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Epitaxial heterostructures consisting of an yttridoped barium
cerate (BCY) layer sandwiched between two yttritopet barium
zirconate (BZY) thin layers have been depositedirmsulating

(001) MgO substrates by pulsed laser depositiore flist BZY

layer was aimed at improving the lattice match witle MgO

substrate, the second at protecting the BCY layenic

conductivity has been studied in the 300 — 600°@p&rature
range as a function of the BCY thickness. Due t dhsence of
blocking grain boundaries, heterostructures shoavednductivity
larger than that of BCY pellets sintered under roped

conditions..

Introduction

Thin films have attracted considerable intereselestrolyte materials for micro solid
oxide fuel cells |(-SOFCs) operating at intermediate temperatures &08C) (1, 2).
The decrease of the operating temperature hasfpgsnedvia the development of high
temperature proton conducting electrolytes (HIP@B-5). Several perovskite oxides,
such as doped BaCgOSrCeQ, BazZrQ; and SrZrQ show proton conductivity in
hydrogen and water vapour containing atmosphet®).(&smong these materials, BCY
has the largest proton conductivity in the interfaitemperature range (about’S&m

1 at 606C) (9). However, these compounds suffer from pdeentical stability due to
degradation in the presence of acid gasas, (CO,) and steam (10, 11Pn the other
hand, the yttrium doped BazZg®ZY) family exhibits a good chemical stability, taeir
proton conductivity is relatively low (about ¥8cni' at 606C) (12-15). Therefore, a
variety of attempts have been addressed to finthélse compromise between high proton
conductivity and high chemical stability, such &, instance, modifying processing
parameters or coupling cerates and zirconates Iy salutions of the two compounds
(12, 13, 16).These studies suggested that the gvgyrain dimensions decrease with an
increase of Zr content in the barium cerate oxid&s.a consequence of the higher grain
boundary density, a lower conductivity, relativetiie pure barium cerate compound, has
been observed.

Pulsed Laser Deposition (PLD) is a flexible teclueicsuitable for depositing thin
oxide films and complex heterostructures. It isngag increasing attention for the
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fabrication of SOFC materials, due to its capapitif depositing high quality films of
complex oxides (17,18). Recently, a number of gsithave been carried out on textured
BZY thin films grown by PLD (3,5,19). The excelleatystalline quality of BZY films
identified them as being characterized by the Errg@nductivity measured for such
material, because of the absence of blocking draimdaries (4).

BCY is a distorted perovskite.€. orthorhombic structure wite=0.622 nmp=0.624
nm andc=8.767 nm, pseudo-cubic lattice parameted.44 nm) (20). Generally, in order
to obtain epitaxial films, a good crystallograpimatch between film and substrate is
required, both for the crystallographic structuses for the lattice parameters of the unit
cells. BCY films have been grown on monocrystallig@l) MgO and porous ADs (21).
Such a substrate choice was mostly dictated by¢leel of having a negligible substrate
contribution to the overall conductivity (both ierand electronic). However, while in the
case of AlOsthere is no match at all between film and substrie lattice match for
MgO is also very poor. Namely, MgO has a rock saibic structure with a lattice
parameter of 0.421 nm to be compared with the pspedovskite structure of BCY with
a lattice parameter of 0.44 nm. As a consequentieolarge crystallographic structural
differences between BCY and MgO, the conductivityues of the BCY films, directly
deposited onto bare MgO, resulted to be two ordérmagnitude lower with respect to
the bulk values observed in previous studies 22},

Aiming at improving both the structural qual{and thus the proton conductivity) and
the chemical stability of BCY films, we depositdaly PLD, sandwich heterostructures
consisting of a BaGgYoOsxlayer, about 160, 480 and 800 nm thick, comprised
between two BaZrYo:0s3.x thin layers about 30 nm thick. BZY has the same
crystallographic structure as BCY but a smallerugseubic lattice parametea<£0.421
nm) that matches the MgO lattice parameter very.Wék first BZY layer was aimed at
releasing the structural lattice mismatch betweg©Nand BCY, the top most BZY layer
at protecting the BCY film from the atmosphere. Tloeerall structural and
electrochemical performance of MgO/BZY/BCY/BZY hegstructures were investigated
in this paper.

Experimental

BCY and BZY targets for the PLD growth were preplastarting from Ba(Ng). (3%
H,O, Aldrich, 99.999%), Ce(N£§):- 6HO (Aldrich, 99.9%), (CHCO,)Zr(OH),(Aldrich)
and Y(NQ)s3-6H,0 (Aldrich, 99.9%).BCY and BZY dense targets waralfy sintered
in air at 1500C for 5h and 160 for 8h, respectively.

The thin films of BCY with a 30 nm buffer layer aB@ nm cap layer of BZY were
deposited by PLD on single crystalline MgO (001bstates. The KrF excimer pulsed
laser sourcer=248 nm) was operated at 10 Hz, with an energyitent3 J/cnf, the
substrate temperature was about 700and the @ pressure used during the deposition
was about 0.1 Pa. The PLD system was equipped avithultitarget carousel and a
Reflection High Energy Electron Diffraction (RHEEBYstem for the in situ diagnostic
of the growth. The BCY and BZY targets were moundedthe carousel and the whole
heterostructure was grown in a single run withonposing individual layers to
contamination from the atmosphere. In our experialesetup a deposition rate of about
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0.22 A per laser shot was obtained for both BCY B&Y. X-ray diffraction analysis
(XRD) was used to determine the targets composérahthe films lattice parameters. Cu
Ka radiation was used. Rocking curves were measurentder to estimate the film’s
mosaic spread. The surface morphology and the sext®n of the deposited films were
investigated by field-emission scanning electronroscopy (FE-SEM, LEO Supra 35).

Impedance measurements were carried out in wet 5% WKr (~3% vol. HO) by
using a frequency response analyzer, coupled wdlielactric interface. The temperature
ranged between 300 and 6%Dand the frequency range was 5 MHz-0.01 Hz, wilio@
mV alternate applied voltage. An in-plane electrammfiguration was used for the
impedance characterization. Au paste electrodds duhensions of 2 mm x 5 mm were
painted onto the film surface and then fired at 800

To check the chemical stability of the BCY hetenostures, electrochemical
measurements were repeated every day for 14 days.

Results and Discussion

The heterostructure growth mechanism was monitbgeth-situ RHEED. Fig.1 (a)
shows (from bottom to top) the RHEED patterns ef sample obtained depositing on an
MgO substrate a BZY buffer layer and then a BCYetayor the MgO substrate (50

thick), in agreement with the rock salt structuaetér, only the (00), (02) and 1D

diffraction streaks are visible. The BZY buffer éamyRHEED pattern showed the typical
feature of a perovskite structure, where 8ll) (streaks are allowed. The presence of
diffraction streaks in the RHEED pattern of botk 8ZY and BCY layers demonstrates
that the growth occurs cube-on-cube in a quasi 2idlen Dashed vertical lines are a

guide for the eye and show that the position o) @i (O;J) streaks for MgO and BZY
coincide, as expected in view of the fact that tubic lattice parameters of these
compounds are very similar. In the case of the B@¥ern, it is possible to notice that

the distance between (02) and®treaks is smaller than for BZY, as expected sea
of the larger BCY lattice constant. Fig.1 (b) shoavschematic sketch of the epitaxial
relationship among the crystallographic cells ofYB®ZY, and MgO. The role of the
BZY buffer layer is to accommodate the structurafin(perovskitevs. rock salt) with
MgO without need for any lattice misfit accommodati The lattice misfit is exclusively
accommodated by the BZY/BCY, purely perovskitidenface. Such a two-step process
led to an improved quality of the BCY layer, inrntex of structural properties, relative to
the direct MgO/BCY interface.

The XRD pattern (Figure 2) of the as grown BZY/BBYK (with a BCY layer 800
nm thick nm) sandwich heterostructures on MgO satet shows very intense (00I)
peaks. No peaks from different phases or diffeyeatiented grains can be detected in
the spectra. In the inset of Figure 2 is reportagpacal BCY rocking-curve around the
(002) reflection. The full width at half maximum &bout 0.8 The in-plane lattice
parameter was measured from the asymmetric (1@8ktien. A value of 0.44nm for the
in-plane pseudocubic lattice parameter was foundagreement with the out-of-plane
value. Such a value is in good agreement with t Bulk lattice parameter and
demonstrates that the epitaxial strain in BCY lb/frelaxed.
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Figure 1. (a) BCY in situ RHEED pattern of MgBZY and BCY, from bottom to
top, (b) schematic sketch of the structural retedfop between BCY, BZY, and MgO.
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Figure 2.0-20 X ray diffraction spectrum of a BZY/BCY/BZY hetestoucture on a
MgO (00I) substrate. Beside the intense (002) geak the substrate only (DOpeaks
from BCY and BZY can be observed. The inset shdvesrocking curve of the (002)

BCY reflection.
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Figure 3 shows the FE-SEM cross section microgadpghe BZY/BCY/BZY 800 nm
thick heterostructure where sharp interfaces betvgedstrate and all film layers can be
observed. The BCY layer fracture surface appeatseta@ense and uniform as typical
epitaxial film growth. No grain boundary defect® atetectable as it is expected for a
cube-on-cube growth in a quasi 2D mode. The hdtexsare surface is, except for some
droplets barely visible on the top of the microdraquite smooth and homogeneous as
typical for PLD deposition.

200nm

T s Cap layer

Buffer layer

MgO substrate

Figure 3. FE-SEM image of a BCY heterostructureass-section.

The ionic conductivity of the BCY sandwich heterastures was investigated by
Electrochemical Impedance Spectroscopy (EIS). Measents were carried out in wet

5%H, in Ar atmosphere. It has to be noted that the MgBstrate resistance10°Q at
600 °C) is several orders of magnitude larger than thal resistance measured at the
same temperature, which guarantees that the measw@terostructure resistance is
dominated by the BCY film contribution (23). Figu#éa) shows the complex impedance
plots (Nyquist plots) at different temperaturested 800 nm thick BCY heterostructure,
shown as a representative example. A single seast@avith a negligible depression was
observed at high frequencies at all temperatureggiaement with relevant literature on
epitaxial thin films (24,2). The signal at low fregncies is attributable to electrode
polarization. Fig.4(b) shows the spectroscopic lot the impedance imaginary part
(Bode plot). The bulk and the grain boundary ctwitibpns cannot be discriminated,
Bode plots show in fact the presence of a singék @ high frequencies suggesting the
presence of a single conduction mechanism.

Figure 5 shows the Arrhenius plots for BZY/BCY/BZ&dédndwich heterostructures of
different thickness together with data relative aoBCY sintered pellet reported as
reference (13). For all heterostructures, conditgtwas slightly higher in the whole
range of temperature investigated, reaching a maminvalue of 1.1x16 Scmi' at
630 °C for the heterostructure with the BCY lay80 &m thick.

1063



ECS Transactions, 57 (1) 1059-1068 (2013)

At variance with what previously observed forgk8r ;Gay sMgo 03 (LSGM) thin
films deposited by PLD on the same substrate, otthdily was almost independent from
film thickness. LSGM thin films were characterizég a highly textured columnar
structure at the nanometer scale (26). Such colugmaéns, coalesced during the growth
so that the surface region was less defective ttamterface region and correspondingly
the conductivity increased with film thickness. ©rise, the conductivity of
BZY/BCY/BZY sandwich heterostructures is not affsttby the blocking effect of
columnar grains in agreement with the SEM obsemmafl' he activation energy value for
the BCY heterostructures resulted to be very ctosthe value relative to sintered BCY
pellets (0.58+0.1eVversus 0.49+0.1 eV). The slightly improved electrochemical
performance of the films can be attributed to thprioved crystallographic quality.
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Figure 4. Temperature dependent Nyquist plots (&) -dm(Z) versus frequency plots
(Bode plot) (b), measured in wet 5%if Ar for a BZY/BCY/BZY heterostructure with a
BCY layer 800nm thick.
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Figure 5. Electrical conductivity in wet 5%,Hh Ar atmosphere, as a function of the
temperature for three BZY/BCY/BZY heterostructuvégh the BCY layer 160 nm, 400
nm and 800 nm thick, red stars, green triangles l@dnd squares respectively. The
conductivity for the BCY sintered pellet (blackaes) is also reported.
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Figure 6. Nyquist plots measured over differentsddyring the thermal stability test
in operating conditions. The number next to eadt pidicates the day of the test. The
inset of the Fig. 6 shows the EIS thermal stabikist as a function of time in hours. The
black triangles represent the BCY sandwich hetexostre and the red circles represent

the BCY sintered pellet.
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The chemical stability of the BZY/BCY/BZY sandwitleterostructure (with a BCY
800 nm thick) in wet 5% ptontaining Ar atmosphere at 638G was investigated and
compared to that of a BCY sintered pellet. Conditgtimeasurements were performed
as a function of time. Figure 6 shows the Nyquistgof the BZY/BCY/BZY sandwich
heterostructure at 630 °C obtained at differentsddye number next each plot indicates
the day of testing. In the inset of Fig. 6 the amrttlities of the heterostructure and of the
pelletvs time are reported. The heterostructure condugtré@mained almost unchanged
for 12 days, only a slight decrease was revealeddss the 19day (R=1.2 x10°Scmit)
and the 18day (R=8.8x10°"™%). For the BCY sintered pellet, a drastic decressbe
conductivity was observed on th8 8ay 6=8.4x10°Scm® on the ¥ day ands=7x10
“Scm’ on the §' day). From the tenth day on it was not possiblméasure conductivity
because of the complete degradation of the p&lath a result showed that the capped
BCY heterostructure has an improved chemical stgbin a water-containing
atmosphere in comparison to the BCY sintered pellet
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Figure 7.0-20 X Ray diffraction spectra for the aged (a) anddkegrown (b) BCY
sandwich heterostructure.

To investigate the decrease of the conductivity eoled from 13 day of
measurement in the BCY sandwich heterostructur&) Xdnalysis of the: (a) as-grown
and (b) aged (after electrical measurements) BG¥wech heterostructure was carried
out and shown in Fig. 7. The as-grown BCY sandwieterostructure shows (00I) peaks,
exclusively while the heterostructure aged for &gsdin wet 5%Hklin Ar at 630°C, does
not show any extra peaks such as attributableggtbsence of either Ce©Or Ba(OH»
phases (30). However, in the XRD pattern shownign F (b), it is possible to notice an
intense (110) BCY peak, indicating a much strondegree of polycrystallinity of the
aged heterostructures in comparison to the as gfmnit can thus be concluded that
the aging phenomenon of BCY sandwich heterostractsirnot driven by chemical
reactivity but by a microstructural reconstructiah high temperature (630 °C). The
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consequent increase in the degree of polycrysitgllimegatively affects the transport
properties because of the occurrence of the graandaries contribution in the
policrystalline microstructure.

Conclusions

Highly textured BZY/BCY/BZY heterostructureserme grown by PLD on (001) MgO
substrates. SEM and XRD investigations indicatea@dgcrystalline quality as a result of
the BZY thin buffer layer. The epitaxial growth tife films resulted in conductivity
larger than that reported for BCY sintered pelkedsa result of the negligible effect of
perpendicular blocking grain boundaries. The lostieacture chemical stability issues
have been investigated in a water-containing atimargp at working temperatures
(630 °C). An improved chemical stability of the BGandwich heterostructure in
comparison to sintered BCY pellets was attributedthe epitaxial BZY cap layer.
However, aging in wet 5%H2 in Ar caused a micradtital change from epitaxial to
polycrystalline. The morphology variation led toetloccurrence of grain boundaries
which negatively affect the overall conductance.
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