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ABSTRACT

A water based cerium oxide precursor solution using nitrilo-tri-acetic-acid (NTA) and acetic acid as
complexing agents is described in detail. This precursor solution is used for the deposition of epitaxial
CeO-, layers on Ni-5at%W substrates by dip-coating. The influence of the complexation behavior on the
formation of transparent, homogeneous solutions and gels has been studied. It is found that
ethylenediamine plays an important role in the gelification. The growth conditions for cerium oxide
films were Ar-5% gas processing atmosphere, a solution concentration level of 0.25 M, a dwell time of
60 min at 900 °C and 5-30 min at 1050 °C. X-ray diffraction (XRD), scanning electron microscope (SEM),
atomic force microscopy (AFM), pole figures and spectroscopic ellipsometry were used to characterize
the CeO, films with different thicknesses. Attenuated total reflection-Fourier transform infrared
(ATR-FTIR) was used to determine the carbon residue level in the surface of the cerium oxide film,
which was found to be lower than 0.01%. Textured films with a thickness of 50 nm were obtained.

Nitrilo-tri-acetic-acid

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The discovery of high temperature superconductors (HTSC) in
the late 1980s [1] led to the need to produce homogeneous and
high-purity metal oxide species for both superconductors and
buffer layers, a need that could be met by the use of sol-gel
chemistry [2]. Recently, the second generation HTSC became
promising in practical applications and successful deposition of
HTSC films on small, single crystal substrates was achieved [3-5].
This inspired the idea of depositing HTSC films on flexible and
inexpensive metal tape substrates via low cost coating methods.
For example, Sathyamurthy et al. [6] have explored in-depth the
use of sol-gel processed epitaxial lanthanum zirconate films as
seed and barrier layers, thus simplifying the coated conductor
architecture from YBCO/CeO,/YSZ/Y,03/Ni-W to YBCO/LZO/Ni-W
or YBCO/CeO,/LZO/Ni-W. Such a simplified architecture will
render the conductor fabrication route more scalable and cheaper.
Presently, scientific research worldwide is focusing on the
investigation and improvement of buffer layers and Y;Ba;Cu30y
(YBCO) superconducting properties as well as low cost manufac-
turing processes in co-operation with industrial companies [7,8].

Among the metallic substrates, Ni-based alloys are well chosen
substrates in the development of long lengths of coated
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superconductors. They possess a strong cube texture in combination
with the appropriate mechanical properties and are inexpensive
[9,10]. In order to prevent Ni from diffusing into the super-
conducting layer and simultaneously to transfer a strong biaxial
texture from the substrate to the superconducting layer, inter-
mediate buffer layers are deposited onto Ni-based tapes. Materials
such as CeO, [11-15], YSZ [16], MgO [17], La;Zr,0 [18] and SrTiO3
[19] are not only chemically but also structurally compatible with
high temperature superconducting YBCO. Among the most used
buffer materials, CeO, in particular represents a considerable
challenge because of its insulating properties, remarkable chemical
stability and small lattice mismatch. YBCO on top of CeO, surfaces
will grow with a rotation of 45°, to minimize lattice mismatch [20].

In recent studies, it is shown that CeO, films fabricated from
cerium acetate precursors in organic solvents exhibit a high
texture quality [21]. An aqueous precursor solution, obtainable
from inexpensive, environmental friendly and easily available
chemicals and displaying good long-term stability has recently
been published [22]. This precursor solution uses an ethylene-
diamine tetra acetic acid (EDTA)/acetic acid method for deposition
of epitaxial cerium oxide films as HTSC buffers. The replacement
of EDTA by a smaller ligand, i.e. NTA, is being studied in this paper
in order to reduce the carbon content in the sol-gel system.

The combination of two complexing compounds (NTA and
acetic acid) has been examined in order to establish the
preparation of a stable precursor solution which can be used for
dip-coating. Simulation programs were employed to build up
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models expressing the influence of their complexation behavior
on the formation of transparent and homogeneous precursor
solutions and gels. From these stable precursor solutions, cerium
oxide buffer layers were deposited. The CeO, layers were
characterized using XRD and pole figures for phase purity and
texture, SEM for homogeneity and microstructure, spectroscopic
ellipsometry for the thicknesses of the films and AFM for surface
roughness analysis. ATR-FTIR has been used to determine the
carbon content of the surface of cerium oxide films.

2. Experimental
2.1. Chemicals

Cerium acetate Ce(OAc)s, ethylenediamine (EDA), nitrilo-tri-
acetic acid (NTA), NaCl and Na,COs; were purchased from
Sigma-Aldrich (Germany). Glacial acetic acid (99 wt%) was
obtained from Chem.-Lab (Belgium). Thermo gravimetric
analysis/differential thermal analysis (TGA/DTA) was performed
on the starting cerium acetate to determine the water content in
order to assure the concentration and the ratio of cerium to
ligands in the precursor solution.

Glacial acetic acid

Cerium acetate (aq)
(HOAc: Ce** =10:1)

90°C, 1h

y

NTA solution

(NTA: Ce** =1.0:1.0)
NTA was dissolved in
EDA solution

90°C, 1h

|

Clear light yellow solution
0.25M, pH =57, =2.634 cP

60°C, 1h

Clear yellow gel

Fig. 1. Schematic overview of the aqueous CeO, precursor solution route.

2.2. HySS program

The hyperquad simulation and speciation (HySS) program
provides a system for simulating titration curves and providing
speciation diagrams [23,24]. HySS thereby provides an integrated
environment for setting up calculations and performing them,
resulting in the distribution diagrams of the species present in
solution. There are no limits imposed on the number of reagents,
complexes or partially soluble products that may be present.
Three types of measurements were performed using the program:
(i) simulation of the titration curves, (ii) calculation of species’
concentrations for a range of conditions and (iii) speciation for a
single set of conditions.

The results of the calculations lead to information on equilibria
present in the solution and the presence of soluble and
non-soluble species. The HySS program thereby provides infor-
mation on the influence of the type of complexing agents chosen,
the combination of complexing agents and their ratio to the metal
concentration necessary to obtain stable and clear solutions. It
also helps in predicting the pH range in which the free
concentration of the metal ions can be kept minimal to obtain a
clear solution. The HySS program therefore provides a useful
method to guide the experiments.

Data input of the HySS program allows equilibrium constants,
solubility products and/or stoichiometric coefficients to be
entered. In our case, details about the initial concentrations of
Ce®*, acetic acid, EDA and NTA are added in the simulation.
Specifying the initial and final pH further defines the range over
which the speciation calculation is to be performed. This paper
describes the simulation for molar ratios between Ce(lll):acetic
acid:NTA of 1:10:1 for a pH range from 1 to 11. The stability
constant data needed for that purpose were taken from the
literature [25,26].

2.3. Solution and film synthesis

The scheme used to prepare the CeO, precursor solution is
shown in Fig. 1. Cerium acetate was dissolved in a mixture of water
and acetic acid with a stoichiometric ratio Ce>*: acetic acid of 1:10.
This solution was added to an EDA solution in which NTA is
dissolved in its acidic form (Ce>*: NTA ratio of 1:1). The final pH of
the solution was adjusted by EDA up to a value between 5.5 and 6.2.
The combination of these ligands leads to a clear and homogeneous
sol and gel as shown in Fig. 2. The solutions could be stored at room
temperature for several months without losing their stability.

Fig. 2. Pictures of clear and homogeneous sol (a) and gel (b).
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The Ni-5 at%W tape was cut into strips of approximately 2 cm
in length. The cleaning procedure of Ni tapes was described in
detail elsewhere [22]. The films were prepared by dip-coating at
room temperature in a clean room (class 10000) with a computer
controlled precision dip-coater. After the substrates were dipped
into solutions with a cerium concentration of 0.25 M, they were
held immersed for 10 s and then withdrawn at 10-40 mm/min.

The dip-coated samples were converted into gels in a dust free
furnace for 1 h at 60 °C. Subsequently, these amorphous gels were
transformed into the desired crystalline CeO, phase by an
appropriate heat treatment in a quartz tube furnace under
Ar-5% H, processing atmosphere, a dwell time of 60 min at
900 °C and 5-30 min at 1050 °C.

2.4. Characterization

The thermal decomposition behavior of the gel network was
studied by TGA-DTA (STD 2960 simultaneous DSC-TGA). The
CeO, layers were characterized using X-ray diffraction (Siemens
D5000, CuKa) and pole figures for phase purity and texture
(Bruker D8, SOL-X energy dispersive detector), SEM (Philips 501)
for homogeneity and microstructure, AFM, Molecular Imaging
Picoplus (PicoScan 2100 Controller) for surface roughness analysis
and spectroscopic ellipsometry (JA Woollam Alpha-SE) for the
thickness of the films. Attenuated total reflection/Fourier trans-
form infrared spectroscopy (ATR/FTIR, Perkin Elmer 160 FT-IR)
was used for analysis of the carbon residue in the cerium oxide
thin films.

3. Results and discussion
3.1. Precursor solutions

In order to obtain high quality layers we need to start from a
clear and stable precursor solution which can be transformed into
a homogeneous gel upon solvent evaporation. Reasonably thick
films require a high Ce** concentration. Cerium (Ill) acetate is
only slightly soluble in water and has an inverse temperature
solubility relationship. It will dissolve to about 115 g/L at 15 °C,
but the solubility falls to 100 g/L at 25 °C [27]. Therefore, we need
to add an additional chelating agent to the solution. When a
ligand is introduced to a solution containing metal ions, the
concentration of free metal ions in solution is reduced dramati-
cally by the formation of water soluble chelate complexes [28].
Furthermore, free concentration of metal ions is not high enough
to get precipitates upon the solvent evaporation.

We first optimized the formulation of the cerium precursor by
varying the pH value and the molar ligand-to-metal-ratio. At the
same time, the organic content was kept as low as possible. The
cerium precursor solution was prepared by dissolving cerium
acetate in a mixture of acetic acid and water. The concentration of
acetic acid was varied from 12 to 20 vol%. The acidity of the
obtained solutions is decreased by adding ethylenediamine up to
a pH value of 6. Only the solutions containing at least 14 vol% of
acetic acid are completely free of precipitates.

In our recently published article, EDTA was introduced as
chelating agent to stabilize Ce** in solution. Clear sols and gels
could be obtained [22]. However, highly textured CeO, layers with a
thickness of only 35 nm were obtained. In order to obtain a thicker
CeO, film, a higher density of cerium is required compared to CeO,
precursor solutions using EDTA as complexant. Therefore, EDTA
needs to be replaced by a smaller ligand of lower molecular weight.
Among the complexing agents for rare earth elements such as
nitrilo-tri-acetic (NTA), diethylenetriaminepentaaceticacid (DTPA),

trans-1,2-diaminocyclohexanetetraacetic (DCTA), bis-(aminoethyl)-
glycolether-N, N, N’, N’ tetra acetic (EGTA), NTA has a low molecular
weight [29,30].

NTA forms complexes with Ce3* in the ratios 1:1 and 2:1
according to the following reactions [26]:

Ce>* +NTA=[Ce(NTA)] logf=10.70

Ce>* +2NTA=[Ce(NTA),*~ logf =18.66

Like EDTA, NTA in acid form is sparingly soluble in water. The
neutralization of NTA with weak bases like ammonia or
ethylenediamine (EDA) to pH 6 allows the preparation of a NTA
solution in a higher concentration range. NTA was added in
different molar ligand-to-metal-ratios (from 0.7 to 1.5) to
improve the formation of a clear, transparent and stable gel. The
minimal amount of NTA leading to highly stable solutions and
gels was at a molar ratio between NTA and metal ions of 1:1.

During this study, the possibility was also examined to prepare
a CeO, precursor solution using cerium acetate, acetic acid and
NTA, where NTA was dissolved in an ammonium hydroxide
solution. The solution was clear but it is not stable for more than a
few days. Furthermore, there are precipitates present after
gelification. However, the replacement of ammonia by EDA
resulted in clear and stable solutions and gels. Two important
differences between ammonia and EDA might explain this change
in stability for both solutions and gels. First, EDA has a much
higher boiling point than NHs; (116 °C for EDA and 36 °C for
ammonium hydroxide with 10-30% NHs) and thus NHs; might
evaporate much faster causing important variations of the pH.
Second, in contrast to ammonia, the two amine functional groups
of EDA can react with the carboxylic group of NTA with the
formation of a polyamide. This polyamide might further stabilize
the Ce(Ill) ions forming a continuous network in the gel.

3.2. Characterization of the precursor solutions by the HySS program

The HySS program was used to calculate the equilibrium
concentration of all species present in the solutions. The model
allows entering of the equilibrium constants, solubility products
and/or stoichiometric coefficients. With an identical molar ratio of
Ce®*:acetic acid:EDA (1:10:1), the distribution of the different
species was calculated by using the stability constants from
literature. The initial concentrations of Ce®**, acetate and NTA in
the simulation were 0.2, 2.0 and 0.2 M, respectively. The detailed
model of species used in HySS is shown in Table 1. The results of
the simulation are shown in Fig. 3. One can see that at low pH
(pH=2.5), cerium is coordinated by NTA and a maximum amount

Table 1
The stability constant data of Ce>* with acetic acid and NTA taken from Refs.
[21,22] used as model for the HySS program.

Species log beta ce3* OAc™ NTA3~ H

HOAc 4.56 0 1 0 1
HNTA?~ 9.65 0 0 1 1
HoNTA™ 12.13 0 0 1 2
H3NTA 13.93 0 0 1 3
H4NTA™* 13.93 0 0 1 4
[Ce(OAQ)>* 191 1 1 0 0
[Ce(OAC),]* 3.09 1 2 0 0
[Ce(0AC)] 3.68 1 3 0 0
[Ce(NTA)] 10.70 1 0 1 0
[Ce(NTA), >~ 18.66 1 0 2 0
Ce(OH); ~19.70 1 0 0 -3
OH™ —13.78 0 0 0 -1

The compositions of species are given with stoichiometric coefficients. A negative
coefficient for H means bonded OH™.
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Fig. 3. Simulated distribution of species for a solution containing Ce®*, acetic acid,
EDA, and NTA at 25 °C, I = 0.1 M (with Ce>*: acetic acid: NTA = 1:10:1).
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Fig. 4. TGA-DTA curves for decomposition of cerium precursor gels in air (1) and
Ar (2) atmosphere with a heating rate of 10 °C/min.
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Fig. 5. XRD of CeO, thin films on Ni-W tape. (1) film 10 nm, (2) film 50 nm.

of [Ce(NTA)] (86%) is obtained. The concentration of free Ce>* ions
is significantly reduced from 88% to 1% at pH 3.0. In contrast to
Ce-EDTA complexes, NTA tends to form 2:1 (ligand:metal)
complexes with Ce>* at higher pH. In this case 46% of the

cerium atoms are present as [Ce(NTA),]>~ complexes at a pH of
5.0, while the presence of [Ce(NTA)] is merely 8%. The expected
progressive formation of the [Ce(OAc)s] is detected from pH 3
onwards. In the pH range 5.0-7.4, [Ce(OAc);] and [Ce(NTA),]>~
are the governing species. Upon moving into the alkaline region
Ce(OH)s; starts to precipitate. We can conclude from this that the
optimal pH range of the precursor solution is 5.0-6.5 which is in
agreement with the experimental results.

3.3. Characterization of the gels

The thermal decomposition behavior of the cerium precursor
gels was studied in order to establish a suitable heat treatment

a Ni-W (111)

Ce0, (222)

Fig. 6. X-ray pole figures of (a) Ni-W (111) and (b) CeO, on a Ni-W substrate.
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schedule. Fig. 4 shows the TGA-DTA curves in air and Ar for CeO-,
precursor gels in the range from 25 to 1100 °C. At temperatures
below 200 °C, two large decomposition steps occur at 100 and
150 °Cin rapid succession. These two steps can be associated with
the release of water and acetic acid [7]. They are followed by
escape of gases such as CO,, NO, at temperatures ranging from
200 to 500 °C due to the decomposition of the gel. The escape of
CO gas may occur at 483 °C which is in agreement with the
thermal decomposition of cerium acetate hydrate reported by Arri
et al. [31]. The mass loss of the gel in air and in Ar is almost the
same from room temperature until 300 °C. However, from a
temperature of 264 °C on, the mass loss of the gel measured under
Ar decreased much more than the one in air. As can be seen from
the TGA curve, there is no mass loss above 800 °C, the
temperature at which cerium oxide is being formed. This is in
agreement with the early nucleation and growth analysis by
in situ high temperature XRD [21].

3.4. Characterization of CeO, films

3.4.1. Microstructure and morphology

The 0-20 scans of the CeO, films made with a dip-coat speed of
10 and 40 mm/min are shown in Fig. 5. The thicknesses of the
films are 10 and 50 nm, respectively.

The thickness of the films was calculated from spectroscopic
ellipsometry measurements by fitting the parameters
(wavelength=632.8 nm and refractive index=1.887) of a refer-
ence (with known thickness) CeO,-NiW model [32]. The growth
conditions for cerium oxide films from NTA based solution are:
Ar-5% H, gas processing atmosphere, a ramp of 5°C/min to
900 °C, a dwell time of 60 min at 900 °C and another ramp of
10 °C/min to 1050 °C with dwell time range 5-30 min at 1050 °C.
This thermal treatment was also successfully applied to the
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Fig. 7. Phi scans of Ni-W and a CeO, buffer layer on a Ni-W substrate. (a) Ni(111)
FWHM 6.00 and (b) CeO, (222) FWHM 6.67.

deposition of cerium oxide onto the Ni-W using water based
precursor with EDTA [22].
The strong CeO, (2 00) reflections and the absence of non-
(h 0 0) reflections indicate that the CeO, layers have a strong cube
texture. A weak feature observed around 2 theta 28.5° is due to a
very small fraction of (1 1 1) CeO, still present in the sample.
The intensity of the (2 0 0) reflections mainly depends on the
thickness of the films. The thicker films also seem to have a lower
full-width-at-half-maximum (FWHM), which means the thicker
films are more crystalline than the thinner films (Fig. 5). The thick
film has a FWHM of 0.32° and the thin film has a FWHM of 0.57°.
To examine the in-plane orientation of a CeO, buffer layer on
Ni-W, (1 1 1) pole figures were measured on a treated Ni-W and a
CeO, film. Fig. 6 compares the (11 1) NiW pole figure to the
(2 2 2) CeO,, pole figure. An angle of 54.6° (¥) was used to acquire
both the pole-figures. The CeO, buffer layer shows a very good in-
plane alignment (@-scan) with a FWHM value of 6.67° (Ni: 6.00°).
This means that an epitaxial CeO, film has been formed onto the
biaxially textured Ni-W tape. The results are shown in Fig. 7.
Rocking curve analysis of CeO, (2 0 0) reveals an out-of-plane
orientation w=48.32°. This value will be further optimized in
another paper by improving the thermal process and substituting
Ce with other elements.

Z (nm)

0 1 2 3 4
X (um)

Fig. 8. AFM micrograph of CeO, with thickness 50 nm in 2d (4 * 4 um) and the
average roughness of 5.0 nm.
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Fig. 9. SEM micrographs of CeO, films with thickness of 10 nm and 50 nm.
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Fig. 10. ATR-FTIR data used to determine carbon residue in the surface of CeO,
thin films. (1) NaCl, (2) 0.01% carbon in NaCl, (3) 0.03% carbon in NaCl, (4) 0.06%
carbon in Nacl, (5) 0.11% carbon in NaCl, (6) CeO,-EDTA 10nm, (7) CeO,-EDTA 50
nm, (8) Ce0,-NTA 10 nm, (9): CeO,-NTA 50 nm.

AFM micrographs of a CeO, buffer layer with thickness of
50.0 nm are presented in Fig. 8. SEM micrographs of the CeO-,
films with thicknesses of 10.0 and 50.0 nm are presented in Fig. 9.
These micrographs indicate a smooth surface morphology. The
average roughness is around 5.0 nm (scanned area: 16 um?). By
improving the thermal treatment and substituting Ce, we have
the intention to further improve the density and flatness
of the surface.

3.4.2. Carbon residue in the CeO, surface thin films

In this study, ATR-FTIR was used to verify the assumption of low
carbon residue using water based precursors (Fig. 10). The IR high
frequency region (2800-3000cm~') and lower frequency
region (1600-1200cm~') were examined. The reflection at
2800-3000cm™! is typical for C-H stretching, showing the
remainders of organic compounds from the precursor or
contaminants from the environment. Since the samples have been
treated at high temperatures, it is to be expected that no traces of
these materials were left, which was also experimentally proven.

The analysis here focused mainly on the presence of cerium
carbonate and carbonates in general, since these materials can be
expected to form at higher temperatures as decomposition
products of the water based precursors or as common contami-
nant of oxide surfaces. Since these carbonates are very stable at
higher temperatures, a study of their presence was undertaken to
make sure that no traces were left.

If the cerium oxide film would contain carbonate residues, a
signal due to C=0 stretch in the region of 1400-1500 cm~! is
expected [33]. The sensitivity of the used ATR/FTIR spectrometer
was determined to be 0.01% (as established for the detection of
the C=0 stretch of sodium carbonate at 1420 cm~' [34,35] in a
matrix of sodium chloride). However, when analyzing the cerium
oxide film surfaces (Fig. 10), no evidence for a C=0 stretch could
be detected in this region. Hence, the level of carbonate residue in
the cerium oxide films is assumed to be lower than 0.01%.

4. Conclusion

We have successfully synthesized a water based cerium
acetate precursor for the deposition of textured CeO, coatings.
This precursor is very stable, environmental friendly and leaves
less carbon residue ( <0.01%) compared to precursors based on
organic solvents. The influence of complexation behavior on the
formation of transparent and homogeneous sols and gels has
been studied and interpreted using simulated metal-ligand
distributions calculated equilibriums with the HySS program.
The occurrence of different species at different pH values could be
related to stable gel formation conditions. This novel sol-gel
system was successfully applied for the deposition of epitaxial
CeO, films on Ni 5at%W substrates by dip-coating. Highly
textured CeO, layers with a thickness up to 50 nm were obtained.
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