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Thin films of BaZr; xScxOs.x/2, (0 < x < 0.64), well known as proton conducting solid electrolytes for interme-
diate temperature solid oxide fuel cell, were deposited by magnetron sputtering. X-ray diffraction analysis of the
as deposited films reveals the presence of single-phase perovskite structure. The films were deposited on four
different substrates (c-AlyOs, LaAlO3(100), LaAlO3(110), LaAlO3(111)) yielding random, (110)- or (100)-ori-
ented films. The stability of the as-deposited films was assessed by annealing in air at 600 °C for 2 h. The
annealing treatment revealed instabilities of the perovskite structure for the (110) and randomly oriented films,
but not for (100) oriented film. The instability of the coating under heat treatment was attributed to the low

oxygen content in the film (understoichiometry) prior annealing combined with the surface energy and atomic
layers stacking along the growth direction. An understoichiometric (100) oriented perovskite films showed
higher stability of the structure under an annealing in air at 600 °C.

1. Introduction

Acceptor-doped proton-conducting perovskite type oxides are of
interest because of their potential usage as electrolytes in solid oxide fuel
cells [1-4]. The perovskite ABX3 structure, with A as large cations, B as
small cations, and X an anions (O, N, F) allows substitution in either of
the three sites. The substitutions of cations of different valences,
compared to the host ion, yield to the possible formation of
oxygen-deficient structure in which hydration of the structure can be
achieved by heat treatment in a humid environment [5-7]. During this
process, water molecules dissociate from the gaseous phase into hy-
droxyl groups (OH™) occupying nearby oxygen vacancies site and pro-
tons (H") binding to the oxygen of the perovskite present initially in the
perovskite. Through the process of Grotthuss type mechanism [8],
protons diffuse further from the surface to the bulk by migrating from
one oxygen to another in a trapping hopping mechanism. The result is an
increase in material proton concentration which continues until the
oxygen vacancies in the bulk are filled [8,9].

Among perovskite materials, the cubic perovskite BaZrOs; shows
promise for applications such as in superconductor devices [10], catalyst
in transesterification [11,12], and humidity monitoring sensors [13].
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Doping BaZrOs; has broadened its application areas to photocatalytic
water splitting process and use as electrolyte material in fuel cells [14,
15]. Trivalent cation elements (Sc, Y, Gd) and other transition metals
and metals elements (Co, Ni, In) are some examples of reported dopants
to initiate proton conduction in BaZrOs [16-18].

When substituting a proportion of element from a perovskite the
crystallographic structure may deviate from the ideal cubic perovskite
structure (Pm3m space group) and yield to distinct types of disordered
structures. Gold-Schmidt tolerance factor has been widely accepted as a
criterion for perovskite deviation and it is measured by the mismatch
between the average equilibrium A-O and B-O bond lengths. The
tolerance factor can be extended to more complex perovskite when
partial substitutions in the perovskite occurs such as A; 4A’yxBO3 or AB;.
B’x03:

(I=x)ra+ xry + 1o

= 1
' \/E(VBJFVO) W

ra+ ro
= 2
! \/i((l —x)rg + xry +7ro) 2

Where ra, 4, g, g and ro are the ionic radius of A, A’, B, B’ and O
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ions in the perovskite, respectively. A cubic symmetry is generally ob-
tained for a tolerance factor in the range of 0.95 <t < 1.04. if t < 0.95 or
t > 1.04, the symmetric perovskite structure tends to reduce in a highly
distorted symmetry (orthorhombic, tetragonal, trigonal structures). In
the case of BaZrOs, which has a nearly optimal tolerance factor of t =
1.01, the substitution of Zr (rz¢;1vy = 0.720 A) by Sc (rsecun = 0.745 A)
[19] gives an increase of the tolerance factor of 1.02 for x = 0.65 in
BaZr; 4xScxO3.x/2. Nevertheless, the Gold-Schmidt tolerance factor has its
limitation especially in the case of deficient oxygen perovskite, with the
insertion of different valence elements, not considered in the calculation
of the tolerance factor.

Bulk Sc-doped BaZrOs exhibited comparable to higher proton con-
ductivity in a medium temperature range (300 — 500 °C) as yttrium-
doped ceramic [9,16,20-22]. The proton conductivity is highly depen-
dent on the content of dopants as observed for the heavily doped ones
with Sc (BaZrg 4Sco ¢03) where the proton conductivity at 400 °C was
increased to 0.012 Sem ™! (for comparison, Y-doped: 0.005 Sem ™Y [23].
More recent strategies have been proposed to further improve the proton
conductivity by co-doping the different site (A, B, X) of the perovskite
ABX3 [24].

Fabrication of dense and mechanically resistance ceramic bulk of
BaZrO3 based material faces challenges. Generally, BaZrOs based ma-
terials ceramic require either a high sintering temperature in a range
1200-1700 °C and/or bonding material agent to improve the mechan-
ical resistance and increase the proton mobility (ZnO, NiO, TiO5 [18,
25-28]). The fabrication of the perovskite ceramic material in thin film
form offers more favorable options in terms of control of the doping
elements and the growth of dense coatings at lower temperature than
the ceramic sintering. The growth of thin film on a single crystal sub-
strate offers various possibility of preferential orientation which can be
of interest for proton conductivity properties. Highly non-equilibrium
deposition techniques, such as magnetron sputtering, may lead to syn-
thesis of films with an understoichiometry nature ABOs_s [29,30]. The
stoichiometry in the perovskite is primordial for the proton conduction
properties of the coatings and yields to differences of the local symmetry
in the material or affect the stability of the phases under heat treatment
[31,32]. In contrast to the film synthesis by sputtering, the
non-stoichiometry nature of the perovskite is never met in bulk synthesis
where the thermodynamic equilibrium is met.

In the present study, thin film synthesis of Sc-doped BaZrOj3 by
magnetron sputtering from an oxide BaZrOs target has been investi-
gated. Four different single crystal substrates were used to promote the
growth of different preferential orientations of the perovskite in the
coating. The films were grown in a pure argon atmosphere, in a poor
oxygen growth condition where the oxygen source was the oxide BaZrO3
target. The effect of the insertion of Sc in BaZr; xScxO3.x/2 on the phase
formation, composition, phase stability of the coatings has been studied.
The different characteristics of the film dependent on their preferential
orientation (different substrates) were investigated. Process control and
post-annealing treatment were also investigated to understand and
optimize the formation and stability perovskite BaZr; xScxO3.x/2.

2. Method and characterization

BaZr; xScx0s3.4/2 thin films were deposited by magnetron sputtering
on c-plane sapphire, (100), (110) and (111) oriented LaAlOs (LAO)
substrates in an ultra-high vacuum chamber with a 3.30 x 10~% Pa
(2.5 x 107%° Torr) base pressure at room temperature. A detailed
description of the chamber can be found elsewhere [33]. Three 50 mm
(2 inch) targets were used for depositing the series of samples: a BaZrOg
ceramic target (from Advanced Engineering Materials Limited, 99.5%)
as the main source of element; a Sc target (Plasmaterials, 99.9%) as the
dopant; and a Ba target (Plasmaterials, 99.5%) to overcome any defi-
ciency of barium. Deficiency of barium in the perovskite structure
BaZr; 4xScx03.x/2 may occur during deposition due to the low vapor
pressure of the element and because of the doping amount where the
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ratio [Bal/([Zr]+[Sc]) is aimed to be equal to 1. The 2 pm thick films
were deposited on the four substrates simultaneously in equivalent po-
sition on the holder which was under a constant rotation and maintained
at 600 °C. The BaZrOg target was operated at a constant rf-power of 80
W (dc equivalent bias) for all synthesized films while the Sc target was
operated at dc-power between 0 and 65 W. The Ba target was operated
with an rf-power between 22 W and 82 W (dc equivalent bias) to
maintain the [Ba]/([Zr]+4[Sc]) ratio close to 1. The detail of the depo-
sition is listed in Table I. Prior to deposition, the substrates were cleaned
with a multistep process using detergent, acetone, and ethanol in soni-
cation bath (detergent / 5 min + 2 x distilled HyO / 5 min, + acetone /
10 min, + ethanol / 10 min) [34]. Post deposition, the coatings were
annealing at 600 °C for 2 h in air (20 °C/min), in a tubular furnace.

A Leo 1550 Gemini scanning electron microscope (SEM) equipped
with an energy dispersive X-ray spectroscopy (EDS) detector operated
voltage of 20 kV was used to measure their compositions and
thicknesses.

The crystal structure of the films was analyzed using a PANalyical
X’pert powder diffractometer in a Bragg Brentano configuration using a
Cu-Ka radiation wavelength of 1.5406 A (45 kV and 40 mA). The
measurement scan was recorded with a constant rotation of the sample
using a X’celerator detector in 1D scanning line mode: 10-80° 26 range,
0.0084° step size, equivalent of 19.7 s/step.

3. Results and discussion

Table II presents the composition of the film evaluated by EDS
measured on the film deposited on c-plane sapphire substrate. The
composition of the films on other substrates is assumed to be the same as
they were deposited at the same time in a similar holder position with
constant rotation. The composition presented in table II is normalized to
the perovskite “ABO3” stoichiometry formula, considering the B site to
be fully occupied (B= [Zr]+[Sc]) normalized to 1.00. The Sc content
gradually increases from x = 0 to x = 0.64 in BaZr; 4Sc4O3.x/2 when the
power of the Sc target increases from 0 to 60 W. Note here that the ratio
[Bal/([Zr]+[Sc]) remained close to 1 (0.95 to 1.06) after compensating
the addition of Sc and loss of Ba during the process.

Fig. 1 shows the Bragg-Brentano X-rays diffractogram of the different
BaZr; 4xScxOs3.x/2 (0 < x < 0.64) deposited on the four substrates. The
most intense and narrower peaks observed on all the XRD patterns
correspond to the substrate peaks: 006 Al,O3 (at 20 = 41.65°) for c-
Al,03; 100, 200, 300 (at 20 = 23.46, 47.96 and 75.11°) for LAO(100);
110 and 220 (at 20 = 33.39, 70.19°) for LAO(110); and 111 (at 26 =
41.27°) for LAO(111) substrates. All peaks issued from the film are
identified as the perovskite structure in good agreement with the BaZrO3
reference ICDD data (00-006-039). Depending on the substrate, the
most intense peak from BaZrOs phase differs from a randomly oriented
sample revealing preferential orientations of the film. On LAO(111),
only the hhh peaks are present for a preferential orientation of the
coating along the [111] direction of the perovskite structure. On the
other three substrates, the most intense peaks are hh0 for c-plane sap-
phire and LAO(110), and h00 for LAO(100) substrate with a preferential
orientation of the film along [110] or [100] direction, respectively.

Depending on the Sc content, other peaks with lower intensities are

Table I

Deposition parameters for all samples. BaZrO3 and Ba target are powered using a
Rf discharge (values as for dc equivalent) and Sc target is powered using a dc
discharge.

Sample Deposition time BaZrOg target Ba target Sc target
# (min) power (W) Power (W) Power (W)
1 255 80 23 0

2 235 80 45 35

3 220 80 46 25

4 205 80 60 35

5 155 80 66 60
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Table II

Normalized composition of the films calculated from quantitative EDS results
and normalized to the perovskite Ba(Zr;xScx)Osz.x2 with the B site of the
perovskite normalized to 1.00 ([Zr] + [Sc] = 1).

Sample Metallic content in the perovskite Sc composition (x) in BaZr;.
# ABO3 normalized with B = 1.00 x5¢x03.x/2
Ba Zr Sc
1 1.01 + 1.00 0.00 0.00
0.05
2 0.95 + 0.80 + 0.20 + 0.20
0.05 0.04 0.04
3 1.02 + 0.64 + 0.36 + 0.36
0.04 0.04 0.03
4 1.05 + 0.56 + 0.44 + 0.44
0.04 0.04 0.03
5 1.06 + 0.36 + 0.64 + 0.64
0.04 0.03 0.03

observed corresponding to secondary orientations or a randomly
orientated character of the grain. Within a substrate series and for all
substrate, the addition Sc at x = 0.2 in the perovskite yield to a more
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pronounced formation of either a secondary orientation or randomly
orientated character of the grain. For example, on LAO(110) when the
film has a (110) preferential orientation, the addition of Sc at x = 0.20
initiated the growth of (111) secondary orientation. This observation is
similar on the LAO(100)and c-plane sapphire substrates. For the highest
Sc content inserted (x = 0.64), a clear peak splitting is observed on the
most intense XRD peak from BaZrOs on LAO(110) and LAO(111). The
separation of the main diffraction peak into two peaks is not clearly
distinguishable for lower Sc content and on other substrates, but dif-
ferences of the XRD peak shape is noticeable for higher reflections
already for Sc at x 0.36 (Fig. 1b and 1c). On LAO(100), the XRD pattern
of the (100) film with high level of Sc present one extra peak at 26 =
66.90° not initially existing in the ICDD data of BaZrOs3. This reflection is
linked to the 300 peak with a d = 1.396 A equal to djpo/3 (20 = 21.20°;
digo = 4.187 A). This reflection is not existent for BaZrO3 (JCPDS card
no. 06-0399) but not forbidden by the Pm3m space group. Note that the
apparition of the 300 reflection is predominant for x > 0.36 but seems to
emerge already for x = 0.20 with a low intensity. This phenomenon is
connected to a change in the structure factor due to the substitution of Sc
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Fig. 1. XRD 6—26 patterns of the BaZr; xScyO3x/2 (0 < x < 0.64) films deposited on c-Al,O3 substrate, (100), (110) and (111) oriented LaAlO3 substrates. Peaks
marked with * correspond to the substrate peaks: 0006 (Al;03), h00, hh0 and 111 (LaAlO3). The reflection reference marks are taken from the reference bulk data for
BaZrO3 from JCPDS card no. 06-0399.e), f), g), h) are short range XRD pattern around the most intense peak from the coating.
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in BaZrOs.

Fig. 2 presents the Bragg Brentano 6—26 patterns of the annealed
BaZr; 4xScx03./2 (0 < x < 0.64) films on the four substrates. The BaZr;.
xS¢x03.x/2 film with x = 0 or x = 0.20, presents similar XRD patterns as
the as-deposited sample with no changes on the shapes of the peak.
Nevertheless, on c-AL20O3, LAO(110) and LAO(111), and for x > 0.36, a
clear splitting of the main orientation peak appears. At higher Sc content
the splitting of the peak is not clearly observed but cannot be excluded as
seen by the asymmetry of the peak compared to BaZrOj3 reference film
(x = 0). Within the series, split and shift of the peaks are noticeable when
the Sc content increases. Note that the intensity of the two peaks
observed was due to the splitting varied in intensity. For the film on
LAO(100), no splitting is observed within the series, but an increase of
the full width at half maximum (FWHM) is noticeable with high Sc
content.

Fig. 3 presents the evolution of the cell parameter of the as-deposited
and the post-annealed coatings deposited on the four substrates in
regards with the Sc content in BaZrj 4ScxO3.x/2 (0 < x < 0.64).

For the as-deposited films, on LAO(100), the cell parameters have
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relatively constant values around 4.26 A for the range 0 < x < 0.64. On
the c-plane sapphire, and LAO(111), on addition of Sc up to x = 0.47 in
the perovskite, the cell parameter of the perovskite remained relatively
constant between 4.25 A and 4.26 A dependent on the substrate, and Sc
content. Note here that the error bar on the evaluation of the cell
parameter is larger for the film with x = 0.37-0.64 due to the peak
shape. On LAO(110), the cell parameters stayed constant between 4.26
A and 4.27 A depending on the Sc content. Except on LAO(100), for x =
0.64, two cell parameter were extracted: a low cell parameter around
4.22 A and a higher value varying between 4.27 and 4.31 A,

After annealing at 600 °C for 2 h, two groups of sample and feature
were observed. The cell parameter on the film deposited on LAO(100)
increases monotonically from 4.25 to 4.28 A when the Sc (%) increases
from O to 0.64 in BaZr; 4ScxOs.x/2. However, on the three other sub-
strates, two cell parameters were extracted for x > 0.34 in BaZrj 4ScxO3.
x/2: alarge cell parameter following the same trend and values as the one
extracted on LAO(100), and a small cell parameter at around 4.17-4.18
A constant for all Sc content.

In the present study, the series of films were studied to provide an
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Fig. 2. XRD 6—20 pattern of the annealed BaZr; x\ScxO3.x/2 (0 < x < 0.64) films deposited on c-Al,O3 substrate, (100), (110) and (111) oriented LaAlO3 substrates.
Peaks marked with * correspond to the substrate peaks: 0006 (Al,03), h00, hhO and 111 (LaAlO3). The reflection reference marks are taken from the reference bulk
data for BaZrO3 from JCPDS card no. 06-0399. e), f), g), h) are short range XRD pattern around the most intense peak from the coating.
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from the main orientation of the film ((110) for
¢-Al,05 and LAO(110), (100) for LAO(100),
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of two cell parameters for the same film/struc-
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the splitting/asymmetry of the peak observable
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understanding of the formation and stability of the BaZr; xScxO3.x/2 (0 <
x < 0.64) for possible usage as proton conductor in a fuel cell. The
capability of a material to absorb H is determined after a heat treatment
in a humid environment. Oxygen stoichiometry and crystallographic
structure stability over a heat treatment are primordial to investigate
prior possible investigation of H-absorption/conduction in BaZr; xScxOs3.
x/2- Therefore, the stability of the crystallographic structure of the as-
deposited film was investigated after a heat treatment in air at 600 °C
for 2 h.

The composition measured on the as-deposited coatings shows a
stoichiometry respected within the error bars of the EDS measurement
with a ratio [Bal/([Sc]+[Zr]) close to 1 (Table II). At first glance, all
films are composed of a coating with a perovskite structure isotype to
the cubic BaZrOs. The trends and features on the as-deposited films are
challenging to discuss due to several aspects, such as thermal stress and
stoichiometry in oxygen which play a role on the observations by XRD.
Depending on the substrate, the growth of the perovskite occurred
following specific preferential orientation (Fig. 1). From the relative
intensity of the XRD peaks (cubic BaZrO3 JCPDS card no. 06-0399), the
coatings have a randomly oriented character on c-plane sapphire. On the
contrary on LAO, preferential orientations are observed with no or few
secondary orientations. LAO material, used as a substrate, is usually
described with a pseudo cubic cell (a = 3.79 10\). For the three series on
LAO substrates, the coatings follow the pseudo-cubic structure of the
substrate to provide similar orientation of the perovskite on top: (100),
(110) or (111).

When depositing an oxide material by magnetron sputtering, extra
oxygen is usually brough as a gas to ensure the full oxidation of the
coatings and allowing the formation of the right stoichiometry. In the
present study, the deposition was performed in a pure Ar atmosphere,
which may lead to a film with a composition in oxygen lower than ex-
pected. The deposition of understoichiometric film in oxygen by sput-
tering is common due to the highly thermodynamical non equilibrium
process [30,35]. BaZrO3 oxide target was the source of oxygen, and
more metal atoms were brought by sputtering metal target (Ba and Sc).
Therefore, the possibility to obtain films understoichiometric in oxygen
is not excluded especially when the power of the metal target was large,
thus at high Sc content. Nevertheless, in the present case, no detection of
other phases (metal, fcc, bee, hep) than the perovskite was made using
XRD, but changes in shapes of the peaks could be observed.

The splitting of the peak appearing for the highest Sc content was
observed on hhO and hhh reflections (Fig. 1, Fig. 2) revealing that the
splitting is not due to a tetragonal/orthogonal deformation of the cubic
perovskite but more to a segregation in to two perovskites with possibly
different Sc composition. With the coatings composed of perovskite
structure with lower oxygen content than expected combined with the
possible thermal stress created during deposition make challenging to
discuss the observation.

The heat treatment performed in air helped eliminate the oxygen
vacancies and the thermal stress created during deposition. The XRD of
the annealed films reveals changes in structural signature, with evidence

03 04 05 06 07

Sc content as x in BaZr,,Sc,0;4

of splitting of the peaks occurring for higher Sc content. Except for the
films on LAO(100), films on c-Al;03, LAO(110), and LAO(111) exhibited
the same feature (Figs. 2 and 3). For the coating with x > 0.36, isotype
structures with two cell parameters are detected (Fig. 3). A cubic
structure with a cell parameter remaining constant around 4.18 + 0.01
A (0.36 < x < 0.64) which is close to the cell parameter of bulk BaZrO3
(JCPDS card no. 06-0399) [22,36]. The other perovskite phase had a
cell parameter monotonically increasing from 4.26 to 4.28 A with the Sc
content (0.36 < x < 0.64) in a similar fashion way as the film on
LAO(100) (Fig. 3).

The investigation by XRD of the series on LAO(100) revealed the
presence of one perovskite phase for which the cell parameter varies
with Sc in agreement with literature [21,37]. The possible presence of
the secondary phase similar as on the other substrates is not entirely
excluded as the FWHM of the diffraction peak increased for higher Sc
content. Nevertheless, the peak remains symmetrical and variation of
FWHM of the XRD peaks can originate from microstress, stress, crystal
domains and thus makes it difficult to conclude. However, the instability
phenomena observed on the coating after annealing is less pronounced
or inexistent on LAO(100).

The deposition conditions in pure argon yield to most probably to the
formation of a perovskite with high oxygen vacancies. Most of the as-
deposited films contain a single-phase material of BaZr;.xScxO3.y (0 <
Xx < 0.64) where y > x/2. An annealing in air reduced the oxygen va-
cancies in BaZr;4ScxO3y where y < x/2 and reduced the stress in the
film. The heat treatment led to instabilities of the phase previously
contained in the film. During annealing the films decomposed into two
phases isotype to perovskite structure. This segregation may be a
consequence of the relaxation of stress and oxidation process of the
perovskite occurring by diffusion of the oxygen in the film through grain
boundaries and within the grains. The stress relaxation and diffusion of
oxygen during annealing seemed to be influenced by the film orienta-
tion. In contrast to the (111) or (110), a (100) oriented film has low
surface energy of the {001} facets and provides higher stability of the
surface. Unlike [001]-oriented perovskites (ABO3) that have alternating
charge neutral A%2T02~/B*'0% layers, a [111]-oriented ABO; has
alternating A2*0$§~/Ti*" layers creating a stacking sequence with highly
charged atomic planes. This phenomenon is enhanced by the substitu-
tion in the B site with lower valence element (Sc>*— Zr*"). The stacking
sequence yields to the rise of electric dipoles influencing the growth,
driving the formation of undesired phases and undesired orientations as
the material system attempts to minimize its surface energies [38,39].
Overall, the heat treatment of the high oxygen vacancy containing
perovskite is detrimental for the stability of the initial phases. This
phenomenon is influenced by the termination surfaces of the coatings,
where instability is reduced or inhibited for a {100} terminated surfaces
coating.

4. Conclusions

BaZrj 4xScxO3.x/2 (0 < x < 0.64) films were deposited on single-crystal



G.K. Nzulu et al.

substrates (c-AloO3, LAO(100), LAO(110), LAO(111)) in oxygen-
deficient growth condition using magnetron sputtering. The obtained
films were composed of a phase isotype as a perovskite structure where,
for high Sc content (x = 0.64), the presence of two phases isotype as a
perovskite could be observed by XRD on specific substrates. A thermal
annealing in air at 600 °C for 2 h performed on the as-deposited films
revealed instabilities of the perovskite structured coatings. On most of
the coatings (x > 0.37), with a (110) orientation or a random orientation
character of the grains, the annealing process led to the formation of two
phases isotype as a perovskite structure (BaZr; xScxO3.x/2) with probably
a perovskite rich in Zr and the one rich in Sc. This instability was found
to be inhibited or reduced for the (100) oriented film with surface en-
ergy of the {001} facets which were grown on LAO(100).
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