
the visible and near-IR spectral region. Thin films of Ce
exhibit physical properties such as fluorite structure with
tice constant (a50.541 nm) similar to that of Si, high refrac
tive index, and dc dielectric constant. Therefore, Ceria fil
are suitable for applications in optical,1,2 electro-optical,3,4

microelectronic,5–8 and optoelectronic9 devices.
Several deposition techniques have been used to g

Ceria films; among them is electron-beam evaporat
~EBE!.1,5 Various reports have addressed the optical prop
ties of Ceria films1,4,7–10 providing different values for the
refractive indexn ~from 1.6 to 2.5 at 633 nm!, and the fun-
damental gapEg . The reported results are qualitatively co
tradictory; e.g., the substrate temperatureTs has been re-
ported either to decrease1 or increase4 n. Therefore, there is
still a need for the accurate determination and the ability
tailor Eg and n of Ceria films, which are essential for the
use in optical and optoelectronic devices.

In this work, the optical properties of nanocrystallin
~grains of 8–40 nm! Ceria films are correlated with the
microstructure. In addition, we show that theirEg andn can
be tailored accordingly. The optical properties of Ceria
were studied by spectroscopic ellipsometry~SE! data analy-
sis with the Tauc–Lorentz~TL! model.11 The film micro-
structure was studied by x-ray photoelectron spectrosc
~XPS!, x-ray diffraction~XRD! and reflectivity~XRR!.12 We
found that the EBE deposition at room temperature~RT! re-
sults to films with Eg52.4 eV andn;1.65, while Ceria
films deposited withTs5950 °C exhibitEg52.8 eV andn
52.15. The refractive index has been explicitly correla
with the film density according to the classical dispers
theory,13 revealing that density is the key factor to varyn. On
the other hand, the film composition and microstructure
fectsEg , as it has been shown by comparing films produc
by EBE and ion beam assisted deposition~IBAD !.

Ceria films, 110–170 nm thick, were deposited by EB
on c-Si~001! substrates in an ultrahigh vacuum chamb
~base pressure,131029 Torr! at variousTs ~RT-950 °C!

a!Electronic mail: ppats@skiathos.physics.auth.gr
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using a 40–50 mA/7 kV electron beam. Additional Cer
specimens were produced by IBAD~subsequent EBE depo
sition and bombardment with a 50 mA/0.75–1.25 keV A1

ion beam using a Kauffman ion source!. The optical proper-
ties of the deposited films were measured at RT by a ph
modulated spectroscopic ellipsometer in the spectral ra
1.5–5.5 eV with a step of 20 meV at 70° angle of inciden
XRR/XRD experiments were conducted in a Sieme
D-5000 diffractometer, equipped with a Goebel mirror,
Bragg–Brentano geometry.12 XRR scans with 0.1° detecto
offset were conducted to subtract the contribution of the s
tered radiation from the specular scan.

Experimental XPS results~not presented! have shown
that the averagex5@O#/@Ce# ratio is of the order of 1.9 for
the studied films. XPS determined the O deficiency in
films from the fraction of trivalent Ce13, which corresponds
to Ce2O3. The amount of the Ce2O3 varied from;10% to
;5%, decreasing withTs . XRD identified only the fluorite
crystal structure of CeO2 ~with the same cell size with bulk
CeO2!,14 suggesting that the Ce2O3 phase is amorphous. Thi
phase is possibly located around the grain boundaries of
nanocrystalline Ceria, as its content decreases with incr
ing grain size.

SE measures the ellipsometric anglesC and D from
which the complex dielectric function«̃ ~v! (5«1(v)
1 i«2(v)) can be determined. In the case of transparent
ria films, the measured quantity is the pseudodielectric fu
tion ^«̃(v)&, which also takes into account the thickness
the film due to the multiple reflections from the film
substrate interface. In order to evaluate the dielectric fu
tion of each Ceria film itself, thê«̃(v)& were fitted using a
model of 2-TL oscillators~electronic transitions!,11 which
determinesEg as well as the energy positionEo , broadening
and strength of each oscillator, in combination with t
three-phase model~air/film/Si! which takes into account the
film thickness and the substrate contribution to the measu
C andD.13

Figure 1 shows the measuredC ~circles! and D ~tri-
angles! spectra from a representative Ceria film, 16065 nm
thick, deposited by EBE at RT on Si~100! and the corre-
sponding results of the 2-TL fitting~solid line C, and dash
© 2002 American Institute of Physics
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line D!. The TL oscillators are located atEo;4 and;8 eV
and correspond to the 2p→4 f and 2p→5d interband
transitions,15 respectively. Then(v) and extinction coeffi-
cient k(v) were calculated from«̃(v)@5(n1 ik)2#, using
the values of best-fit parameters, and they are shown in
2 for the two marginal cases of Ceria films deposited by E
at RT and 950 °C. Then,k values forE,1.5 eV are the ex-
trapolation of the TL-model results. The film deposited
950 °C exhibits highern(v;0)52.15 andEg;2.8 eV, than
the film deposited at RT, which exhibitsn(v50)51.65 and
Eg;2.4 eV. The difference inn is mainly attributed to the
film density. It has been also found that the values ofn for
E,Eg are not affected by the surface roughness~3–4 nm! of
the films. The values ofEg have been determined by the T
model and they are smaller than those reported in literatu10

This is a typical underestimation ofEg when the TL model is
used, due to the Urbach tails in optical absorption, which
caused by defect states in the gap.11 The realEg values are
estimated to be about 0.5 eV higher, as it was observe
thicker films, grown with similar conditions, using Tau
plots. We found thatEg decreases with increasing Ce13 con-
tent in EBE films. This is in agreement with earlier wor
reporting that the O deficiency in bulk CeO2 induces optical
absorption below 3 eV.15 In addition, the IBAD-produced
film, which is more O deficient than the film deposited
EBE at 950 °C and consists of smaller grains, exhib
smaller gapEg;2.1 eV, though it is dense and exhibits hig
n52.05. This shows that we can tailorn and Eg indepen-

FIG. 1. The measuredC andD angles from a representative, EBE-produc
Ceria film and the corresponding results of the fitting with the 2-TL mod

FIG. 2. The calculatedk(v), n(v) for two Ceria films deposited at RT an
950 °C, based on the results of the 2-TL fitting.
Downloaded 02 Apr 2013 to 195.251.197.48. This article is copyrighted as indicated in the abstract.
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dently and that there is no direct correlation between the
The film densityr was calculated by XRR from the criti

cal angle for total reflectionuc.
12 The XRR data were ana

lyzed by the Siemens/RefSim Software and a Monte Ca
~MC! algorithm.12 Figure 3~a! shows the XRR curve and th
results of the MC fitting for a Ceria film, 112 nm thick
deposited at 950 °C. The calculated density~6.7 g/cm3! is
smaller than the density of bulk Ceria~7.12 g/cm3!14 and is
even lower~4.5 g/cm3! for films deposited at RT as it is
illustrated in Fig. 3~b!. Figure 4 shows the variation of den
sity ~triangles! and n at E50.1 eV!Eg ~squares!, based on
the extrapolation of the TL-model results, for Ceria film
versusTs .

The strong correlation ofn with r ~Fig. 4! is well ex-
plained by the classical theory of light dispersion.13 The real
part of the dielectric function of a material, which exhibitsq
electronic transitions, is given by

«1~v!511
4pNee

2

m (
k51

q f k•~vk
22v2!

~vk
22v2!21gk

2v2 , ~1!

whereNe is the total density of electrons andf k , vk , andgk

are the strength, frequency, and broadening of thekth tran-
sition, respectively. Thef k follows the sum rule:(k51

q f k

51. Then,n is associated with«1 through the relation«1

5n22k2 ~for \v,Eg , k50, and«15n2!.13 Finally, for v

.

FIG. 3. ~a! XRR data from a Ceria film deposited at 950 °C and the resu
of the MC fitting, and~b! comparison of XRR data of Ceria films deposite
at RT and 950 °C.

FIG. 4. The variation of the refractive index~open squares! and density
~solid triangles! of EBE-produced films vsTs .
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!vk andgk and taking into account that the electron dens
is associated with the mass densityr through the relation
Ne5No(Zr/A) ~No is Avogadro’s number andA and Z the
atomic mass and atomic number, respectively!, we conclude
that

n2~v'0!511S 4pNoZe2

mA (
k51

q
f k

vk
2D •r. ~2!

(k51
q f k /vk

2 reflects the bandstructure of the materi
through the strength and energy positions of the interb
transitions.

The square ofn follows a universal linear relation with
r, as it is presented in Fig. 5, for films deposited by EB
IBAD, and reactive magnetron sputtering~RMS!—the RMS
point has been determined by applying the presented m
to the optical data of crystalline Ceria reported by G
et al.,10 assuming that the density of the single crystal
equal to that of bulk Ceria~7.21 g/cm3!. We note here, how-
ever, that Eq.~2! and the SE results account only for th
effect of the electronic transitions and do not include
contribution of bond vibrations, which are manifested in t
IR region~275 cm21!.15 The linear relation betweenn2 andr
suggests, according to Eq.~2!, that (k51

q f k /vk
2 remains al-

FIG. 5. The square ofn vs r of Ceria films. The solid line is a fit with Eq.
~2!.
Downloaded 02 Apr 2013 to 195.251.197.48. This article is copyrighted as indicated in the abstract.
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most the same for all Ceria films. Therefore, the O deficien
does not considerably affect the interband transitions of
ria and the absorption tail below 3 eV is rather due to
defect absorption, which is induced by states within the g

In conclusion, we independently tailored the fundame
tal gap and the refractive index of nanocrystalline Ceria fil
by varying the substrate temperature or using Ar1 ion beams
during EBE growth. SE and XRR were employed to stu
the optical constants of Ceria films and to identify the fact
that affect them.n varies from 1.65 to 2.15 in the studie
films and follows a universal, explicit correlation betweenn
and the film density, valid for both EBE and IBAD. Th
Ce2O3 variations strongly affectEg , e.g., it is 2.4 and 2.8 eV
for EBE films at RT and 950 °C, respectively. The optic
absorption below 3 eV and theEg shift are mainly attributed
to the defect states and not to modifications of interba
transitions.
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