Applied Physics
Letters

AV
'\ v
|\
| 1\ \
1 %

Optical performance of nanocrystalline transparent ceria films
P. Patsalas, S. Logothetidis, and C. Metaxa

4

Citation: Appl. Phys. Lett. 81, 466 (2002); doi: 10.1063/1.1494458
View online: http://dx.doi.org/10.1063/1.1494458

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/81/i3
Published by the American Institute of Physics.

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

ADVERTISEMENT
7 1pm-thick LPCVD
\' Ve SURFACES AND
. . L : INTERFACES
Ap pl Ied Physlcs ; Focusing on physmal,chenrﬁical’biolugircal.
Letters : B e, o ..

EXPLORE WHAT'S ]l ENERO CONVERSIR

N EW I N Ap L ¥ : O ¢ Focusing on all aspects of static and dynamic
= g energy conversion, energy storage, photovoltaics,
4 solar fuels, batteries, capacitors, thermoelectrics,

SUBMIT YOUR PAPER NOW! S and more...

Downloaded 02 Apr 2013 to 195.251.197.48. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions


http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/1836238999/x01/AIP/HA_Explore_APLCovAd_1640x440_Nov2012/APL_HouseAd_1640_x_440_r2_v1.jpg/7744715775302b784f4d774142526b39?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=P. Patsalas&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=S. Logothetidis&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=C. Metaxa&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.1494458?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v81/i3?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS VOLUME 81, NUMBER 3 15 JULY 2002

Optical performance of nanocrystalline transparent ceria films
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Ceria is a transparent oxide suitable for various optical and optoelectronic devices. In this work, we
tailor independently the refractive indexand fundamental ga, of nanocrystalline Ceria films by
varying the substrate temperature or using” Aon beams during growth with electron beam
evaporation. Spectroscopic ellipsometry and x-ray reflectivity are employed to sty and

to identify the physical parameters that affect them. We correla@taries from 1.65 to 2.15 in the
studied film$ with the film density through a universal, square law. The film composition strongly
affectsg,, which varies from 2.8 to-2.0 eV. The optical absorption below 3 eV and tgshift

are attributed to O-defect states and not to modifications in interband transition200®
American Institute of Physics[DOI: 10.1063/1.1494458

Cerium dioxide (Ce@) or Ceria is a transparent oxide in using a 40-50 mA/7 kV electron beam. Additional Ceria
the visible and near-IR spectral region. Thin films of Ceriaspecimens were produced by IBABubsequent EBE depo-
exhibit physical properties such as fluorite structure with lat-sition and bombardment with a 50 mA/0.75-1.25 keV" Ar
tice constantg=0.541 nm) similar to that of Si, high refrac- ion beam using a Kauffman ion soujc@he optical proper-
tive index, and dc dielectric constant. Therefore, Ceria filmgies of the deposited films were measured at RT by a phase
are suitable for applications in opticaf, electro-opticaf* ~ modulated spectroscopic ellipsometer in the spectral range
microelectronic,~® and optoelectronfcdevices. 1.5-5.5 eV with a step of 20 meV at 70° angle of incidence.

Several deposition techniques have been used to groRR/XRD experiments were conducted in a Siemens
Ceria films; among them is electron-beam evaporatiorP-5000 diffractometer, equipped with a Goebel mirror, in
(EBE).1 Various reports have addressed the optical properBragg—Brentano geometty.XRR scans with 0.1° detector
ties of Ceria film&*"~1°providing different values for the offset were conducted to subtract the contribution of the scat-
refractive indexn (from 1.6 to 2.5 at 633 ninand the fun-  tered radiation from the specular scan.
damental gaf, . The reported results are qualitatively con- ~ Experimental XPS resulténot presentedhave shown
tradictory; e.g., the substrate temperatiiehas been re- that the average=[O]/[Ce] ratio is of the order of 1.9 for
ported either to decreaser increasé n. Therefore, there is the studied films. XPS determined the O deficiency in the
still a need for the accurate determination and the ability tdilms from the fraction of trivalent C&, which corresponds
tailor E, andn of Ceria films, which are essential for their ©© C&Os. The amount of the G®; varied from~10% to
use in optical and optoelectronic devices. ~5%, decreasing witfl. XRD identified only the fluorite

In this work, the optical properties of nanocrystalline Crystallftructure of Cep(with the same cell size with bulk
(grains of 8—40 nm Ceria films are correlated with their C€Q), " suggesting that the G®; phase is amorphous. This
microstructure. In addition, we show that th&j andn can phase is possibly located around the grain boundaries of the
be tailored accordingly. The optical properties of Ceria/sinanocrystalline Ceria, as its content decreases with increas-

were studied by spectroscopic ellipsomefBF) data analy- Ing grain size. _ )

sis with the Tauc—Lorent£TL) model** The film micro- _SE measures the ellipsometric angiésand A from
structure was studied by x-ray photoelectron spectroscopy/ i the complex dielectric functio® (w) (=e1(w)
(XP9), x-ray diffraction(XRD) and reflectivity(XRR).1? We

Fie,o(w)) can be determined. In the case of transparent Ce-
found that the EBE deposition at room temperatiR®) re- ria films, the measured quantity is the pseudodielectric func-
sults to films withEy=2.4 eV andn~1.65, while Ceria

tion (Z(w)), which also takes into account the thickness of
films deposited withTs=950°C exhibitEg=2.8 eV andn

the film due to the multiple reflections from the film—
—2.15. The refractive index has been explicitly Correlatedsubstrate interface. In order to evaluate the dielectric func-
with the film density according to the classical dispersion

tion of each Ceria film itself, théz(w)) were fitted using a
theory® revealing that density is the key factor to varyOn

model of 2-TL oscillators(electronic transitions™* which
! " . determines€,, as well as the ener ositidf,, broadenin
the other hand, the film composition and microstructure af- J gy positid, 9
fectsg,, as it has been shown by comparing films produce

nd strength of each oscillator, in combination with the
by EBE and ion beam assisted deposititl’AD ).

hree-phase modéhir/film/Si) which takes into account the
s . _ film thickness and the substrate contribution to the measured
Ceria films, 110—-170 nm thick, were deposited by EBEy andA .13
on c-Si(001) substrates in an ultrahigh vacuum chamber Figure 1 shows the measureH (circles and A (tri-
(base pressure<1x 10 ° Torr) at variousTs (RT-950°Q angles spectra from a representative Ceria film, 38nm
thick, deposited by EBE at RT on $100 and the corre-
dElectronic mail: ppats@skiathos.physics.auth.gr sponding results of the 2-TL fittingsolid line ¥, and dash
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Angle 26 (deg)
line A). The TL oscillators are located &,~4 and~8 eV
and correspond to the p2—>4f and 2p—>5d interband FIG. 3. (a) XRR data from a Ceria film deposited at 950 °C and the results
L 5 . A . of the MC fitting, and(b) comparison of XRR data of Ceria films deposited
tr.ansmonsl, respectively. Then((i)) and ext|r_1ct|;)n cogfﬂ- at RT and 950 °C.
cient k(w) were calculated fron®(w)[=(n+ik)<], using

the values of best-fit parameters, and they are shown in Fig. i i i
2 for the two marginal cases of Ceria films deposited by EBgI€Ntly and that there is no direct correlation between them.
at RT and 950 °C. The,k values forE<1.5 eV are the ex- The film densityp was calculated by XRR from the criti-

H 12
trapolation of the TL-model results. The film deposited atC@ angle for total reflectiom..” The XRR data were ana-
950 °C exhibits highen(w~0)=2.15 andE,~2.8 eV, than lyzed by the Siemens/RefSim Software and a Monte Carlo

the film deposited at RT, which exhibit{ w=0)=1.65 and (MC) algorithm? Figure 3a) shows the XRR curve and the
Ey~2.4 eV. The difference im is mainly attributed to the results of the MCO fitting for a Ceria film, 112 nm thick,
film density. It has been also found that the valuesigor ~ deposited at 950°C. The calculated densiy7 %cn?) IS
E<E, are not affected by the surface roughn@s4 nnm of smaller than the density of pulk Cema.;z glcn) and'ls.
the films. The values oE, have been determined by the TL €V€N lower(4.5 g/cr) for films deposited at RT as it is
model and they are smaller than those reported in literafure. Illustrated in Fig. 80). Figure 4 shows the variation of den-
This is a typical underestimation &, when the TL model is ~ S'Y (triangles andn at E=0.1 eV<E, (squares based on
used, due to the Urbach tails in optical absorption, which ard1€ extrapolation of the TL-model results, for Ceria films
caused by defect states in the gaThe realE, values are versusTs. , , , ,

estimated to be about 0.5 eV higher, as it was observed in 1€ strong correlation o with p (Fig. 4) is well ex-
thicker films, grown with similar conditions, using Tauc Plained by the classical theory of light d.|spersi?6r1?he real
plots. We found thak, decreases with increasing Cheon-  Part of the dlele.c_tnc fu.nctllon of a material, which exhikits
tent in EBE films. This is in agreement with earlier works €I€Ctronic transitions, is given by

reporting that the O deficiency in_bulk Ce@duces optical 47N 3 fk~(w§—w2)

absorption below 3 e¥ In addition, the IBAD-produced g(w)=1+
film, which is more O deficient than the film deposited by

EBE at 950°C and consists of smaller grains, exhibitsyhereN, is the total density of electrons affig, w,, andwy,
smaller gafEy~2.1 eV, though it is dense and exhibits high are the strength, frequency, and broadening ofkietran-
n=2.05. This shows that we can tailarand E4 indepen-  sition, respectively. Thef follows the sum rule:={_,f,
=1. Then,n is associated wittz; through the relatiore,
=n2-Kk? (for hw<Eg4, k=0, ande;=n?)."® Finally, for »

@
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FIG. 2. The calculate#(w), n(w) for two Ceria films deposited at RT and FIG. 4. The variation of the refractive inddwopen squargsand density
950 °C, based on the results of the 2-TL fitting. (solid triangle$ of EBE-produced films vT .
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FIG. 5. The square dfi vs p of Ceria films. The solid line is a fit with Eq.
).
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most the same for all Ceria films. Therefore, the O deficiency
does not considerably affect the interband transitions of Ce-
ria and the absorption tail below 3 eV is rather due to the
defect absorption, which is induced by states within the gap.
In conclusion, we independently tailored the fundamen-
tal gap and the refractive index of nanocrystalline Ceria films
by varying the substrate temperature or using Am beams
during EBE growth. SE and XRR were employed to study
the optical constants of Ceria films and to identify the factors
that affect themn varies from 1.65 to 2.15 in the studied
films and follows a universal, explicit correlation betwaen
and the film density, valid for both EBE and IBAD. The
Ce, 03 variations strongly affedt,, e.g., itis 2.4 and 2.8 eV
for EBE films at RT and 950 °C, respectively. The optical
absorption below 3 eV and tHg, shift are mainly attributed

<wy andyy and taking into account that the electron densityyg the defect states and not to modifications of interband

is associated with the mass densitythrough the relation

Ne=Ny(Zp/A) (N, is Avogadro’s number ané and Z the

atomic mass and atomic number, respectiyelye conclude
q

that
fi
53]

k=1 W

47N,Ze?

2 ~(Q)=
n“(w~0)=1+ A

)

=9 . f/w? reflects the bandstructure of the material,

through the strength and energy positions of the interband

transitions.

The square oh follows a universal linear relation with
p, as it is presented in Fig. 5, for films deposited by EBE
IBAD, and reactive magnetron sputterigMS)—the RMS

transitions.
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