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In this paper a novel buffer layer architecture consisting of LaMnO,/MgO/TiN is
proposed as a suitable structural and chemical template for the epitaxial growth of
high-transition temperature (7,) superconductors on Cu metal surfaces. Using
techniques such as high-energy electron diffraction and scanning transmission electron
microscopy, we present in situ and ex situ analyses of the buffer-layer and
superconductor growth with focus on structural properties of the interfaces formed.
While MgO is a good barrier to oxygen diffusion, we find that MgO alone is not a
suitable buffer layer due to rapid Cu diffusion. Further, growth of MgO with a single
epitaxy can be hindered by the presence of impurities such as S, which form strongly
bonded superstructures on the metal surface. With the addition of a TiN layer as

a barrier to Cu diffusion, oxide formation is suppressed, interfaces are clean, and a
single cube-on-cube epitaxy is observed. While the Cu/TiN and TiN/MgO interfaces
are rough, the MgO and LaMnO; layers planarize the material, leading to growth of
smooth YBa,Cu;0,_5 (YBCO). Residual strain in the YBCO film is 0.25% or less and
does not lead to apparent cracking. The superconducting properties of the samples
were investigated by electrical transport and magnetization measurements. For the first
time, high critical current density (J.) values are reported for YBCO films grown on
(001) single-crystal and {100}¢100) textured Cu surfaces without intervening metal
coatings. J, on single crystal-like substrates is as high as 3.5 MA/cm?. Reduced J, of
approximately 1 MA/cm? on rolled Cu tapes is limited by damage to the tape surface

during the rolling process.

. INTRODUCTION

The development of a superconducting wire technol-
ogy that is functional at liquid-nitrogen temperatures
holds significant promise, thanks to the recent progress in
the fabrication of meters-long biaxially textured coated
conductors. Ultimately, the success of this technology
will be determined by several key factors, including ma-
terial and processing costs, robustness and reproducibil-
ity of the coatings, reliability of these conductors against

This author was an editor of this journal during the review and
decision stage. For the JMR policy on review and publication of
manuscripts authored by editors, please refer to http://
www.mrs.org/publications/jmr/policy.html.

thermal transients, and limitation of energy losses intro-
duced by operation in alternating current (ac). To date,
Ni and Ni-alloy tapes have been used as flexible metal
substrates on which appropriate buffer layers and ulti-
mately the high-temperature superconductor (HTS)
coating are deposited. However, in the future, more suc-
cessful coated conductor architectures could involve dif-
ferent metal substrates and/or different buffer materials
than those used today.

Recently, within the rolling-assisted biaxially textured
substrate (RABiITS) technology,' pure Ni substrate tapes
have been replaced by Ni-alloy tapes with small impurity
content that offer improved mechanical properties and
reduced ferromagnetism.””'' Meters-long RABiTS
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conductors carrying more than 100 A/cm width of cur-
rent at 77 K in a self-magnetic field are now fabricated on
Ni-3%W and Ni-5%W alloys.'> Despite their much-
reduced Curie temperature and hysteretic losses, these
alloys still add to the overall ferromagnetic (FM) losses
associated with a single YBa,Cu;0,_5 (YBCO) wire.
Moreover, because of their increased reactivity toward
oxygen with respect to pure Ni, Ni protective films with
micrometer thickness are regularly deposited on the alloy
tape prior to buffer-layer deposition,'” further contribut-
ing to the total wire ac losses.

Using Cu-based tapes as the metal substrate would
address several drawbacks of the present Ni-alloy tapes.
Pure Cu can be thermomechanically processed to obtain
a very sharp cube texture with a true in-plane full width
at half-maximum (FWHM) of nearly 4°. In addition, Cu,
which is only slightly diamagnetic, does not contribute to
hysteretic ac losses. Cu-based tapes will have signifi-
cantly greater thermal conductivity than Ni-based tapes,
and, because the Cu industry is so well established, Cu
tapes may be potentially less expensive than Ni tapes.
Copper, in its pure form or strengthened by opportune
metal additions or precipitates, has another important ad-
vantage over Ni alloys: low electric resistivity (p [Cu] =
0.2 pQ cm; p [Ni-3%W] = 20 pQ cm at 77 K). This
property is required, in practical applications, if the sub-
strate is to provide stabilization to the HTS coating in an
over-current situation. In the presence of a crack or other
local defect in the superconducting layer, or in response
to an unexpected increase in temperature, the current in
the YBCO film can be shunted to the 50-pwm-thick metal
substrate, with consequent reduction of the dissipated
power below a certain operational critical level. This
scenario requires development of a conductive buffer
layer that would properly couple the HTS layer to the
underlying Cu substrate. Alternatively, if a high-
resistivity Ni-alloy tape is chosen as substrate, cryo-
genic and/or adiabatic stabilization can be achieved
only by depositing a thick Cu cap layer on the YBCO
film. This situation, however, has the disadvantage of
decreasing considerably the engineering critical cur-
rent density (Jg; current/total cross section) of the coat-
ed conductor, which is a critical parameter in device
design.'*"?

Until now, experiments on the growth of multilayer
structures consisting of epitaxially oriented oxide buf-
fer layers and YBCO films on Cu (001) substrates have
not produced successful results. This outcome is not sur-
prising considering the poor resistance of Cu to oxidation
compared to Ni.

In systems like Cu and Ni, the prevailing metal oxide
(Cu,0, CuO, NiO) growth occurs at the oxide—gas inter-
face and is governed by outward metal cation diffusion
through oxide lattice sites or defects.'®™'® A typical
RABIT substrate is composed of a combination of CeO,,

Y,0;, and yttria-stabilized zirconia (YSZ) buffer layers
on the metal tape. At the temperatures necessary to proc-
ess YBCO, these oxides are poor barriers to oxygen dif-
fusion, and oxygen inevitably diffuses to the metal
interface causing formation of some NiO. However, be-
cause the buffer layers (and the native nickel oxide) are
suitable barriers for Ni diffusion, Ni oxidation is con-
tained in a thin and often epitaxial layer at the metal/
buffer interface and is not detrimental to the YBCO
layer. Lattice diffusivities of Cu ions in Cu,O and oxides
in general are much higher than in the case of Ni.'®'® For
this reason, Cu oxide is less self-limiting than NiO at
high temperatures, and preventing eruptions of CuO/
Cu,O during buffer-layer and YBCO growth presents a
major challenge.

Reports of high critical current density (J.) YBCO
films on Cu substrates have been limited to the case in
which a protective Ni layer in excess of 1-pm thickness
is deposited on the substrate prior to buffer-layer depo-
sition.? The sufficiently thick Ni layer adequately pre-
vented the transient Cu diffusion to the surface, enabling
deposition of buffer layers and YBCO at typical condi-
tions used for Ni tapes. Because of its ferromagnetic
hysteresis, however, the Ni film caused energy losses in
ac response that were estimated to be comparable with
those measured for Ni-alloy tapes such as Ni-5%W and
Ni-7%Cr.? Although Ni-coated Cu tapes may be an in-
teresting approach in applications that involve intense ac
fields, a totally nonmagnetic substrate is most desirable.
The deposition of suitable buffer layers directly on the
Cu surface is a challenging problem. However, the study
of Cu/buffer layer interfaces and their modification dur-
ing YBCO deposition is required to assess the feasi-
bility of Cu-based RABiTS. In addition, studies of depo-
sition of buffer layers and high-transition temperature
(T_) cuprates on Cu surfaces contribute to a fundamental
understanding of metal oxide interfaces in general.

In this paper, we investigate the issues associated with
the development of buffer and superconducting layers
directly on Cu substrates. These issues include the poor
Cu oxidation resistance, high Cu thermal expansion, and
surface sulfur-mediated buffer-layer epitaxy. We identify
a new buffer-layer architecture, LaMnO;/MgO/TiN,
which acts as a suitable barrier to both Cu and O diffu-
sion during the YBCO deposition process. The combined
use of TiN and MgO is necessary to avoid detrimental Cu
oxidation during the YBCO growth. In fact, TiN blocks
outward Cu diffusion through the oxide buffer layers to
the growing YBCO film, while MgO acts as a good
barrier to inward oxygen diffusion, impeding TiN
decomposition (into Ti, O, and N,) and keeping
TiN/MgO and Cu/TiN interfaces clean. We report for the
first time J_s approaching 4 MA/cm? at 77 K in self-field
on (001) single-crystal-like Cu surfaces and 1 MA/cm?>
on biaxially textured Cu tapes. All the samples discussed
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in this paper are entirely nonferromagnetic and no Ni
overlayers were used to passivate the Cu surface. In all
cases the crystal structure of the buffer layers was moni-
tored during pulsed laser deposition (PLD) by reflection
high-energy electron diffraction (RHEED) and analyzed,
after growth, by x-ray diffraction (XRD). On selected
samples, careful high-resolution scanning transmission
electron microscopy (STEM) analysis was performed,
with particular focus on the interfaces of the multilayered
structure, to evaluate possible interdiffusion or chemical
reaction between different layers.

Il. EXPERIMENTAL

The Cu substrates used for this study include Cu (001)
single crystals, Cu (001) epitaxial films deposited on
(001) MgO or (001) SrTiO5 (STO) single crystals, and
{100}(100) textured Cu tapes. The Cu single crystals
were cut in 8 x 6 x 1.5 mm® pieces and electropolished
in a 1:1 solution of phosphoric acid and water. Although
the surface of these samples was optically rough, streaks
consistent with a (001) Cu surface were observed in the
RHEED patterns at deposition conditions. The Cu films,
1 to 3 pm thick, were deposited by sputtering or e-beam
evaporation at a temperature of 400 °C and showed
RHEED patterns expected for a Cu (001) surface. The Cu
biaxially textured substrates were obtained by cold-
rolling commercial Cu tape of 99.99% purity and anneal-
ing it at 800 °C in a background pressure of 10~® torr for
1 h. XRD measurements showed full cube texture with a
FWHM for w— and ¢—scans of about 6°. RHEED obser-
vations up to temperatures of 800 °C in high vacuum
showed that the surface of these samples was covered by
a-few-A-thick polycrystalline film, most likely Cu,O
formed during the texturing anneal. This layer was re-
moved by sputter-cleaning the surface with an Ar* beam
with energy of 500 eV for 4 to 6 min.

All the oxide buffer layers discussed in this paper were
grown in an ultrahigh vacuum (UHV) PLD chamber
equipped with a load lock for loading samples and tar-
gets, a RHEED system, a residual gas analyzer, and a
Kauffman-type ion source. The laser used for ablating
target materials was a KrF excimer laser with a power of
150 W and a wavelength of 248 nm. The laser fluence
varied between 4 and 5 J/cm?, and the repetition rate
varied between 10 and 20 Hz.

lll. SULFUR SUPERSTRUCTURES ON (100) Cu

In previous publications, we have documented that a
centered 2 x 2 superstructure, which forms by chemi-
sorption of sulfur on the Ni and Ni-alloy surface,
promotes epitaxial nucleation and growth of oxide buffer
layers with perovskite, bixbyite, and fluorite crystal
structures.?"** Exposing the metal surface to low partial
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pressures of H,S allows control of the coverage of the
sulfur superstructure prior to buffer-layer deposition and
prevents occurrence of misoriented domains in the seed
buffer layer. Using this approach, we were able to
achieve very high reproducibility and uniformity in the
buffer layer texture over meters-long Ni tapes processed
continuously.*?

We found that an ordered sulfur template is also nec-
essary on a Cu (001) surface to obtain epitaxial growth of
oxides like STO or CeO,, which are often used as seed
layers in RABITS. However, the S atoms interact quite
differently with the surface Cu atoms than they do with
the Ni surface atoms. As documented in previous studies
by others, the interaction between the chemisorbed
S atoms on Cu is less attractive than in Ni, and at low
temperatures (25 °C < T < 200 °C) the S saturation
coverage on Cu is half the value found for Ni. In this
case, adsorption of S atoms by exposure of the Cu sur-
face to H,S leads to the formation of a p (2 x 2) super-
structure rather than a ¢ (2 x 2).** Higher levels of
S adsorption on Cu have been reported in some cases, but
they did not lead to the formation of ordered and stable
2 x 2 superstructures.>> >’ We observed that the p (2 x 2)
superstructure grown on Cu using H,S at room tempera-
ture was inadequate for the epitaxial growth of cubic
materials because it was not stable once the sample was
heated at temperatures above 225 °C, producing more
complex and often disordered RHEED patterns. How-
ever, in cases in which the Cu samples incidentally con-
tained bulk sulfur impurities, a stable p (2 x 2) RHEED
pattern was observed as a result of outward S segregation
when the sample was heated at typical buffer-layer depo-
sition temperatures (7" ~ 600 °C), as shown by the
RHEED pattern of Fig. 1. The S-containing Cu samples
were obtained by depositing 3-pwm-thick Cu films on
STO (001) and MgO (001) substrates by e-beam evapo-
ration. The source of S present in the films was likely the
evaporated Cu metal itself (S is a common impurity in
many metals) or the chamber background environment.
Auger electron spectroscopy analysis detected presence
of S on the surface of these samples after heating above
400 °C in UHV. The coverage of the S layer was esti-
mated to be nearly 0.25 M, equal to the coverage of a
complete p (2 x 2) layer. Figure 2 shows a comparison of
RHEED patterns and (111) ¢—scans acquired for STO
films deposited on the p (2 x 2) template and on a clean
(001) Cu film, respectively, using MgO as substrate.
The RHEED patterns were acquired after the first ap-
proximately 50 PLD shots, corresponding to a film
thickness of 5 to 10 A, and the XRD db-scans were ac-
quired after the deposition of a nearly 500-A-thick film
was completed. The figure shows that deposition on the
p (2 x 2) template produced an epitaxial (001) STO film
[Fig. 2(a)], while deposition on the clean Cu surface
results in additional 45° in-plane rotated STO domains
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[Fig. 2(b)]. Similar results were obtained with CeO,
films. In this case, growth of CeO, on a clean Cu surface
resulted in films with additional (111) oriented and 45°
rotated crystal domains.

These experiments show that growth of a standard
oxide buffer-layer architecture such as CeO,/YSZ /CeO,
on Cu is possible provided that a p (2 x 2) S superstruc-
ture is present on the Cu surface. However, growth and
control of such S superstructure on the Cu surface is not

FIG. 1. RHEED pattern acquired from a Cu film epitaxially deposited
on STO single crystal by e-beam evaporation, acquired after the
sample was heated to 600 °C in vacuum. The arrows indicate extra
reflection from a p (2 x 2)-sulfur superstructure. The electron beam is
parallel to the film [100].
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straightforward. In addition, because of the high diffu-
sivity of Cu and oxygen through CeO, and YSZ, the
standard buffer layer architecture proved unsuitable for
subsequent YBCO deposition, leading to pervasive Cu
oxidation and film spallation.

IV. CHOICE OF BUFFER MATERIALS FOR
CU-BASED SUBSTRATES

Among the possible oxides used today in coated con-
ductor technologies, MgO is certainly a good candidate
as a barrier layer in buffer-layer architectures intended
for Cu. Previous O'® transport studies indicate that the
oxygen diffusion coefficient of MgO at 800 °C is roughly
1072° cm?/s, nearly 13 orders of magnitude smaller than
that of YSZ at the same temperature.”®** As MgO is
known to have poor structural compatibility with YBCO,
a MgO buffer layer should be capped with an oxide better
matched to the YBCO lattice. Among several perovskite
materials known to grow epitaxially on (001) MgO and
to have a good lattice match with YBCO, we chose
LaMnO; (LMO) as the cap layer because of the wide
window of deposition conditions for single-oriented
(100) films. To test the MgO/LMO architecture, we grew
both oxide layers in situ on (100) Cu films previously
deposited on (100) STO single crystals. As shown by
recent studies, MgO and other oxides with the NaCl crys-
tal structure are different from other classes of buffer
layers because they grow epitaxially on clean face-
centered-cubic (fcc) metal surfaces and show deviations

STO (001) streaks

STO (001) streaks

FIG. 2. XRD ¢-scans of the (111) peak and nucleation RHEED patterns obtained from STO films deposited on (a) a Cu film on MgO single
crystal with p (2 x 2)-S superstructure, and (b) a Cu film on MgO single crystal with sulfur-free surface.
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from epitaxy when an S superstructure is present on the
metal surface.’® Nevertheless, even when using sulfur-
free Cu samples, we were not able to grow single-
oriented MgO layers directly on the Cu surface.
Consequently, the MgO films were deposited on a thin
(=50 A) STO nucleation layer that had been previously
deposited in situ on the p (2 x 2) S superstructure of the
e-beam deposited Cu film. The MgO films were grown at
a temperature of 500 °C and an oxygen partial pressure
of 1 x 107° torr, using a stoichiometric ceramic target,
with a thickness of nearly 200 nm. The LMO films,
300 nm thick, were deposited at a temperature of 600 °C
to 620 °C in a H,O background with a partial pressure of
3 to 6 mtorr. Figure 3 shows a RHEED pattern of the
as-deposited MgO and LMO films with the e-beam di-
rected along the substrate [100]. The position of the dif-
fracted beams indicates that both films have single (100)
orientation and have grown with a cube-on-cube epi-
taxial relationship. The well defined and elongated
streaks indicate that the film surface is atomically smooth
and growth had proceeded in a two-dimensional fashion.
Combined XRD and energy dispersive x-ray measure-
ments showed no evidence of Cu oxide in these films.
The as-grown films were subsequently subjected to a
furnace heat treatment that reproduced typical YBCO
growth conditions. The anneal lasted 20 min and was
conducted in flowing Ar with an oxygen partial pressure
of 200 mtorr at a temperature of 740 °C. After this pro-
cedure the films looked rough and dull. Shown in
Fig. 4 are the optical micrographs of one of these films
before and after the heat treatment. EDX and XRD meas-
urements conducted on the annealed films indicated that
the particles present on the surface were Cu,O out-
growths. Cu oxidation in this case had not caused blis-
tering or spallation of the buffer layers, as is usually
observed when metal oxide growth occurs at the metal/
buffer-layer interface. This observation suggested that
Cu had diffused from the base Cu film through the MgO
and LMO layers and oxidized in proximity of the surface.
In other words, the MgO film (as well as the LMO cap)
did not effectively block Cu outward diffusion. The lack
of an effective Cu diffusion barrier in the MgO/LMO
architecture prevented the growth of high-J_, YBCO films
on these samples.

In search of a suitable Cu diffusion barrier, we con-
sidered the use of nitrides, which are known to block
diffusion of Cu into Si in semiconductor devices and
have been explored as buffer layers for Ni-based sub-
strates.>' TiN is one of the most widely investigated bar-
rier materials in Cu metallization for integrated circuit
technology.? In addition, TiN is a good electrical con-
ductor (p = 20 to 30 p) cm) and is widely used as a
wear-resistive coating for tools because of its high me-
chanical toughness. Mechanical strength is a desirable
property to prevent cracking in buffer layers intended for

RABITS, and electrical conductivity is necessary, as
mentioned previously, to ultimately use the metal
substrate as a current shunt for stabilization during
transient loss of superconductivity. TiN is also very com-
patible structurally with MgO, having the same rocksalt
crystal structure and a lattice mismatch with MgO of
only 0.5%.

V. RESULTS ON (001) Cu FILMS

Fully (100)-oriented, epitaxial TiN films were grown
by PLD on the sulfur-free Cu film substrates using a TiN
target in a nitrogen background pressure of 3.0 to 10 x
107" torr and a substrate temperature of 580 °C. The film
nucleation and growth was monitored by RHEED, and a
cube-on-cube epitaxial relationship was observed be-
tween the Cu substrate and TiN film. After a nearly
200-nm-thick TiN film was grown, the nitrogen was

S (0 1 0)
| —

(0 0 0)

FIG. 3. RHEED patterns of LMO and MgO epitaxial films deposited
on a Cu film on single crystal STO. The electron beam is parallel to the
substrate [100].
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pumped out, the substrate temperature was increased to
600 °C, and oxygen was introduced in the chamber with
a partial pressure of 0.8 to 1.0 x 107 torr for the growth
of the MgO layer. At such oxygen pressure, the TiN
RHEED pattern exhibited spots in addition to those typi-
cal of a clean (001) surface. Figure 5 shows the RHEED
pattern produced by a clean TiN surface and that of a TiN
film when exposed to the oxygen pressure and tempera-
ture just indicated. The latter suggests the presence of a
6 x 6 superstructure, likely formed by oxygen adatoms
bonded on film surface lattice sites. This superstructure
was stable at the deposition condition used for the MgO
buffer layer, and fully (001) oriented MgO films could be
grown on this surface. A high-resolution STEM image
acquired with a high-angle annular dark-field detector

Cu,O

FIG. 4. Optical micrographs of the surface of a LMO/MgO/STO/Cu
multilayer deposited on single-crystal STO (a) as grown and (b) after
a heat treatment that reproduced typical conditions for YBCO growth.

(b)

(HAADF) of the TiN/MgO interface (taken after the
YBCO was deposited) is shown in Fig. 6 for the case
where the Cu substrate is an epitaxial film deposited on
single-crystal (001) MgO. These images were obtained
in a VG Microscopes’ HB501UX field-emission STEM
operating at 120 kV equipped with a Nion aberra-
tion corrector with a field-emission gun and a parallel
electron energy loss spectroscopy (EELS) detector.
HAADF imaging, also known as Z-contrast, provides
direct compositional contrast; therefore, the atoms with a
larger Z number (Ti atoms) appear brighter in the micro-
graph, while those with a smaller Z number (Mg atoms)

(b)

FIG. 5. RHEED patterns of an epitaxial TiN film on (001) Cu (a) as
deposited in a vacuum background and (b) when exposed to an oxygen
partial pressure of 8 x 107° torr at a temperature of 600 °C.
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FIG. 6. High-resolution STEM image acquired with a HAADF of the
TiN/MgO interface in a YBCO/LMO/MgO/TiN/Cu multilayer on
single-crystal MgO.

appear darker. Light elements such as O and/or N are not
visible with the current resolution of the microscope,
estimated to be of 0.12 nm.

The interface appears jagged and rough with some
overlap of the two materials in the direction parallel to
the electron beam, which leads to the intermediate shade
of gray visible in the middle of the image. Despite the
evident roughness, this figure shows a perfect epitaxial
relationship between the two materials and a very clean
interface. In fact, given the similarity of the two crystal
structures, the two compounds could not be identified
without the contrast associated with their different Z val-
ues. The absence of chemical reaction at the TiN/MgO
interface is consistent with thermodynamic data of free
energy of formation for MgO and TiO, which indicate
higher stability of the former oxide as compared to the
latter. The formation of MgO is thus favored over
the formation of TiO, and the O adatoms initially present
on the TiN surface at the time the MgO deposition starts
are likely incorporated in the growing MgO film.

Once a 100-nm-thick MgO film was grown, an addi-
tional LMO cap layer was deposited in sifu using the
conditions indicated in the first paragraph of this section.
The RHEED patterns for the MgO and LMO films
showed nice streaks indicative of two-dimensional film
growth and were very similar to those shown in Fig. 3.
High-resolution XRD ¢ and w-scans of the LMO films
[MgO and TiN films had reflections overlapping with
the MgO (001) substrate] showed a certain broadening
in the crystal structure of the buffer layers as compared

to the Cu epitaxial film. In fact, the (002) w-scans
FWHM were 1.47° and 0.184° for the LMO and Cu
films, respectively. The corresponding values for the
(111) d-scans were 2.56° and 0.227°. A 180-nm-thick
YBCO film was subsequently deposited on the LMO cap
in a second PLD chamber at usual deposition conditions
reported elsewhere.’> The FWHM values for out-of-
plane and in-plane alignment were in this case 1.03°
[(005) w—scan], and 2.54° [(115) d—scan], respectively.
Figure 7 shows the critical current density of the YBCO
film measured by electrical transport as a function of
the applied magnetic field at 77 K. The thickness of the
YBCO film was measured by Rutherford backscattering
spectroscopy and the corresponding J. in self-field was
3.5 MA/cm®. Such a value is comparable with those ob-
tained on YBCO films deposited directly on single-
crystal STO substrates. The behavior of J, in field and
the value of irreversibility field (H;, = 7 T) are also
typical of YBCO films on STO or LAO single crystals.
Figure 8(a) shows a low-magnification Z-contrast im-
age of the multilayered structure LMO/MgO/TiN grown
on the Cu film on MgO single crystal after deposition of
the YBCO top film. All the interfaces shown appear
clean and there is no evidence of detrimental reactions or
interdiffusion between the different layers. Further, oxy-
gen presence in the Cu/TiN interface was not detected
from EELS measurements. The Cu/TiN and TiN/MgO
interfaces look rather wavy and rough. Such roughness
likely originates at the Cu film surface and is retained in
the growing TiN film, as suggested by atomic force
microscopy (AFM) imaging of as-grown sputtered
Cu films that show an average roughness of 9 nm over
areas of 12 x 12 wm?. Additional roughening of the TiN
film could also result from the different thermal expan-
sion of the two materials [(apiy — acg)/oc, = 48%].

10" g

YBCO0.18 pm
LMO 0.2 pm

YBEO/STO

0 1 2 3 4
H (T)
FIG. 7. Critical current density versus applied magnetic field for a
YBCO film deposited on LMO/MgO/TiN/Cu/MgO (crystal) (black

line and dots), and a typical YBCO film deposited on single-crystal
STO (gray line). Both measurements were performed at 77 K.
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(a)

(b)

FIG. 8. STEM image of a YBCO/LMO/MgO/TiN/Cu multilayer struc-
ture on MgO single crystal acquired with (a) HAADF and (b) LAADF.

The subsequent MgO/LMO and LMO/YBCO inter-
faces appear smooth and straight, suggesting that the
MgO film has overgrown the rough features of the TiN
film, planarizing the film/vacuum interface. In Fig.8(b)
the same region as in Fig. 8(a) is observed through the
low-angle annular dark-field detector (LAADF), produc-
ing an image more sensitive to strain, misfit dislocations,
and structural defects in general.** From this figure it is

2394 J. Mater. Res., Vol

evident that the TiN film is the most defective buffer
layer in the entire heterostructure. However, strain and
dislocation density decrease progressively as a function
of film thickness and are greatly reduced in the MgO
layer, ultimately leading to a high-quality LMO film, in
which the only visible transmission electron microscopy
(TEM) feature is a columnar grain structure that is typical
of many perovskites grown by PLD. The ordered LMO
microstructure results partially from a mechanism of
strain relief by introduction of misfit dislocations occur-
ring at the interface with MgO. As shown in the high-
magnification Z-STEM image of Fig. 9 the large lattice
mismatch between the two oxides is accommodated in
the early stages of film nucleation with the introduction
of disorder and dislocations in the very first atomic
planes of LMO, leading to virtually unstrained growth of
the rest of the film.

The lattice distortion of the different layers was inves-
tigated by high-resolution XRD measurements of the lat-
tice constants of TiN, MgO, and YBCO for samples
prepared on Cu films and on Cu crystals. The XRD data
showed that in all samples the TiN unit cell is com-
pressed in the basal plane and stretched along the ¢ axis.
The MgO film, instead, is subject to tensile strain in the
basal plane and compressive strain along the substrate
normal. In accord with the qualitative interpretation of
Fig. 8(b), the TiN and MgO films are the most strained
layer, while the lattice distortion decreases in the follow-
ing layers. The out-of-plane and in-plane lattice param-
eters of TiN and MgO were calculated from (002) and
(111) type reflections, which gave (a — ¢)/a = -0.66%
for the TiN film and (a — c¢)la = 1.01% for the MgO

face for the sample shown in Fig. 8.
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film.The lattice constants were calculated using an
YBCO/LMO/MgO/TiN multilayer identical to the one in
Fig. 8, grown on a STO substrate to avoid overlapping of
films and substrate reflections. However, because of their
very close lattice match, TiN and MgO (111) reflections
overlapped, introducing ambiguity in the distinction of
the two films. For this reason, an additional sample com-
posed of only a TiN/Cu film on STO substrate was used
to sort out the calculated lattice parameters and un-
ambiguously individuate those corresponding to the TiN
film. The YBCO lattice parameters for the sample in
Fig. 8 were calculated from the (113), (005), and (006)
reflections and were (a + b)/2 = 3.850 and ¢ = 11.670,
the same as for bulk YBCO. The YBCO lattice was not
strained for all the samples deposited on the Cu films,
which had a thickness of nearly 1 pm.

A high-magnification close-up of the YBCO/LMO in-
terface is shown in Fig. 10. The interface is flat and
coherent with one-unit-cell-high steps occasionally
found. Because of the compositional contrast, we can
easily distinguish the different atomic planes of the
YBCO lattice. The Cu—O chains are the least dense and
lightest of the planes and therefore show up as the darkest
atomic rows, while the brightest rows in the micrograph
correspond to the Ba—O planes. A common defect of the
YBCO lattice is the insertion of an extra Cu-O chain
plane as indicated by the arrow in Fig.10. This type of
dislocation is often observed in YBCO epitaxial films
and is also referred to as Y-248 intergrowth.*> The
position of the interface (indicated in Fig. 10 by a
dashed line) was located analyzing intensity traces and

FIG. 10. High-resolution STEM image of the YBCO/LMO interface
of the sample YBCO/LMO/MgO/TiN/Cu/MgO (crystal) shown with
low magnification in Fig. 8 and corresponding atomic model (inset).
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comparing them to those obtained on step-free, atomi-
cally flat LMO/YBCO superlattices.*® No CuO chains
were observed at the interface between YBCO and LMO,
suggesting a structural interface model like the one
shown in the inset of Fig. 10. In the samples we exam-
ined, the topmost atomic plane of the LMO film was a
Mn-O plane, and the first YBCO plane to nucleate on the
manganite was a Ba—O plane, followed by a CuQO, plane,
a Y plane, and another CuO, plane. In LMO, the MnO,
and LaO atomic planes correspond to the B-plane and
A-plane of a perovskite cell, respectively. The Ba—-O
plane in YBCO can also be regarded as a perovskite
A-plane and is very similar structurally to the LaO plane
in LMO. It is likely, thus, that the atomic arrangement we
observed at the YBCO/LMO interface corresponds to
minimum interface free energy.

VI. RESULTS ON (001) Cu CRYSTALS

As mentioned earlier, one of the concerns related to
the use of a Cu-RABIT substrate is the large strain im-
posed by the substrate on the YBCO film during
cooldown. In fact, the thermal expansion coefficient of
Cu can be estimated as 18 x 107° K™ in the temperature
region of interest (the same quantity for Ni is 16 x 107°
K™). On the sole basis of the difference between Cu and
YBCO thermal expansion (aygeo = 12 x 10° K™), a
residual strain of approximately 0.45% in the YBCO film
can be calculated. This value is very close to the failure
limit of 0.5% for compressive strain, as experimentally
derived by bending tests in coated conductors.’” To es-
timate the actual residual strain induced by the Cu sub-
strate in the superconductor, the substrate thickness
should be much greater than that of the YBCO film and
at least comparable to a typical RABiTS thickness of
50 to 100 pm. For this purpose, we deposited the same
buffer layer architecture and YBCO film described in
Sec. V on a 1.5-mm-thick Cu crystal. The Cu crystal was
nearly a single crystal with a FWHM of 0.28° for the
(001) rocking curve and a [001] tilt of 1°. The corre-
sponding FWHMs for the TiN film were 2.57° for the
(002) w—scan and 2.38° for the (111) b—scan. The YBCO
showed a Aw of 2.75° for the (005) peak and a Ad of
3.65° for the (113) peak. The broadening of the TiN grain
alignment with respect to the Cu substrate can be attrib-
uted to roughness of the TiN/Cu interface the size of
approximately 20 nm over lengths of 1 pm, as shown by
cross-section STEM images. As in the case of YBCO
films deposited on Cu films, the MgO layer seemed to
planarize the TiN features and a very flat interface be-
tween YBCO and LMO was observed. The morphology
of the YBCO film was consistent with that of high-J_
YBCO films on single-crystal substrates, as shown in the
scanning electron microscopy micrograph of Fig. 11.
Figure 12 shows a J, data plot obtained by measuring the
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FIG. 11. SEM micrograph of the YBCO film deposited on LMO/
MgO/TiN buffer layers on a (001) Cu bulk crystal.

sample magnetic moment hysteresis in a superconduct-
ing quantum interference device (SQUID) magnetometer
as function of temperature and field. The observed sharp
T, transition and the high value of J_ at low temperature
(J.[5 K] = 1.42 x 10" A/cm?) are indicative of absence
of weak links. The value of J. at 77 K and low magnetic
field is 1 MA/cm?. Quasi-static magnetic measurements
probe the current conduction at electric fields two or
more orders of magnitude smaller than those used in
transport measurements (which generally use a J -
criterion of 1 wV/cm). Therefore, in high-T, supercon-
ductors, in which thermal activation produces a softer
electric field-current dependence at low electric fields,
magnetic measurements typically yield a lower J_ value
than transport measurements by a factor of about 2 to 3,
as estimated by our comparisons between the two tech-
niques. According to these observations, and considering
that, when measured, the sample had some level of oxy-
gen deficiency (Fig. 13) we can conclude that the J_ at
77 K would be 2 to 3 MA/cm? if measured by transport.
(Transport measurements require oxygen annealing of
the Ag contacts to ensure good contact resistance. Such
anneal also ensures full oxygen stoichiometry of the
YBCO film. The postanneal step was skipped in this case
because magnetic measurements do not require electrical
contacts, and the oxygen content of the film therefore
resulted from the deposition process itself.) Further,
such a value is consistent with the mosaic spread of the
YBCO film measured by XRD, according to our previ-
ous studies of transport J, dependence on grain boundary
angle in the low-angle regime.*® This result implies that
the performance of the YBCO film in this case was not
significantly affected by additional, nonintrinsic material
issues, including residual strain of the YBCO lattice. By
measuring the lattice parameters of the layers composing
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our heterostructure, we calculated a lattice distortion of
(a — ¢)la = —1.31% in the TiN film and 0.04% for MgO.
Figure 13 shows a comparison of YBCO lattice constants
as obtained by high-resolution XRD measurements on
the present sample, an YBCO sample on Cu film, and
an YBCO sample deposited on a high-J., LMO/-MgO-
buffered Ni-3%W textured substrate. From these data we
deduce that the residual strain in the YBCO film on a
Cu substrate is €, = 0.25%, in the worse case scenario
of a 1.5-mm-thick substrate. This value is significantly
lower than the 0.45% estimated on the basis of differ-
ences in thermal expansion and close to the residual strain

10}

J(MASem?)

0.1}

0.01

P-[J‘F‘F (T}

FIG. 12. J_ data versus applied magnetic field at different tempera-
tures for the YBCO film deposited on LMO/MgO/TiN/Cu (crystal)
acquired by magnetization hysteresis measurements.
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I YBCO data
11.74 - Cu xti
1172}
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1168 |
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FIG. 13. Out-of-plane versus in-plane lattice constants of YBCO films
deposited on the different substrates indicated in the text, measured by
high-resolution XRD.
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measured on the Ni-3%W substrate. The discrepancy be-
tween the calculated and measured value for the YBCO
compressive strain indicates that strain-relief mechanisms
take place at some level in the buffer layers, as also sug-
gested by STEM observations [Fig. 8(b)].

VIl. RESULTS ON {001}(001) TEXTURED
Cu TAPES

The experiments performed on Cu films and single
crystals were aimed at assessing adequacy of the chosen
buffer-layer architecture for deposition of YBCO on bi-
axially textured Cu tapes. Such experiments showed that
the LMO/MgO/TiN multilayered structure is a template

with adequate physical, structural, and mechanical prop-
erties for the deposition of laser-ablated YBCO films.
The only aspects that our experiments on Cu single crys-
tals do not account for are the influence of the particular
surface finishing of the actual textured tapes and the
effect of low-angle grain boundaries on the physical and
structural properties of the buffer layers.

To complete our study, we grew the LMO/MgO/TiN
buffer layer heterostructure, and the YBCO film on
99.99% pure Cu tapes that were thermomechanically
processed to obtain a biaxial texture with XRD FWHMs
of approximately 6° for in-plane and out-of-plane align-
ment. Table 1 summarizes the properties of all the dif-
ferent samples discussed in the paper. Figure 14 shows

TABLE I. Summary of the various heterostructures discussed in the text and their properties.

Buffer Thickness Texture J. 7T K
Substrate architecture (nm) information (Alem?) Comments
Cu/STO Ce0,/YSZ/CeO, 50/500/50 45°—rotated cube epitaxy of CeO, on Cu — Extensive oxidation/diffusion
Cu/STO LMO/MgO/STO 300/200/5 Cube-on-cube epitaxy — Did not block Cu diffusion

Cu/MgO (or STO) LMO/MgO/TiN 200/120/160 Awygco = 1.03°
Adypco = 2.54°
Cu crystal LMO/MgO/TiN 120/80/190 Awypco = 2.75°
Adypco = 3.65°
Textured Cu tape LMO/MgO/TiN 150/120/200 Aoy \o = 3.73°
Ad;po = 6.14°

3.5 x 10°®  Clean interfaces
1 x 10°®®  Rough TiN/Cu interface

0.5 x 10°®  CuO on rolling marks

“Transport measurement.
*Magnetization measurement.
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FIG. 14. Omega and phi scans of a biaxially textured Cu tape and the TiN, MgO, and LMO buffer layers epitaxially deposited on it.
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the x-ray peaks of selected in-plane and out-of-plane
reflections for the Cu substrate and the buffer layers de-
posited in the same conditions and with the same thick-
ness used for single-crystal Cu samples. We notice that
the in-plane texture of the buffer layers reproduces ex-
actly that of the substrate, whereas the out-of-plane tex-
ture of the TiN/MgO films is significantly sharper,
leading to a sharper grain alignment in the LMO as well.
These results differ from those obtained on single-crystal
Cu samples, where the TiN film always showed an align-
ment slightly broader than that of the substrate. If, as
we argue in Sec. V., the structural broadening of the TiN
films on single-crystal Cu is due to the rough substrate
surface, the smoother surface of the textured Cu tape
(with an average roughness of only 0.2 nm over areas
of 2 x 2 um?) can be responsible for the higher degree of
texture in these films. The sharpening of the out-of-plane
distribution is consistent with the “self-planarizing”
growth mode of the MgO layer observed in the previous
TEM micrographs, but further investigation is needed to
understand the mechanism responsible for this phenom-
enon. Figure 15 shows some J_ data as a function of
temperature and magnetic field for an YBCO/LMO/
MgO/TiN/{100}{100) Cu sample acquired measuring
the magnetic hysteresis with a SQUID magnetometer.
In this case, the J, at 77 K and low magnetic field is
0.5 MA/cm?, corresponding to a transport J, value of
nearly 1 MA/cm?. Although this is a very encouraging
value, it is not consistent with the optimal degree of
texture of the buffered substrate, which, according to
previous studies on the dependence of transport J, on
grain boundary distribution in coated conductors, should
correspond to a J, value nearly two times larger.*>*°

100

2
(T
FIG. 15. J_ data versus applied magnetic field at different tempera-

tures acquired by magnetization measurements on a YBCO/LMO/
MgO/TiN/Cu (tape) sample.
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These samples also showed a lower T, than typical
YBCO films on coated conductors (7, = 87.3 K), which
suggests the possibility of chemical contamination of the
YBCO film by outward Cu diffusion. SEM measure-
ments were consistent with this hypothesis and in par-
ticular showed Cu O outgrowths in the form of big
particles and straight lines aligned with the substrate roll-
ing direction. An example of these features is shown in
Fig. 16. From these micrographs, reproduction of rolling
features in the YBCO film on the scale of 10 pm is also
evident. An AFM micrograph of the bare substrate is
shown in Fig. 17. As expected, the micrograph reveals
linear rolling marks, some of them deeper and decorated
by round pits as deep as 25 nm. Such pits could be
the result of impurities present on the Cu tape during the

FIG. 16. SEM micrographs of the YBCO film deposited on LMO/
MgO/TiN/Cu (tape), whose J, data are reported in Fig. 15.

J. Mater. Res., Vol. 18, No. 10, Oct 2003
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FIG. 17. AFM micrograph of the surface of the textured Cu tape used
to deposit the YBCO/LMO/MgO/TiN multilayer structure.

rolling process. It is likely that such features produce
highly defective regions in the buffer layers, hindering
their performance as a diffusion barrier and ultimately
producing the Cu—O outgrowths observed in SEM during
the YBCO deposition. At the same time, no such Cu,O
eruptions were observed along the Cu substrate grain
boundaries, whose traces are still visible through the
YBCO film. A SEM image of such a region is shown in
Fig. 16 and suggests very good coverage of the YBCO
film across the grain boundary. More controlled experi-
ments on bicrystal substrates are ongoing to address the
effect of low-angle TiN grain boundaries on Cu diffusivity.

VIll. CONCLUSIONS

In conclusion, we have demonstrated that a multilay-
ered structure consisting of LMO/MgO/TiN shows all
the buffer-layer characteristics of a good diffusion barrier
and optimal structural template for the deposition of
high-J, YBCO film on pure Cu substrates. Each of the
three buffer layers has a unique property that is essential
to suppress Cu oxidation, keep the interfaces clean, ac-
commodate strain, and thus form a high-quality YBCO
film on a Cu substrate. TiN is a barrier to outward
Cu diffusion, MgO is a barrier to oxygen diffusion and
stable enough thermodynamically to be grown on TiN,
and LMO provides structural compatibility with the
YBCO lattice. It is worth noting that LMO becomes elec-
trically conductive when slightly doped with Sr or Ca.
Therefore, electrically conductive buffer-layer architec-
tures for Cu could be fabricated if MgO can be replaced
with a conducting oxide having similar properties. This
topic will be the subject of future investigation.

We have widely investigated our YBCO/LMO/MgO/
TiN/Cu samples by Z-contrast STEM, high-resolution
XRD, SEM, RHEED, and AFM. We have addressed
many issues involved with the use of Cu substrates for
coated conductors, such as Cu diffusivity, Cu oxidation,
TiN decomposition in oxygen, differential thermal ex-
pansion of Cu and YBCO, residual stress in the YBCO
film and the buffer layers, quality and atomic structure of
the interfaces, and seed-layer nucleation issues on the Cu
surface. Our analysis has revealed that the proposed ar-
chitecture is an optimal candidate for the development
of Cu-based coated conductors that would offer con-
siderable advantages over the present Ni-based coated
conductors.
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