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Structure-dependent electronic properties of nanocrystalline cerium oxide films
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We investigate the electronic properties of nanocrystalline cerium oxide (CeOx) films, grown by various
techniques, and we establish universal relations between them and the film structure, composition, and mor-
phology. The nanocrystalline CeOx films mainly consist of CeO2 grains, while a considerable concentration of
trivalent Ce31 is distributed at the CeO2 grain boundaries forming amorphous Ce2O3 . A small portion of Ce31

is also located around O-vacancy sites. The optical properties of the CeOx films are considered, taking into
account the reported band-structure calculations. The fundamental gapEg of CeOx is due to the indirect
O2p→Ce4f electronic transition along theL high-symmetry lines of the Brillouin zone and it is correlated
with the@Ce31# content, explaining the redshift ofEg in nanostructured CeOx , which is due to the Ce31 at the
grain boundaries and not due to the quantum-size effect itself. We also correlate the energy position of the
O2p→Ce4f electronic transition, which varies up to 160-meV wide, with the lattice constant of the CeO2

grains. We also show that the higher-order transitions are more sensitive to film composition. The refractive
index, far belowEg , is explicitly correlated with the film density, independently of the Ce31/Ce41 and O
concentrations, grain size, and lattice parameter. The density is also found to be the major factor affecting the
absolute value of the«2 peak, which corresponds to the O2p→Ce4f electronic transition.

DOI: 10.1103/PhysRevB.68.035104 PACS number~s!: 78.66.Nk, 78.67.Ch, 61.10.Kw, 79.60.Jv
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I. INTRODUCTION

Cerium oxides have recently attracted much interest
to their unique properties, which make them suitable
various applications. The valence of Ce is very important
the structure of cerium oxides; tetravalent Ce forms ceri
dioxide (CeO2),1,2 commonly called ceria, which has a cub
fluorite lattice (Fm3m space group!, while trivalent Ce
forms the sesquioxide Ce2O3, which has a hexagonal lattic

(P3̄m1 space group!.1,3 Both cerium oxides are refractor
compounds, which are optically transparent in the visi
spectral region and highly absorbing in the ultravio
region.1,4 However, in bulk cerium oxides the existence
trivalent Ce31 has been considered to reduce the band g5

The most common of cerium oxides is CeO2, which is
stable even in substoichiometric form (CeO22x, 0<x
<0.4) ~Ref. 6! and thus has been easily produced by sev
growth techniques. Among them are electron-beam evap
tion ~EBE!,7–9 pulsed laser deposition,10–15 metalorganic
chemical vapor deposition,16 ion-beam-assisted depositio
~IBAD !,6,17 and reactive magnetron sputtering~RMS!.18–20

Thin films of CeO2 exhibit unique physical properties, suc
as a lattice constant (a50.541 nm) similar to that of S
~making it suitable for epitaxial insulating layers fo
Si-device technology!, a high refractive index, and a high d
dielectric constant. Therefore, CeO2 films are appropriate
for applications in optical,4,7,21 electro-optical,8,9

microelectronic,7,12,16,18,22,23 and optoelectronic19 devices.
Their exceptional optical performance has led to the ext
sive study of the electronic properties of thin-film and nan
structured CeO2.4,10,20,24–28However, the relative results in
the literature are still controversial. For example, nanostr
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tured CeO2 is reported to exhibit a lower fundamental ga
than crystalline CeO2, although the quantum-size effects a
expected to induce a blueshift of the band gap29,30due to the
more localized bands. In addition, most of the reports co
late the values of optical constants, such as the refrac
index ~n! ~reported to vary between 1.6 and 2.5 at 633 nm!,
fundamental gap~2.5 to 3.3 eV!, and energy position of the
O2p→Ce4f electronic transition, only with the growth tech
nique and conditions. Therefore, a detailed understandin
the effect of physical properties and microstructure on
optical performance and electronic properties of nanostr
tured cerium oxides has not yet been established.

In this work we present an effort to investigate the micr
structural features, which affect the electronic properties
nanostructured cerium oxide (CeOx) films. For this purpose
a very detailed complementary study of the crystal struct
(CeOx phases and cell sizes!, morphology ~density, grain
size, and defect distribution such as oxygen vacancies, g
boundaries, and voids!, and composition~oxygen, trivalent
Ce31, and tetravalent Ce41 contents! has been carried ou
using well-established characterization techniques such
x-ray diffraction ~XRD!, x-ray photoelectron spectroscop
~XPS!, and x-ray reflectivity~XRR!, the latter being a mod-
ern technique for the study of thin films in terms of densi
surface, and interface roughness.10,31–33 For our study we
have grown CeOx films using two different growth tech
niques, EBE and IBAD, and we compare our results with
optical data of epitaxial CeO2 films produced by RMS and
reported by Guoet al.20 and with the reported band-structu
calculations for CeO2 and Ce2O3,1 in order to establish uni-
versal relations between the optical properties and the mi
structure of the CeOx films, which are general and valid fo
any growth process.
©2003 The American Physical Society04-1
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The electronic properties of the various CeOx films are
studied by spectroscopic ellipsometry~SE! data analysis.
Three methods of analysis are used. The first is the use o
three-phase model~air/film/substrate! ~Ref. 34 and 35! in
combination with the Tauc-Lorentz model36 in order to de-
scribe and quantify the contributions of the major O2p
→Ce4f and O2p→Ce5d electronic transitions of CeO2 and
the Ce4f 0→Ce4f 1 transition of Ce2O3 ~Ref. 5! and to deter-
mine the values of refractive indexn of CeOx for energies
below the fundamental gapEg .10 The second method i
based on Bruggeman’s effective medium theory,34,37which is
used to investigate the effect of the film’s density and vo
content ton ~for E,Eg) and to the absolute values of th
dielectric function’s peak, which corresponds to the Op
→Ce4f electronic transition. The third method of analysis
the optical data is through the formulation developed
Tauc, Grigrovici, and Vancu38 for the description of the di-
electric function at energies close to the band gap, using
so-called Tauc plots, in order to determine accurately
fundamental gap of various CeOx films. Additional ultravio-
let photoelectron spectroscopy~UPS! experiments were car
ried out to study the density of states~DOS! of the valence
band of representative CeOx films.

We found that the nanostructured CeOx films mainly con-
sist of CeO2 grains, while a considerable concentration
trivalent Ce31 has been also observed. The trivalent Ce31 is
distributed at the CeO2 grain boundaries forming amorphou
Ce2O3. A small portion ~,5%! of Ce31 is also located
around O-vacancy sites. We explicitly correlate the Ce2
~and Ce2O3) content with the value of the fundamental g
Eg of CeOx . Since cerium oxides exhibit both a direct an
an indirect gap, we identify asEg the indirect gap of the
O2p→Ce4f transition, which is located;0.5-eV below the
direct gap. The correlation ofEg with the film composition
explains the redshift ofEg in nanostructured CeOx ,4 which
is due to the Ce31 at the grain boundaries and not to th
grain-size~quantum-size! effect itself. We also correlate th
energy position of the O2p→Ce4f interband transition,
which varies up to 160-meV wide, with the lattice consta
of the CeO2 grains. Finally, the refractive index, far belo
Eg , is explicitly correlated with the film density according
classical dispersion theory,39 independently of the
Ce31/Ce41 and O concentrations, grain size, and lattice
rameter, revealing that density is the key factor affectingn.
In addition, we show that density is also the major fac
affecting the absolute value of the«2 peak, which corre-
sponds to the O2p→Ce4f electronic transition of CeO2.

II. EXPERIMENT

Three sets of CeOx films were grown onc-Si(001) sub-
strates in an ultrahigh vacuum~UHV! chamber~base pres-
sure ,131029 Torr). The first set consisted of CeOx
samples, 110–170-nm thick, grown by electron-beam eva
ration at different substrate temperaturesTs ~RT–950 °C!. A
double electromagnet assembly was used for the surface
of CeO2 chunks by a 40–50-mA/7-kV electron beam. T
vapor pressure of CeO2 under these conditions was 1 –
31025 Torr and was monitored and controlled by a quad
03510
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pole mass spectrometer. The second set of samples
grown by EBE with similar growth conditions as the samp
of the first set, but with higher thickness~;0.5mm!, in order
to better study their bulk properties and compare them
rectly with the IBAD-produced samples. The third set co
sisted of CeOx films, about 0.5-mm thick, grown by IBAD at
RT. IBAD growth was realized by evaporation of CeO2,
using a 150–200-mA/7-kV electron beam~providing a vapor
pressure of 1 – 431024 Torr), and subsequent bombardme
with a focused Ar1-ion beam generated at a Kauffma
broad-beam ion source. The varying parameter at this se
experiments was the Ar1-ion energy, which was either 0.7
or 1.25 keV. The evaporation rate and the Ar1 flow rate were
varying in order to retain a relative flux of ions arrivin
~ion/neutral ratio! at FAr1 /FCeOx

>0.5.
The optical properties of the deposited films were m

suredex situat RT using a JOBIN-YVON phase-modulate
spectroscopic ellipsometer, in the energy range 1.5–5.5
with a step of 10 meV at a 70° angle of incidence. UP
experiments were carried out in a UHV chamber equipp
with a hemispherical electron energy analyzer~SPECS LH-
10! and a discharge lamp~He II radiation with photon energy
20.66 eV!. The spectrometer was calibrated using the Fe
edge position of a sputter-cleaned Au foil, which was defin
as zero binding energy of the spectra.

XRR/XRD experiments were conducted in a Sieme
D-5000 diffractometer equipped with a Goebel mirror40

which transforms the divergent x-ray beam parallel
200-mm width. The XRD scans were performed in Brag
Brentano geometry between 5° and 60°. The source wa
conventional CuKa 2.2-kW x-ray tube. The generator cu
rent and voltage were 40 mA and 40 kV, respectively,
step was 0.02°, and the scan speed was 0.1°/ min. By ta
rocking curves of the reflected x-ray beam from the spe
men~at angles lower than the critical angle for total extern
reflection! we calibrated the goniometer with an accuracy
0.001°. The XRR measurements were performed in the fo
of u-2u locked couple scans between 0 and 3° using the s
x-ray apparatus and a special reflectivity sample stage. X
scans with a 0.1° offset of the detector were conducted
subtract the contribution of the diffuse scattering from t
specular XRR scan.

The XPS experiments were performed in a stainle
steel turbopumped UHV chamber~base pressure;5
310210 Torr). The chamber was equipped with a Leybo
LHS-12 hemispherical electron energy analyzer and a n
monochromatized dual anode x-ray source for XPS. The d
were obtained by using the AlKa radiation at 1486.6 eV and
detection normal to the surface with a constant analyzer p
energy of 100 eV, which resulted in an analyzed area o
33 mm2. The binding-energy scale of the spectrometer w
referenced to the Au4f 7/2 value at 84.0560.05 eV. In all
speciments the wide scan spectrum shows that the m
peaks are O, Ce, and carbon contamination due to air e
sure before introduction to the UHV chamber.

III. RESULTS AND DISCUSSION

A. Film microstructure

XRD and transmission-electron microscopy~TEM! ~TEM
results are not shown here! were used to study the micro
4-2
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structure of the various CeOx films. Both techniques reveale
the polycrystalline character of the CeOx films, showing
broad diffraction peaks~XRD! and diffraction rings~TEM!,
which are the characteristic patterns of nanocrystalline m
rials. The films exhibit columnar structure. The columns
polycrystalline and consist of nanoscale grains~9–28 nm!.
For the quantitative analysis of the film microstructure
used the XRD diffractograms in order to ensure the non
structive character of the study, because the use of ener
electron beams~such as in TEM! may cause desorption o
oxygen from CeO2 and formation of Ce2O3.2

The XRD diffractograms revealed the cubic fluorite stru
ture of CeO2 ~Ref. 41! in all films ~deposited either by EBE
or IBAD!. For example, Fig. 1 shows XRD patterns fro
representative CeOx films with the assignment of the corre
sponding Miller indices of the CeO2 XRD reflections. The
XRD peaks have been fitted by pseudo-Voigt curves in or
to determine their angular position, broadening, and int
sity. The different growth techniques and conditions aff
the broadenings and the relative intensities of the vari
XRD peaks due the variations of grain size and orientati
respectively. No sign of crystalline Ce2O3 was detected by
XRD. However, XPS had detected a considerable portion
Ce31, as we show below, suggesting that the Ce2O3 phase is
amorphous.

The mean grain sizeG of CeO2 can be determined from
the broadening full width at half maximumhkl (FWHM)hkl of
the XRD peaks, which correspond to the lattice planes w
Miller indices (hkl), through Scherrer’s formula:42

G5
0.9•l

FWHMhkl•cosuhkl
, ~1!

FIG. 1. Representative XRD patterns from representative Cx

films ~EBE and IBAD produced!, showing the nanocrystalline cha
acter of the films and the cubic fluorite structure of CeO2 . The
Miller indices, which correspond to the XRD peaks of CeO2 , are
also shown.
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whereuhkl is the Bragg angle that corresponds to the~hkl!
lattice planes andl is the x-ray wavelength. For the dete
mination of G we used the broadening of the~111! XRD
reflection, which is manifested at lower angular values a
thus is less affected by theka1 andka2 splitting of the inci-
dent beam@except for the film deposited by EBE at 950 °
where we used the~002! reflection because this film wa
grown along this direction and exhibited a weak~111! peak#.
However, we note here that Scherrer’s formula is valid
unstrained grains because the strain effects may broade
XRD peaks, as well. Therefore, before applying Eq.~1! to
determine the mean grain size of the CeO2 nanostructures,
we should calculate the lattice constanta.

The lattice constanta of the cubic fluorite-type CeO2
grains can be determined through the spacing of the~hkl!
lattice planes (dhkl), and taking into account Bragg’s law:

dhkl5
a

Ah21k21 l 2
⇒a5

l•Ah21k21 l 2

2•sinuhkl

. ~2!

Figure 2 shows the calculated lattice constant values vsTs
and ion energy for the EBE and IBAD films, respectively.
Fig. 2~b! the point atE50 keV corresponds to a;500-nm-
thick film produced by EBE at RT~i.e., with conditions and
thicknesses similar to IBAD forE50 keV). The lattice con-
stant of all the films has been found to be slightly larger th
the corresponding value of bulk ceria,41 showing that all the
films are in-plane compressed. The relative strains values
can be estimated from the calculated lattice constantss

FIG. 2. The lattice constant of the CeO2 grains, calculated using
Eq. ~2!, vs the major growth conditions of EBE and IBAD~the
straight lines are guides to the eye!.
4-3



n

th

ba
d

-

s

w
th
ic

th
ni

af

he
h

,

e

C
.

y

id
in

re
s
d

a

of
y
h

es
e
at

ion

b-

ed.

ks
he

s for
arch

3
tal
lent
o
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5(a2abulk)/abulk , whereabulk is the lattice constant of the
bulk, unstrained ceria.41 The relative strain for all EBE and
IBAD films has been determined to be lower than 0.7% a
1.6%, respectively. The observed strain in CeO2 grains is due
to growth-related processes such as the development of
mal stresses~for films grown by EBE atTs.RT) and the
compressive stresses developed by the intense ion bom
ment during ion-assisted growth of refractory compoun
~for IBAD !.43 Nevertheless, thes values are very low and
thus their effect on FWHMhkl is minor and Scherrer’s for
mula can be used to estimate the grain size of CeO2.

The grain size of EBE-grown films increases withTs
~from 9 to 24 nm! due to the higher mobility of the adatom
during growth.43 The IBAD-grown films exhibit relatively
bigger grains~23–28 nm! either due to their thickness~;500
nm, instead of the 110–170-nm thickness of the EBE-gro
films! or the energy transport from the inert gas ions to
Ce and O adatoms at the film surface during growth, wh
results in similar effects as those of increasedTs .43 Never-
theless, the origin of the grain-size values does not affect
following study, because we correlate directly the electro
properties with the structural features~composition, grain
size itself, etc.! of CeOx films, independently of the growth
technique and film thickness.

Another microstructural feature, which considerably
fects the optical properties of CeOx , is the film density.10

The film density can be determined by XRR through t
critical angleuc for total external reflection of x rays, whic
can be expressed in terms of the mass densityr:31

uc
25S e2l2

pmc2D •S No

Zt

At
D •r, ~3!

wherem, e are the electron mass and charge, respectivelyNo
is Avogadro’s number,At is the mean atomic mass,l the
x-ray wavelength, andZt the mean number of electrons~sum
of core, valence, and conduction electrons! per atom.

The XRR measurements were analyzed using Siem
REFSIM software and a Monte Carlo~MC! algorithm.31 Fig-
ure 3~a! shows the XRR curve and the results of the M
fitting for a CeO2 film, 112-nm thick, deposited at 950 °C
The calculated density~6.7 g/cm3! is smaller than the densit
of the bulk CeO2 ~7.21 g/cm3!,44 due to the polycrystalline
character of the films and the existence of voids. The vo
content in the film may be estimated from the density, tak
into account, its value for bulk CeO2.41,43 The XRR curves
of two CeOx films deposited by EBE at RT and 950 °C a
compared in Fig. 3~b!. The film deposited at RT is much les
dense~4.5 g/cm3!. Figure 4 illustrates the densification an
elimination of voids withTs , due to the higher mobility of
the adatoms during growth, which results in more comp
stacking and close-packed structures.31,43The films grown by
IBAD are much denser~r up to 6.1 g/cm3! than the films
grown by EBE at RT. This densification is a typical effect
ion bombardment during growth of refractor
compounds.31,43XRR has also determined the surface roug
ness of the films, which varies in the range 3–4 nm. Th
values are much lower than those reported in the literatur20

The surface-roughness values of our films are not correl
03510
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with any other film characteristic~thickness, density, grain
size!, and they may possibly be attributed to a top nucleat
layer as has been observed in Si growth.44

The film composition has been studied by XPS. XPS o
served the characteristic O1s and Ce3d peaks, from which
the film stoichiometry and bonding type can be determin
Figure 5 displays the core levels of Ce3d of two representa-
tive films grown by EBE and IBAD; the characteristic pea
in which the Ce3d states are analyzed are indicated by t
vertical dotted lines. The Ce3d spectrum of CeOx can be
fully described by six peaks of three spin-orbit doublets.45–48

The assignments of these peaks and the reference value
their binding energies have been a subject of intense rese
and much data are available in the literature.45–49

Figure 5 also shows the fitted deconvolution of the Ced
levels to the various states, in addition to the experimen
XPS data. The observed XPS peaks are attributed to triva
Ce31 and tetravalent Ce41. The peaks, which correspond t

FIG. 3. ~a! XRR data from a CeOx film grown by EBE at 950 °C
and the results of the MC fitting and~b! comparison of XRR data of
two CeOx films deposited by EBE at RT and 950 °C.

FIG. 4. The variation of density and voids content withTs for
the EBE-grown films.
4-4
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STRUCTURE-DEPENDENT ELECTRONIC PROPERTIES . . . PHYSICAL REVIEW B 68, 035104 ~2003!
Ce41 are theU- ~916.7 eV! andV- ~898.4 eV!, which result
from the Ce3d9 O2p6 Ce4f 0 final states. The additiona
states of Ce41 @U ~901.0 eV!, V ~882.5 eV!, U9 ~907.3 eV!,
V9 ~888.8 eV# result from a mixture of Ce3d9 O2p5 Ce4f 1

and Ce3d9 O2p4 Ce4f 2 final states. The transfer of electron
from the O2p to the Ce4f orbital and the decrease in th
Ce3d binding energy are due to the interaction of the Cef
level with the Ce3d core hole, which pulls the Ce4f level to
lower energy. Finally, the contribution of Ce31 to the Ce3d
spectrum consists of two doublet pairs:~i! U8 ~903.5 eV!/V8
~884.9 eV! and ~ii ! Uo ~898.8 eV!/Vo ~880.3 eV!. These
doublets correspond to a mixture of the Ce3d9 O2p5 Ce4f 2

and Ce3d9 O2p6 Ce4f 1 final states.
For the quantitative determinations of the@Ce31#/@Ce41#

ratio we used two methods:~i! the method that proposed b
Shyuet al.,50 in which the area of the whole Ce3d multiplet

FIG. 5. The Ce3d core levels for representative CeOx films
grown by IBAD and EBE. The fractions of Ce31 and Ce41 can be
determined from the Ce3d XPS peaks, showing that the IBAD
produced films exhibit a higher Ce41 content.
03510
is linearly correlated with the ratio Ce31/(Ce311Ce41); in
this case the decrease ofU- indicates the increase in Ce31

species due to the Ce14 reduction.~ii ! The second method
uses directly the ratio of the intensities of Ce41 and Ce31

peaks. The results of the two methods are in very go
agreement and reveal the existence of a considerable con
tration of Ce31, although XRD identified only the tetravalen
CeO2. The results of the XPS analysis are summarized
Table I. The trivalent Ce31 can be distributed either in re
gions of sesquioxide Ce2O3 ~Ref. 1! or around O vacancies
in CeO2.5

In order to investigate if the trivalent Ce31 has the form
of Ce2O3 or is due to O vacancies, we calculated the
content in the film assuming that the total O content is
sum of the required O to fully oxidize Ce41 and Ce31 and to
form CeO2 and Ce2O3, respectively. Then, taking into ac
count that the stoichiometryx5@O#/@Ce# is equal to 2 for
CeO2 and 1.5 for Ce2O3, the ratio of the required oxygen t
fully oxidize Ce41 and Ce31 to the sum@Ce41#1@Ce31# is
determined from the concentrations@Ce41# and @Ce31# ac-
cording to the following equation:

x5
@O#

@Ce#
5

3

2
3@Ce31#123@Ce41#. ~4!

The calculated stoichiometry from Eq.~4! has been com-
pared with the stoichiometry determined directly from t
intensities of the O1s ~with binding energy 529.5 eV! and
Ce3d XPS peaks. Figure 6 shows the stoichiometry var
tions with the concentration of@Ce31# determined by both
methods~requiring O to fully oxidize Ce31 and Ce41 and
direct comparison of the O1s and Ce3d XPS peak intensi-
ties!. The two methods are in excellent agreement for fil
exhibiting low @Ce31# content, meaning that in these film
the entire@Ce31# content is consumed in forming Ce2O3.
On the other hand, we observe a slight O deficiency~with
respect to the required O needed to fully oxidize Ce! in the
films with high@Ce31# content, suggesting that Ce2O3 and O
vacancies coexist in these films. However, the maximum
deficiency is less than 5% and thus the majority~.95%! of
@Ce31# is consumed in Ce2O3 in any case.

XPS provided evidence that Ce2O3 exists in the nano-
structured CeOx films, while XRD identified only CeO2.
TABLE I. The composition, density, and energy positions ofEg and the O2p→Ce4f electronic transition (E01) for the various CeOx
films with respect to the growth technique and conditions.

Td ~°C! Ei ~keV! @Ce41#/@Ce31# @O#O1s /@Ce#Ce3d
a @O#/@Ce#Ce3d

b Eg ~eV!c E01 ~eV! r ~g cm23!

EBE 950 4.9 1.91 1.92 3.0560.18 3.9160.04 6.7
600 2.9960.18 3.9760.04 5.5
300 3.8 1.85 1.90 2.9460.15 3.9460.05 4.9
RT 3.0 1.80 1.88 2.9260.04 4.0260.04 4.5

IBAD RT 1.25 4.3 1.89 1.91 2.9760.06 3.8560.02 5.9
RT 0.75 6.4 1.96 1.94 3.1260.06 3.9460.02 6.1

aUsing directly the intensities of the O1s and Ce3d XPS peaks.
bFrom Eq.~4!, using the deconvolution of the Ce3d XPS peak.
cUsing Eq.~10!.
4-5
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Therefore, the Ce2O3 phase is amorphous. The amorpho
character of Ce2O3 is an indication that this phase is locate
at the grain surface and at the grain boundaries. Follow
simple dimensional analysis we determine that if Ce2O3 and
CeO2 are located at the grain surface and volume, resp
tively, then the square of@Ce31# ~surface distribution! will
be linearly correlated with the third power of@Ce41# ~grain
volume distribution!. Indeed, Fig. 7 shows the correlation
the square of@Ce31# (>@Ce2O3#) with the third power of
@Ce41# (5@CeO2#) and the third power ofG ~which is pro-
portional to grain volumeVg). The observed linear relatio

FIG. 6. The CeOx stoichiometry~for both EBE- and IBAD-
grown films! calculated~a! directly from the intensities of the O1s
and Ce3d XPS peaks~open circles! and~b! from the concentrations
of Ce31 and Ce41 ~solid squares!, assuming that Ce31 and Ce41

exclusively form Ce2O3 and CeO2 , respectively.

FIG. 7. The correlation of the square of the Ce31 concentration
with the third power of the Ce41 concentration and the grain vo
ume (Vg}G3), showing that Ce31 and Ce41 are located at the
grains’ surface and volume, respectively.
03510
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between @Ce31#2 and @Ce41#3 confirms the dimensiona
analysis and the distribution of CeO2 and Ce2O3 at the grain
volume and surface, respectively. The experimental point
G3 vs @Ce31#2 are more scattered around the straight line
the dimensional analysis. This is attributed to the strain
the grains that affects the broadening of the XRD peaks
the determined grain-size values.

B. Electronic properties

After studying in detail the microstructure and morpho
ogy of CeOx films, we proceed to the study of their optic
properties. The optical properties of the CeOx films have
been investigated by SE in the visible UV spectral reg
~1.5–5.5 eV!. The main benefit of the ellipsometric measur
ments~compared to other optical measurements! is the direct
evaluation of both the real and imaginary parts of the co
plex dielectric function«(v)5@«1(v)1 i«2(v)#, through
the ellipsometric anglesC andD, with no need for Kramers-
Kronig integration.35 The determination of the complex d
electric function enables the investigation of the materia
electronic structure@«2(v) is directly related to the joined
density of states~JDOS! for interband absorption#. The ma-
terial’s electronic structure@and consequently the determine
«~v!# is very sensitive to the materials’ microstructure, sin
small grains may induce quantum-size effects,29,30 the point
defects may create localized states within the band gap,5 and
in mixed materials~such as CeO2 /Ce2O3) the various phases
may have different electronic structures band gaps,1 etc.

In the case of transparent films the measured quantit
the pseudodielectric function̂«~v!&, which takes into ac-
count contributions from the substrate and the film’s thic
ness due to the multiple reflections originating from the fil
substrate interface.35 Such intense multiple reflections ar
manifested in thê«~v!& spectra~Fig. 8! of CeOx films for
photon energyE5\v,Eg , meaning that all the CeOx films
are highly transparent forE,3 eV, regardless of their thick
ness values~in Fig. 8, the dashed and dotted lines correspo
to EBE-grown thin films of the first set, while the solid lin
corresponds to a thick;500 nm IBAD-grown film!. For
photon energyE.Eg ~>3 eV! optical absorption begins an
the Si substrate contribution tô«~v!& is reduced, even for
the thinner film~EBE grown, 950 °C, dotted line!.

The second part (E.3 eV) of the SE spectra is domi
nated by an absorption peak at;4 eV, which corresponds to
the O2p→Ce4f transition1,5,10,20,51of CeO2, according to
the calculated band structure and DOS~Ref. 1! shown in Fig.
9. In particular, the fundamental gap of the CeOx films is due
to indirect O2p→Ce4f transitions of CeO2 along theL high-
symmetry lines of the Brillouin zone denoted by arrows
Fig. 9. This point is discussed in more detail in the followin
paragraphs. The O2p→Ce4f transition is very sharp due to
the low energy broadening of the Ce4f band.1,5 Many au-
thors refer to the Ce4f state as an atomiclike localized ban
into the band gap between the O2p valence band and the
extended Ce5d conduction band,1,2,19,49defining as the CeO2
band gap the energy separation between the O2p and Ce5d
states, which is about 6 eV.2,5,19,49 Nevertheless, the O2p
→Ce4f transition is attributed exclusively to CeO2, because
4-6
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in Ce2O3 the Ce4f 0 band is partially filled with valence
electrons1 and thus only higher-order transitions occur
Ce2O3. The maximum value of the«2 , which corresponds
to the O2p→Ce4f interband transition, has been a subject
intense debate1,5,20,51 and varies considerably in our film
~see Fig. 8!. This point is also discussed thoroughly in th
following text. Finally, forE.4 eV the dielectric function is
also affected by the contribution of the low-energy tails
the O2p→Ce5d interband transition of CeO2 and the
Ce4f 0→Ce4f 1 transition of Ce2O3.2,49

In order to evaluate the spectral dependence of the die
tric function of CeOx films, we fitted the experimental^«~v!&
using the modified Tauc-Lorentz~TL! model,36 in combina-
tion with the three-phase model (air/CeOx film/c-Si sub-
strate!. In the TL model the imaginary part@«2(v)# of the
dielectric function is determined by multiplying the Tau
JDOS~Ref. 38! by the«2 obtained from the Lorentz oscilla
tor model.39 Thus, the TL model provides the ability to de

FIG. 8. SE measurements of^«~v!& from representative CeOx
films grown by IBAD and EBE~to different thicknesses!. All films
are highly transparent below 3 eV, where intense multiple refl
tions are manifested. An absorption peak appears at;4 eV, which is
due to a O2p→Ce4f electronic transition of CeO2 .

FIG. 9. The band structure and the DOS for pure CeO2 ~after
Ref. 1!. The arrows indicate the indirect transitions, which cor
spond to the fundamental gap of CeO2 and the nanostructured CeOx

films.
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termine the fundamental optical gapEg of the electronic
transitions, in addition to the energyE0 , broadeningC, and
strengthA of each Lorentz oscillator.39 The energyE0 of this
model corresponds to the Penn gap, where the strong abs
tion of the material takes place. The imaginary part«2 of a
TL oscillator is described by the following expressions:36

«2~E!5
AE0C~E2Eg!2

~E22E0
2!21C2E2 •

1

E
, E.Eg . ~5a!

«2~E!50, E<Eg , ~5b!

and the real part«1 is obtained by Kramers-Kronig
integration.36,39

«1~E!5«`1
2\2

p
PE

vg

` x«2~x!

x22E2 dx. ~6!

The parameter«` is larger than unity and accounts for th
contributions from electronic transitions occurring at en
gies higher than 8 eV~i.e., Ce5p→Ce5d and Ce5p
→Ce6s transitions1! and they have not been taken into a
count in our analysis with two TL oscillators. The quality o
the relative model fit can be judged by the comparison of
experimental and calculatedC andD and it is based on the
minimization of the mean square errorx2:

x25
1

~2N2P21! (i 51

N

$@Ccalc~Ei !2Cexper~Ei !#
2

1@Dcalc~Ei !2Dexper~Ei !#
2%, ~7!

where 2N is the number of independent measurements~C
andD are atN energy positionsEi), P is the number of the
free, independent TL-model parameters, andDcalc (Ccalc)
and Dexper (Cexper) are the calculated and experimentalD
~C! angles at each energyEi . For the TL fit a Lavender-
Marquant minimization algorithm was used to minimizex2

with confidence limits 95%. The typical values ofx2 for the
TL fit on the studied CeOx vary, 0.1,x2,0.4.

For the TL fits we used two TL oscillators. The first on
describes the O2p→Ce4f transition ~at ;4 eV!, which is
characteristic of CeO2 ~see Fig. 9!. We note here that the
so-called O2p→Ce4f transition should be forbidden be
cause it violates the angular momentum selection ruleD l
50,61, where l is the angular momentum quantum num
ber!. However, this transition is manifested in all«~v! spec-
tra of CeO2 in the literature,5,10,20,24because the highest oc
cupied valence band~denoted as the O2p band in Fig. 9! is
not exclusively due to O2p electrons because it also contai
a contribution from Ce4d electrons, which provide partiald
character.1,5 Therefore, the electronic transition at;4 eV is a
nominal O2p→Ce4f transition ~and we follow this termi-
nology to be consistent with previous literature! whereas it
has actually strongd→ f (Ce4d→Ce4f ) character, which
fulfills the selection rules. We also used a second TL os
lator ~at 6.5–8 eV! to describe the low-energy tales o
higher-order transitions such as the O2p→Ce5d interband
transition of CeO2 and the Ce4f 0→Ce4f 1 transition of
Ce2O3.2,49 The second TL oscillator averages the contrib

-

-
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tions of the above-mentioned transitions and their fine str
ture ~which was observed for the O2p→Ce5d transition of
CeO2, due to the crystal-field splitting of the Ce5d conduc-
tion band to the Ce5deg and Ce5dt2g subbands1,5,49,52!. Fig-
ure 10 shows representative experimental~exp! and fitted~2
TL!, within the three-phase model,^«~v!& curves for a rep-
resentative EBE-grown CeOx film, as well as the«1 , «2
curves for the corresponding bulk material, which were c
culated based on the best-TL-fit parameters.

The results of the two-TL fits were used to predict a
extend the«~v! curves to lower~0.16 eV! and higher~up to
12 eV! energies than those within the experimental spec
region. The low limit ofE50.16 eV is much lower thanEg
but higher than the optical absorption at 275 cm21, which is
due to the triply degenerate polar lattice vibrations.5 Thus, in
this analysis we account exclusively for the effect of t
electronic transitions and we can evaluate some prope
such as the value of the refractive index,«1 for E!Eg ~e.g.,
the solid line in Fig. 9!, and the energy position of th
higher-order transitions. However, the predicted«~v! curves,
outside the experimental spectral region, should be con
ered with particular care, especially in the case of the high
order transitions, since only the low-energy tails of the
transitions contribute to the experimental spectra. Tab
summarizes the main results of the two-TL fit analys

FIG. 10. The experimental~^«& exper, solid triangles! and fitted
curves~^«& two TL, dotted lines!, within the three-phase model, fo
a representative CeOx film ~EBE at RT!, as well as the correspond
ing «1 , «2 ~«, two TL, solid lines! curves for the bulk material
which were calculated using the best-TL-fit parameters.
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namely, the fundamental gapEg and the energy positionE01

of the O2p→Ce4f transition, which are included in the ex
perimental spectral region.

Figure 11 shows the calculated«~v! spectra based on th
two-TL best-fit parameters of representative EBE- a
IBAD-grown CeOx films, in comparison with the optica
data reported previously for the bulk CeO2 ~Ref. 5! and for
epitaxial CeO2 films.20 In all «~v! spectra a strong absorptio
peak with maximum atE01;4 eV, due to an electronic tran
sition, is prominent. According to TL calculations, this tra
sition has been located up to 160 meV~from 3.85 to 4.01
eV!. In addition, we did not observe any correlation betwe
the energy positions of this transition with the film compo
tion (CeO2 and Ce2O3 content!, proving that this transition
originates exclusively from CeO2, and thus, the Ce2O3 re-
gions do not contribute at all, in agreement with the ban
structure calculations~Ref. 1 and Fig. 9!. On the other hand
we observed a correlation between the energy positionE01 of
the maximum optical absorption of the first TL oscillat
with the lattice constant of the CeO2 grains, which is shown
in Fig. 12. This correlation is well understood, since the Br
louin zone~and consequently the energy positions of ele
tronic transitions! reflects the symmetry of the crystal ce
which is its reciprocal. The scattering of the experimen
points is due to the very small variations ofE01 anda as well
as to other factors that may affect the energy positions of
interband transitions, such as film thickness, surface rou
ness, and CeO2 grain size.

FIG. 11. The calculated«~v! spectra, based on the two-TL bes
fit parameters, for representative CeOx films. The optical data
reported by Marabelli and Wachter for bulk CeO2 ~Ref. 5!
and by Guoet al. for epitaxial CeO2 ~Ref. 20! are also shown for
comparison.
4-8
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STRUCTURE-DEPENDENT ELECTRONIC PROPERTIES . . . PHYSICAL REVIEW B 68, 035104 ~2003!
The energy positionE02 of the second TL oscillator is
very sensitive to the film composition and varies within t
range 6.5–8 eV. This is clearly illustrated comparing the«2
curves of the EBE- and IBAD-produced films in Fig. 11. T
second TL oscillator is located at;6.5 eV in the case of the
Ce2O3-rich EBE film and at;8 eV in the case of the mor
stoichiometric CeO2 film grown by IBAD. Comparing these
results with the energy position of the O2p→Ce5d inter-
band transition, which occurs at;9 eV for the bulk CeO2
~Fig. 11, solid line, and Ref. 5!, we identify a trend of a
strong redshift of the second TL oscillator with increasi
Ce2O3 content. The observed redshift with increasing Ce2O3
content can be very well understood, if we take into acco
that the second TL oscillator averages the contributions
interband transitions of CeO2 and Ce2O3, and it is in very
good agreement with the band-structure calculations, wh
show that Ce2O3 exhibits a lower band gap than CeO2.1,52

However, we should mention that the variations~6.5–8 eV!
of the second TL oscillator with Ce2O3 content are compa
rable with the error of theE02 values calculated by the TL fi
~;1.5 eV!. The error of theE02 values is due to the larg
broadening of this oscillator in addition to the fact that on
the low-energy tail of this oscillator contributes to the expe
mental spectrum. Therefore, the observed trend canno
considered as clear evidence but only as a serious indica
for the redshift of the second oscillator; further experimen
work at higher photon energies is required to confirm t
observation.

According to previous studies2,49 the O2p→Ce5d inter-
band transition of CeO2 is expected to exhibit a Penn gap.8
eV, while the corresponding value of the Ce4f 0→Ce4f 1

transition of Ce2O3 is around 6 eV. Therefore, the observ
redshift of the second TL oscillator should be correlated w
the occupancy of the Ce4f states, which are characteristic
Ce2O3.

In order to investigate the validity of this argument, w
carried out UPS measurements to study the valence ban
representative CeOx films. Figure 13 shows UPS measur
ments illustrating the valence-band spectra of representa
CeOx films grown by EBE~solid line, @Ce31#>0.23) and
IBAD ~dashed line,@Ce31#>0.13). The characteristic O2p

FIG. 12. The energy position of the O2p→Ce4f electronic tran-
sition of CeO2 vs the lattice constant of the CeO2 grains.
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band is manifested in both spectra@this band is reported to be
located around 6-eV below the Fermi level (EF) ~Refs. 2 and
49!# and a shoulder attributed to Ce314 f 0 states@located at
about 3-eV belowEF ~Refs. 2 and 49!# is more pronounced
in the spectrum of the EBE-grown film. The upper edge
the valence band is quite affected by the Ce314 f 0 states.

Indeed, the energy separation between the upper edg
the valence band andEF is about 1 and 2.6 eV for the EBE
and IBAD-grown films, respectively, due to the more pr
nounced Ce314 f 0 states in the first film. The valence-ban
spectra are associated with the DOS and the interband
sitions, which, determined by SE data analysis, are ass
ated with JDOS; therefore, no quantitative correlation b
tween the UPS and SE results can be established. How
the UPS results support the SE data analysis, conside
that the redshift of the second TL oscillator is attributed
the Ce4f 0→Ce4f 1 transition of Ce2O3 and it is more pro-
nounced when the valence band exhibits more enhan
Ce314 f 0 features.

In addition to the energy positions of the electronic tra
sitions, another issue that has produced major disagreem
in the literature is the maximum value of«2 that corresponds
to the O2p→Ce4f transition at;4 eV.1,5,20,51 It has been
proposed that this value is majorly affected by the broad
ing of this transition,1 however, we have previously show
that the absolute value of the extinction coefficientk ~and
consequently«252nk) at ;4 eV for CeOx films is consid-
erably affected by the CeOx film density.10 Therefore, the
voids content~which degrades the film density! may be the
major factor that affects the absolute«2 value of the O2p
→Ce4f transition. In order to investigate the role of void
we used Bruggeman’s effective medium theory~BEMT!. For
the BEMT analysis we assumed that the dielectric funct
of CeOx films consist of contributions of the dielectric func
tions of pure CeO2 and voids. This assumption is justified i
the spectral region 1.5–4.5 eV, where the dominant Op

FIG. 13. Valence-band spectra of representative CeOx films
grown by EBE~solid line, @Ce31#>0.23) and IBAD~dashed line,
@Ce31#>0.13). The characteristic O2p band is manifested in both
spectra and a shoulder attributed to Ce314 f 0 states is more pro-
nounced in the spectrum of the EBE-grown film. The upper edge
the valence band is quite affected by the Ce314 f 0 states.
4-9
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PATSALAS, LOGOTHETIDIS, SYGELLOU, AND KENNOU PHYSICAL REVIEW B68, 035104 ~2003!
→Ce4f transition comes exclusively from CeO2 and, thus,
the contribution of Ce2O3 is minor.

The higher«2 values in the litterature have been report
by Guo et al.20 and they correspond to an epitaxial CeO2
film; they are presented in Fig. 11 in comparison with the«2
values of bulk CeO2 ~Ref. 5! and representative EBE- an
IBAD-produced CeOx films of our study. For the BEMT
analysis we used their data as the reference dielectric f
tion of pure, single-crystal CeO2. We determined the dielec
tric functions of hypothetical CeOx materials, which consis
of single-crystal regions and voids~with various volume
fractions of voids!, using BEMT. Then, we compared th
simulated BEMT results with the dielectric functions of th
EBE- and IBAD-grown films, determined through th
two-TL fittings. Such dielectric functions simulated b
BEMT are presented in Fig. 14 in the spectral region 1.5–
eV. The solid line~refered as RMS! corresponds to the pur
RMS-grown CeO2 of Guo et al.,20 whereas the dotted an
dashed lines correspond to hypothetical composite mate
(CeO21voids) with different voids volume fractions. In ad
dition, we show the optical data of the marginal cases
EBE-grown CeOx films ~950 °C and RT, presented with ope
triangles and circles exhibiting the highest, 6.7 g/cm3, and
lowest, 4.5 g/cm3, densities, respectively! determined
through the two-TL fittings.

We notice that there is very good agreement between
simulated dielectric functions of the hypothetical compos
CeOx and the dielectric functions of the EBE-grown films f
E,Eg , suggesting that«1 for E,Eg is mainly affected by
the film density and less so by other factors such as com
sition and grain size. The maximum absolute values of the«1
and«2 for the O2p→Ce4f transition at;4 eV, of the two
hypothetical, composite CeOx materials~with 10% and 40%
voids volume fractions!, are similar to the corresponding va
ues of the two EBE-grown films. The slight differences in t

FIG. 14. The optical data reported in Ref. 20 for the epitax
CeO2 films grown by RMS~solid line! The results of BEMT simu-
lations for CeOx films consisted of a material similar to that RM
grown and voids, in comparison with the optical data of the m
ginal cases of EBE-grown CeOx ~950 °C and RT! determined
through the two-TL fittings.
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line shapes of the dielectric functions of the hypothetic
composite (CeO21voids), and the EBE-grown CeOx are
due to broadening variations, which are attributed to ot
factors such as film stress.

The voids volume fractions of the two hypothetical com
posite materials are consistent with the voids calculated
XRR and presented in Fig. 4. The agreement and consiste
between BEMT simulations and XRR results suggest that
epitaxial CeO2 film of Guo et al.20 exhibits density equal to
the bulk CeO2 single crystal.41 It is very interesting that the
values of«1 ~for E,Eg) and the maximum values of«1 , «2
of the various nanocrystalline CeOx films may be described
so well, based exclusively on the dielectric functions of t
single-crystal CeO2. This confirms that the O2p→Ce4f
transition comes exclusively from CeO2, is not affected by
the Ce2O3 content in the films at all, and that the void
content~and consequently the film density! is the major fac-
tor that determines the maximum value of«2 in the O2p
→Ce4f transition.

Based on the previous BEMT analysis we identified
correlation of«1 ~for E,Eg) with the voids volume fraction
~equivalent to film density!. This is very important for the
determination of the refractive indexn, which is correlated
with «1 through the relation«15n22k2. In order to estab-
lish an explicit relation betweenn ~for E,Eg) and the film
density we correlated then values at 0.16 eV determined b
the TL-fit results with the density measured by XRR. T
value of n2 at low energy is equivalent to«1 , taking into
account thatk50 for E,Eg . The correlation between
«1(E;0)5n2 and film densityr is clearly illustrated in Fig.
15. The square ofn follows a universal linear relation withr
for films deposited by EBE, IBAD, and RMS and confirm
whether the films are nanocrystalline or single crystal. T
RMS point has been determined by fitting the optical data
epitaxial, crystalline CeO2 reported by Guoet al.20 with the
two-TL model, assuming that the density of the single crys
is equal to that of bulk CeO2 ~7.21 g/cm3!, as we have de-
termined using the combined BEMT/XRR analysis.

The linear correlation betweenn2 and r can be well ex-

l

-

FIG. 15. The square of the refractive index of CeOx films fol-
lows a linear correlation with the film density, which is valid for a
CeOx films grown by EBE, IBAD, and RMS.
4-10
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plained according to the classical theory of light dispersion39

The real part of the dielectric function of a material, whi
exhibitsq electronic transitions, is given by the expressio

«1~v!511
4pNee

2

m (
j 51

q f j•~v j
22v2!

~v j
22v2!21g j

2v2 , ~8!

whereNe is the total density of electrons andf j , v j , andg j
are the strength, frequency (v j5E0 j /\), and broadening of
the j th transition, respectively. Thef j follows the sum rule
( j 51

q f j51. For E!\vk , gk , and taking into account tha
the electron density is associated with the mass densir
through the relationNe5No(Ztr/At),

53 Eq. ~8! becomes

n25«1~E!Eg!511S 4pNoZe2

mA (
j 51

q
f j

v j
2D •r. ~9!

( j 51
q ( f j /v j

2) reflects the band structure of the materi
through the energy values of the electronic transitions. I
very interesting that the linear relation betweenn2 and r
suggests, according to Eq.~9!, that ( j 51

q ( f j /v j
2) remains

almost the same for all CeOx films whether they are nano
crystalline and substoichiometric~such as the EBE- and
IBAD-grown films! or single crystal and stoichiometri
~such as the RMS-grown film!.

The most interesting and important electronic property
the materials, in order to be used in optics and optoelect
ics, is the value of the fundamental gapEg ~optical-
absorption edge!. Therefore, theEg values of CeOx have
attracted considerable interest.1,10,11,20,24 The fundamental
gap of CeOx is the indirect gap of the O2p→Ce4f transition
along theL high-symmetry lines of the Brillouin zone o
CeO2 ~shown in Fig. 9!, which is narrower than the direc
gap of the same transition20,24 and the gaps of the O2p
→Ce5d and Ce4f 0→Ce4f 1 transitions of CeO2 and Ce2O3,
respectively.1,2,49 Using Tauc’s formulation20,38 we deter-
mined that the indirect gap of the O2p→Ce4f transition in
our samples is located;0.5-eV below the direct gap of th
same transition. The fundamental gap of CeOx films can be
determined through the two-TL fittings according to Eq.~7!.
Eg was found to vary between 2.3 and 2.9 eV, according
the two-TL fittings. These values are much smaller th
those reported in the literature.20,24This is a typical underes
timation ofEg when the TL model is used, due to the Urba
tails in optical absorption, which are caused by defect sta
in the gap36 and they are falsely taken into account by the
fitting. However, a consistent trend of decreasingEg with
increasing Ce31 content has been observed.

Another way to determineEg is directly from the experi-
mental «2 spectra following the formalism of Tauc, Gr
grovici, and Vancu.38 According to this formalism, for ener
giesE close toEg and for indirect electronic transitions,«2
follows the formula

E•A«2}~E2Eg!. ~10!

This formalism is more straightforward and provides t
value ofEg more accurately, without taking into account th
Urbach tails. However, for thin films~such as those EBE
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grown at 950 °C! the multiple reflections introduce highe
error in the determination ofEg . Figure 16 presents the Tau
plots of representative IBAD- and EBE-grown CeOx films.
The straight lines are linear fits with Eq.~10!, through which
Eg is determined. The more stoichiometric IBAD film exhib
its higher Eg than the EBE film, confirming the trend o
decreasingEg with increasing Ce31, which was observed in
the two-TL-fit results. TheEg values determined by the Tau
plots are higher~they vary between 2.92 and 3.12 eV! than
those determined by the two-TL fits and they are in be
agreement with the literature, which reports that theEg of
single crystal CeO2 is 3.31 eV.20

Figure 17 summarizes the variations ofEg with the
@Ce31# concentration, determined by both methods@two-TL
fittings based on Eqs.~6! and~7! and Tauc plots based on Eq
~10!#. The RMS point is the value reported by Guoet al.20

using Tauc plots. Both methods ofEg calculation show the
same overall trend of decreasingEg with increasing@Ce31#.

FIG. 16. Tauc plots of representative IBAD- and EBE-grow
CeOx films.

FIG. 17. The variation of the fundamental gap with the@Ce31#
concentration determined from SE data analysis by the two-TL
tings ~TL, open symbols! and by Tauc plots~TP, solid symbols!, for
various growth techniques~the solid and dotted lines are guides
the eyes!.
4-11
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This trend is a universal behavior, since it is valid for all t
used growth techniques. This is in agreement with previ
works reporting that the O deficiency in CeO2 induces an
optical-absorption tail below 3 eV.5,19 The two methods of
Eg determination diverge with increasing@Ce31# due to the
corresponding increase of vacancy content~see Fig. 6!,
which enhances the gap states~due to defects! and the Ur-
bach tails. These gap states have been proposed to be
ciated with O vacancies formingF centers.5,19 In addition, in
the CeOx films of this study there exists a considerab
amount of defect states due to interfaces, determined
capacitance-voltage (C-V) electrical measurements~not
shown here!, which may also contribute to the degradation
Eg . The strong correlation ofEg with @Ce31# explains the
observed redshift ofEg in nanocrystalline CeOx .4 The
quantum-size effect is expected to enhance the band ga
the materials29,30 due to the higher localization of energ
bands with decreasing particle size~ultimately the bands are
reduced to atomic states!. Therefore, the redshift ofEg in
nanocrystalline CeOx films is not due to the quantum-siz
effect itself, but to the existence of Ce31 at the grain bound-
aries, as we have shown in this study. Thus, the Ce31 content
increases, with decreasing grain size, eliminating the res
of the quantum-size effect and causing the redshift ofEg .

IV. CONCLUSIONS

We have studied a variety of nanocrystalline CeOx films
grown by EBE and IBAD. Their structure, morphology, an
composition have been studied in detail using XRD, XR
and XPS. The nanocrystalline CeOx films consist mainly of
CeO2 grains, while a considerable concentration~23%–12%
at! of trivalent Ce31 is distributed at the CeO2 grain bound-
aries, forming amorphous Ce2O3. A small portion of Ce31

~,5%! is also located around O-vacancy sites. The bulk~sur-
face! distribution of CeO2 (Ce2O3) is a common feature o
the EBE- and IBAD-grown films. The Ce2O3 content is ex-
plicitly correlated with the grain size due to the correspon
ing reduction of the surface/bulk ratio. The film density va
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ies between 4.5 and 6.7 g/cm3 due to the existence of voids
We investigated the electronic properties of the vario

nanocrystalline CeOx films, compared them with the dat
reported for epitaxial CeO2, and established universal rela
tions ~valid for both nanocrystalline CeOx and epitaxial
CeO2) between them and the film structure, compositio
and morphology. The evaluation of the films’ optical prope
ties has been also based on previous band-structure cal
tions for CeO2 and Ce2O3. The fundamental gapEg of CeOx

is due to the indirect O2p→Ce4f transition along theL
high-symmetry lines of the Brillouin zone and varied b
tween 2.9 and 3.3 eV. It was correlated with the@Ce31#
concentration, explaining the redshift ofEg in nanostructured
CeOx , which is due to the Ce31 at the grain boundaries an
not the quantum-size effect itself. In addition, we observ
the enhancement of the Urbach tails in optical absorpt
~which are associated with the vacancy content in CeOx and
therefore they are due to defect states in the gap! with in-
creasing@Ce31# and vacancy content. We also correlated t
energy position of the maximum optical absorptionE01, due
to the O2p→Ce4f electronic transition, which varies up t
160-meV wide, with the lattice constant of the CeO2 grains.
The refractive index, far belowEg , has been explicitly cor-
related~through the classical theory of light dispersion! with
the film density, independently of the@Ce31#, @Ce41#, and
@O# concentrations, grain size, and the lattice parame
showing that the density of the films is the major fact
affectingn. The density was also found to be the major fac
affecting the absolute, maximum value of the«2 peak, which
corresponds to the O2p→Ce4f electronic transition. Finally,
we investigated the energy location of the second Ta
Lorentz oscillator, which averages the higher-order tran
tions of CeO2 and Ce2O3, through fitting of its low-energy
tail, and we found that its energy position is very sensitive
the film’s composition, as opposed to the energy position
the O2p→Ce4f transition, which originates exclusivel
from CeO2 and it is not correlated with the film compositio
at all.
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