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In this work, water-based precursor solutions suitable for dip-coating of thick La,Zr,07 (LZO) buffer
layers for coated conductors on Ni-5%W substrates were developed. The solutions were prepared based
on chelate chemistry using water as the main solvent. The effect of polymer addition on the maximum
crack-free thickness of the deposited films was investigated. This novel solution preparation method
revealed the possibility to grow single, crack-free layers with thicknesses ranging 100-280 nm with
good crystallinity and an in-plane grain misalignment with average FWHM of 6.55°. TEM studies
illustrated the presence of nanovoids, typical for CSD-LZO0 films annealed under Ar-5%H, gas flow. The
appropriate buffer layer action of the film in preventing the Ni diffusion was studied using XPS. It was
found that the Ni diffusion was restricted to the first 30 nm of a 140 nm thick film. The surface texture
of the film was improved using a seed layer.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Lanthanum zirconate (LayZr,0O;, LZO), being a pyrochlore
material, is widely used for high temperature applications [1,2],
thermal barrier coatings [3,4] and as a buffer layer for coated
conductors [5-15]. Being a good refractory material, its recrys-
tallization is not possible below 1500 °C. This makes it an efficient
barrier of oxygen diffusion in high temperatures [13]. LZO as a
buffer layer, is of particular interest in coated conductors because
of its structural compatibility and excellent lattice match with
YBa,Cus0,_, (YBCO) (lattice parameter of LZO=10.79 A) [15]. In
the prevalent coated-conductor architecture, c-axis oriented
YBCO layers are deposited on buffered Ni-based Rolling Assisted
Biaxially Textured Substrates (RABITS) [16,17]. The calculated
pseudo-cubic lattice parameter of 3.81 A of the LZO buffer layer,
along the diagonal matching distance facilitates a low lattice
mismatch to both YBCO and Ni-5%W substrates (0.5% and 1.8%
mismatch to YBCO, a- and b-axes, respectively, and 7.6% to RABiTS
Ni-5%W substrate) [15]. The LZO system has found its use as a
single buffer layer replacing the first two layers of YSZ/CeO, in a
traditional CeO,/YSZ/CeO, buffer layer architecture on a Ni-5%W
substrate [18]. Recently Paranthaman et al. [19] reported that,
LZO layers can be grown over a wide compositional range by
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varying the percentages of lanthanum and zirconium according to
the formulation La,Zr;_,O,. This has added to the benefit of
choosing LZO as a buffer layer with possible adapted flexible
compositions.

Since ceramic YBCO layers are deposited at high temperatures
under oxygen atmosphere, oxidation of the Ni based substrate by
O-diffusion and penetration of Ni-atoms into the superconducting
layer can occur, which is problematic. Therefore, thick and
epitaxial LZO buffer layers are needed in between the Ni based
substrate and YBCO layer, in order to prevent any chemical
interaction and diffusion that can occur between them. Parantha-
man et al. [20] estimated the minimum thickness of the LZO layer
for effective barrier action against Ni diffusion to be 75 nm, based
on experimental studies using SIMS. Knoth et al. [21] based on
XPS studies on thicker LZO buffer layers suggested a minimum
requirement of 100 nm thickness. However, Caroff et al. [22] from
their magneto-optical investigations determined a minimum
thickness of 150 nm for a LZO layer in order to act as an efficient
buffer layer with minimum transfer of defects from substrate
onto the coated conductor. Furthermore, their work showed that
a 250 nm thick film gave the highest critical current density (J;).

Apart from thickness, a crystalline biaxial texture on the top
surface of LZO layer is essential for passing on the epitaxy from the
substrate to YBCO. This transfer of epitaxy is an important
function of a buffer layer. The above discussed LZO layers prepared
from non-water-based precursors exhibited good biaxial texture
on their top surface. In our previous work based on water-based
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precursors [23] it was reported that, a good quality LZO buffer
layer with highly crystalline and biaxial textured top surface could
be obtained up to a thickness of 40 nm. However, the barrier
action of these films was insufficient to prevent Ni diffusion.
Furthermore, single layer deposition of these layers at higher
thicknesses (up to 100 nm), led to an increase in the FWHM
values of biaxial orientation compared to that of the substrate
(in-plane grain misalignment of 8.3° and out-of-plane grain
misalignment of 9.2°, compared to the Ni-5%W values of 6.5°
and 6.8°, respectively) and an amorphous top surface layers, as
was shown from RHEED analysis. Inclusion of a seed layer of
20 nm thickness led to an improvised but yet, incompletely
crystalline top surface [24].

This paper describes the possibility to grow thick LZO buffer
layers from water-based solutions, with optimized crystallinity
and epitaxial qualities for the textured growth of YBCO. Moreover,
the appropriate chemical composition of the precursor solutions
with additives (including polymer) for preparing thick LZO films,
and their improvement in surface crystallinity with an inclusion of
seed layer, are discussed in detail. To the best of the authors’
knowledge, thick LZO layers prepared for coated conductor design
with an inclusion of polymer in water-based precursor has not yet
been reported in literature. In this work, epitaxial films prepared
from chemical solution deposition (CSD) of LZO precursor solu-
tions using water as the main solvent will be presented in follow-
up to the previous reports using non-water-based solvents such as
2-methoxyethanol [20], propionic acid [21] and methanol [10,25].
In recent times, CSD is considered as one of the most promising
techniques for the cost-effective processing of longer lengths of
coated conductors [5-7,9-24]. CSD methods include the prepara-
tion and deposition of the precursor solution via one of the sol-gel
routes, metal organic deposition (MOD) or hybrid routes using
modifying ligands [26-28]. Since CSD employs a homogeneous
distribution of metal ions in a solvent, the transfer of homogeneity
from the as-deposited amorphous films to a crystalline film, can
be ensured. Furthermore, CSD allows easy compositional adapta-
tion and non-vacuum processing [27]. Additionally, water-based
CSD preparation offers additional benefits of environmental
friendliness, safe handling and cost reduction. It has been shown
from previous studies that the water-based CSD method leads to
environmentally, friendly and stable precursors needed for bulk
materials and coatings for applications in the field of catalysis [29],
materials with specific thermal expansion [30], drugs [31], buffer
layers [23,24,32] and superconductors [33,34].

2. Materials and methods
2.1. Precursor solutions

Four different LZO precursor solutions were synthesized. Two
of the four systems were prepared with inclusion of polymers.
The compositional details of the precursor solutions are
given below.

System 1: La acetate-Zr acetate hydroxide-EDA-EG system:
A 0.4 mol/L LZO solution was prepared by dissolving zirconium
acetate hydroxide (Zr(CH3COO)(OH)s, Aldrich) in water (molar
ratio, Zr**:H,0=1:170) at room temperature. Acetic acid was
added to the metal ion solution (molar ratio, Zr**:HOAc=1:20)
and the mixture heated to 80 °C. At 80 °C, lanthanum acetate
(La(CH3COO0); 1.5H,0, Alfa-Aesar, 99.9%) was added to the mix-
ture (molar ratio, La®*:Zr**=1:1) and stirred until clear.
Ethylene-diamine tetra acetic acid (EDTA, Sigma-Aldrich,
>99.4%) was used as a complexing agent to keep the metals
stable in solution at high concentrations and increased pH values
[35,36]. The EDTA solution was prepared by dissolving EDTA in a

water and ethylene diamine (EDA, Fluka, 100%) mixture (molar
ratio, EDTA:H,0:EDA=1:130:4) at room temperature. The molar
ratio of EDTA:(La®* +Zr**) was fixed at 0.5:1. The metal ion
solution was slowly added to the EDTA solution at room tem-
perature and stirred for 10 min. The pH of the mixture was
adjusted to 6 by adding ammonia [25% Ammonia solution, Carl
Roth]. Subsequently, ethylene glycol (EG, Sigma-Aldrich, > 99%)
was added at 60 °C (molar ratio, EDTA:EG=1:4). Excess solvent
was evaporated until a concentration of ~0.4 mol/L was obtained.
The pH of the final solution was found to be between 6.2 and
6.3 and the viscosity between 4.9 and 5.2 mPas.

System 2: La acetate-Zr propoxide-EDA-EG system: A 0.4 mol/L
LZO solution was prepared by dissolving stoichiometric lanthanum
acetate in a water-acetic acid mixture (molar ratio, La*>*:HOAc:
H,0=1:16:150) at 80 °C until a clear solution was obtained. Here
the zirconium precursor was changed to zirconium n-propoxide
(70% w/w in n-propanol, Sigma-Aldrich). The water sensitivity of the
zirconium alkoxide was reduced by stabilizing it with acetic acid
(molar ratio, Zr**:HOAc=1:4) at room temperature [37]. The
stabilized zirconium n-propoxide was diluted by adding water in a
1:20 molar ratio of Zr**:H,0 at 80 °C. A clear solution was obtained
after stirring for 5 min. at this temperature. This was followed by the
addition of the zirconium precursor solution to the lanthanum
precursor solution at 80 °C. The EDTA solution and the required
amount of EG (molar ratio, EDTA:EG=1:4) were mixed with the
metal ion solution (La>* +Zr**) as described in system 1. Excess
solvent was evaporated until the desired concentration of 0.4 mol/L
was obtained. The final solution had a pH of 6.2-6.3 and a viscosity
of 5.0-5.2 mPas.

System 3: La acetate-Zr propoxide—-EG-PVP system: System 3 is
identical to system 2, except for addition of polyvinyl pyrrolidone
(PVP, Alfa-Aesar, M.W. 8000) to the solution. After addition of EG,
some amount of PVP was added (molar ratio, (La>* +Zr**):PVP=
1:0.5) and excess solvent was evaporated until a final concentra-
tion of 0.4 mol/L was attained. The pH and viscosity of the
solution was found to be 6.3-6.4 and 5.5-5.8 mPa s, respectively.

System 4: La acetate-Zr propoxide-AMP-PVP system: The metal ion
solution (La®>* +Zr**+) was prepared as in system 2. An EDTA solution
(molar ratio, (La*>* +Zr**+):EDTA=1:0.5) was prepared by dissolving
EDTA in water. The pH of this solution was increased by addition of
ammonia until the EDTA was dissolved (pH between 7 and 8). Then,
the metal ion solution (La®>* +Zr**) was slowly added to the EDTA
solution at room temperature and stirred for 10 min. A viscous
surfactant, 2-amino-2-methyl-1-propanol (AMP, Sigma-Aldrich, 95%)
was added to the mixture (molar ratio, EDTA:AMP=1:4) to increase
the wettability of this water-based precursor solution. The solution
was heated to 60 °C. Finally, small amount of PVP (molar ratio,
(La*>* +2Zr*+): PVP=1:0.5) was added and the final solution evapo-
rated until the desired concentration was achieved. The pH of the
solution was found to be 4.6-4.8 and the viscosity 4.6-4.9 mPas. It
was chosen to work at lower pH for system 4 because addition of the
alkaline AMP at pH 6 caused uncontrolled gelation of the precursor
and thus instability of the solution.

Table 1 summarizes the composition and the properties of the
precursor systems 1-4.

2.2. Solution deposition and heat treatment

An alloyed RABITS Ni-5%W was used as the substrate. 1 cm wide
and 80 pm thick substrates (Evico, GmbH) were cut into strips of
2.5 cm length for dip-coating. The substrates were dip-coated in a
clean room (class 10,000; flow cupboard class 100) in order to
prevent contamination from dust particles. The humidity of the clean
room was maintained anywhere between 44% and 49% and the
temperature of the clean room was between 24 and 27 °C. The dip-
coat speed was maintained between 40 mm/min and 60 mm/min.
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Table 1
Composition and properties of the water-based precursor systems 1-4.

System [La®t +Zr ] Metal precursors Solvent Complexing Additives pH Viscosity

(mol/L) agent
(mPas)

1 0.4 La acetate, Zr acetate hydroxide Water EDTA Acetic acid, EDA, EG, ammonia 6.2-6.3 4.9-5.2

2 0.4 La acetate, Zr propoxide Water EDTA Acetic acid, EDA, EG, ammonia 6.2-6.3 5.0-5.2

3 0.4 La acetate, Zr propoxide Water EDTA Acetic acid, EDA, EG, ammonia, PVP 6.3-6.4 5.5-5.8

4 0.4 La acetate, Zr propoxide Water EDTA Acetic acid, AMP, ammonia, PVP 4.6-4.8 4.6-4.9

The as-deposited wet layers were transformed into a gel by placing
them in a drying furnace at 60 °C for one hour. The amorphous layers
in their gel state were subjected to a suitable heat treatment to
create the desired crystalline metal oxide phase, in the following
sequence: Firstly, the layers were heated from room temperature to
450 °C (ramp rate of 1°C/min) and let to dwell for one hour.
Secondly, a 3 °C/min heating ramp was applied from 450 °C to
900 °C (dwell time=1 h). Finally, the films were heated to 1050 °C
at a 10 °C/min ramp with a dwell time of one hour. After the heat
treatment, the furnace was switched off and the samples were left to
cool inside the furnace. The entire heating process was carried out in
an Ar-5%H, atmosphere (gas flow rate: 0.55 L/min).

2.3. Characterization

The thickness of the crystallized layers was analyzed by
spectroscopic ellipsometry (J. A. Woollam Co) and by fitting the
experimental curve to the model for LZO films on Ni-5%W
substrates (wavelength=638.3 nm and refractive index=1.998).
The crystallinity of the film was analyzed using a standard X-ray
diffractometer (Siemens D 5000). A Bruker, AXS Discoverer
diffractometer was used to measure the pole-figures and phi
scans. Analysis of the microstructure of the surface was per-
formed with the help of a scanning electron microscope
(FEG-SEM, FEI). The crystallinity of the top surface was verified
using reflection high energy electron diffraction (RHEED, Staib
instruments) with an energy of 30 keV at an incidence angle of
1-2°. Investigation of the detailed microstructure was performed in
a Cs-corrected transmission electron microscope (TEM, JEOL 2200
ES). For preparing the TEM samples, an in-situ lift-out procedure
(FEI, Nova 600 Nanolab dual-beam FIB) was made use of. The
surface roughness of the layers were characterized using an
atomic force microscope (AFM, Molecular Imaging Picoplus with
Picoscan 2100 controller) in tapping mode. The buffer layer action
was evaluated by means of monitoring the Ni penetration depth
using X-ray Photoelectron Spectroscopy (S-Probe monochroma-
tized XPS spectrometer, Surface Science Instruments (VG)), using
an Al-Ko source (monochromatized Al-radiation: 1486.6 eV), at a
base pressure of 2x10-°mbar and an acceptance area of
250 x 1000 um?, with an hemispherical analyzer at a pass energy
of 157.7 eV. The measured surface was 250 um by 1000 pum. The
voltage of the Ar*-ion gun was maintained at 4 keV to sputter an
area of 3 x 3 mm?. Experimental data were processed using the
software package CasaXPS (Casa Software Ltd., UK) using Shirley
background and Scoffield sensitivity factors.

3. Results and discussion
3.1. Solution stability, complexation and polymer addition

3.1.1. Stability of alkoxides against hydrolysis

In systems 2-4, the zirconium propoxide was stabilized by
mixing it with acetic acid in order to handle it in non-vacuum and
water-based conditions. Acetic acid partially replaces the propoxide

(OPr) groups by acetate groups (OAc) forming a zirconium
propoxide-acetate complex that reduces the chances of immediate
hydrolysis and condensation reaction of zirconium propoxide on
addition of water [37].

3.1.2. Complexation, viscosity and wettability

In all the systems, EDTA was used as a strong chelating agent.
It can form complexes with both lanthanum and zirconium ions
[36], avoiding the metal ions from precipitating when high metal
concentrations are reached during the transformation from solu-
tion to gel and finally to the solid state. The solubility of EDTA in
water increases with increasing pH [38]. Therefore, EDA was used
as a pH increasing alkaline substance to initially increase the pH
of water to dissolve EDTA. Based on the previous studies of EDTA
complexation with Ce3*, it was inferred that EDTA forms stable
complexes with Ce-metal ions leading to a stable solution at a pH
between 5.5 and 6 [35]. Hence, applying the same principle
ammonia was added to the EDTA-metal ion solution mixture to
adjust the pH to 6 in systems 1-3, which were prepared under
comparable conditions. Ammonia was chosen instead of EDA to
adjust the pH in order to keep the organics to a minimum. It is
believed that, similar to the formation of a polymeric species by
the reaction of citric acid and EG in a Pechini process [26], EDTA,
being a polyamino carboxylic acid reacts with EG and results in
the formation of polymeric species. The resulting polymeric
species can increase the viscosity of the solution. Therefore, EG
was used in systems 1-3 to increase the viscosity of the solutions
and subsequently their wettability on the metallic substrates.
AMP, which is a surfactant that is highly alkaline in nature was
used in system 4. It reduces the surface tension of the water-
based precursor solution and increases the pH of the solution. In
system 4, AMP therefore replaces EDA (for its high alkalinity) and
EG (for wettability and viscosity increase) used in system 1-3.

3.1.3. Polymer addition

PVP was added to systems 3 and 4 in order to increase the
maximum single layer thickness for crack-free films. PVP is
considered to promote structural relaxation during the heat-up
stage of the annealing treatment thereby causing a reduction in
stress during the formation of the layer and thus suppressing
crack formation [39]. PVP can promote an increase in the viscosity
of the solution [40]. This is evident in system 3 in comparison to
systems 1 and 2. Since only a very small amount of PVP was
added (0.555 g in 25 ml of precursor solution), a small increase in
viscosity was observed.

3.2. Crystallinity and orientation

In order to study the epitaxial growth and crystallinity of the
LZO buffer layers, XRD analysis were performed on the layers
prepared from the four systems and comparisons were made. For
systems 1 and 2, crack-free LZO layers of 100-120 nm thicknesses
were obtained at a dip-coating speed of 40 mm/min. For systems
3 and 4, crack free layers of 280 and 140 nm thickness,
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respectively, could be obtained with an increased dip-coating
speed of 60 mm/min. The maximum crack-free thickness
obtained for these layers has been considered for the studies.
This increase in thickness of the layer, made from system
3 compared to system 4, will be discussed in detail in Section
3.3. Fig. 1 shows the X-ray 0 —20 scans of the LZO layers obtained
from systems 1-4 (S1-S4). The reflections were indexed based on
the pyrochlore lattice cell of LZO with a lattice parameter of
a120=10.79 A. The epitaxial c-axis oriented (001) reflections of
LZO could be observed in the range of 0°-80° with the (0 0 4) peak
position at 20=33.3° and the less intense (0 0 8) peak position at
20=69.83. A very small undesired peak of (2 2 2) orientation was
also observed at the peak position of 20=28.6°. It is clear from the
figure that for all the samples, the (0 0 4) LZO reflection appears to
be the most intense one. The preferential c-axis growth can be
quantified by calculating the peak intensity ratio values defined
as in Eq. (1) [8].

. . . I
Peak intensity ratio = max(© 0 4)

100% 1
[Imax(O 0 4) +Imax(2 2 2)] ’ ( )

Inax(ooay and Ipmax222) are the maximum intensity of the (0 0 4)
and (2 2 2) peaks, respectively. From the I .« values obtained from
Fig. 1, peak intensity ratios of 95.10%, 92.30%, 88.88%, and 95.05%
were obtained for systems 1-4 (S1-S4), respectively. Layers
obtained from S1 and S4 show peak intensity ratios above 95%.
This indicates that epitaxial and c-axis oriented LZO layers were
obtained. From the lower peak intensity ratio value for S3, it can
be concluded that this system leads to less preferential c-axis
growth.

Additionally, the absolute peak intensities of the (004)
reflection related to the thickness of the film show values of
274 counts for a 280 nm thick film for S3, while a higher value of
396 counts for a 110 nm thick film was obtained for S2. Based on
the intensity of the peaks and their respective thicknesses, it can
be concluded that the absolute crystallinity of S3 is lower,
although both samples have the same composition, except for
PVP addition in S3.

Fig. 2(a) and (b) represent the pole-figures of the Ni-5%W
substrate compared to that of the LZO layer for system 4.
Fig. 2(c) represents the phi-scans carried out to measure the in-
plane grain misalignment of the (2 2 2) plane of the four LZO
layers made from systems 1-4 (S1-S4). From the figures it can be
seen that the LZO layers have clearly grown with a 45° rotation on
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Fig. 1. X-ray 0-20 diffraction patterns of LZO films on Ni-5%W substrates,
prepared from precursor systems 1-4, denoted as, S1-54.
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Fig. 2. (a) Pole-figure of Ni-5%W substrate and (b) LZO layer from system
4 deposited on top of Ni-5%W substrate; and (c) X-ray ®-scan patterns of LZO
films on Ni-5%W substrates, prepared from precursor systems 1-4, denoted as,
S1-S4, at 20=28.62° and ¥ =54.00°.

top of the Ni-5%W substrate. The average full width at half
maximum (FWHM) of the reflections for LZO layers correspond-
ing to systems 1, 2, 3 and 4 were found to be 6.12°, 6.85°, 6.67°
and 6.59°, respectively. These values are very close to the FWHM
of 6.10° of the Ni-5%W substrate, which indicates that the biaxial
texture from the substrate was successfully transferred to the LZO
layers. Layers made from systems 1 and 4 show the highest
intensities as was observed in the X-ray 6 — 26 results. The FWHM
values of the peaks for all the above tested layers are comparable
to the values reported for that of the LZO layers from non-water-
based MOD systems (6.5° [12] and 6.90° [15]), the LZO films from
vacuum based pulsed laser deposition (PLD) system (6.2° [8]) and
the water-based LZO films of 40 nm thickness (6.65° [23]).

The out-of-plane orientation of the LZO layers on top of the
Ni-5%W substrate was determined by rocking curve measure-
ments along the (0 0 4) plane of LZO. The results are depicted in
Fig. 3. The FWHM of the peaks of the LZO layers obtained from
systems 1 to 4 (S1-S4) were found to be 7.20°, 7.20°, 7.08° and
7.42°, respectively. These values are comparable to that of the
non-water-based MOD LZO thin films (7.20° [15]) and the PLD
based LZO films (7.30° [8]). In the earlier work on water-based
LZO film of 40 nm thickness, a higher FWHM value of 8.80° was
reported [23].

A crucial parameter that determines the quality of a good LZO
buffer layer is the transfer of texture from the substrate to the
outer surface of the buffer layer. Perfect crystallinity and orienta-
tion of the buffer layer surface is a prerequisite for high quality
YBCO growth on top. Therefore, the quality of the top surface of
the LZO layers obtained from the different precursor systems was
verified by performing RHEED analysis. Fig. 4 shows the RHEED
patterns for LZO layers on Ni-5%W substrate obtained from the
four different precursor systems (S1-5S4). Despite the good in- and
out-of-plane grain misalignment seen in Figs. 2(c) and 3, all four
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systems show ring like patterns in the RHEED analysis. This
implies that the top surfaces of the layers are polycrystalline or
randomly textured. There are some discrete spots (marked by
circles and arrows) inside the ring like pattern for S1 and S4,
suggesting a small percentage of biaxial texture which signifies
the presence of (00 2) oriented top surface. Therefore, it can be
concluded that further improvement in the top surface crystal-
linity of the LZO films is necessary to promote the growth of well-
textured, c-axis oriented YBCO layer. The improvement in the top
surface crystallinity will be discussed in Section 3.5.

3.3. Microscopy analysis

A dense surface morphology is essential for a buffer layer in
order to prevent the diffusion of nickel atoms into the YBCO
layers as well as the oxidation of the Ni-5%W substrate that takes
places during physical deposition of YBCO or during heat-treat-
ment of CSD YBCO layers. Therefore, SEM analyses were per-
formed to understand the morphology of the top surface of the
layers made from all the four systems. Fig. 5 displays the SEM
micrographs of the different LZO layers. As seen from the figure,
LZO layers obtained from systems 1, 2 and 4 (S1, S2 and S4) show
an almost identical, dense surface morphology. However, the LZO
layer obtained from system 3 (S3) is clearly porous which is
undesirable for a good buffer layer. The main reason for this
porosity can be attributed to the burn-out of the polymeric PVP.
The formation of the pores can be seen as a suppression
mechanism for the otherwise formation of large cracks for
stress-relief, and thus a possibility of thickness enhancement in
the metal oxide films [39-42]. Nevertheless, Kozuka and Higuchi

S4

Intensity (a.u.)
%
w

Angle o (°)

Fig. 3. Rocking curve measurements along the (0 0 4) plane of the LZO films on
Ni-5%W substrates, prepared from precursor systems 1-4, denoted as, S1-S4.

[39] had mentioned the advantage of pyrolysis under a slow
heating rate as a means to avoid the undesired appearance of
large pores in the metal-oxide films containing PVP. Although the
layers from all the four systems had been treated under slow
heating ramp during the pyrolysis step, the undesired porous
surface morphology is witnessed only in the LZO layer prepared
from system 3. Moreover, despite having an equal molar ratio of
polymeric PVP, an entirely different morphology can be seen
under SEM for the layers made from systems 3 and 4 (S3, S4).

As a reasoning behind the pore formation seen in the LZO
layers from system 3, it can be stated that in the solution state of
system 3, EDTA-EDA-EG-PVP forms a longer length polymeric
chain compared to that of EDTA-AMP-PVP in system 4. Therefore,
during the burn-out of this long length polymeric chain, large
pores can be formed throughout the amorphous layer. These pores
can only be intermittently filled alongside the crystallization and
growth of metal-oxide at higher annealing temperatures. These
incompletely filled void spaces are spread throughout the length
and breadth of the LZO layer, which results in a puffed-up layer
with dispersed LZO grains among the void spaces, exhibiting high
thicknesses. This explains the increased crack-free thickness of
LZO layer prepared from system 3 (280 nm) in comparison to
system 4 (140 nm), although dip-coated at the same withdrawal
speed of 60 mm/min. Additionally, in order to check if the LZO
layers showed an increased porous morphology with a higher
amount of PVP, a molar ratio of EDTA:PVP=1:1 was used in
systems 3 and 4. In this case, thick, single layer LZO films of
280 nm with porous morphology (system 3) and 260 nm with
denser morphology (system 4) were obtained at a withdrawal
speed of 40 and 80 mm/min, respectively. From the above discus-
sion it can be concluded that, in combination with the polymeric
PVP, the use of AMP in system 4 replacing the EDA and EG used in
system 3 has been beneficial. It has led to a precursor system,
where stress relief in the layer with an increased thickness can be
obtained, without resulting in a negative effect of exaggerated
pore formation. Chemically, AMP is a sterically hindered form of
monoethanolamine (MEA) [43]. It's role as an alkaline medium
and a wetting agent, replacing EDA and EG of system 3, has helped
minimizing the formation of long length polymeric chain in the
solution state, in spite of the presence of PVP. Hence, the pyrolysis
of LZO film from system 4 has resulted in smaller pores compared
to that of LZO film from system 3, that can easily be filled-up
during the crystallization and metal-oxide growth at higher
temperatures, and lead to a denser surface morphology.

Layers from systems 2 and 4 were chosen for TEM cross-
sectional analysis in order to investigate, in nanoscale, their
structure. Since both the systems were made using the same
metal precursors (La acetate and Zr propoxide) and the layers
from these systems possess a dense surface morphology, the
study is deemed to be relevant for the investigation. Fig. 6 shows
the TEM images for LZO layers from system 2 and 4. From the
figure, it can be seen that the images contain many brighter
regions apart from the darker ones. In literatures, these bright

Fig. 4. <00 1) RHEED patterns of the LZO layers on Ni-5%W substrates, prepared from the precursor systems 1-4, denoted as, S1-S4.
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Fig. 5. SEM images of the LZO layers on Ni-5%W substrates prepared from precursor systems 1-4, denoted as S1-S4, at a magnification of 50 K.

Fig. 6. TEM cross-sectional overview of the LZO layers depostied on Ni-5%W substrate prepared from system 2 (S2) and system 4 (S4) seen under different magnifications.
TEM samples prepared using FIB lift-off method.
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regions are termed as nanovoids [24,44,45]. Since they are lesser
in density compared to the neighboring LZO grains, they are seen
brighter in the image contrast of TEM. Therefore, it can be inferred
that the bulk of the layers from both the systems contain
nanovoids, although their corresponding top surfaces appeared
denser in the SEM-analysis (Fig. 5). The size of the nanovoids was
found to be in the range of 10-20 nm. These sizes are in
agreement with that of the nanovoids reported in literature
[44,45]. Molina et al. [44] have done extensive TEM analysis on
these nanovoids and concluded that they were initially filled with
carbon-rich gases formed during pyrolysis. In the work of Jiménez
et al. [45], it was observed that the nanovoids were formed even
in the amorphous state at 500 °C. Apparently, these voids did not
affect the final crystalline state of the layer formed at 960 °C and
did not contain anymore carbon. Cloet et al. [24] described that,
the use of reducing atmosphere (Ar-5%H,) seriously hampers the
perfect growth of dense LZO layers, which results in the occur-
rence of nanovoids.

The nanovoids as seen from Fig. 6, are homogeneously dis-
tributed throughout the bulk of the layer until near the surface.
This is prominent for the layer from system 4 (S4) than that from
system 2 (S2) where the top ~15% of the layer was free from
nanovoids. This is in line with the observations of Cloet et al. [24].
However, this dense structure near the surface can comprise partly
of trapped or incompletely expelled carbon during pyrolysis which
is undesirable for the surface texture. This analysis on the presence
of carbon in the layers is a part of the discussion in Section 3.4.

Since it is absolutely necessary to create buffer layers with a
smooth, low roughness surface in order to be able to obtain high
quality YBCO growth on top, AFM analysis was performed on all of
these layers as shown in Fig. 7. It is found that replacing zirconium
acetate hydroxide with zirconium n-propoxide decreases the root
mean square (RMS) roughness over 25 pm? from 3.95 nm in system

1(S1) to 2.15 nm in system 2 (S2) [46]. These RMS values are in line
with the results obtained for MOD-LZO buffer layers [14]. Yet,
system 2 it is found that, in spite of the low RMS values, larger
particles are present on top of the low roughness layer, which can
be detrimental for futher YBCO deposition. In line with SEM results,
AFM images for an LZO layer deposited from system 3 (S3) reveals
the presence of a high number of pores and a high RMS roughness
of 12.70 nm. Yet, when combining this PVP with AMP in system 4
(S4), this porosity can be avoided and a dense LZO layer with an
RMS roughness of 3.81 nm was obtained. All the RMS roughness
values were found to be lower in comparison to that of the earlier
water-based LZO layer (8.66 nm [23]). Since, a smooth buffer layer
surface is preferred for the YBCO deposition, from the AFM
measurements it can be concluded that, system 4 is the most
suited for creating smooth buffer layer surface.

3.4. Buffer layer action: XPS study

The buffer layer action against Ni penetration of an LZO layer
of 110 nm thickness and 140-150 nm thickness obtained from
system 2 and 4, respectively, was studied by performing an XPS
depth profile analysis. The LZO layers were subjected to 50 s of
Ar* ion bombardment for 20 cycles. Fig. 8(a) and (b) shows the
results of the consecutive sputter cycles for the LZO layers
obtained from system 2 and 4, respectively. The relative elemen-
tal occurrence of La, Zr, Ni, W, C and O after each sputter step is
shown. Although the metal ion ratio of La:Zr in the solutions
(systems 1-4) was maintained as 1:1, it is evident from the
figures that there is a difference in the sputtered rate of Zr in
comparison to La during Ar™ ion bombardment in both the
samples. This is in line with the observation of Knoth et al. [15].
They reported that during sputtering, the localized structural

& 0.00nm

Fig. 7. AFM microscopy images (scanning area 5 x 5 pm?) obtained for LZO layers deposited from precursor systems 1-4, denoted as S1-54.
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Fig. 8. XPS depth profile analysis plots on buffer layer action of LZO layer on top of Ni-5%W substrate prepared from (a) system 2 and (b) system 4.

differences and defects within the thin layers gave rise to the
stronger decomposition of the oxidic Zr bonding that result in the
difference. Based on this it can be understood that, the percentage
of Zr compared to that of La and O is overestimated.

From Fig. 8(a) it can be observed that for the LZO layer prepared
from system 2, carbon contamination ( > 5%) is present throughout
bulk of the layer until the occurrence of Ni that was seen after
450s of sputtering. However, for the layer from system 4
(Fig. 8(b)), the presence of carbon inside the layer (~5%) is seen
only until the layer thickness corresponding to the first 100 s of
sputtering. The composition of the top layers for both the samples
before sputtering can be neglected because of the surface contam-
ination with environmental carbon. Following this, correlations
between the TEM images (Fig. 6) and the XPS plots (Fig. 8(a) and
(b)) corresponding to the two systems can be made. XPS plots
show that the bulk of the LZO layer from system 2 contain lot more
carbon than that of system 4. This implies that, the darker regions
visible in the corresponding TEM images amongst the nanovoids in
the bulk of system 2 can be a mixture of the LZO grains and the
remaining amount of unexpelled carbon that was formed during
pyrolysis (Fig. 6). On the other hand it is clear from Fig. 8(b) that
nearly all the carbon except for the near top surface is absent for
the layer made from system 4 (~100 s of sputtering). On correlat-
ing this information to that of the TEM images for the layer from
system 4 (Fig. 6) it can be understood that, the dark and nanovoid-
free region near the top surface is a dispersion of the entrapped
carbon among the LZO grains. The presence of carbon only near the
top surface of the LZO layer from system 4 signifies that, some
amount of carbon is partially trapped near the top surface during
its removal from the bulk of the layer. Presence of unexpelled
carbon in the bulk of the layer can be detrimental during the
epitaxial growth of oriented buffer layers. Knoth et al. [15] in their
work reported the presence of a mere 0.6% of carbon in their LZO
layers prepared by non-aqueous route with optimal qualities. The
lower amount of trapped carbon in the layer from system 4 can
also be considered as a reason for its better crystalline qualities
compared to the layer from system 2 (see Section 3.2). This
strengthens the interest of selecting system 4 for further investiga-
tion. As seen in Fig. 8(b), the percentage of La and Zr decreased to
half its maximum and the Ni increased towards its half maximum
after ~700s of sputtering. Based on this and the estimated
thickness of 140-150 nm (system 4) from ellipsometry and TEM,
the sputtering rate was estimated to be 2.0 A/s (including esti-
mated error). From Fig. 8(b), it is seen that the first traces of nickel
are found after 550 s of sputtering. Based on the estimated sputter
rate, it can be inferred that the Ni penetration was restricted to the
first 30 nm of the 140-150 nm thick layer. This implies that the
LZO layer prepared from system 4 acts as an effective buffer layer.

3.5. Surface texture improvement of the thick LZO layer

Optimum thickness of the layer and a high crystallinity of the
top surface are the two requisites for a good buffer layer. Thick-
ness of the layer should be high enough to prevent inter-diffusion
of O and Ni and, a high crystallinity of the top surface is required
to ensure transfer of texture to the YBCO layer grown on top.
Attempts were made to further improve the top surface (2-5 nm)
crystallinity. LZO layers from system 4 were considered for further
improvement as it gave the best results according to the combina-
tion of results obtained from XRD, SEM, TEM and XPS (Sections
3.2-3.4). As an initial attempt, variations in the rates of gas flow
and heat treatment were made. The gas flow rate during the heat
treatment was decreased to ~20% of its original value, considering
that, the reducing gas can be detrimental for the oxide formation.
The heating ramp was increased to 10 °C/min while heating
directly from room temperature until the final crystallization
temperature of 1050 °C, taking into account that higher ramp
rates can avoid the formation of undesired but thermodynamically
stable (2 2 2) phase. On the contrary, neither the decrease in gas
flow rate nor the increase in heating rate led to any significant
improvement in the top surface texture. The surface texture
remained similar to the RHEED pattern observed in Fig. 4.

Following the previous attempts, seed layers were incorpo-
rated into the thick layers in an effort to improve the surface
crystallinity. A seed layer of a few nanometers thickness had been
used by several researchers to improve the crystallinity and
epitaxial growth of the oriented layers [24,47-50]. A thin seed
layer on a textured substrate possesses a low interfacial energy, as
their unstacked grains grow as isolated islands which can act as
nucleation sites. Subsequent deposition of a thicker layer onto
this nucleation sites can result in the growth of a highly oriented
film [47]. Seed layer of 15 nm thickness was deposited on the
Ni-5%W substrates from LZO precursor solutions of 0.2 M con-
centration at a withdrawal speed of 30 mm/min [24]. The heat-
treatment was carried out as per that of the thick layer at a gas
flow rate of 0.1 L/min. This was followed by the usual deposition
of the 140 nm thick films prepared from system 4. The final
thickness of the layer after the deposition of the 140 nm thick film
was found to be ~155nm. This layer showed significant
improvement in its epitaxial growth and surface crystallinity.

The X-ray analysis carried out on the LZO buffer layer with the
additional seed layer are shown in Fig. 9(a) and (b). The X-ray 0 — 20
scan (Fig. 9(a)) reveals an exceptionally highly textured LZO growth
oriented along the (0 0 4) plane, which is thrice as high in counts in
comparison to LZO film without a seed layer. The (0 0 4) oriented
peak intensity ratio of the improved LZO layer was found to be
97.50%. From the phi-scan (Fig. 9(b)), the FWHM of the in-plane
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Fig. 9. (a) X-ray 0—20 diffraction patterns of the LZO films, prepared from precursor system 4, with and without an additional seed layer on Ni-5%W substrates; (b) X-ray
@ -scan pattern for LZO film, prepared from precursor system 4, with an additional seed layer on Ni-5%W substrates; (c) <00 1) RHEED pattern for the same LZO layer;
(d) SEM image and (e) AFM image of the LZO layer prepared with a seed layer on Ni-5%W substrates.

grain misalignment was found to be 6.60°, which signifies the good
epitaxial growth and crystallinity. The RHEED pattern of the
improved LZO layer shows distinct spots (Fig. 9(c)). This spotted
pattern confirms the presence of a significant amount of crystalline
top surface on the layer and effective transfer of biaxial texture
from the substrate to the buffer layer. From the above results it can
be concluded that, incorporation of the seed layers promoted a
significantly high epitaxial growth of the thick LZO layer along the
desired (004) plane. This increment in the (004) LZO grain
orientation in comparison to that of (22 2) has resulted in good
surface crystallinity that is evident as discrete spots, which corre-
sponds to the biaxial texture in the RHEED analysis. Fig. 9(d) shows
the SEM image of this improved LZO layer. It can be seen that the
surface of the layer was crack-free and dense. From AFM analysis,
the RMS roughness value over 25 um? was found to be 5.80 nm
(Fig. 9(e)). This increment in surface roughess for double layer
deposition of LZO has been previously reported by Knoth et al. [21].

4. Conclusion

This research work presents a series of chemical solution
deposition routes suited for the preparation of thick, crack-free
LZO films from water-based precursors. Three of the four pre-
cursor formulations result in thick (100-140 nm), single layer

films with dense morphology and epitaxial growth. Their in-plane
and out-of-plane grain misalignment are comparable to that of
non-water-based CSD and PLD LZO films.

The addition of a polymer was beneficial in increasing the
single layer thickness, but it also created a porous surface in one
of the formulations. The pores created in the layers are found to
be inter-dependent on the total chemical composition of the
solution and not on the mere presence of the specific polymer.
The TEM studies revealed the presence of nanovoids in the layers,
which is inherent to all LZO films.

The best LZO layer acted as a good barrier against Ni penetra-
tion. A seed layer was incorporated in order to improve the
crystallinity of the top surface of the LZO layer to support the
growth of textured YBCO. Finally, a thick and high quality LZO
layer from the water-based precursor solution, with improved
biaxial texture on the top surface was obtained.
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