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Abstract—A procedure is developed for assessing the epitaxy
of Las_,Zrz .07 (LZO) layers on NiW RABITS. Comparing
XRD patterns (6 — 26 scans and 2D rocking curves) of LZO films
of known thickness (ellipsometry or reflectometry measurements)
with those of standard samples (100% epitaxial LZO film and an
isotropic LZO pellet of known density), we estimate the epitaxial
(EF), and polycrystalline (PF') fractions of LZO within the
layer. The procedure was tested using MOD-LZO(100 nm)/NiW
tape samples with EF varied from 3 to 90% (reproducibly
prepared by varying the humidity of Ar — 5%H. gas during
heat treatment). A qualitative agreement with RHEED and quan-
titative (within +10%) agreement with the EBSD results was
shown. Correlation between EF and J. in 600 nm thick YBCO
layer deposited on MOD-LZO/NiW using thermal coevaporation
enables us to impose the EF = 80% margin on the quality of
LZO layer for the particular conductor architecture.

Index Terms—Epitaxial layers, quality control, x-ray measure-
ments.

1. INTRODUCTION

conductors (CC) is a necessary prerequisite for a stable
fabrication process of long lengths [1]. Efficient control
requires development of quantitative criteria for all essential
layer properties and imposing quality margins on those criteria
through analysis of their correlation with the final performance.
In this contribution, we present an example of such an approach

Q UALITY control of intermediate buffer layers in coated
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with respect to epitaxy of Lag_,Zroy,O7 (LZO) layers de-
posited on NiW RABITS using metalorganic deposition., eco-
nomically the most promising route for fabricating buffered sub-
strates [2].

Epitaxy of buffer layers in RABITS based coated conduc-
tors is one of the most essential properties that requires rigorous
control. The quantitative texture characterization by XRD pole
figure measurements has been applied for continuous quality
control of 20 m long lengths [3]. In this work, we developed a
simplified procedure potentially applicable to characterization
of longer lengths. The procedure is based on comparing XRD
data for the sample in question and reference samples in order to
quantitatively assess the epitaxial and polycrystalline fractions
within the layer. In this paper, we present the results of testing
the procedure using EBSD and RHEED, discuss correlation be-
tween the estimated E'F' values and the critical current density
J. in 10 cm long CC samples with the one buffer layer architec-
ture, PVD-YBCO/MOD-LZO/NiW, and consequences of this
correlation to the quality control of the LZO layer.

II. EXPERIMENTAL

Ni-5%W metallic substrates with 98% cube texture were sup-
plied by the evico GmbH. LZO layers were deposited by dip
coating. A 0.45 M La- and Zr-acac solution with propionic acid
as a solvent was used. For most of the experiments described
below, 10 m long NiW tape was dip coated and dried in a proto-
type reel-to-reel (RTR) system; 10 cm long samples were then
cut and heat treated using a two step process (Fig. 1) in Ar —
5%Hs gas flow saturated with water vapor to different humidity
levels (dew point DP = —45 to —5°C). The LZO powder was
prepared by drying the same precursor solution and calcining
it at 1000°C. A pressed pellet was then annealed at 1100°C in
Ar — 5%H2

600 nm thick YBCO films were deposited by thermal coevap-
oration on LZO/NiW tapes held at 680°C with a growth rate 0.3
nm/s (see [4] for details). J. (77 K, sf) were measured induc-
tively using Cryoscan (Theva GmbH).

Thickness of LZO layers was determined by reflectometry
(NanoCalc) and ellipsometry (SOPRA). For the 50 to 170 nm
thick LZO films studied, the results of the two methods coincide
within 3% with SEM measurements on the FIB cuts.

XRD measurements were made using a D5000 four-circle
diffractometer (Cu K« radiation; resolution: ~ 0.2° in w and
~ 2.5° in x). RHEED patterns were measured using a Staib
Instrument System. EBSD measurements were made using a
Leo-Geminil530 with an Nordlys Il EBSD-detector.
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Fig. 3. RHEED patterns of samples with different percentage of epitaxial and polycrystalline LZO shown as upper and bottom figures, respectively.
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Fig. 1. Time temperature profile of heat treating LZO-gel layers on NiW sam-
ples in Ar — 5%H, saturated with HoO vapor to humidity corresponding to
the dew points DP varied from —45 to —5°C.
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Fig. 2. Effect of humidity of processing atmosphere (Ar—5%H,) during heat
treatment on epitaxial (EF') and polycrystalline (PF’) fractions of LZO (the
data for heat treatment of Fig. 1 with dew points DP1 = DP2 = DP).

III. ESTIMATION OF EPITAXIAL AND POLYCRYSTALLINE
FRACTIONS IN LZO LAYER FROM XRD DATA

Epitaxial (FF') and polycrystalline (PF’) fractions in thin
LZO films of thickness d are determined by comparing the char-
acteristics of 400 and 222 reflections of the sample in question
(subscript S) and a reference, that is, either a perfect sample
(subscript P) with 100% epitaxial LZO in case of F'F' determi-
nation or an isotropic pressed pellet of known relative density
(n) in case of PF determination. The formulas used are (see
Appendix for clarification and notations)

Ao {1—exp(=2pdp/sin(8)} AwEP AwEP
Alpo {1—exp[—2pds/sin(0)} AwfEP AwlP

EFy00=2 (D

TABLE I
COMPARISON OF E F' DATA (%) OBTAINED FROM XRD AND EBSD

XRD EBSD
32(5) 26(5)
65(9) 85(5)
84(11) 90(4)

PFayo=yA%,/ {Ag;get X [1—exp(—2uds/ sin §)] Xn} (2)

An LZO-coated NiW sample with only spot reflections in the
RHEED pattern was chosen as a reference P. The FF' values
obtained from (1) were first considered as normalized charac-
teristics of the epitaxy measured in arbitrary units. During the
two-year experience of using the procedure as a quality control
tool, the reference P was changed twice when obtaining sam-
ples with EF > 110%.

IV. TESTING THE PROCEDURE

Fig. 2 shows variation of E'F' and PF in LZO layers formed
on NiW tapes annealed according to Fig. 1 in the Ar — 5%H,
gas flow saturated with water vapor to different humidity levels
(this is different from the known effect of humidity during depo-
sition reported earlier [5]). Increasing the humidity is clearly fa-
vorable for nucleation and growth of randomly oriented grains.
Six samples from this series with EF = 3 — 90% were chosen
for RHEED measurements of which three with EF > 30% were
also characterized by EBSD.

A. Epitaxial Fraction EF

The RHEED patterns of the samples with various E'F' and
PF values are presented in Fig. 3 showing a very good qualita-
tive agreement with the XRD data.

Table I compares the E' F' data obtained by XRD and EBSD.
Within the statistical error, both methods give the same results.

As EBSD measurements probe a layer a few nanometer thick,
while XRD measurements probe the whole film thickness, the
coincidence of the data of the two methods within the 15%
relative accuracy suggests that in the particular samples (LZO
formed under various humidity conditions) all epitaxial grains
grow through the whole layer thickness.

B. Polycrystalline Fraction PF

Accuracy of determining PF' according to (2) strongly de-
pends on the presence of preferred orientation in the film. A fiber
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Fig. 4. XRD patterns of LZO pellet and LZO film on NiW with EF' = 11 +
4% and PF = 121 & 13%. The patterns are normalized to the same area
of the 222 peak of LZO. Difference in penetration depths of x-rays is taken
into account by modifying the intensity of the pellet as I(26) = I(26)[1 —
exp(—2pud/ /[ sin(6)], where y is the absorption coefficient of LZO, d the layer
thickness (85 nm).
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Fig.5. EF and PF data versus cumulative time of successive annealing treat-
ments of LZO(100 nm)/NiW at 1000°C in Ar — 5%H, flow with humidity
corresponding to DP = —35°C for the first three and 4+-5°C for the last two
treatments. Samples #4 and #9 were cut from different positions of 10 m long
tape continuously crystallized (1 h at 1000°C) in the RTR system.
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Fig. 6. Jc(77 K, sf) in 600 nm thick e-beam YBCO films deposited on Ni5%W
RABITS MOD coated with 70 to 160 nm thick LZO layer as function of epi-
taxial fraction EF of LZO.

111 texture component is rarely observed in LZO/NiW; then es-
timates of PF’ are unrealistically high. Such cases require spe-
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cial analysis.! In most (99%) samples, however, and particularly
in those studied in this work, the preferred orientation is small.
As an example, Fig. 4 compares XRD patterns for the isotropic
LZO pellet and the sample heat treated in a humid Ar — 5%H-
(DP = —5°C) with the calculated PF' = 121 + 13%. The
intensities of the two patterns are normalized to have the same
areas under 222 peaks and take into account the difference in
penetration depths of x-rays at different 26. The non-h00 peaks
of the LZO film are somewhat smaller than those of the pellet,
which indicates a slight 111 preferred orientation. Estimates of
the preferred orientation parameter PO using March function
approach [6] gave PO = 0.82 £ 0.04, so that the PF value is
overestimated by a factor of PO~ = 1.82 4 0.26, and the real
PF =67+ 12%.

C. Amorphous Fraction

Despite of the possibly large errors, estimates of P F' given by
(2) are nevertheless practically useful. For example, it follows
from Fig. 2 that within the experimental accuracy the sum FF'+
PF =~ 1 for most samples. When this is observed, subsequent
annealing of samples did not result in changes of K F' and PF
(Fig. 5; sample #9). On the contrary, in case of EF + PF < 1,
so that the layer presumably contains amorphous phase in the
amount AF = 1— EF — PF, subsequent annealing the samples
leads to further crystallization until FF' + PF = 1 (Fig. 5:
sample #4).2

V. CORRELATION BETWEEN JC AND EPITAXIAL FRACTION OF
LZO IN PVD-YBCO/MOD-LZO/NI-5%W RABITS

In Fig. 6, we plot the results of J. measurements in 600 nm
thick YBCO films deposited on 70 to 160 nm thick LZO-coated
Ni-5%W as function of epitaxial fraction of LZO layer (note
that within 10% accuracy .J, was found independent of the LZO
layer thickness). A strong correlation between .J. and E'F' is ob-
served. For EF < 60%, J. ~ 0.For EF > 60%, a large scatter
in .J. is observed, though there is a clear tendency of increasing
J. with increasing E'F. As in most of our samples, the esti-
mated EF represents the fraction of grains epitaxially grown
to the surface through the whole layer thickness, the correlation
of Fig. 6 can be roughly interpreted in terms of percolation be-
havior, i.e., for EF < 65%, there always exists a continuous
current breaking path, and .J. ~ 0.

VI. APPLICATION TO QUALITY CONTROL OF THE LZO LAYER

Though the epitaxial fraction of LZO is obviously not the
only factor influencing .J., it is a useful characteristic for the
quality control of the LZO layer. The vertical line in Fig. 6 at
EF = 80% roughly separates the region of small and unstable
performance from that of rather reproducible J.. The EF =
80% is (conditionally) chosen as a quality control margin.

I'The fraction of textured 111 component can be also determined from mea-
surements of 222 rocking curves and constructing the product £ Fs5o similar to
that given by (1). The PF can then be estimated from the area under another
(e.g., 440) reflection.

2Strictly speaking, EF + PF < 1 does not necessarily mean that the rest part
is amorphous, but might indicate that LZO partly decomposes. Decomposition
of LZO to ZrO- plus other phases is observed when annealing LZO/NiW tapes
under humid conditions (DP > 22°C).
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Nexans has a two-year experience of using estimates of £ F
and P F for quality control of pre-pilot plant production of LZO
buffered NiW tapes. The procedure helped us to identify and
solve a number of issues during scaling the MOD process first
to the 10 and now to the 50 m length. The examples are the de-
velopment of double-step process (Fig. 1) that helps to suppress
coupling between zones in an RTR system with unidirectional
gas flow; the necessity to control low humidity levels during heat
treatment (Fig. 2); understanding the effect of postannealing and
positive role of controlled moderate humidity (Fig. 5). The de-
scribed method can be applied to any other layer in the coated
conductor architecture. Our current efforts are focused on de-
veloping similar tool for multilayer structures, in particular, for
MOD — CeO3/MOD — LZO buffered Ni-5%W RABITS.

Assessment of E'F' in LZO buffered long length conductors
produced in the RTR system currently consists in analyzing
head and tail samples cut from the required length until the same
EF (>80%) values are obtained. The experience of producing
over 500 m of cumulative length of LZO buffered NiW shows
that this is in general sufficient to guarantee similar properties
for the rest of the tape. Using a 2D detector should make pos-
sible continuous characterization of the whole length.

VII. CONCLUSION AND OUTLOOK

A simple method utilizing XRD and ellipsometry (reflectom-
etry) is developed for quantitative assessment of the epitaxy in
buffer layers. Its usefulness for quality control of LZO-buffered
NiW RABITS is demonstrated.

A good epitaxy is the necessary, but not the only parameter
controlling the quality of LZO buffer layer. Surface roughness
[7], layer porosity [8], degree of pyrochlore ordering [9] may
affect the final performance. The work is under way for de-
veloping quantitative criteria for those properties and imposing
quality margins by analyzing correlation to final performance.
In addition, the functional properties of LZO layer to suppress
Ni diffusion to YBCO and minimize oxidation of NiW sub-
strates should be tuned to the parameters of particular YBCO
deposition process through adjusting layer thickness. Possible
effects of changing the thickness on the quality of the layer have
to be studied.

APPENDIX

The volume V of material can be estimated from
the scattering intensity I(q) : V ~ [d3qI(q) =
J L(w,0)I(20,w, x)d(20)dwdy, where L(w,6) =
(2/)) cosw.cosf. For epitaxial grains [sharp T(20,w, x)],
L(w,0) =~ L = const. Using integral breadths Aw and Ay,
one can write V' ~ LAwAxA, where A is the area under the
6 — 26 scan.

The 100 epitaxial fraction of LZO, E Fyo, can then be de-
termined by comparing Aw Ay A4go for the sample in question
(subscript S) and a perfect sample (subscript P) with 100% epi-
taxial LZO. Taking into account the difference in thickness d of
the layers, we have

A550 {1 — exp [~2udp/ sin(0)]} AwsAxs
Algo {1 — exp[—2uds/sin(0)]} AwpAxp’

EFy0 =7
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where 1 is the linear absorption coefficient, and +y is the factor
accounting for the differences in geometry of XRD measure-
ments (illuminated area, beam intensity, etc).

This formula is valid for any fixed ¢. When Aw(p) is larger
than the resolution in x, Ax(¢) = Aw(p + 90°). In RA-
BITS tapes, there are two distinct ¢ values corresponding to the
scan axis along the rolling (RD) and transverse (TD) directions.
As both corresponding breadths Aw(FP) and Aw(TP) of the w
scans are larger than 2.5° (the resolution in ) of our instrument),
we have used two w scans instead of w and . The formula for
EF is then transformed to expression (1) in the text.

Expression (2) for the polycrystalline fraction PF is self ex-
planatory. It is assumed that no preferred orientation exists in
that part of the layer.

Error propagation for EF and PF is straightforward. For
a diffractometer setting leading to the intensity of 101 SiO»
powder sample (particle size 3 um) 1(26.64°) = 4500 cps, the
relative accuracy of 5% for EF of 100 nm thick film is achieved
in ~30 min measurements.
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