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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 ()Cfid@s, grown by various
techniques, and we establish universal relations between them and the film structure, composition, and mor-
phology. The nanocrystalline Ce@Iims mainly consist of Ce@grains, while a considerable concentration of
trivalent C€" is distributed at the CeQyrain boundaries forming amorphous,Og. A small portion of Cé&*
is also located around O-vacancy sites. The optical properties of the @e® are considered, taking into
account the reported band-structure calculations. The fundamentaEgap CeQ, is due to the indirect
O2p— Ce4f electronic transition along thie high-symmetry lines of the Brillouin zone and it is correlated
with the[ Ce*" ] content, explaining the redshift &, in nanostructured CeQ which is due to the Ce 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 CeO
grains. We also show that the higher-order transitions are more sensitive to film composition. The refractive
index, far belowE,, is explicitly correlated with the film density, independently of the O€e'* and O
concentrations, grain size, and lattice parameter. The density is also found to be the major factor affecting the
absolute value of the, peak, which corresponds to the @2 Ce4f electronic transition.
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. INTRODUCTION tured CeQ is reported to exhibit a lower fundamental gap
than crystalline Ceg although the quantum-size effects are
Cerium oxides have recently attracted much interest duexpected to induce a blueshift of the band Jafdue to the
to their unique properties, which make them suitable formore localized bands. In addition, most of the reports corre-
various applications. The valence of Ce is very important folate the values of optical constants, such as the refractive
the structure of cerium oxides; tetravalent Ce forms ceriumndex (n) (reported to vary between 1.6 and 2.5 at 633 ,nm
dioxide (CeQ),*2 commonly called ceria, which has a cubic fundamental gag2.5 to 3.3 eV, and energy position of the
fluorite lattice Em3m space group while trivalent Ce O2p— Cedf electronic transition, only with the growth tech-
forms the sesquioxide (;@3, which has a hexagonal lattice nique and conditions. Therefore, a detailed Understanding of

(P§m1 space groug-? Both cerium oxides are refractory the effect of physical properties and microstructure on the

compounds, which are optically transparent in the visibIeOptlcal performance and electronic properties of nanostruc-

spectral region and highly absorbing in the uItravioIettured cerium oxides has not yet been established.
pe 14 9 : gnly @ ng . In this work we present an effort to investigate the micro-
region.** However, in bulk cerium oxides the existence of

. . X - _ structural features, which affect the electronic properties of
trivalent CE" has been considered to reduce the band°gap

) - ’ iy nanostructured cerium oxide (Cgfilms. For this purpose
The most common of cerium oxides is CgQwhich is 5 yery detailed complementary study of the crystal structure

stable even in substoichiometric form (CgQ, 0<x CeQ, phases and cell sizesmorphology (density, grain
<0.4) (Ref. 6 and thus has been easily produced by severadjze, and defect distribution such as oxygen vacancies, grain
growth techniques. Among them are electron-beam evaporgoundaries, and voigisand composition(oxygen, trivalent
tion (EBE),"™® pulsed laser depositiolf;*® metalorganic Ce**, and tetravalent (& contents has been carried out
chemical vapor depositiol?, ion-beam-assisted deposition using well-established characterization techniques such as
(IBAD),%'" and reactive magnetron sputteritBMS).**=2°  x-ray diffraction (XRD), x-ray photoelectron spectroscopy
Thin films of CeQ exhibit unique physical properties, such (XPS), and x-ray reflectivity XRR), the latter being a mod-

as a lattice constantae(=0.541 nm) similar to that of Si ern technique for the study of thin films in terms of density,
(making it suitable for epitaxial insulating layers for surface, and interface roughné8s'=33For our study we
Si-device technology a high refractive index, and a high dc have grown CeQ films using two different growth tech-
dielectric constant. Therefore, CgeQilms are appropriate niques, EBE and IBAD, and we compare our results with the
for applications in optical”? electro-opticaf®  optical data of epitaxial CeQfilms produced by RMS and
microelectronid, 216182223 gnd optoelectront devices. reported by Guet al?° and with the reported band-structure
Their exceptional optical performance has led to the extenealculations for Ce@and Ce0Os,* in order to establish uni-
sive study of the electronic properties of thin-film and nano-versal relations between the optical properties and the micro-
structured Ce@.*10-20:24=28owever, the relative results in structure of the CeQfilms, which are general and valid for
the literature are still controversial. For example, nanostrucany growth process.
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The electronic properties of the various Gefiims are  pole mass spectrometer. The second set of samples was
studied by spectroscopic ellipsomet($E) data analysis. grown by EBE with similar growth conditions as the samples
Three methods of analysis are used. The first is the use of th@f the first set, but with higher thickness-0.5 um), in order
three-phase modefair/film/substrate (Ref. 34 and 35in  to better study their bulk properties and compare them di-
combination with the Tauc-Lorentz mod&in order to de-  rectly with the IBAD-produced samples. The third set con-
scribe and quantify the contributions of the major g2 Sisted of CeQfilms, about 0.5um thick, grown by IBAD at
— Ce4f and OP— Ce5d electronic transitions of Ceand ~ RT. IBAD growth was realized by evaporation of CgO
the Ce4°— Ce4f! transition of CgO; (Ref. 5 and to deter-  USing & 150—200-mi0\4/7-kv electron bedproviding a vapor
mine the values of refractive indax of CeQ, for energies ~Pressure of 1-%10"" Torr), and subsequent bombardment
below the fundamental gaﬁg_lo The second method is with a focused Af-ion beam generated at a Kauffman

based on Bruggeman's effective medium thédiwhich is broad-beam ion source. The varying parameter at this set of

used to investigate the effect of the film’s density and Voidsexperlments was the Arion energy, which was either 0.75

or 1.25 keV. The evaporation rate and the Alow rate were
cpntent_ ton (fo_r E,< Eg) and tc_) the absolute values of the varying in order to retain a relative flux of ions arriving
dielectric function’s peak, which corresponds to the pO2 (ion/neutral rati at ® -+ /P ooq =0.5
— Ced4f electronic transition. The third method of analysis of The optical proper?ires o?et%e dép;osited films were mea-
the optic_al d*’?“‘?‘ Is throu%g the formulation_ developed_ bysuredex situat RT using a JOBIN-YVON phase-modulated
Tauc,_GrlgrO\_ncL and Var_1 for the description of the_d|- spectroscopic ellipsometer, in the energy range 1.5-5.5 eV
electric function at energies close to the band gap, using t

i g ith a step of 10 meV at a 70° angle of incidence. UPS
so-called Tauc plots, in order to determine accurately th%xperiments were carried out in a UHV chamber equipped

fundamental gap of various Cg@Ims. Adc_iltlonal ultravio-  \yith a hemispherical electron energy analy#8PECS LH-
let photoelectron spectroscopyPS experiments were car- 10 and a discharge lamipie Il radiation with photon energy
ried out to study the density of statd30S) of the valence  20.66 e\). The spectrometer was calibrated using the Fermi
band of representative Ce@Ims. edge position of a sputter-cleaned Au foil, which was defined
We found that the nanostructured CGefdms mainly con-  as zero binding energy of the spectra.
sist of CeQ grains, while a considerable concentration of XRR/XRD experiments were conducted in a Siemens
trivalent CE"* has been also observed. The trivalenfCis  D-5000 diffractometer equipped with a Goebel miftbr,
distributed at the Ce©Ograin boundaries forming amorphous which transforms the divergent x-ray beam parallel to
Ce0;. A small portion (<5%) of Ce&" is also located 200-um width. The XRD scans were performed in Bragg-
around O-vacancy sites. We explicitly correlate the geQ Brentano geometry between 5° and 60°. The source was a
(and CgOs) content with the value of the fundamental gap conventional ClK,, 2.2-kW x-ray tube. The generator cur-
E, of CeQ,. Since cerium oxides exhibit both a direct and 'ént and voltage were 40 mA and 40 kv, respectively, the
an indirect gap, we identify a&, the indirect gap of the step was 0.02°, and the scan speed was 0.1°/ min. By taklng
O2p— Ce4f transition, which is located-0.5-eV below the rocking curves of the reflected x-ray beam from the speci-
direct gap. The correlation d, with the film composition men(at angles lower than the critical angle for total external

. . . ; reflection we calibrated the goniometer with an accuracy of
explains the reds+h|ft OE, in nanostructured CeQf' which 0.001°. The XRR measurements were performed in the form
is due to the C& at the grain boundaries and not to the

T . . of #-260 locked couple scans between 0 and 3° using the same
grain-size(quantum-sizpeffect itself. We also correlate the ,_ray apparatus and a special reflectivity sample stage. XRR
energy position of the Q2—Ce4f interband transition, scans with a 0.1° offset of the detector were conducted to
which varies up to 160-meV wide, with the lattice constantgyptract the contribution of the diffuse scattering from the
of the CeQ grains. Finally, the refractive index, far below specular XRR scan.

Eq, is explicitly correlated with the film density accordingto ~ The XPS experiments were performed in a stainless-
classical ~dispersion theo?y, independently of the steel turbopumped UHV chambefbase pressure~5
Ce**/Ceé** and O concentrations, grain size, and lattice pa-x 10 1° Torr). The chamber was equipped with a Leybold
rameter, revealing that density is the key factor affecting |HS-12 hemispherical electron energy analyzer and a non-
In addition, we show that density is also the major factormonochromatized dual anode x-ray source for XPS. The data
affecting the absolute value of the, peak, which corre- were obtained by using the Al radiation at 1486.6 eV and

sponds to the O@— Ce4f electronic transition of CeD detection normal to the surface with a constant analyzer pass
energy of 100 eV, which resulted in an analyzed area of 2
Il. EXPERIMENT x 3 mn?. The binding-energy scale of the spectrometer was

. ) referenced to the Au4,, value at 84.050.05¢V. In all
Threg sets of Ce_pfllms were grown orc-Si(001) sub- speciments the wide scan spectrum shows that the main
strates in an ultrahigh vacuufyHV) chamber(base pres-  peaks are O, Ce, and carbon contamination due to air expo-

sure <1x10 ° Torr). The first set consisted of CeO sure before introduction to the UHV chamber.
samples, 110—-170-nm thick, grown by electron-beam evapo-

ration at different substrate temperatuiigs(RT—950 °GQ. A I1l. RESULTS AND DISCUSSION
double electromagnet assembly was used for the surface scan ] )
of CeQ, chunks by a 40-50-mA/7-kV electron beam. The A. Film microstructure

vapor pressure of CeQunder these conditions was 1-3  XRD and transmission-electron microsco@EM) (TEM
% 107° Torr and was monitored and controlled by a quadrafesults are not shown hérevere used to study the micro-
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FIG. 1. Representative XRD patterns from representative,CeO .ﬁ b
films (EBE and IBAD producel] showing the nanocrystalline char- — 10 o ( )
acter of the films and the cubic fluorite structure of GeQhe 0. 00 02 04 06 08 10 12 14
Miller indices, which correspond to the XRD peaks of GeQ@re
also shown. Ion Energy (keV)

FIG. 2. The lattice constant of the CgQ@rains, calculated using
structure of the various Ce@ilms. Both techniques revealed Eq. (2), vs the major growth conditions of EBE and IBAlhe
the polycrystalline character of the Cgdilms, showing straight lines are guides to the ¢ye
broad diffraction peak$XRD) and diffraction ring TEM),
which are the characteristic patterns of nanocrystalline matewhere 6y, is the Bragg angle that corresponds to thkl)
rials. The films exhibit columnar structure. The columns ardattice planes and is the x-ray wavelength. For the deter-
polycrystalline and consist of nanoscale graf{8s-28 nm. mination of G we used the broadening of th@11) XRD
For the quantitative analysis of the film microstructure wereflection, which is manifested at lower angular values and
used the XRD diffractograms in order to ensure the nondethus is less affected by the,; andk,, splitting of the inci-
structive character of the study, because the use of energetiient beaniexcept for the film deposited by EBE at 950 °C
electron beamgsuch as in TEM may cause desorption of where we used th¢002 reflection because this film was
oxygen from Ce® and formation of Cg0;.? grown along this direction and exhibited a wgdt1) peak.

The XRD diffractograms revealed the cubic fluorite struc-However, we note here that Scherrer’s formula is valid for
ture of CeQ (Ref. 41 in all films (deposited either by EBE unstrained grains because the strain effects may broaden the
or IBAD). For example, Fig. 1 shows XRD patterns from XRD peaks, as well. Therefore, before applying EL. to
representative CgCfilms with the assignment of the corre- determine the mean grain size of the Getnostructures,
sponding Miller indices of the CeOXRD reflections. The we should calculate the lattice constant
XRD peaks have been fitted by pseudo-Voigt curves in order The lattice constantx of the cubic fluorite-type CeD
to determine their angular position, broadening, and intengrains can be determined through the spacing of (tid)
sity. The different growth techniques and conditions affectiattice planes d,,,), and taking into account Bragg’s law:
the broadenings and the relative intensities of the various

XRD pgaks due the variations qf grain size and orientation, o \- m
respectively. No sign of crystalline @@; was detected by dpy=———=a=————— 2)
XRD. However, XPS had detected a considerable portion of Vh2+K2+12 2-8iN Oy

Cce*t, as we show below, suggesting that the@gephase is

amorphous. Figure 2 shows the calculated lattice constant value$ s

The mean grain siz& of CeQ, can be determined from and ion energy for the EBE and IBAD films, respectively. In
the broadening full width at half maximymy (FWHM),, of  Fig. 2(b) the point atE=0 keV corresponds to &500-nm-
the XRD peaks, which correspond to the lattice planes witithick film produced by EBE at RTi.e., with conditions and
Miller indices (hkl), through Scherrer’s formuf: thicknesses similar to IBAD foE=0 keV). The lattice con-

stant of all the films has been found to be slightly larger than
the corresponding value of bulk ceffashowing that all the
G= 0.9\ , (1)  films are in-plane compressed. The relative stmivelues
FWHM - COSOp can be estimated from the calculated lattice constasits:
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=(a— o)/ @puk, Whereay, is the lattice constant of the 10"k
bulk, unstrained ceri& The relative strain for all EBE and r
IBAD films has been determined to be lower than 0.7% and 102k
1.6%, respectively. The observed strain in G&@ains is due [
r
r

Experiment
------ MC fit

p=6.7 g/cm3

to growth-related processes such as the development of ther-
mal stressegfor films grown by EBE atT;>RT) and the
compressive stresses developed by the intense ion bombard-
ment during ion-assisted growth of refractory compounds
(for IBAD).*® Nevertheless, the values are very low and
thus their effect on FWHI\,, is minor and Scherrer’s for-
mula can be used to estimate the grain size of £eO

The grain size of EBE-grown films increases wiily
(from 9 to 24 nm due to the higher mobility of the adatoms
during growth?® The IBAD-grown films exhibit relatively 10°F
bigger graing23—28 nm either due to their thicknegs-500 i
nm, instead of the 110—170-nm thickness of the EBE-grown o (b)
films) or the energy transport from the inert gas ions to the 10

- - - -RT, p=4.5 g/em’
———950°C, p=6.7 g/cm’

X-Ray Reflectivity

00 05 1.0 15 20 25 30

Ce and O adatoms at the film surface during growth, which Scattering Angle 20 (deg)

results in similar effects as those of increaded*® Never-

theless, the origin of the grain-size values does not affect the FiG. 3. (a) XRR data from a CeQfilm grown by EBE at 950 °C

following study, because we correlate directly the electronicand the results of the MC fitting arit)) comparison of XRR data of

properties with the structural featurésomposition, grain  two CeQ, films deposited by EBE at RT and 950 °C.

size itself, etg. of CeQ, films, independently of the growth

technique and film thickness. _ _ with any other film characteristi¢thickness, density, grain
Another microstructural feature, which considerably af-sjzg) and they may possibly be attributed to a top nucleation

fects the optical properties of CgQis the film density® |ayer as has been observed in Si grofth.

The film density can be determined by XRR through the The film composition has been studied by XPS. XPS ob-

critical angled,. for total external reflection of x rays, which served the characteristic ®and Ce@ peaks, from which

can be expressed in terms of the mass denstty the film stoichiometry and bonding type can be determined.
~ Figure 5 displays the core levels of G&8f two representa-

02:( e\ ) N é) . 3) tive films grown by EBE and IBAD; the characteristic peaks

¢ | 7mc °A; P in which the Ce8 states are analyzed are indicated by the

_ vertical dotted lines. The CeBspectrum of CeQcan be
wherem, e are the electron mass and charge, respectidgly, f|ly described by six peaks of three spin-orbit doubf&r£?
is Avogadro’s numberA, is the mean atomic mass, the  The assignments of these peaks and the reference values for
x-ray wavelength, and, the mean number of electrof&Um  tneir binding energies have been a subject of intense research

of core, valence, and conduction electrppsr atom. and much data are available in the literattie'®
The XRR measurements were analyzed.usmsgl] Siemens EFigure 5 also shows the fitted deconvolution of the €e3
REFSIM software and a Monte CarlC) algorithm™™ Fig-  |eyels to the various states, in addition to the experimental

ure 3a) shows the XRR curve and the results of the MCxpg gata. The observed XPS peaks are attributed to trivalent

fitting for a CeQ film, 112-nm thick, deposited at 950°C. ceg* and tetravalent (% . The peaks, which correspond to
The calculated densit§6.7 g/cn?) is smaller than the density

of the bulk CeQ (7.21 g/cr),** due to the polycrystalline 0
character of the films and the existence of voids. The voids 70 kA EBE ]
content in the film may be estimated from the density, taking LT N 35
into account, its value for bulk Ce0"**3The XRR curves ~650 A 130

of two CeQ films deposited by EBE at RT and 950 °C are g - h . 15 &
compared in Fig. ®). The film deposited at RT is much less 6.0} AN ] %;
dense(4.5 g/cm?). Figure 4 illustrates the densification and = 420 ©
elimination of voids withTg, due to the higher mobility of 'z 5S¢ " 153
the adatoms during growth, which results in more compact 8 I [
stacking and close-packed structute$>The films grown by S0 R
IBAD are much densefp up to 6.1 g/crm) than the films 45 _A7A AN
grown by EBE at RT. This densification is a typical effect of 1, L M Pt

ion bombardment during growth of refractory 0 200 400 600 800 1000
compoundsS*3XRR has also determined the surface rough- Substrate Temperature (°C)

ness of the films, which varies in the range 3—4 nm. These
values are much lower than those reported in the liter&fure.  FIG. 4. The variation of density and voids content with for
The surface-roughness values of our films are not correlateghie EBE-grown films.
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is linearly correlated with the ratio €&/(Ce** + Ce&**): in
S A A this case the decrease 0f" indicates the increase in &e
A D species due to the C& reduction.(ii) The second method
uses directly the ratio of the intensities of Ceand Cé*
peaks. The results of the two methods are in very good
agreement and reveal the existence of a considerable concen-
tration of Cé*, although XRD identified only the tetravalent
CeO,. The results of the XPS analysis are summarized in
Table I. The trivalent C& can be distributed either in re-
gions of sesquioxide G&; (Ref. 1) or around O vacancies
in CeQ,.°

In order to investigate if the trivalent €& has the form
of Ce05 or is due to O vacancies, we calculated the O
content in the film assuming that the total O content is the
sum of the required O to fully oxidize ¢& and C&" and to
form CeGQ and CegOj;, respectively. Then, taking into ac-
count that the stoichiometry=[O]/[Ceg] is equal to 2 for
; AN CeG,and 1.5 fé?r CeOs, éhe ratio of the re;?uired oggygen to

T P vyur fully oxidize Cé" and Cé" to the sun{Cé&* " ]+[Ce "] is
930 920 910 900 890 880 870 determined from the concentratiop€e** ] and[Cée** ] ac-

IBAD
o

XPS Intensity

Binding Energy (eV) cording to the following equation:
FIG. 5. The Ce8 core levels for representative Cg@ims [0] 3
grown by IBAD and EBE. The fractions of & and Cé* can be X= [Ca 2 xX[Cet]+2x[Ce]. 4

determined from the CeB XPS peaks, showing that the IBAD-

produced films exhibit a higher ¢& content. The calculated stoichiometry from E¢4) has been com-

pared with the stoichiometry determined directly from the
Ce'" are theU” (916.7 eVJ andV"” (898.4 eV}, which result  intensities of the O4 (with binding energy 529.5 eland
from the Ced® O2p® Ce4f? final states. The additional Ce3d XPS peaks. Figure 6 shows the stoichiometry varia-
states of C&" [U (901.0 eV}, V (882.5 eV}, U” (907.3 €V,  tions with the concentration diCe&*] determined by both
V" (888.8 e\] result from a mixture of Ced®® O2p° Ce4f'  methods(requiring O to fully oxidize C& and Cé* and
and Cedl° O2p* Ce4f? final states. The transfer of electrons direct comparison of the Glland Ce3l XPS peak intensi-
from the O% to the Ce4 orbital and the decrease in the ties). The two methods are in excellent agreement for films
Ce3d binding energy are due to the interaction of the €e4 exhibiting low [ Ce®*] content, meaning that in these films
level with the Ce®8 core hole, which pulls the Cddevel to  the entire[Ce*"] content is consumed in forming g@;.
lower energy. Finally, the contribution of €eto the Ce@  On the other hand, we observe a slight O deficiefwith
spectrum consists of two doublet paifg:U’ (903.5 eW/V' respect to the required O needed to fully oxidizel @ethe
(884.9 eV and (i) U, (898.8 eV/V, (880.3 eV. These films with high[ Ce€*" ] content, suggesting that g&; and O
doublets correspond to a mixture of the @&302p° Ce4f?  vacancies coexist in these films. However, the maximum O
and Ce3l° O2p® Ce4f! final states. deficiency is less than 5% and thus the majofiy95%) of

For the quantitative determinations of theée*" ]/[Ce*"]  [Ce*"] is consumed in C®; in any case.

ratio we used two method$:) the method that proposed by ~ XPS provided evidence that €@, exists in the nano-
Shyuet al,>® in which the area of the whole Cdanultiplet  structured CeQ films, while XRD identified only Ce®.

TABLE I. The composition, density, and energy positionssgfand the Op— Ced4f electronic transition o) for the various CeQ
films with respect to the growth technique and conditions.

T4 (O Ei(keV) [CE')[CE] [Olows/[Celceas® [O[Celcea” Eq (eV)° Eoy (€V) p(gemd)

EBE 950 4.9 191 1.92 3.650.18  3.9%0.04 6.7
600 2.99+0.18 3.970.04 5.5
300 3.8 1.85 1.90 2.940.15  3.94£0.05 4.9
RT 3.0 1.80 1.88 2.920.04 4.02-0.04 4.5
IBAD RT 1.25 4.3 1.89 1.91 2.970.06  3.85:0.02 59
RT 0.75 6.4 1.96 1.94 3.120.06  3.94-0.02 6.1

8Using directly the intensities of the Gland Ce3 XPS peaks.
PFrom Eq.(4), using the deconvolution of the C#3XPS peak.
‘Using Eq.(10).
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FIG. 6. The CeQ stoichiometry(for both EBE- and IBAD-
grown filmg calculated(a) directly from the intensities of the &1
and Ced XPS peakgopen circleyand(b) from the concentrations
of C&" and C&" (solid squares assuming that Gé and C&*
exclusively form CgO; and CeQ, respectively.
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between[Ce**]? and [C&**]® confirms the dimensional
analysis and the distribution of Cg@nd CegO; at the grain
volume and surface, respectively. The experimental points of
G?3 vs[Ce*"]? are more scattered around the straight line of
the dimensional analysis. This is attributed to the strain of
the grains that affects the broadening of the XRD peaks and
the determined grain-size values.

B. Electronic properties

After studying in detail the microstructure and morphol-
ogy of CeQ films, we proceed to the study of their optical
properties. The optical properties of the Gefdms have
been investigated by SE in the visible UV spectral region
(1.5-5.5 eV. The main benefit of the ellipsometric measure-
ments(compared to other optical measuremegigghe direct
evaluation of both the real and imaginary parts of the com-
plex dielectric functione(w)=[¢e¢(w)+iey(w)], through
the ellipsometric angle¥ andA, with no need for Kramers-
Kronig integratiort® The determination of the complex di-
electric function enables the investigation of the material's

Therefore, the C£; phase is amorphous. The amorphouselectronic structurge,(w) is directly related to the joined
character of Cg03 is an indication that this phase is located density of state$JDOS for interband absorptign The ma-
at the grain surface and at the grain boundaries. Followingerial's electronic structurgand consequently the determined

simple dimensional analysis we determine that if@gand

e(w)] is very sensitive to the materials’ microstructure, since

CeQ, are located at the grain surface and volume, respesmall grains may induce quantum-size efféet® the point

tively, then the square dfCe**] (surface distributionwill
be linearly correlated with the third power pEe**] (grain

volume distribution. Indeed, Fig. 7 shows the correlation of may have different electronic structures band

the square of Ce*] (=[Ce,0;]) with the third power of
[Ceé"] (=[CeQ,]) and the third power o6 (which is pro-
portional to grain volumeé/y). The observed linear relation

2.5x10°

O

m EBE

2.0x10 O IBAD

1.5x10* |

(nm’)

- 1.0x10"

G

5.0x10°

0.0
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0.55

[ Ce4+]3

0.50
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3442
[Ce ]
FIG. 7. The correlation of the square of the?Ceoncentration
with the third power of the CE concentration and the grain vol-

ume (V4=G?), showing that C& and Cé&" are located at the
grains’ surface and volume, respectively.

0.02 0.03

defects may create localized states within the band®gaqi
in mixed materialg¢such as Ceg¢)Ce,O3) the various phases
daets,

In the case of transparent films the measured quantity is
the pseudodielectric functiofe(w)), which takes into ac-
count contributions from the substrate and the film’s thick-
ness due to the multiple reflections originating from the film-
substrate interfac®. Such intense multiple reflections are
manifested in thes(w)) spectra(Fig. 8 of CeQ, films for
photon energf =% v <Egy, meaning that all the CeQilms
are highly transparent fa&<3 eV, regardless of their thick-
ness value§n Fig. 8, the dashed and dotted lines correspond
to EBE-grown thin films of the first set, while the solid line
corresponds to a thick-500 nm IBAD-grown film. For
photon energ¥E>E, (=3 eV) optical absorption begins and
the Si substrate contribution t@(w)) is reduced, even for
the thinner film(EBE grown, 950 °C, dotted line

The second partE>3 eV) of the SE spectra is domi-
nated by an absorption peak-at#t eV, which corresponds to
the 02— Ce4f transitiort>1%2°%1of Ce0,, according to
the calculated band structure and D@&f. 1) shown in Fig.

9. In particular, the fundamental gap of the Gdilns is due

to indirect 02— Ce4f transitions of Ce@along thel high-
symmetry lines of the Brillouin zone denoted by arrows in
Fig. 9. This point is discussed in more detail in the following
paragraphs. The Q- Ce4f transition is very sharp due to
the low energy broadening of the Cedand:® Many au-
thors refer to the Cefdstate as an atomiclike localized band
into the band gap between the PXalence band and the
extended Ced conduction band;>'**°defining as the CeQ
band gap the energy separation between thp éd Ce5l
states, which is about 6 €éV:1%4° Nevertheless, the G2

— Cedf transition is attributed exclusively to CeQObecause

035104-6



STRUCTURE-DEPENDENT ELECTRONIC PROPERTSE. . PHYSICAL REVIEW B 68, 035104 (2003

6o — - --EBE(RT) termine the fundamental optical gdp, of the electronic
...... EBE (950 °C) transitions, in addition to the enerds,, broadeningC, and
——IBAD strengthA of each Lorentz oscillatof The energyE, of this
A_ 40 model corresponds to the Penn gap, where the strong absorp-
\“/’ tion of the material takes place. The imaginary partof a
20 TL oscillator is described by the following expressiofis:
AE,C(E-Ey)? 1
0 = 9 R >
g2(E) (EZ_E27+C%E2 E E>E,. (5a)
30F a
ol A e2(E)=0, E=<Eg, (5b)
A 10l % and the real parte; is obtained by Kramers-Kronig
o~ | integration®-3°
w .
Vo0
. 212 (= Xe(X)
-10 81(E):8m+TP m@dx. (6)
-20 . g
15 20 25 30 35 40 45 S0 55 The parametee., is larger than unity and accounts for the

contributions from electronic transitions occurring at ener-
gies higher than 8 eV(i.e., Cejp—Cebid and Cep

FIG. 8. SE measurements (f(w)) from representative CgO HCeG.s transition§)_anq they have n(_)t been taken intp ac-
films grown by IBAD and EBE(to different thicknessasAll films count in our analys!s with two TL oscillators. The quallty of
are highly transparent below 3 eV, where intense multiple reflec-the re_lat've model fit can be judged by th.e.comparlson of the
tions are manifested. An absorption peak appearsiatV, which is ~ €Xperimental and calculate#t andA and it is based on the

Photon Energy (eV)

due to a Op— Ce4f electronic transition of CeQ minimization of the mean square errgpf:
1 N
in Ce,0, the Ce4° band is partially filled with valence x2= e 2 IV cad E) — Wexpel Ei) 12
electron$ and thus only higher-order transitions occur in (2N=P=1)i=
Ce&0;. The maximum value of the,, which corresponds +[Acad Ei) — Aexpel EN 1%}, 7

to the OZ2— Ce4f interband transition, has been a subject of
intense debate?*5! and varies considerably in our films Where 2N is the number of independent measuremeHits
(see Fig. 8 This point is also discussed thoroughly in the @andA are atN energy positions;), P is the number of the
following text. Finally, forE>4 eV the dielectric function is free, independent TL-model parameters, ahg (¥ caid
also affected by the contribution of the low-energy tails ofand Aexper (Wexpe) are the calculated and experimentsl
the Op—Ce5 interband transition of CeQand the (¥) angles at each enerdy,. For the TL fit a Lavender-
Ce4f%— Ce4f?! transition of CgO5.24° Marquant minimization algorithm was used to minimigé
In order to evaluate the spectral dependence of the dieledvith confidence limits 95%. The typical values gf for the
tric function of CeQ films, we fitted the experimentét(w))  TL fit on the studied CeQvary, 0.1 x*<0.4.
using the modified Tauc-LorentIL) model®® in combina- For the TL fits we used two TL oscillators. The first one
tion with the three-phase model (air/Ce@im/c-Si sub-  describes the O2—Ce4f transition (at ~4 eV), which is
stratd. In the TL model the imaginary paft,(w)] of the  characteristic of Ce©(see Fig. 9. We note here that the
dielectric function is determined by multiplying the Tauc so-called Op—Ce4f transition should be forbidden be-
JDOS(Ref. 38 by thee, obtained from the Lorentz oscilla- cause it violates the angular momentum selection rale (

tor model®® Thus, the TL model provides the ability to de- =0,*1, wherel is the angular momentum quantum num-
ben. However, this transition is manifested in allw) spec-
5 tra of CeQ in the literature’'%?%24pecause the highest oc-
/ LL cupied valence banlenoted as the Q2band in Fig. 9 is
<10 \a7 P Cesd not exclusively due to O electrons because it also contains
L Dl e a contribution from Ced electrons, which provide partial
& 3 i Cedf character:® Therefore, the electronic transition-a# eV is a
;ﬁ; Bl - T A L W nominal O2— Ce4f transition (and we follow this termi-
F Z S0 EOZP nology to be consistent with previous Iiterat)thereas it
-5 . has actually strongl—f (Cedd— Ce4f) character, which

X I L UXW LKW DOs fulfills the selection rules. We also used a second TL oscil-

FIG. 9. The band structure and the DOS for pure Cégiter ~ 1ator (at 6.5-8 eV to describe the low-energy tales of
Ref. 1. The arrows indicate the indirect transitions, which corre- higher-order transitions such as the [©2Ce&d interband
spond to the fundamental gap of Ceeind the nanostructured CgO  transition of CeQ@ and the Ce#°—Ce4f! transition of
films. Ce,0;.2*° The second TL oscillator averages the contribu-
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20 12
Real . A < Exp Bulk (Ref. 5)
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I Photon Energy (eV)
_15 " ! . 1 . 1 " 1 " L
0 1 2 3 4 5 FIG. 11. The calculated(w) spectra, based on the two-TL best-
fit parameters, for representative Ge@ms. The optical data
Photon Energy (CV) reported by Marabelli and Wachter for bulk CeQRef. 5

and by Guoet al. for epitaxial CeQ (Ref. 20 are also shown for
FIG. 10. The experimentdle) exper, solid trianglésand fitted  comparison.
curves({e) two TL, dotted lineg, within the three-phase model, for
a representative Cg@ilm (EBE at RT), as well as the correspond-
ing ¢4, &, (g, two TL, solid lines curves for the bulk material,
which were calculated using the best-TL-fit parameters.

namely, the fundamental gdg, and the energy positioBy;
of the O — Ce4f transition, which are included in the ex-
perimental spectral region.

tions of the above-mentioned transitions and their fine struc- Figure 11 shows the calculatefw) spectra based on the
ture (which was observed for the ®2-Ce5d transition of ~ two-TL best-fit parameters of representative EBE- and
Ce0,, due to the crystal-field splitting of the Cé&onduc- IBAD-grown CeQ films, in comparison with the optical
tion band to the Cefe, and Cefit,, subbands®4%%3. Fig-  data reported previously for the bulk Ce(Ref. 5 and for
ure 10 shows representative experimeféaip) and fitted(2  epitaxial CeQ films.2% In all £(w) spectra a strong absorption
TL), within the three-phase modek(w)) curves for a rep- peak with maximum aEy;~4 eV, due to an electronic tran-
resentative EBE-grown CgCfilm, as well as thee;, &, sition, is prominent. According to TL calculations, this tran-
curves for the corresponding bulk material, which were calsition has been located up to 160 mévom 3.85 to 4.01
culated based on the best-TL-fit parameters. eV). In addition, we did not observe any correlation between
The results of the two-TL fits were used to predict andthe energy positions of this transition with the film composi-
extend thes(w) curves to lower(0.16 eV} and higher(up to  tion (CeQ and CgOj; contenj, proving that this transition
12 eV) energies than those within the experimental spectrapriginates exclusively from CeQ and thus, the G©; re-
region. The low limit ofE=0.16 eV is much lower thak, gions do not contribute at all, in agreement with the band-
but higher than the optical absorption at 275 ¢nwhich is  structure calculationéRef. 1 and Fig. 8 On the other hand,
due to the triply degenerate polar lattice vibratiéiigus, in ~ we observed a correlation between the energy posiigrof
this analysis we account exclusively for the effect of thethe maximum optical absorption of the first TL oscillator
electronic transitions and we can evaluate some propertiesith the lattice constant of the Cg@rains, which is shown
such as the value of the refractive index,for E<E, (e.g., in Fig. 12. This correlation is well understood, since the Bril-
the solid line in Fig. 9 and the energy position of the louin zone(and consequently the energy positions of elec-
higher-order transitions. However, the predict¢a) curves, tronic transition$ reflects the symmetry of the crystal cell,
outside the experimental spectral region, should be considvhich is its reciprocal. The scattering of the experimental
ered with particular care, especially in the case of the higherpoints is due to the very small variationsif; anda as well
order transitions, since only the low-energy tails of theseas to other factors that may affect the energy positions of the
transitions contribute to the experimental spectra. Table interband transitions, such as film thickness, surface rough-
summarizes the main results of the two-TL fit analysis,ness, and CeQgrain size.

035104-8



STRUCTURE-DEPENDENT ELECTRONIC PROPERTSE. . PHYSICAL REVIEW B 68, 035104 (2003

4.10 — ; . . : ;
m EBE
405 O IBAD| T
‘ 5
4.00 |- E &)
> 3
L 3ost 1 5
3 wn
M e} . g
-}
385 ———%—— J
3.80 1 1 L 1 1 1 L E
0.542 0.544 0546 0.548 0.550 0.552 E-6 E-4 E-2 F
o (nm) Energy (eV)
FIG. 12. The energy position of the @2 Ce4f electronic tran- FIG. 13. Valence-band seectra of representative ,C&lns
sition of CeQ vs the lattice constant of the Ce@rains. grown by EBE(solid line,[Ce**]=0.23) and IBAD(dashed line,

[CE7]=0.13). The characteristic @2band is manifested in both

The energy positiorEq, of the second TL oscillator is spectra a_nd a shoulder attributed to®Cef° states is more pro-
very sensitive to the film composition and varies within theounced in the spectrum of the EBE-grown film. The upper edge of
range 6.5—8 eV. This is clearly illustrated comparing ¢e "¢ Valence band is quite affected by the’C#f° states.
curves of the EBE- and IBAD-produced films in Fig. 11. The
second TL oscillator is located at6.5 eV in the case of the band is manifested in both specfthis band is reported to be
Ce,O5-rich EBE film and at~8 eV in the case of the more located around 6-eV below the Fermi levely) (Refs. 2 and
stoichiometric Ce@film grown by IBAD. Comparing these 49)] and a shoulder attributed to &etf° stateg/located at
results with the energy position of the P2:Ce5d inter-  about 3-eV belovEg (Refs. 2 and 4§ is more pronounced
band transition, which occurs at9 eV for the bulk CeQ@ in the spectrum of the EBE-grown film. The upper edge of
(Fig. 11, solid line, and Ref.)5 we identify a trend of @ the valence band is quite affected by the*C#f° states.
strong redshift of the second TL oscillator with increasing Indeed, the energy separation between the upper edge of
Ce, 05 content. The observed redshift with increasing@¢e e valence band arfe; is about 1 and 2.6 eV for the EBE-
content can be very well understood, if we take into account,,q IBAD-grown films, respectively, due to the more pro-
fchat the seconql_TL oscillator averages the (.:olntr.ibutions Oﬁounced C&' 40 states in the first film. The valence-band
interband transitions of Celand Ce0;, and it is Invery ﬁpectra are associated with the DOS and the interband tran-
good agreement W't.h _the band-structure Calculat'ons"g‘é\'mcsitions, which, determined by SE data analysis, are associ-
show that CgOg exhibits a lower band gap than CeO ated with JDOS; therefore, no quantitative correlation be-

However, we should mention that the variatidfiss—8 eV tween the UPS and SE results can be established. However,

of the second TL oscillator with G&; content are compa- the UPS it ¢ the SE d vsi deri
rable with the error of th&, values calculated by the TL fit € resuts support the ata. analysis, considering
that the redshift of the second TL oscillator is attributed to

(~1.5 eV). The error of theE,, values is due to the large 0 h " o
broadening of this oscillator in addition to the fact that only the Ce4"— Ce4f* transition of CgO; and it is more pro-
the low-energy tail of this oscillator contributes to the experi-nounced when the valence band exhibits more enhanced
mental spectrum. Therefore, the observed trend cannot Hee’ " 4f° features.
considered as clear evidence but only as a serious indication N addition to the energy positions of the electronic tran-
for the redshift of the second oscillator; further experimentalsitions, another issue that has produced major disagreement
work at higher photon energies is required to confirm thisin the literature is the maximum value of that corresponds
observation. to the Op— Ce4f transition at~4 eV}>?%°1|t has been

According to previous studié4® the O — Ce5d inter-  proposed that this value is majorly affected by the broaden-
band transition of CeQis expected to exhibita Penn gaf8  ing of this transition, however, we have previously shown
eV, while the corresponding value of the (84-Ce4f! that the absolute value of the extinction coefficigntand
transition of CeQO; is around 6 eV. Therefore, the observed consequentlye,=2nk) at ~4 eV for CeQ films is consid-
redshift of the second TL oscillator should be correlated witherably affected by the CeCfilm density'® Therefore, the
the occupancy of the Cé4states, which are characteristic of voids contentwhich degrades the film densjtynay be the
Ce,0;. major factor that affects the absolutg value of the O

In order to investigate the validity of this argument, we — Ce4f transition. In order to investigate the role of voids,
carried out UPS measurements to study the valence band wfe used Bruggeman'’s effective medium the@¥EMT). For
representative Cglfilms. Figure 13 shows UPS measure- the BEMT analysis we assumed that the dielectric function
ments illustrating the valence-band spectra of representativaf CeQ, films consist of contributions of the dielectric func-
CeQ, films grown by EBE(solid line,[Ce*]=0.23) and tions of pure Ce@and voids. This assumption is justified in
IBAD (dashed line[C€e**]=0.13). The characteristic @2 the spectral region 1.5-4.5 eV, where the dominanpO2
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FIG. 15. The square of the refractive index of Geflims fol-

FIG. 14. The optical data reported in Ref. 20 for the epitaxiallows a linear correlation with the film density, which is valid for all
CeQ, films grown by RMS(solid line) The results of BEMT simu-  CeQ, films grown by EBE, IBAD, and RMS.
lations for CeQ films consisted of a material similar to that RMS
grown and voids, in comparison with the optical data of the mar-ine shapes of the dielectric functions of the hypothetical,
ginal cases of EBE-grown CegO(950°C and RT determined composite (Ce@+voids), and the EBE-grown CgCare
through the two-TL fittings. due to broadening variations, which are attributed to other

factors such as film stress.

— Ce4f transition comes exclusively from Ce@nd, thus, The voids volume fractions of the two hypothetical com-
the contribution of Cg05 is minor. posite materials are consistent with the voids calculated by

The highere, values in the litterature have been reportedXRR and presented in Fig. 4. The agreement and consistency
by Guo et al?® and they correspond to an epitaxial GeO between BEMT simulations and XRR results suggest that the
film; they are presented in Fig. 11 in comparison with ége  epitaxial CeQ film of Guo et al*° exhibits density equal to
values of bulk Ce@ (Ref. 5 and representative EBE- and the bulk CeQ single crystaf! It is very interesting that the
IBAD-produced CeQ films of our study. For the BEMT values ofe; (for E<Eg) and the maximum values ef,, ¢,
analysis we used their data as the reference dielectric fun®f the various nanocrystalline Ce@ims may be described
tion of pure, single-crystal CeO We determined the dielec- so well, based exclusively on the dielectric functions of the
tric functions of hypothetical Ce0Omaterials, which consist single-crystal Ce®. This confirms that the Q2— Ce4f
of single-crystal regions and voidavith various volume transition comes exclusively from CgQis not affected by
fractions of void$, using BEMT. Then, we compared the the CeO; content in the films at all, and that the voids
simulated BEMT results with the dielectric functions of the content(and consequently the film densitis the major fac-
EBE- and IBAD-grown films, determined through the tor that determines the maximum value ©f in the O2p
two-TL fittings. Such dielectric functions simulated by — Ce4f transition.
BEMT are presented in Fig. 14 in the spectral region 1.5—-4.5 Based on the previous BEMT analysis we identified a
eV. The solid line(refered as RMBcorresponds to the pure correlation ofe; (for E<Ey) with the voids volume fraction
RMS-grown Ce@ of Guo et al,?° whereas the dotted and (equivalent to film density This is very important for the
dashed lines correspond to hypothetical composite materialfetermination of the refractive index which is correlated
(CeO,+ voids) with different voids volume fractions. In ad- with &, through the relatiors;=n?—k2. In order to estab-
dition, we show the optical data of the marginal cases ofish an explicit relation between (for E<E,) and the film
EBE-grown CeQ films (950 °C and RT, presented with open density we correlated the values at 0.16 eV determined by
triangles and circles exhibiting the highest, 6.7 gicand  the TLfit results with the density measured by XRR. The
lowest, 4.5 g/cmy densities, respectively determined value ofn? at low energy is equivalent te,, taking into
through the two-TL fittings. account thatk=0 for E<Eg4. The correlation between

We notice that there is very good agreement between the;(E~0)=n? and film densityp is clearly illustrated in Fig.
simulated dielectric functions of the hypothetical compositel5. The square af follows a universal linear relation with
CeQ, and the dielectric functions of the EBE-grown films for for films deposited by EBE, IBAD, and RMS and confirms
E<E,, suggesting that, for E<Ey is mainly affected by ~whether the films are nanocrystalline or single crystal. The
the film density and less so by other factors such as compdRMS point has been determined by fitting the optical data of
sition and grain size. The maximum absolute values ofthe epitaxial, crystalline CeQreported by Gucet al?® with the
ande, for the O2— Ce4f transition at~4 eV, of the two  two-TL model, assuming that the density of the single crystal
hypothetical, composite Cg@naterials(with 10% and 40% is equal to that of bulk Ce©(7.21 g/cr), as we have de-
voids volume fractions are similar to the corresponding val- termined using the combined BEMT/XRR analysis.
ues of the two EBE-grown films. The slight differences inthe  The linear correlation between’ andp can be well ex-
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plained according to the classical theory of light dispersion. 12
The real part of the dielectric function of a material, which R
exhibits g electronic transitions, is given by the expression i a
q 2_ 2 T tae
47N e fi (@] =) a
g1(w)=1+ , 8 3 X A:
! m 121 Wi yar @ = 26 04
N6 A‘ 4 Alk
whereN, is the total density of electrons arfig, »;, andy; 88 oI
are the strength, frequencw(=Eg;/#), and broadening of SRRy
. I . 4474 S0 A 4
the jth transition, respectively. Thg follows the sum rule 3Eaaa 4, 2 IBAD
E}Llszl. ForE<hwy, 7y, and taking into account that L4 A N e
the electron density is associated with the mass demsity 'i 4 4 EBE
through the relatiomNy=N,(Z,p/A,),>® Eq. (8) becomes ol o Al
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FIG. 16. Tauc plots of representative IBAD- and EBE-grown

S{_,(f;/w?) reflects the band structure of the material, CeQ films.
through the energy values of the electronic transitions. It is
very interesting that the linear relation betweefand p ~ grown at 950 °C the multiple reflections introduce higher
suggests, according to E¢Q), that qu=1(fl./wj2) remains  error in the determination d& . Figure 16 presents the Tauc
almost the same for all CeQilms whether they are nano- Plots of representative IBAD- and EBE-grown Cefiims.
crystalline and substoichiometricsuch as the EBE- and The straight lines are linear fits with ECLO), through which
IBAD-grown films) or single crystal and stoichiometric Eg is determined. The more stoichiometric IBAD film exhib-
(such as the RMS-grown film its higher E4 than the EBE film, confirming the trend of
The most interesting and important electronic property ofdecreasinds, with increasing C&", which was observed in
the materials, in order to be used in optics and optoelectrorthe two-TL-fit results. Thé, values determined by the Tauc
ics, is the value of the fundamental gap, (optical- plots are highefthey vary between 2.92 and 3.12 e¥an
absorption edge Therefore, theE, values of CeQ have those determined by the two-TL fits and they are in better
attracted considerable interésf:™?924The fundamental agreement with the literature, which reports that Eyeof
gap of CeQis the indirect gap of the Q2 Ce4f transition ~ Single crystal Ce@is 3.31 eV
along theL high-symmetry lines of the Brillouin zone of  Figure 17 summarizes the variations &f with the
Ce0, (shown in Fig. 9, which is narrower than the direct [C€®"] concentration, determined by both meth@tigo-TL
gap of the same transitiéh?* and the gaps of the e fittings based on Eq$6) and(7) and Tauc plots based on Eq.
— Ce5d and Ce4°— Ce4f! transitions of Ce@and CgO,,  (10)]. The RMS point is the value reported by Gabal *°
respectively:?4° Using Tauc’s formulatiof?® we deter- using Tauc plots. Both methods &, calculation show the
mined that the indirect gap of the @2>Ce4f transition in ~ Same overall trend of decreasifig with increasind Ce**].
our samples is located0.5-eV below the direct gap of the

same transition. The fundamental gap of Cdins can be 34
determined through the two-TL fittings according to Eg.
E4 was found to vary between 2.3 and 2.9 eV, according to 32
the two-TL fittings. These values are much smaller than 1
those reported in the literatuf&?* This is a typical underes- 3.0
timation of E; when the TL model is used, due to the Urbach §
tails in optical absorption, which are caused by defect states L 23
in the gap® and they are falsely taken into account by the TL S l
fitting. However, a consistent trend of decreaskg with 26¢ ; Egg gg 1
increasing C& content has been observed. 24l A IBAD(TP) %
Another way to determmEg is d|rectly from the experi- A IBAD(TL) %
mental £, spectra following the formalism of Tauc, Gri- 22} ® RMS (TP, Ref. 20)
grovici, and Vancu® According to this formalism, for ener- . . L . ; e
giesE close toE4 and for indirect electronic transitions, 000 005 010 015 020 025
follows the formula [Ce™
E- \/g—zoc(E— Eg)- (10 FIG. 17. The variation of the fundamental gap with fl@&e*" ]

concentration determined from SE data analysis by the two-TL fit-
This formalism is more straightforward and provides thetings(TL, open symbolsand by Tauc plot§TP, solid symbols for
value of Eg more accurately, without taking into account the various growth techniqueghe solid and dotted lines are guides to
Urbach tails. However, for thin filmgésuch as those EBE the eyes
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This trend is a universal behavior, since it is valid for all theies between 4.5 and 6.7 g/émue to the existence of voids.
used growth techniques. This is in agreement with previous We investigated the electronic properties of the various
works reporting that the O deficiency in Ce@duces an  nanocrystalline CeQfilms, compared them with the data
optical-absorption tail below 3 e¥° The two methods of reported for epitaxial CeQ) and established universal rela-
E, determination diverge with increasifi¢e’*] due to the  tions (valid for both nanocrystalline CeOand epitaxial
corresponding increase of vacancy contésée Fig. 6, Ce0,) between them and the film structure, composition,

which enhances the gap statelie to defectsand the Ur-  5nq morphology. The evaluation of the films’ optical proper-

bach tails. These gap states have been lgropose_d_ to be asg@s has been also based on previous band-structure calcula-
ciated with O vacancies forminfg centers>*° In addition, in

tions for CeQ and CgO;. The fundamental of Ce
the CeQ films of this study there exists a considerable Q g 9aRy <

. . is due to the indirect O@— Ce4f transition along theL
amo“'.“ of (ileflect stafes dule to. |n|terfaces, determined bP{igh-symmetry lines of the Brillouin zone and varied be-
capacitance-voltage O-V) electrical measurementsgnot tween 2.9 and 3.3 eV. It was correlated with 86" ]
shown herg which may also contribute to the degradation of t. i 'I L the redshiftBf i tructured
E,. The strong correlation o, with [C€ "] explains the <(::oncen rﬁ,'%”} egp a'n'”r? Cgéfe Shl §in nbanosdrup ure 4
observed redshift offy in nanocrystaline CeQ* The eQ,, which is due to the C€ at the grain boundaries an
quantum-size effect is expected to enhance the band gap gpt the quantum-size effect itself. In a(jdmon., we observ_ed
the materia®® due to the higher localization of energy the enhancement of the Urbach tails in optical absorption
bands with decreasing particle siagtimately the bands are (Which are associated with the vacancy content in Ca@
reduced to atomic statesTherefore, the redshift o, in ~ therefore the+y are due to defect states in the) gaith in-
nanocrystalline CeQfilms is not due to the quantum-size creasind C€ "] and vacancy content. We also correlated the
effect itself, but to the existence of Eeat the grain bound- €Nergy position of the maximum optical absorptisg, due
aries, as we have shown in this study. Thus, th&'Qentent 0 the OZ— Ce4f electronic transition, which varies up to
increases, with decreasing grain size, eliminating the results60-meV wide, with the lattice constant of the Ge@ains.

of the quantum_size effect and Causing the redshrE&f The refractive indeX, far beIO\Eg, has been eXp|ICIt|y cor-
related(through the classical theory of light dispersiawith
V. CONCLUSIONS the film density, independently of tH&€e’ ], [Ce&* 1], and

[O] concentrations, grain size, and the lattice parameter,
We have studied a variety of nanocrystalline Gdiins  showing that the density of the films is the major factor

grown by EBE and IBAD. Their structure, morphology, and affectingn. The density was also found to be the major factor
composition have been studied in detail using XRD, XRR,affecting the absolute, maximum value of thepeak, which
and XPS. The nanocrystalline Ce@ms consist mainly of  corresponds to the Q22— Ce4f electronic transition. Finally,
CeQ, grains, while a considerable concentrati@3%—-12% we investigated the energy location of the second Tauc-
at) of trivalent Cé™ is distributed at the CeQgrain bound-  Lorentz oscillator, which averages the higher-order transi-
aries, forming amorphous @@;. A small portion of C&" tions of CeQ and CgOs;, through fitting of its low-energy
(<5%) is also located around O-vacancy sites. The loslk-  tail, and we found that its energy position is very sensitive to
face distribution of CeQ (Ce,03) is a common feature of the film's composition, as opposed to the energy position of
the EBE- and IBAD-grown films. The G&; content is ex- the O2— Ce4f transition, which originates exclusively
plicitly correlated with the grain size due to the correspond{from CeQ and it is not correlated with the film composition
ing reduction of the surface/bulk ratio. The film density var-at all.
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