Epitaxial growth of gadolinium oxide on roll-textured nickel
using a solution growth technique
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Chemical solution epitaxy was used to deposit an epitaxial film of@zwmn

roll-textured nickel. A 2-methoxyethanol solution of gadolinium methoxyethoxide was
used for spin-coating and dip-coating. Films were crystallized using a heat treatment at
1160 °C fa 1 h in 4% H,/96% Ar. Single-layer films were approximately 600 A in
thickness, and thicker films could be produced using multiple coatg8.x-ray
diffractograms revealed only (004l) reflections, indicating a high degree of out-of-plane
texture. A pole-figure about the GO; (222) reflection indicated a single in-plane

epitaxy. Scanning electron microscopy showed that the films were smooth, continuous,
and free of pin holes. Atomic force microscopy revealed an average surface roughness
of 53 A. Electron diffraction indicated that the misalignment of the majority of the
grains in the plane was less than 10°. High-current (0.4 MA)cviBa,Cu,0O,_; films

were grown on roll-textured nickel substrates using,Ggdas the base layer in a
three-layer buffer structure.

I. INTRODUCTION volves the deposition of an epitaxial buffer layer on a

The next generation of superconducting wire operating®!-t€xtured metal tape in a technique known as rolling-
at liquid-nitrogen temperature (77 K) is predicted to use?SSisted biaxially textured substrates (RABITS).
a “coated conductor” architecture consisting of a poly- The first succ_essful RABlT_S buffe_r Iayer architecture
crystalline copper oxide superconductor deposited on 4S€d 1aser ablation to deposit an epitaxial layer of palla-
mechanically robust metal tapén order to achieve high dium on roll-textured nickel, followed by a layer of ce-

critical currents in copper oxide superconducting po|y_rium oxide and a layer of yttrium-stabilized zirconia

crystalline films, it is necessary to have both good out{YSZ)” Later RABITS architectures dispensed with the
lladium layef As an alternative to pulsed laser abla-

of-plane alignment ¢-axis texture, ensuring that the P2 i s
Cu—O planes lie parallel to the substrate) and good intion, e-beam evaporation and sputtering have also been

plane alignment (avoiding “weak link” conduction be- used to _deposit ceramic Iayefré’.he be_st results to_date
tween grainsf. To achieve this alignment in practical USe a thin (500 A) cerium oxide layer in contact with the

coated conductors, two distinctly different approaches t&1ckel, a fairly thick (5000 A) YSZ layer, and a thin cap

inexpensive substrates are being pursued. One approal@er of (500 A) cerium oxide. Recently, buffer layers
involves the deposition of a textured buffer layer on aUSing rare-earth oxides deposited by physical vapor
-néieposmon have been shown to also give high critical

,Tpurrentsf."9 As an alternative to the relatively higher cost
and complexity of vacuum deposition techniques, we
have been examining solution routes to epitaxial films on
roll-textured nickel. We have previously reported on epi-
taxial growth of LaAlQ,, NdAIO,;, and PrAIQ.*%* In
each of these cases, we were unable to obtain solely the

Address all correspondence to this author. desired [001]J001] cube-on-cube epitaxy but rather a

multiple ion beams in a technique known as ion bea
assisted deposition (IBAD).The other approach in-
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mixture of predominantly [(70%) cube texture with a phere, this solution is stable for more than 1 year). Four
45° rotated [001J011] epitaxy. In this paper, we report parts of the stock solution was mixed with one part 1.0 M
the deposition of GgD; on roll-textured nickel to give a H,O in 2-methoxyethanol to produce a coating solution.
single epitaxy. These buffered substrates may provide &hese partially hydrolyzed coating solutions will repro-
low-cost substrate for copper oxide superconductoducibly prepare high-quality coatings for several days to
deposition. several weeks.
Mechanically deformed nickel was ultrasonically
cleaned with dry 2-propanol for 1 h to free the nickel
[l. EXPERIMENTAL surface of oil from the roller. The cleaned nickel was
All solution manipulations were carried out under anSubjected to a heat treatment at 700 °C in an atmosphere
atmosphere of argon using standard Schlenk technique®f 4% H/96% Ar for 1 h to develop the cubic texture.
Gadolinium metal and 2-methoxyethanol (Alfa) Were(Detallss of the roll-texturing process are described else-
used as received and 2-propanol was dried by distillatioN/here?) Both spin-coating and dip-coating techniques
from aluminum isopropoxide. Gadolinium isopropoxide Were used to coat the nickel substrates. For spin coating,
was prepared from gadolinium metal and dry 2-propanol

in the presence of a mercury salt catalyst by the method 10000
of Brown and Mazidiyanst? Because it is not possible to
purify gadolinium methoxyethoxide (a viscous, nonvola- ; .
tile oil) by either recrystallization or distillation, it was 8000 — ; ?ﬁ,
essential to start with very pure gadolinium isopropoxide. s "‘:
The initial reaction mixture was purified by passage’q 6000 . .
down a short column of Celite in a Schlenk filter. The © os $
solvent (2-propanol) was removed, and the residue wag» 4000 - H
extracted using a Soxhlet extractor using dry 2-propanol.2 "-'
On cooling, colorless crystals of gadolinium isopropox- @ s 40
ide were obtained. The infrared (IR) spectra were in ex= 2000 f fwhm = 9.4 A
cellent agreement with the literatut®. / %
A gadolinium methoxyethoxide solution in 2-meth- 0 -
oxyethanol was prepared by charging a flask with 4.18 g
of gadolinium isopropoxide and 50 ml of 2-methoxyetha-
nol. The flask was refluxed for 1 h, and 35 ml of solvent ! ' ! ' !
(2-propanol and 2-methoxyethanol) was removed by dis- 10 15 20 25 30 35 40
tillation. The contents were rediluted with additional
2-methoxyethanol, and the distillation/redilution cycle (@) Omega (degrees)
was repeated twice more to completely exchange the 2500
isopropoxide ligand for the methoxyethoxide ligand. The ~e
final concentration was adjusted to produce 50 ml of a 2000 - 4 ’i.
0.25 M stock solution. (When protected from the atmos- 7 \‘
‘@ 1500 =’ ‘
3000 8 $
> ¢ %
2500 [ -%' 1000 -] [ Y
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FIG. 1. 6/20 x-ray diffratogram of an 600-A G, film on roll- o)

Omega (degrees)

textured nickel showing both excellent texturing of the nickel substrateFIG. 2. Rocking curvescf-scan) of the (a) Ni [200] and (b) GO,
and the film. [400] reflections.
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10 x 10 mm coupons were flooded with the solution andwithdrawn mechanically at a rate of 3 cm/min. Coatings
the excess solution was thrown-off by spinning for 45 sproduced under these conditions were typically 500 A in
at 2000 rpm. Coated substrates were placed in a quarthickness after firing, and again, thicker layers could be
tube equipped with a gas inlet and bubbler outlet angroduced by multiple coatings.

were purged for 15 min at room temperature using 4%

H,/96% Ar. The tube was then placed in a preheated tube

furnace and held at 1160 °C for 1 h. Films are typicallylll. RESULTS

600 A [as measured using profilometry and Rutherforda X-ray diffraction

backscattering spectroscopy (RBS)] in thickness after fir- o - .
ing, and multiple coatings could be used to prepare Our principal tool for determining the structure of thin

thicker films. For dip coating, strips of nickel, typically 1IMS is x-ray diffraction. A typica-20 scan is shownin

10 x 60 mm, were immersed in the coating solution an ig. 1. The relative intensity of [004] reflection (33.1°)
versus the [222] reflection (28.6°) is indicative of a high

degree ofc-axis orientation. [A randomly oriented
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FIG. 3. Pole figures about the (a) Ni[111] and (b)4&d[222] planes  FIG. 4. Phi scans about the (a) Ni [111] and (b),Gd [222] planes
of an 600-A GdO; film on roll-textured nickel. of an 600-A GdO; film on roll-textured nickel.
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film would have an intensity ratid g, to lj400;) 0f 100 proximately 25.m across were clearly observed. Higher
to 30 Figure 2 shows rocking curves of the Ni [200] magnification (Fig. 7) reveals a dense and continuous
and GdO; [400] reflections of this film. The full width  buffer layer. The images also clearly showed rolling
at half-maximum (FWHM) of the film rocking curve is marks on the nickel surface which have been confor-
essentially the same as the roll-textured nickel. Althoughmally covered by the buffer layer. Although this film was
these peaks width are typically 2 orders of magnitudenot produced in a dust-free environment, relatively few
larger than those encountered in single crystals, they inpin holes or defects are observed.

dicate a degree of alignment sufficient for the deposition Atomic force microscopy (AFM) was used to examine
of superconducting films with high critical currertdn  smaller areas, typically less than 10 x juén, of a Ni
order to determine whether the film was aligned in-plane
pole figures about the film [222] plane and the substrat
[111] plane were obtained (Fig. 3). The pole figures
clearly indicate a GgD5(110)|Ni(100) epitaxial relation-
ship between the film and the substrate. To quantitativel
access the quality of the in-plane alignment, phi scan
were obtained of both the film and the substrate (Fig. 4)
Once again, the FWHM of the phi scans is large in com
parison to single crystals but is comparable to th
FWHM of RABITS substrates that have been used t
produce highl, superconducting films.

As mentioned earlier, thicker coatings could be pro
duced by multiple coatings. Figure 5 shoév&6 scans of
one to four layer coatings. The x-ray intensity of the
(400) reflection increased with each successive coat,
did the intensity of the (222) and (321) reflections. In
addition, a peak characteristic of the hexagonal phas I'—|
was observed atfi2of 30.1°. To rule out longer annealing 20 um
time as the SOUFCQ of these C_hanges in the dlffractlo@IG. 6. Low-resolution backscattered SEM showing the large grain
pattern, several single-coat films were annealed foLyycture of the G, film.

15 min, 30 min, 1 h, 2 h, ah4 h at1160 °C. Maximum
x-ray intensity occurred at 1 h, with no change in either
the (400) intensity or the (222) to (400) intensity ratio. s

B. Film structure

Low-magnification scanning electron micrographs g :
(SEM, Fig. 6) revealed a film morphology very similar to
that of the nickel substrates. Tightly packed grains ap
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roll-textured nickel. FIG. 7. High-resolution SEM showing surface structure.

FIG. 5. 6/26 x-ray diffratograms of 1 to 4 layer G@; films on
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Gd,0; on Ni
Ra:53A

Roll-texgn red Ni
Ra:47A

1.25 pm

FIG. 8. Atomic force micrograph (AFM) of the surfaces of an annealed roll-textured nickel substrate and of a 6gQ-AfiBddeposited on
roll-textured nickel (4 x 4um, Z = 300 nm). The 2D image is a zoom of G}, surface (1.25 x 1.25m, Z = 50 nm).

tape and of a Ni tape covered by one Gd layer. The 25 nm

images were obtained with a Nanoscope Ill angNgi Ni/Gd.O
cantilevers in the contact mode. Figure 8 shows the 3D i

images 64 x 4 pm areas of Ni tape and of a tape covered
by a Gd,O; layer. In addition, a (GgD3) 2D image of a A

smaller area (1.25 x 1.2am) is placed in the bottom 0
right corner. The AFM image of the Ni tape shows par- \/\/\/\/ \/

allel striations that may have been formed during the
rolling process. The mean roughness (on thepl6?

area), that is the mean value of the surface relative to the-25 nm
center plane, is 47 A. The surface of the ,Og layer has (@) L5 pm
a different texture resulting from a compact assembly of25 nm
near spherical grains. The 2D image suggests that the
grains are arranged along lines of equal height from the

zero-level. The two underlined dark regions correspond f\

to recesses of the surface separated by a protuberant (i.e, M /J
light) area. The mean roughness calculate@dd x 4um W
area is 53 A that is slightly larger than that of the Ni
substrate. A more detailed analysis of the surfaces can be
made by measuring the surface profiles along a directionys nml
perpendicular to the grooves of Ni surface or to the di-
rection indicated in the G5 image. Figure 9 shows the
resulting profiles that have obtained without averaging.
From the surface profile of the G5 film (shown in the
upper part of Fig. 9) particles appear fairly regular in size
with diameter of about 100 nm. The nickel surfacetuberant GdO; particles (in the center of the profile)
(shown in the lower part of Fig. 9) is smoother but showsand those in the recesses of the surface is also in the
striation with a depth of about 25 nm. It is interesting toorder of 25 nm. This observation suggests that the sol-gel
point out that the difference in height between the profilm is formed by conformally covering the Ni surface.

(b) 1.25 pm
FIG. 9. Surface profiles of (a) Ni/G®, and (b) roll-textured nickel.
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The effect of surface roughness and morphology orsurface is highly textured, a necessary requirement for
the deposition of subsequent layers is currently undethe deposition of higld; films. By the scanning of an

investigation. area 100 x 10Qum, a map of grain orientation can be
generated. Figures 11(a)-11(c) show misorientation of
C. Electron diffraction individual grains at the level of 1°, 5°, and 10°. The data

clearly show that, at a misorientation of 10°, a percola-

While x-ray diffraction is an excellent tool for the .
pve path for current exists.

determination of bulk structure, the penetration depth o
x-rays rendering the technique relatively surface insen- )
sitive. On the other hand, the diffraction of electronsP- SuPerconducting layer
provides an excellent probe of surface structure and grain Initial attempts to deposit YB&u;0,_5 (YBCO) us-
alignment, two factors of critical importance for the pro- ing e-beam evaporated yttrium, barium fluoride, and cop-
duction of highd. superconducting films. Backscattered per followed ex situ heat treatment in water/oxygeh
Kikuchi diffraction was used to confirm the orientation directly on sol-gel GgO; buffered nickel were unsuc-
of the G405 surface and to obtain a “map” of the ori- cessful. TheT, of these films wadBO K, the critical
entation of individual grains. The details of this tech- current (. was low, and the x-ray diffraction of these
nique have been published in detail elsewhére. films showed peaks characteristic of nickel oxide. The
Figure 10 shows a set of pole figures constructed frontombination of loweredl, and the presence of nickel
the electron diffraction pattern. The results were identicabxide suggests that the films are not a good barrier to the
to those obtained by x-ray diffraction in that only a singlediffusion of nickel from the substrate into the supercon-
in-plane orientation was observed. This implies that theducting film. This may be due to several factors includ-

RD

max 58.92
40.00
' 19.13
= 0.15
4.37
2.09
1.00
0.48

111

L .
FIG. 10. Gadolinium oxide thin film pole figures obtained by electron backscatter diffraction. (RD refers to the rolling direction, and TD refers
to the transverse direction.)
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ing porosity in the buffer layer or reaction of the buffer
layer with the YBCO layer. We are currently investigat-
ing both improvements to the GO, buffer layer (better
coverage, greater thickness, and “cap layers” such as
cerium oxide) and other methods of YBCO deposition
such as pulsed laser deposition (PLD).

To demonstrate that a sol-gel-synthesized@dilms
may act as a template for further growth of epitaxial
films, we have used G@,-coated roll-textured nickel as
the base for a high-critical current YBCO layer. In our
“standard” RABITS process, a thin (>500 A) Ce@ayer
is deposited on the Ni, followed by a Ogm-thick
yttrium-stabilized zirconium oxide layer and capped by
another thin CeQlayer. For this demonstration, we dip
coated a 500-A GgD, layer on nickel which had been
cleaned ultrasonically in dry 2-propanol as described in
Sec. Il. The coated substrate was heat treated at 1160 °C
in flowing 4% H,/96% Ar for 1 h. Without any further
cleaning, we sputter deposited Qu&n of YSZ, followed
by a cap layer of 500 A of CeQA 0.5um YBCO film
was then deposited using the e-beam evaporated barium
fluoride process described aboVEeSilver contacts were
evaporated on to the sample for electrical measurements.
A plot of resistivity versus temperature is shown in Fig.
12. This film has a . of 89 K and a critical current of 0.4
MA/cm?. The value of critical current is within a factor
of 3 of the results we typically obtain with a cerium oxide
buffer layer deposited by physical deposition techniques.

IV. CONCLUSIONS

We have demonstrated that a solution technique can be
used to obtain a single epitaxy on a roll-textured sub-
strate. Considerable improvement to this process will be

(b)

400 prrrrT T T T T T T
350 £ 9 ¢ =042 MA/em? at 77K and self-field 3
= 5 ]
O 300 F =
£ : ;
c 250 F -
o} C 3
S a0 b 3
= 150 : E
> - ]
— N E
&2 100 F e
0 d ]
(©) g oF ]
I : ]
100”'_" 0 C 1 1 3 | S TN S VAN SN Y NN WY VRN TN AN WY TN TR SO [N SN SO N1
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FIG. 11. Electron backscatter diffraction patterns of,Gglon nickel Tempe ratu re(K)

showing grain misorientation. Color has been added to indicate a

difference in in-plane grain alignment. Key: (a) grain misorientation FIG. 12. Plot of resistivity versus temperature for a YBCO film de-
less than 1%, (b) grain misorientation less than 5%, and (c) grairposited on a layered substrate consisting of roll-textured Ni/solution
misorientation less than 10%. deposited GgO/sputtered YSZ/sputtered CgO
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necessary to fully develop a practical conductor using6.

only solution techniques, but the simplicity and low-cost
of this nonvacuum process are major incentives. We are
currently investigating other rare-earth oxides, optimiza-

tion of the processing parameters, solution depositedy7.

multilayer buffers, and alternate methods of YBCO
deposition.
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