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Abstract

A spray pyrolysis method was used to produce thin films of ZrO, doped with different Yb concentrations on Si(100). The films of
these ionic semiconductors have potential applications as solid electrolytes in modern ceramic fuel cells of second generation. The deter-
mination of the atomic composition of the films is very important because it strongly affects the chemical and thermal stability, as well as
electrical properties of the films. A combination of two Ion Beam Analysis (IBA) methods was applied to obtain the atomic composition
of the films. A nuclear reaction analysis (NRA) method using a low energy deuterium beam was applied to measure the oxygen content
of the films. Heavy ion Rutherford backscattering (HI-RBS) method using a '>C** beam was applied to measure the Yb and Zr atomic
profiles of the samples. X-ray diffraction (XRD) and ellipsometry were also employed to determine structural properties and refractive
index of the films, respectively. The IBA, XRD and the ellipsometry supply a wide range of information about the film layers, which can

be used for qualification as well as for feedback to the films production.

© 2008 Published by Elsevier B.V.
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1. Introduction

The preparation of thin films of solid oxide electrolytes
by different techniques has become very important for sec-
ond-generation solid oxide fuel cells (SOFCs) [1-3]. Due to
its high ionic conductivity at high temperatures and chem-
ical stability in both oxidizing and reducing atmospheres,
yttria stabilized zirconia (YSZ) has been the most widely
studied material as solid oxide electrolyte for SOFCs.
However, other rare earth elements (Yb, Ce, Gd, etc),
has also been investigated as zirconia dopants for such
applications [1-3]. A number of studies have shown that
the ionic conductivity of stabilized zirconia, which is attrib-
uted to the mobility of oxygen vacancies created by the sta-
bilizer dopant, is maximum for a certain dopant level
(typically 8-20%) and that it tends to be highest as the ionic
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radius of the dopant closely matches that of Zr"™* host cat-
ion [3,4]. Tablets and/or bars prepared from compactation
and sintering of fine grained powders of stabilized zirconia
with ytterbia (YbSZ) have been reported to have a conduc-
tivity higher than that of YSZ [2,5]. However, to our
knowledge, there are scarce reports on the preparation,
composition and structure of YbSZ thin films [6].

In this work, we report the preparation of YbSZ thin
films with different content of Yb, by the spray pyrolysis
method. The atomic composition of the YbSZ films was
measured using IBA methods. There are different IBA
methods able to provide the film stoichiometry of the Yb
and Zr oxides. We selected a combination of two IBA
methods as the most favorable: (a) a RBS/NRA method
using a low energy deuterium beam was applied to obtain
the oxygen concentration through nuclear reactions (NR)
produced on oxygen nuclei. This method lacks good mass
separation and has a poor depth resolution, (b) a HI-
RBS method using a '>C*" was applied to measure the
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Zr and Yb concentration profiles. This method has a good
mass separation and excellent depth profile resolution.
Other complementary material analysis techniques used
were XRD and ellipsometry in order to obtain the crystal-
lographic properties and ellipsometry to measure the
refractive index and thickness of the films, respectively.

2. Experimental details

The YbSZ films were deposited by the ultrasonic spray
pyrolysis method, which has been used recently for the
preparation of pure zirconia (ZrO,) and YSZ thin films
[7,8]. The substrates used to deposit the films were single
crystalline silicon (100) n-type, 0.1-2.0 Q cm The precursor
solution was prepared by dissolving a fixed amount
(0.025 M) of zirconium (IV) acetylacetonate [Zr(a-
cac)y = Zr(CsH-0,),4] from Sigma-Aldrich Chemicals, in
anhydrous methanol. The dopant level of Yb,O3; was con-
trolled by adding different concentrations of ytterbium ace-
tate hydrate [Y(acet)3(H,O), = Yb(C,H30,)5(H,0),] (also
from Sigma-Aldrich), to the precursor solution. The molar
concentration of Yb(acet);(H»O), were 0.0025 M (YbSZ1),
0.005M (YbSZ2), 0.0075M (YbSZ3) and 0.01M
(YbSZ4). The substrate temperature (Ts) was kept con-
stant at 425 °C, air gas carrier was used as and director
gas flow rates, were fixed at 3.5 1/min and 1.5 1/min, respec-
tively. The deposition time (z4) was adjusted to 30 min to
obtain films with similar thickness in the range of 900-
1100 nm.

The atomic concentration profiles of the YbSZ films
were measured using two particle accelerators at the Insti-
tuto de Fisica of the Universidad Nacional Autonoma de
Mexico. A 3 MV 9SDH-2 NEC Pelletron equipped with
a SNICS-II ion source produced a 10.0 MeV 2C**, which
was used for the HI-RBS technique. A single ended 5.5 MV
Van de Graaff (HVECO CN model) produced a 1300 keV
H* beam to bombard the films in order to measure the O
and C concentrations by NRA. The NR 'O (d,p,) "0,
1°0(d,p)70, '0(d,00)*N and '>C(d,p,)'*C NR peaks in
the spectra can be used to measure the O and C if their
NR cross sections are well determined. A 500 um thick sur-
face barrier detector (SBD) equipped with standard elec-
tronics set at 8 =165° angle was used to measure the
particles energy. The incident beams bombarded the sam-
ples at 90° angle relative to the target surface. For the
H* beam experiments, no energy absorbing foil was
placed in front of the SBD in order to measure the energies
of the NR particles and also the *H" elastic backscattered
energies from the target nuclei. The elastic energies of the
H" on Si nuclei substrate was used to deduce the total
beam particles and the SBD solid angle. These parameters
were used for the analysis of the energies spectra. A Gaert-
ner 117A ellipsometer using the 632 nm line from a He-Ne
laser was used to measure the refractive index and films
thickness. A Siemens D-500 diffractometer was used to per-
form XRD of the films. This spectrometer used the Cu Kol
wavelength (1.54056 A). The incidence angle of the X ray

beam with respect to the film surface was of 2°. The
XRD spectra were obtained for 20 angles in the range from
20° to 105° with steps of 0.02°.

3. Experimental results and discussion

Fig. 1 shows the experimental spectrum (dots) produced
by a 1.3MeV ?H" beam bombardment on the sample
YDbS1. There are two well-defined regions in the RBS spec-
trum: (1) the “H" backscattered on Si nuclei from the film
substrate and a peak (60-80 channels) due to the “H" back-
scattered from Zr and Yb nuclei. The counting yield from
Yb and Zr overlaps to form the peak since this method
does not have a good mass separation. However, this
method has a good sensitivity to measure the C and O con-
centrations on the samples through NR. The 'O (d,0)"*N,
1%0(d,py) 70, 1%0(d,p;)'"0 and '*C(d,py)'*C NR peaks are
indicated in the high energy region of the spectrum. The
DataFurnace (DF) code [9] was applied to fit the energy
spectra in order to obtain the atomic film profiles. The code
fits simultancously the elastic (RBS) and NR regions of the
spectrum (solid line). DF is an automatic fitting code that
generates its own layer structure. NR cross sections
obtained from the Ion Beam Analysis Nuclear Data
Library [IBANDL] were introduced in the DF to obtain
the O and C concentrations [10-12]. It may be observed
in the Fig. 1 inset the overlapping of the '°O (d,aq)'*C
and '°0 (d,py)'’O NR particle yield, however DF is able
to provide the O concentration. The '°O(d,p;)'’O NR peak
is on top of a pile-up tail of backscattered H" deuteron
and it was not used because it reduces the accuracy of
the NRA measurement. Table 1 shows the atomic O con-
centrations for the 4 films analyzed. The '>C (d,p,)'*C
NR peak can be partially attributed to the beam induced
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Fig. 1. The figure shows a typical experimental spectrum (dots) produced
by a 1300 keV 2H" beam bombardment of the YbSI sample. The surface
barrier detector was set at 165° angle. DataFurnace code (solid line) fitted
simultaneously the elastic and NR regions of the spectrum. °O(d,0)'*N,
1%0(d,po)'’0 a and '>C(d,po)'*C NR cross section from IBANDL web site
were used to fit the NR region of the spectrum.
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Table 1

2435

A summary of the Zr, Yb and O atomic concentrations (%) and film thickness of the 4 YbSZ samples doped with different level of Yb,05. The error in the
determination of the elements concentrations was estimate to be ~10%. The films refractive indexes and the grain size are also present

Sample Mol Yb Film thickness 10'° at/cm? 0%

Zr% (Yb/Zr) * 100 Refractive index n Grain size (nm)

YbSZ1
YbSZ2 0.005
YbSZ3 0.0075
YbSZ4 0.01

0.0025 1563 65
1775 66
1974 64

2050 64

28 17.8 1.82 5.71
27 18.5 1.87 5.11
28 25.0 2.10 5.01
26 30.7 2.32 4.94

C build-up during the sample bombardment. Some C is
also expected on the films because the use of the
Yb(acet);(H,0), precursor. The carbon film thickness for
the four samples analyzed was in the 90-110 nm range.

Fig. 2 shows a typical HI-RBS experimental spectrum
(dots) for the 10.0 MeV ">C** beam bombardment of sam-
ple YbSZI1. The good depth resolution and excellent mass
separation of Yb, Zr and Si can be observed in the spec-
trum. A backscattered carbon ion from a surface oxygen
atom has about 200 keV energy and the signal is on top
of the much larger Si spectrum, thus not very useful for
measuring the O concentrations. DataFurnace code was
also applied to fit the spectrum (solid line) to obtain the
atomic film profiles of Yb, Zr and Si. The fitting for
Fig. 2 was performed taking into account the O concentra-
tions obtained from the 2H* NRA spectra.

The HI-RBS spectrum shows that the film atomic com-
positions were homogeneous and the four sample analyzed
were obtained with three sublayers: (a) the surface sublayer,
providing the film Yb,Zr,O. stoichiometry and thickness,
(b) the interfacial sublayer, providing the Si, Zr,Yb, com-
position and thickness and (c) the silicon substrate.

Table 1 summarizes the DataFurnace characterization
of the YbSZ films. The refractive indices of the films are
also shown in Table 1 and they are in the range from 1.8
to 2.3, which are characteristic of dense metal oxide thin
films, such as ZrO,, HfO,, etc. [13]. As Table 1 shows,
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Fig. 2. shows a typical HI-RBS experimental spectrum (dots) for the
10.0 MeV '>C*" beam bombardment of the same sample YbSZ1 shown in
Fig. 1. DataFurnace code (solid line) was used to fit the spectrum: The

spectrum fit was done with the prior assumption of the O concentrations
obtained from the ’H" NRA.
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Fig. 3. XRD patterns of the YSZ films prepared by the pyrolysis process
using different Yb(acet);(H,O), molarities; 0.0025M (YSZ1), 0.005 M
(YSZ2), 0.0075 M (YSZ3) and 0.01 M (YSZ4). The substrate temperature
(Ts) was kept constant at 425 °C.

the increase in the ytterbia content is consistent with the
increase in the refractive index. The fact that the refractive
index values of our YbSZ films are higher than those of
YbSZ films prepared by the sol-gel approach and annealed
at high temperature (1050 °C) [6], indicates that our spray
pyrolysis approach favors the formation of denser films.

Fig. 3 shows the typical XRD pattern for the deposited
films. These spectra show that all the doped samples have
the single phase cubic fluorite structure. The behavior of
the full widths at half maximum (FWHM) and intensities
of the main (111) diffraction peak, was such that the grain
size calculated by the Voigt function method [14,15],
decreases as the Yb increases (see Table 1). This trend in
the grain size as a function of the Yb content is similar
to that found in YbSZ films prepared by the sol-gel method
[6]. We also believe that the extremely small size of the crys-
talline particles, which is in the nanometer scale, could be
responsible for the stability of the cubic phase observed
in all our films.

4. Conclusions

The composition and structure of ZrO, thin films doped
with different Yb concentrations, prepared by the pyrolysis
method have been investigated by ion beam analysis meth-
ods, combined with XRD spectroscopy and ellipsometry.
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The IBA methods and the XRD patterns measurements,
indicate that the Yb atoms in the films are incorporated
through the Yb,0Oj3 phase and that the content of this dop-
ant increases with respect to the increases of the morality of
YD in the precursor solution.

In consistency with this, the ellipsometry measurements
reveal an increase in the refractive index of the films with
the Yb content. XRD measurements show that, indepen-
dently on the Yb content, all the films have the cubic fluo-
rite crystalline phase and that the crystal size, which is in
the nanometer scale, decreases as the Yb content increases.
It is assumed that the stability of the cubic phase of the
crystalline grains is due to their extremely small size.
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