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ARTICLE INFO ABSTRACT

A Ce;_Zr,O, (CZO) buffer layer architecture with gradient change of Zr-doped concentration along the
thickness direction of CZO films was fabricated on rolling assisted biaxially textured NiW metallic substrate by
sol-gel method. With the change of Zr-doped concentration, the lattice parameters of CZO of each layer also
show a gradient variation. It can not only effectively reduce interfacial stress between the buffer layer and the
metallic substrate, but also improve the surface quality of the CZO film. In this work, an epitaxial growth
relationship and dense microstructure are discerned in the gradient CZO film, as determined by the compre-
hensive analysis of X-ray diffraction and scanning electron microscopy. YBCO superconductor films have been
deposited on the gradient CZO buffer layers to evaluate the quality of such a gradient buffer layer. TEM mea-
surements reveal that NiW/CZO/YBCO coated conductor (CC) with excellent epitaxial growth relationship is
achieved. The superconducting transition temperature of the sample is 90K and the critical current density J.
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reaches 1.9 MA/cm?.

1. Introduction

It is quite necessary to insert a buffer structure between metallic
substrate and superconducting film. The buffer layer can serve as a
barrier to prevent the diffusion of metal ions between the adjacent
layers, and also as a texture transfer template to promote the epitaxial
growth of the subsequent superconducting layers [1,2]. Up to now,
there have been several kinds of high-performance buffer layer archi-
tectures obtained by combinations of multiple deposition processes
including CeO,/YSZ/Ce0,, CeO,/LasZr,0,, SrTiO3/Bag 2Cag gTiO3 and
CZO/YSZ [3-7]. Nevertheless, there are still some drawbacks needed to
overcome such as complex preparation route or rather expensive va-
cuum equipment which leads to the high cost of coated conductors.
Therefore, simplifying the buffer layer structure and reducing the
manufacturing cost are the essential issues for facilitating the practical
development of CC tapes.

CeO,, with the fluorite structure is an ideal candidate to be used as a
simplified single buffer layer due to its good chemical stability and
compatibility, together with the smallest crystal lattice mismatch and
closest thermal expansion coefficient to YBCO [8-10]. Unfortunately,
cracks will be generated in CeO, film when its thickness exceeds
~50 nm, and besides there is a large lattice mismatch with the NiW
substrate [11]. Thus several kinds of CeO, buffer layers doped with
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smaller ionic radius element have been developed [12-15], which im-
proved the lattice mismatch between CeO, and NiW substrate. How-
ever, it is obviously learned that the lattice mismatch between CeO, and
YBCO superconducting layer will increase, which results in the worse
biaxial texture and superconducting properties of YBCO film deposited
on the doped CeO, buffer layer. In order to solve the above problems, a
gradient doping strategy is proposed in this work, where zirconium
with smaller atomic size (Zr*™ = 0.84 [o\) is adopted to substitute
cerium in the ceria lattice (Ce*™ = 0.97 [o\) [16] to form gradient CZO
buffer architecture which has multilayer Zr-doped CeO, films with
different doping percentage in each layer. One layer with a larger Zr-
doping concentration serves as the bottom buffer layer close to the Niw
substrate because of the diminished lattice constant, while the other
layer with a lower Zr-doping concentration acts as the top buffer layer
close to YBCO superconducting layer by reason of the increased lattice
constant. Thus, the doping concentration of zirconium element exhibits
a gradient change along the thickness direction of the CZO film.
Therefore, it is favorable to reduce the lattice mismatch of NiW sub-
strate/buffer layer and buffer layer/YBCO simultaneously, which can
increase the film thickness and improve the growth texture of the buffer
layer.
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Fig. 1. Flowchart for the preparation of Ce; —4Zr,O, solution.
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Fig. 2. XRD patterns of 6-26 scan for several buffer layers on NiW substrate, (a)

NiW/Ceg 75210 2502;(b) NiW/Ceg gZrg 205;(c) NiW/Ceg gs5Zro.1502; (d) NiW/
Ceo.90Z10.105;(e) NiW/CeOy;(f) NiW/gradient CZO.

2. Experimental
CZO buffer layers were prepared through an inorganic-salts-based

sol-gel route. The details for the synthesis of the precursor solution
were shown in Fig. 1. Cerium nitrate (Ce(NO3)36H,0) and zirconium
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oxychloride (ZrOCl,-8H,0) with stoichiometric proportions, as starting
reagents, were dissolved in methanol under ambient conditions. After
stirring continuously, a series of homogeneous Ce; _Zr,O, sols with
different Zr-doped concentration x of 0.25, 0.2, 0.15, 0.1 and 0.0 were
obtained through adjusting the additive amount of cerium and zirco-
nium in the precursor solutions. Textured NiW alloy tapes in this study
were provided by Northwest Institute for Nonferrous Metal Research of
China. Firstly, five kinds of monolayer films, named as Ceg 75Zrg 2502,
Ceg 87219 202, Cep gs5Z19.1502, Ceg.9Zrg10- and CeO,, were prepared on
the annealed NiW substrates (10 mm x 10 mm) by using a dip-coating
technique. The variation of the lattice constant with the change of Zr-
doped concentration x is investigated. And besides, a Zr-doped con-
centration gradient buffer architecture Ceg;5Zrg.2502/Ceg gZrg 202/
Ceg.g5219.1502/Ceg 9719105 (called as Ce;_ZryO, (CZO) in what fol-
lows) was deposited under the same conditions. Each CZO film was
dried at 80 °C for 10 min to remove the organic solvent, and further
annealed at 1050 °C for 60 min under a flowing reducing mixed gas
(96%Ar + 4%H,).

The PLD system consisted of a standard PLD chamber and an ex-
cimer KrF laser (A = 248 nm) was used to prepare YBCO films on the
gradient CZO buffer architecture. The pulsed laser energy density and
the target-substrate distance were 1-1.8.J/cm? and 45mm, respec-
tively. The deposition temperature was controlled at 770 °C.

The structural properties and crystallinity of the samples were in-
vestigated by using an X-ray diffractometer (XRD, Shimadzu 7000S-
type) operated with Cu Ka source. To evaluate the growth texture
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Fig. 3. Typical (111) phi-scans and (200) omega-scans of (a) NiW substrate, (b) pure CeO,, and (c) gradient CZO.
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Fig. 5. XRD pattern of 6-20 scan for YBCO film epitaxially grown on gradient
CZO buffered NiW substrate.

quality, the in-plane and out-of-plane textures of films were evaluated
by a Rigaku SmartLab XRD with ¢-scan and w-scan (rocking curve)
patterns. Scanning electron microscopy (SEM) experiments were con-
ducted on a JEM-6700F to observe the surface morphologies. The cross-
sectional morphology and the interface microstructure of Niw/CZO/
YBCO multilayer were analyzed by a JEM-3010 high-resolution trans-
mission electron microscope (HRTEM). Curves depicting the resistance-
temperature (R-T) characteristics of the films were measured by a
multi-function vibrating sample magnetometer (Versalab). J.
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Fig. 7. SEM images of YBCO film epitaxially grown on gradient CZO buffered
NiW substrate.

measurement was commissioned to the Northwestern Institute of
Nonferrous Metals using a four-probe method.

3. Results and discussion
3.1. Epitaxial characteristics of buffer layer

X-ray diffraction 6-20 scans for several buffer layers are shown in
Fig. 2. It can be seen that both the monolayer film and the gradient
buffer layers exhibit good c-axis preferred orientation, as evidenced by
strong (001) peaks with negligible (111) peaks. The slight shift of the
(002) peak can be attributed to a cell constant variation, which is
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Fig. 6. XRD patterns of (a) ¢-scan of (103) reflection, (b) w-scan of (005) reflection of YBCO film.
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Fig. 8. Cross sectional TEM analysis of the NiW/CZO/YBCO sample. (a) Low-magnification TEM image of the whole sample, (b) high-magnification TEM image of
CZO/YBCO interface, (c) SAED pattern of the cubic NiW, (d) SAED pattern of the cross section between YBCO and gradient CZO.
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Fig. 9. R-T curve of YBCO film on gradient CZO buffered NiW substrate (Inset:
V-I curve of this sample).

evaluated by the Bragg equation 2dsinf = nA. The lattice parameters of
simple 2(a)-2(e) are 5.339 A, 5.352A, 5.370A, 5.385A, 5.410 A, re-
spectively, demonstrating the lattice parameters also show a gradient
variation with the change of Zr concentration, which is very close to
theoretical values. As plotted in Fig. 2(f), the lattice parameter of gra-
dient CZO buffer layer is 5.369 A. It is noted that the calculated value is
in the range of zirconium doping fraction x = 0.1 to x = 0.25. Besides,
high diffraction peak intensity is presented in the gradient CZO buffer
layer, indicating excellent structural matching characteristics between
each layer. The above XRD results well support the feasibility that the
gradient CZO can serve as good growth templates for YBCO super-
conducting films

To evaluate the quality of grain texture of buffer layer on NiW
substrate, XRD -scan of (111) reflection and w-scan of (200) reflection
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measurements are carried out and the results are presented in Fig. 3.
The @-scan of CZO films exhibit four-folder symmetric diffraction peaks
and show an offset angle of 45° compared with the ¢-scan of NiWw
substrate, indicating the epitaxial growth mode between substrate and
buffer layer in a-b plane can be described as NiW[100]//CZO[110]. In
a quantitative analysis, the gradient CZO shows sharper in plane and
out plane crystallographic alignment, with the full width at half max-
imum (FWHM) values of 5.50°(A@) and 6.17°(Aw), as compared to
6.14°(A@) and 6.79°(Aw) for pure CeO,. The specific interfacial char-
acteristics, such as small lattice mismatch and interfacial stress between
substrate and gradient CZO is probably the reasons of the better texture
quality during the film nucleation under present conditions.

The surface morphology is confirmed by SEM, as shown in Fig. 4.
The appearance of microcracks is normally associated with the release
of residual stresses throughout pure CeO, buffer layer, caused by dif-
ference in thermal expansion and lattice parameters between the sub-
strate and the CeO, material [17]. The element diffusion channels are
easy to form in the crack area, which will weaken the barrier diffusion
ability and cannot be used as a template for further epitaxial growth of
superconducting layer. The gradient doping of zirconium is conducive
to create relaxation spots [18], where a homogeneous, crack free and
dense microstructure is discerned in the gradient CZO film. The laser
scanning confocal microscope roughness measurement shows that the
linear roughness (Ra) and surface roughness (Sa) values of pure CeO,
are 0.034 um and 0.004 um, while the Ra and Sa values of gradient CZO
are 0.007 um and 0.001 pm, indicating zirconium doping has an ob-
vious reduction effect of surface roughness of CZO buffer layer, which is
favorable to increase the film thickness and reduce crack formation.

3.2. Microstructure and properties of coated conductors

The phase development of YBCO deposited on the gradient CZO
buffer layer is characterized by means of x-ray diffraction. As shown in



L. Li, et al.

Fig. 5, YBCO film exhibits (00D preferred growth orientation (c-axis
texture) and along with two small diffraction peaks at 19.2°(NiWO,)
and 37.2°(NiO) which are corresponding to the common secondary
phases in YBCO coated conductors. More details about the quantitative
structural properties of YBCO film are confirmed by (103) phi scan and
(005) rocking curve. It can be seen from Fig. 6, the FWHM values,
which are representative of in-plane and out-of-plane textures, are 7.15°
and 8.21°, respectively.

SEM surface morphology of the YBCO is shown in Fig. 7. The YBCO
superconducting layers exhibit smooth morphology with a significant
surface density, demonstrating the nanometer level flatness of the film
grown on a buffer layer. The absence of a small amount of Cu-rich
particles distribution is similar to those reported in other literature
[19]. Generally, such island-like microstructural characteristics indicate
pure c-axis orientation epitaxial growth of the YBCO film on the gra-
dient CZO surface.

In order to investigate the micro-crystal structure and epitaxial re-
lationship of YBCO film on NiW substrate, high resolution transmission
electron microscopy (HRTEM) analysis is carried out and the results are
presented in Fig. 8. It can be learned from Fig. 8(a) that the clear in-
terface of CZO and YBCO are observed and the films thickness are
calculated to be around 140 nm and 480 nm, respectively. The more
clearly coherent interface is shown in Fig. 8(b). The YBCO film grows
along c-axis, the (000) direction, onto the gradient CZO buffer layer with
clear lattice fringes and boundaries. The lattice fringe spacing of CZO
intermediate layer and top YBCO layer are measured and the corre-
sponding values are 0.37 nm, 0.38 nm, respectively, which are con-
sistent with the interplanar spacing of CZO (110) plane and YBCO (100)
plane. As shown in Fig. 8(c) and (d), the selected area electron dif-
fraction(SAED) is conducted. The appearance of intensified diffraction
spots in NiW reveals its cubic structure, where the crystal axis is [100].
A detailed analysis of SAED pattern in CZO/YBCO interface indicates
the YBCO film is grown through a 45° in-plane rotation on the gradient
CZO buffer layer with the relationship of CZ0(220)//YBCO(020) as
well as CZO(002)//YBCO(00I).

The temperature dependence of the normalized resistance (R-T
curve) is obtained by the four-point contact technique and the result is
shown in Fig. 9. The onset critical superconducting transition tem-
perature (T.) of the YBCO film is 90 K. The V-I curve of the sample is
shown in the inset of Fig. 9. It exhibits a sharp transition from super-
conducting state to normal state when the current is above 70A/cm-w
at 77 K self-field, and the calculated critical current density is around
1.9 MA/cm? (the thickness of the as-deposited YBCO film is estimated
to be 480 nm according to TEM analysis). These values are comparable
with the best of those reported by others [20,21]. The results show that
gradient CZO can serve as a simplified buffer layer to transfer texture
and block the diffusion of atoms.

4. Conclusions

The CZO bulffer architecture with gradient change of Zr concentra-
tion along the thickness direction of film has been prepared on the
biaxially textured NiW substrate, and then the YBCO film with an
epitaxial relationship can subsequently grow on it. The conclusions are
drawn out as follows:

(a) The gradient CZO prepared by sol-gel method shows a high c-axis
texture. With the change of Zr concentration, the lattice parameters
of each layer also show a gradient variation. The layer with a larger
Zr concentration has a lattice parameter close to that of the Niw
substrate, and the other layer with a lower Zr concentration is close
to YBCO.

(b) Using Zr-doped concentration gradient architecture CZO as barrier
layer to prepare NiW/CZO/YBCO coated conductor, The epitaxial
growth relationship is NiW(002)//CZ0(002)//YBCO(00]) and Niw
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(200)//CZ0(220)//YBCO(020).

(c) YBCO film grown on the gradient CZO buffered NiW substrate
exhibits good superconducting performance of T, (90K) and J.
(1.9 MA/cm?), indicating that CZO can serve as a simplified buffer
architecture to transfer texture and block the diffusion of atoms.
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