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Abstract

2G HTS wires are capable of transferring huge amounts of electrical energy without loss. An increase in the current-carrying
capacity in these materials is possible due to an increase in the thickness of the superconducting layer; however, there is
a problem with the appearance of impurity orientations and other defects with increasing thickness. We have proposed a
solution of this problem by increasing the thickness of the superconducting layer by the MOCVD method using interlayers
of yttrium oxide.

The aim of this study was the production of thick composite films with yttrium oxide interlayers and high critical current
density. In addition, we want to show the effectiveness of the approach of introducing yttrium oxide interlayers for the
reduction of the number of parasitic orientations and defects with an increase in HTS film thickness.

The deposition of YBa,Cu,0, ;and Y,O, films was carried out layer by layer using reel-to-reel MOCVD equipment. A 12 mm
wire of the following architecture was used as a substrate: 200 nm CeO,(Gd,0,)/30~50 nm LaMnO,/5~7 nm IBAD-MgO/50 nm
LaMnO,/50 nm Al,0,/60 pym Hastelloy 276. The resulting films were annealed in oxygen for obtaining the orthorhombic
YBCO phase.

YBa,Cu,O, /Y,0, composites were obtained. In these composites, obtained using the MOCVD method, the amount of side
(cy) orientation of the HTS layer was reduced and high values of the critical current density, exceeding 1 MA/cm at a thickness
of > 2 ym remained. The efficiency of the approach of introducing yttrium oxide interlayers for the increase in the current
characteristics with increasing film thickness was shown. It was found that further thickening of films with interlayers is
prevented by the formation of nanopores, reducing the critical current density.
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1. Introduction

The last 15 years in the field of applied
superconductivity have been marked by the
development of technology for the production of
long wires, in which the current-carrying layer is
a thin film of high-temperature superconductor
RBa,Cu,O, (RBCO,R=REE,Y) grown epitaxially
on oxide buffer layers covering the base metal
wire. Such materials, called 2G HTS wires (2G
coated conductors), have already proven their
effectiveness in the electric power industry
for the transmission of electricity through
superconducting cables, for production of motors,
generators, current limiters, transformers and
other electrical equipment with record power
and weight and size characteristics [1, 2].
The development of magnets for accelerators
and fusion reactors, 10 MW wind turbines,
superconducting energy storage devices, levitation
bearings, high-resolution medical tomographs
and many other fundamentally new devices for
various fields of technology, from the extractive
industries to aerospace industry is performed
using 2G HTS wires [3-7]. The efficiency of
superconducting materials directly depends
on the critical current density characterizing
them (jc). The high jc values, inherent to RBCO
heteroepitaxial thin films, occur for two reasons:
1) their structure approaches a two-dimensional
mosaic monocrystal with a small misorientation of
neighbouring grains, which reduces the likelihood
of the appearance of the so-called “weak links”
characteristic for polycrystalline HTS ceramics
and strongly limiting jc; 2) their structure
contains a large number of nonequilibrium
defects — misfit dislocations, packing defects,
antistructural defects formed during film growth,
and preventing magnetic vortex creep. However,
along with the listed “useful” defects in RBCO
films, morphological defects reducing the jc
value are often formed. First of all, such defects
include crystallites with the orientation of the
CuO, planes perpendicular to the substrate plane.
It is known [8, 9] that the crystal structure of
the RBa,Cu,0. ; orthorhombic phases (Fig. 1a)

377-8
is highly anisotropic, and the superconducting

current in them propagates along the CuO,,
therefore, the achievement of the maximum jc
values requires RBCO film growth in the <001>
direction, e.g. along the c axis, perpendicular to
the substrate plane (c, in Fig. 1b). The growth of
RBCO films with other axial orientations (a and
b oriented growth, hereinafter not distinguished
by us and denoted as ¢)) not only significantly
reduces the superconducting current [10], but
also prevents a further increase in the thickness
of the c, oriented film.

In many studies devoted to the formation and
properties of superconducting epitaxial ¢, RBCO

Fig. 1. Structure YBa,Cu,0O, ,(a); Schematic picture of
¢, grains heteroepitaxy and further q RBCO grains
growth (b)
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films, the problem of obtaining high jc values
in the upper layers of films with a thickness of
about 1 pm was revealed [11, 12]. With increasing
thickness, the oriented crystallization of the
layers changes from the predominant c, to the
preferential ¢ (Fig.1b). This phenomenon does
not allow an arbitrary increase in the value of
the superconducting current by a proportional
thickness increase of the RBCO layers. Discussing
various physicochemical reasons for switching the
growth direction, it is important to understand
that the c, orientation is thermodynamically
preferable (corresponds to the minimum energy of
the heteroepitaxial system), and the appearance
of thec |—orientation is caused by kinetic reasons.
The deposition of the HTS layer is carried
out by various methods, but in all cases it is
performed on a substrate heated to 750-900 °C.
Increasing the thickness of the HTS layer leads
to a decrease in the actual temperature of the
growth surface and slows down the mass transfer
in the surface layer. Under these conditions (as
well as at an insufficiently high temperature of
film deposition and/or an excessively high rate
of their deposition), the ¢ -orientation becomes
advantageous, since the fastest growth occurs
along ab-planes, which is typical for all layered
crystals. The complete match of the unit cell
(UC) parameters at the interface c"/cl (Fig. 1b)
contributes to the nucleation of crystallites with
a c”—orientation, i.e., crystallites oriented as c L
prove to be an excellent substrate for the growth
of c”—oriented crystallites. The critical nucleus
of cll—oriented crystallites in this situation has a
minimum size, and its formation is characterized
by a minimum energy barrier [13].

According to the literature, for the suppression
of grain growth in the c|—orientation it is
recommended to change the deposition conditions
of HTS layers as their thickness grows, namely:
an increase in the deposition temperature, a
decrease in oxygen pressure (which also increases
the diffusion mobility in R-Ba-Cu-O systems) and/
or a decrease in the deposition rate [14]. Another
approach recommended in [13, 15], proposes the
use of buffer layers with an increased mismatch of
the UC parameters in HTS/buffer layer interface.

In this study, we proposed suppressing
the growth of c -crystallites by introducing
intermediate Y,0, layers of nanometer-scale
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thickness in YBCO matrix. Yttrium oxide forms
heteroepitaxial boundaries with YBCO, since the
difference between UC and YBCO parameters is
small, its introduction should not prevent ¢, YBCO
epitaxial growth. It was previously noted [16] that
in thin YBCO films containing an excess of Y,0,,
the density of ¢ -crystallites decreases. These
features allowed us to assume that laminated
two-phase composites YBCO/Y,O, deposited to
metal wires with biaxially textured buffer layers
can be formed with a predominant c, orientation
of crystallites to a higher thickness than layers of
stoichiometric composition (YBa,Cu,O, ,), and
therefore, with equal thickness, they can have a
higher critical current density.

The deposition of HTS layers was carried
out on moving substrate wires used in the 2G
HTS wire technology by metal-organic chemical
vapour deposition (MOCVD). The peculiarity of
this method is the transport of the film’s metal
components to the reactor in the form of vapours
of metal-organic volatile compounds (precursors).
In presence of oxygen these components
decompose on a heated substrate with the
formation of an oxide film. This method allows
the formation of films, uniform in composition
and thickness, on the substrates of complex
shapes and large area, including the continuous
sputtering of a film on a long metal wire in reel-
to-reel mode. Today, MOCVD technology is one
of the most popular in the production of 2G HTS
wires, and wires obtained using this technology
are not inferior in characteristics to wires formed
by laser ablation [17].

This study presents the results of comparative
studies of the texture, microstructure, and
current-carrying properties of YBCO films and
two-phase laminated YBCO/Y,0, composites of
various thicknesses.

2. Experimental

The deposition of films was carried out using
reel-to-reel MOCVD equipment (Fig. 2). Solid
mixtures of complex compounds of yttrium,
barium, and copper with dipivaloylmethane were
used as precursors: Y(thd),, Ba(thd),(tetraglyme),
Cu(thd),. Since the long-term exposure of the
precursors at high temperatures leads to the
gradual loss of their ability to sublimation,
the sublimation was carried out by the flash



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

A. E. Shchukin et al.

evaporation of micro-portions of the solid
mixture of the listed precursors. For this, a tablet
(1) obtained by pressing previously purified by
sublimation (in the case of Ba(thd),(tetraglyme) -
recrystallization) and thoroughly mixed
precursors, was placed in an automatic dispenser,
which includes a device for microstepping
the tablet and a knife moving reciprocally in
the direction transverse to the axis of tablet
movement. With the simultaneous movement of
the tablet and the knife, very thin layers of the
precursor mixture were cut off, which turned into
a continuous stream of fine particles. Then these
particles, entrained by the argon flow, entered the
evaporator (2), heated to 335 °C, where they were
instantly evaporated. From the evaporator, the
flow of Ar and precursor vapours were directed
along a metal tube heated to 320 °C (3) into the
hot (T = 350 °C) distributor unit (4), in which it
was mixed with an oxygen flow and divided into
8 equal parts, uniformly distributed along the
entire length of the deposition zone (5). On both
sides of the precursor vapour outlet openings
into the deposition zone, there were outlets for
additional argon flow, which forms gas “curtains”
(8), directing the precursor vapours onto the
substrate wire which is heated to 820-850 °C. A
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reel with the rewind ability (7), driven by a stepper
motor, allowed setting the required rewind speed
(up to 30 mmy/s), and a braking asynchronous
motor on the feed reel allowed to keep the wire
tension necessary for reliable thermal contact
of the wire with the heated “table”. When the
precursors vapours with oxygen reached the
heated substrate wire, oxidative thermolysis
occurred with the formation of an oxide film
on the substrate surface. The gas products
of this reaction, together with the unreacted
vapours of the precursors, were pumped out by
a pump supplied with dust filter. The pressure
of 3.5 mbar was maintained in the reactor by
a control valve at the outlet of the reactor. All
gas flows were controlled by gas flow regulators.
For the deposition of the HTS film, an extensive
preliminary study on the selection of the optimal
gas flows and temperatures for each of the heating
zones of the MOCVD unit was performed.

As substrates, metal wires made of the heat-
resistant Hastelloy 276 alloy, covered with buffer
layers with the following multilayer architecture:
200 nm Ce0,(Gd,0,)/30~50 nm LaMnO,/5-7 nm
IBAD-Mg0/50 nm LaMnO,/50 nm Al,0,/60 pm
Hastelloy were used. The amorphous Al O, layer
prevented the oxidation of the metal wire and

Fig. 2. MOCVD equipment scheme: Precursor tablet (1), Evaporator (2), Transportation pipe (3), Distributor
4), Wire (5), “Table” (6) with heating, Reel with rewinding (7), “Curtains” (8), Windscreens (9), that restrict

precursor deposition on unheated wire parts
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the diffusion of its components into the HTS
layer during its high-temperature deposition;
the next LaMnO, layer reduced the roughness of
the growth surface and prevented the interaction
of the Al,O, and MgO layers. The biaxial texture
was created in MgO layer applied over LaMnO,
by ion beam assisted deposition (IBAD). The
biaxial texture was transferred epitaxially to the
deposited LaMnO, layer and then to the final
buffer layer of CeO,(Gd,0,) solid solution, which
has a slight mismatch between the UC and YBCO
parameters, also contributing to a decrease in
the number of ¢ |—oriented crystallites in the film
[18-21]. All used substrates were 12 mm wide;
therefore, the absolute values of the critical
current given below refer to this width of the
superconducting layer.

It is known that the MOCVD process of
multicomponent compounds is incongruent,
since the precursors of different metals have
differing values of volatility and thermal
stability. Therefore, the deposition process of
superconducting layers was preceded by the
stage of optimization of the precursors ratio in
the initial mixture of precursors. The elemental
composition of the obtained films, their phase
composition and the superconducting critical
current were studied. Thus, the region of
optimal composition of the films and the molar
ratio of precursors 1(Y):1.18(Ba):1.56(Cu) were
established for the optimal T-pO, deposition
conditions.

When choosing these conditions, we were
guided by the diagram described in [22], while
taking into account the features of the MOCVD
technology used (reel-to-reel unit, the use of a
“table” as a heating element): the temperature
of the heating element was 990 °C, the reel-
to-reel speed was 2 mmy/s, the precursor feed
rate was 9.6 g/h. In all experiments, an oxygen
partial pressure of 1.6 mbar was maintained;
constancy of pO, is extremely important, since
this parameter has the greatest effect on the
elemental ratio in the deposited films. For
samples with intermediate Y,O, layers the
deposition of the latter was carried out at a
temperature of 800 °C, wire reeling speed was 10
mmy/s and Y(thd), precursor feed rate was 3.2 g/h.

During high-temperature film deposition,
the YBCO phase was formed in the non-
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superconducting tetragonal modification with
the composition YBa,Cu,O, .. For the transfer of
YBCO into the superconducting orthorhombic
phase, the obtained samples were oxidized in an
oven at 450 °C and atmospheric pressure with
an additional supply of oxygen and subsequent

slow cooling.

2.1. Study of the elemental and phase
compositions of films, their morphology;
method for the determination of ¢ -oriented
grains concentration

Determination of the phase composition of
the films was carried out using Rigaku D/MAX
2500 and Rigaku SmartLab diffractometers with
a Ge (220)x2 monochromator with a primary
beam using Cu-K, radiation (A = 1.54046 A).
Diffraction patterns were recorded with Bragg-
Brentano geometry (Siemens, Rigaku D /MAX) or
with a parallel beam (Rigaku SmartLab). Scanning
was performed in the 6-26 scan mode with 0.02°
steps. The surface morphology of the films was
investigated using scanning electron microscopy
(SEM) with JEOL and LEO Supra 50 VP (LEO,
Germany) with a magnification up to 200000.

Cross-sectioned samples were prepared
using a Ga* focused ion beam (FIB)" and
HeliosNanoLab™ 600i (FEI, USA) electron-ion
microscope for investigation by transmission
and scanning transmission electron microscopy
(TEM and STEM, respectively). For the prevention
of damage to the sample surface, a protective
platinum layer with a thickness of about 1.5 ym
was deposited on the film surface before starting
the standard procedure for preparing a cross
section by the FIB method. Then the thin sample
was cut out using focused ion beam with Ga*
energy E = 30 keV and current I = 6.5 nA. This
sample was transferred using an Omniprobe
200 manipulator (Omniprobe, USA) directly
in the microscope chamber and welded by the
deposition of tungsten onto a special copper grid.
During the last stage, the sample was successively
thinned using FIB while changing the ion beam
parameters to E = 2 keV, I = 28 pA.

The studies were carried out using TITAN 80-
300 TEM/STEM (FEI, USA) with an accelerating
voltage of 300 kV, equipped with a spherical
aberration corrector, high-angle annular dark-
field detector (HAADF) (Fischione, USA), an
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analyser of characteristic electron energy losses
(GIF, Gatan, USA) and an energy-dispersive X-ray
spectrometer (EDAX, USA).

Since c|—oriented YBCO grains are formed
predominantly in the upper part of the
superconducting layer; the method of X-ray
phase analysis turned out to be insufficiently
informative for their quantitative determination
and even can provide incorrect information
about their content on the surface. Thus, it was
important to develop a quantitative detection
method of q -grains on the surface of the
YBCO film. For the determination of surface
concentration of < -oriented crystallites, the SEM
data were processed using the Image] software,
which allowed distinguishing zones with different
brightness of grey after transforming the original
image into an image with a combination of two
contrasting colours (Fig. 3).

In Fig. 3a c,-oriented grains which on SEM
images look like bright and light stripes can be
clearly seen against the background of ¢, matrix.
Areas occupied by ¢ |—0riented crystallites can be
selected and determination of the fraction of the
surface area occupied by these crystallites can be
performed using the Image] program (Fig. 3b).

2.2. Critical current measurement by the
“Superscan” method

Two methods for the determination of critical
current were used in the study: contactless
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Superscan technique and four probe method
for measuring current-voltage characteristics.
The latter was also used for the calibration of
the Superscan technique, which is described
below. The Superscan method was implemented
using a unit, the design and the measurement
principle of which are shown in Fig. 4a. During
the measurement of the critical current, the wire
was rewound from reel to reel, passing through
a Dewar vessel with liquid nitrogen, where it
cooled and transferred into a superconducting
state, passed between two poles of a permanent
magnet (0.15 T) and then passed through a
head with 9 Hall sensors covering the entire
width of the wire. Since YBCO is a type II
superconductor, the magnetic field penetrates
into the superconducting layer and initiates
an eddy current along the length of the wire.
Hall sensors measured the value of magnetic
induction corresponding to the current in the
wire. The signals from the Hall sensors were
recorded in a file containing all information about
the distribution of current along the width and
length of the wire, the file was analysed using
a computer program. The final presentation
of the results allowed determining the current
distribution of the critical current along the width
(transverse component) and the length of the
wire (longitudinal component) (Fig. 4a). In most
cases, the values of the critical current obtained
in this way were in good agreement with the

Fig. 3. Calculations of c-oriented grains using the Image] Software: SEM image (up view) of the YBCO film
surface (a), SEM image processing with the same area: c”—oriented grains are white coloured, ¢, grains are

black (b)
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Fig. 4. SuperSCAN method: Operating principle and obtained information (a), the comparison of SuperSCAN
method measurements (b) with 4-point probe measurements of segments 300-400 cm (1) and 4600-

4700 cm (2) (¢)
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results of direct measurements of the current-
voltage characteristics obtained by the four probe
method, as it can be seen from Fig.4(b and c). The
data for 1 m long sample are shown; it proves the
reliability of the Superscan technique.

3. Results and discussion

Numerous studies of the structure and
properties of epitaxial films of RBaCuO
superconductorsindicated that jc values of films
strongly depend on the cationic R:Ba:Cu ratio with
the best jc values achieved not in single-phase
films with a stoichiometric cation ratio of 1:2:3,
but in those with a significant deviation from this
composition. Since the YBa,Cu,O, phase does not
have a homogeneity range for cations, impurity
phases appear with a deviation from the ratio of
1:2:3. The resulting phase ensembles containing
the dominant epitaxial phase of YBa,Cu,O,
differ from equilibrium phase ensembles with the
same ratio of elements in polycrystalline powder
compositions or polycrystalline films. Thus, in
the presence of an excess of barium and copper
oxides in equilibrium polycrystalline samples,
the BaCuO, phase coexists with the YBa,Cu,O,
phase [23-25]. However, this impurity phase
was not observed in epitaxial films of (001)
RBa,Cu,0, (R = Lu, Ho, Y, Gd, Nd). In this case,
instead of it, (001)-oriented Ba,CuO, and BaCu,0,
phases were formed, and the latter existed only
until epitaxial contact with the YBa,Cu,0, .
A similar phenomenon was observed with an
excess of yttrium: the non-superconducting
Y,BaCuO, phase was thermodynamically stable
in polycrystalline samples. However, in thin films
with an excess of yttrium in the matrix of the
YBa,Cu,O,  epitaxial film, Y,O, nanoinclusions
with the size of 3-20 nm appeared [25]. These
and similar phenomena were interpreted as a
manifestation of epitaxial phase stabilization
due to the low energy of epitaxial interfaces [26].

Ba,CuO, and BaCu,0, phases formed with an
excess of barium and copper had a negative effect
on the superconducting properties of the epitaxial
HTS film, while Y,0, nanoinclusions on the
contrary improved them, being additional pinning
centres for the magnetic vortices, increasing the
stability of the critical current of the HTS film
in strong magnetic fields. Moreover, the excess
of Y,0, in the film shifted the phase ensemble
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to the YBCO-Y,0,-CuO, region with a lower
melting point, which accelerated diffusion and
suppressed the growth of a-oriented crystallites,
and this, in turn, led to a significant increase in
the critical current density [16]. The foregoing
considerations explain why, during the deposition
of YBCO films, we deliberately made an effort to
obtain compositions with an excess of yttrium,
composing the corresponding mixtures of volatile
precursors and considering the incongruence of
the MOCVD process. As a result of a large number
of iterative experiments, we found the optimal
ratio of precursors 1(Y):1.18(Ba):1.56(Cu), which
provided the highest critical current under the
chosen deposition conditions (at 77 K, H = 0) for
films of the same thickness.

In the XRD spectra of heteroepitaxial YBCO
layers with an excess of yttrium (Fig. 5), Y,0,
impurity in the form of dispersed particles
oriented by the <110> axis perpendicular to
the ab-planes of the matrix of the YBa,Cu,O,
phase, as evidenced by a blurred reflex (440) was
observed. In the context of the present study,
the ratio between the (006) and (200) reflections
of the YBa,Cu,0, phase corresponding to ¢,
and ¢ |—crystallites, respectively, was of interest.
Cuttings of the XRD spectra, including these
reflections for four film samples of different
thicknesses are shown in Fig. 5. The volume
content of the c,-phase (VC) can be determined
through the arearatio of the (200) and (006) peaks,
found by plotting curves, approximating each
peak separately: VC of c”—phase = S| /(S + S").
VC values of c,-phases calculated from the
spectra presented in Fig. 5 were 0%, 2.4%, 7.4%,
and 63.7% for samples 1-4, respectively.

The above procedure for determining the
surface content of the c,-phase according to SEM
data allowed establishing the fraction of the film
surface occupied by ¢ |—crystallites for the same
samples. Microphotographs of the surface of the
films of samples 1-4 are shown in Fig. 6.

These results (Figs. 5 and 6), as well as a
quantitative comparison of the XRD and SEM
results for films of successively increasing
thickness (Fig. 7) allowed us to conclude that
C -crystallites were located mainly on the surface
o% the films and, as the thickness of the film
increased, gradually filled its surface completely.
The dependence in Fig. 7 shows a clear non-
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Fig. 5. XRD graphs for the samples 1-4 with different quantities of ¢ -oriented grains

linear course corresponding to our ideas about
the development of growth of c”—crystallites in
the following stages:

1. The formation of nuclei - at this stage,
the competitive nucleation of crystallites of the
YBa,Cu,0, ; phase in ¢, and c”—orientations and
their initial growth occurred.

2. Extensive growth of nucleated crystallites
of the c | -phases on the surface of the film, as well
as the formation of new nuclei of this orientation.
The development of the process at this stage
is facilitated by three features: a) lamellar
crystallites of the tetragonal phase grow faster
along the base plane ab, than in the perpendicular
direction (single crystals of YBa,Cu,O, . phase
look as thin plates), b) c”—crystallites protrude
above the growth surface and therefore were the
first to meet the flow of the material feeding the
film during the growth of the HTS layer from the
gas phase, ¢) c”—oriented crystallites were easily
formed on c, oriented crystallites, while the
opposite was not observed.

3. Full surface coverage with cl—crystallites,
while there was practically no growth of ¢, phases.

130

The combined action of the factors listed in
the description of stage 2, as the film thickness
increased, led to the growth of colonies of
c |—oriented crystallites, which, as a result, covered
the entire surface of the film, suppressing the
growth of a conductive c, oriented layer.

The results shown in Fig. 7, clearly
demonstrated that surface analysis was the
most important stage in the study of the growth
of YBCO films (more indicative than XRD), since
it allowed understanding whether there is a
possibility of increasing the critical current with
increasing film thickness. Thus, if, according to
XRD data, the volume content of the C- phase
in the film was still not high and it was at the
level of 20-30%, then the surface may already be
so filled with this phase that further deposition
of HTS layers became ineffective in terms of
increasing the critical current. This is illustrated
in Fig. 8, showing the results of measurements
of critical currents (I ) and the microstructure of
the surface of the HTS layer, which was grown in
thickness (h) in 6 consecutive cycles of the YBCO
deposition. It can be seen that at a thickness (h)
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Fig. 6. SEM images of 1-4 samples. The calculated content of c"—oriented grains on the film surface is indicat-
ed on the corresponding photo
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Fig. 7. The dependence between the volume content of the ¢ |—oriented phase (from XRD data) and the surface
content of crystallites with this orientation (from the SEM data) on the YBa,Cu,O, ; film surface with increas-
ing thickness (thickness increasing along the X-axis)
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of about 1900 nm, the slope of the dependence I_
(h) changed sharply, and with further thickening
of the HTS layer, its critical current increased
insignificantly (Fig.8a), which was a direct
consequence of the fact that at a thickness of
1900 nm the film surface was almost completely
blocked with ¢ |—oriented crystallites (Fig. 8d).

It was already noted above that the change
in growth from a thermodynamically stable
¢, orientation to a kinetically favourable
c"—orientation was promoted by lowering the
temperature of the film growth surface. In
this context it is important to understand the
reasons for this cooling. Assuming that the total
thermal effect of decomposition and oxidation
of volatile precursors of metal components
of YBCO in the MOCVD process is low, it can
be argued that the temperature of the growth
surface reflects the ratio of the heat flux coming
from the heater located under the substrate to

2021;23(1): 122-139

Original articles

the radiant energy flux emitted by the heated
wire surface. The dependence of the thermal
conductivity of the YBCO film on its thickness
in the direction perpendicular to the substrate is
difficult to predict a priori, since it is influenced
by many factors. The crystalline anisotropy of
the superconducting phase causes the anisotropy
of thermal conductivity: in the direction of the
c axis (i.e. perpendicular to the substrate) the
thermal conductivity was 4-10 times lower than
along the substrate [27]. The uncertainty in the
value of the anisotropy factor was associated
with the dependence of the phonon thermal
conductivity (it dominates at a high temperature
of film deposition) on the crystallite size of
the film, which depended on the method and
conditions of film deposition, but increases with
increasing film thickness. At the same time, the
fraction of c,-crystallites increased, which, as
well as the coarsening of grains, contributed

Fig. 8. a) The thickness dependence of critical current in YBCO films produced in 6 sequential MOCVD cycles;
b-d - the YBCO film surface evolution with an increase in its thickness (thickness is shown on the images)
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to an increase in thermal conductivity in the
direction of the growth surface. At the same time,
packing defects and plane defects accumulated
in the film at the boundaries of the layers
deposited during successive passes of the wire
through the deposition zone. These defects
were perpendicular to the direction of the heat
flux through the substrate and, according to
[27], reduced the thermal conductivity. However,
the experiment in [27] found an increase in
the thermal conductivity along the normal to
the substrate with increasing film thickness
suggested that the effect of the recrystallization
factor dominated, reducing the grain boundary
scattering of phonons.

Another factor that strongly influenced
the temperature of the growth surface was the
intensity of the light energy flux emitted by it.
The emissivity of the surface, which is at the
maximum for a black body, strongly increased
with an increase in the roughness of the radiating
surface [28, 29]. The roughness itself increased as
the thickness of the HTS crystal layer increased.
The overgrowth of ¢ |—Crystallites, rising above the
average surface height, especially promoted an
increase in roughness, an increase in emissivity,
and a decrease in the temperature of the growth
surface with constant heat supply from the
heater.

Anincrease in the growth surface temperature
by increasing the heater temperature, which
seems to be the simplest solution counteracting
the formation of c|—orientation is not an
appropriate approach. In this approach, it
was difficult to avoid the overheating of the
underlying YBCO layers; the danger of their
incongruent melting increased, since the
deposition temperature was very close to the
peritectic temperature. In addition, when the
temperature rose above 1000 °C a noticeable
degradation was observed in the substrate
(oxidation of its reverse side, crystallization
of the amorphous buffer Al,O,, the Y,O,
layers, causing additional roughness of the
growth surface). Finally, the need for repeated
adjustment of the heater temperature when
applying successive YBCO layers significantly
complicated the process of obtaining HTS wires.

An alternative method of preventing the
growth of ‘ -crystallites is based on the creation

2021;23(1): 122-139
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of mechanical stresses in the growing YBCO
film at the interface with the substrate or with
an additionally introduced buffer layer. It
was previously noted that on perovskite-like
substrates with a minimum lattice mismatch with
the a-parameter of YBCO, it was especially easy to
switch ¢, growth to < -growth (with a smaller film
thickness and at a higher growth temperature)
[30, 15]. On the contrary, films on substrates
with a large parameter mismatch at the interface
with YBCO, for example, on MgO, demonstrated
a stable ¢, growth. These facts prompted some
studies [13, 31], in which GdBCO/Gd,0,/SrTiO,
and YBCO/BaZrO,/MgO heterostructures,
practically devoid of ‘ -crystallites due to buffer
layers with a significant difference in parameters
at the interface, were obtained.

In this study, we have applied the idea of
introducing intermediate layers, causing stresses
in the growing film and thus preventing the growth
of ¢,-crystallites for the increase in the thickness
of tLe HTS layer while maintaining the critical
current density. Yttrium oxide was chosen for the
intermediate layers for the following reasons: first,
it can form epitaxial contacts with YBa,Cu,O,
due to which, under high deposition temperatures,
the chemical interaction typical of polycrystalline
contacts of this system was absent [26]; second, the
epitaxial nature of the contacts allowed preserving
the sharp biaxial texture of the HTS layer, despite
the introduction of a non-superconducting phase;
third, Y,0, is a simple oxide, therefore, during
its precipitation, impairment of the cationic
stoichiometry did not occur.

It is obvious that the development of parasitic
| -crystallites must be controlled during the stage
o% nucleation; however, during subsequent stages
of growth it will be unproductive. Therefore, the
deposition of YBCO and Y,0, layers alternated
starting from a thickness of ~ 100 nm. With the
selected both movement speed of the substrate
wire and the Y(thd), precursor feeding rate, the
thickness of deposited Y,0, interlayers should
have been ~ 10 nm. An XRD of the obtained
composite samples with 4 interlayers of Y,0,
(Fig. 9a) showed a significant decrease in the
number of q -oriented crystallites in the films in
comparison with YBCO films.

The same was evidenced by a comparison
of the XRD data for films of YBCO and Y,0O,
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Fig. 9. The graphs of YBCO samples without interlayers (1) and with Y,0, interlayers (2): XRD analysis of the

samples with film thickness of 2000 nm (a); The comparison of c”—phase quantity on different film thickness-
es: from XRD data (b), from SEM data (c)
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composites obtained on a large set of samples in
which the thickness of the HTS layers reached 4
um (Fig. 9b): the introduction of Y, 0, interlayers
can significantly reduce the proportion of c,-
oriented crystallites in the film, and this effect
was especially pronounced when the total
thickness of the HTS layer exceeded 1500 nm.
The alternation of YBCO and Y, 0, layers created
an obstacle to YBCO growth in the ¢ -orientation,
since the parameters of the crystal lattice of
Y,0, had a greater mismatch with it than the
c-oriented YBCO film. The deposition of the
upper layer of Y,0, with different UC parameters
creates an additional stress at the interface with
the next YBCO layer, which causes a predominant
growth of ¢, oriented crystallites, despite the
obvious decrease in the surface temperature with
a successive increase in the film thickness

For the control of the surface condition
and understanding of the possibility of further
deposition of HTS- layers with a high current
density, all samples were studied by SEM with
the measurement of the fraction of ¢ |—crystallites
on the surface (Fig. 9c) using the Image] software
package. For all samples, the critical currents were
also measured using the Superscan method. The
results of these measurements are shown in Fig.
10 (a, b).

It was found that with a thickness close to 2
um, with the absence of yttrium oxide interlayers,
C -oriented crystallites with a total film thickness
0% about 2400 nm occupied 98% of the surface,
which was accompanied by the termination of the
growth of the critical current with an increase in
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the film thickness. In films with interlayers the
pattern changed significantly: the formation of
Y,0, layers noticeably decreased the density of -
oriented crystallites; however, after a thickness of
more than 2400 nm, the critical current in films
with interlayers did not significantly increase
(Fig.10a). Since, due to the presence of Y,0,
interlayers such films were thicker than similar
films without interlayers, after recalculation
for the critical current density, the differences
in the current-carrying capacity of films with
and without interlayers were not so large. The
maximum j, 2MA/cm? (77 K, SF) value was
obtained for the composite film thickness of 1850
nm with six Y, O, interlayers (Fig.10b).

The main reason for the decrease in j with a
further increase in the thickness of the composite
superconducting layer, was revealed using a TEM
of cross sectioned samples. The morphology of a
sample formed by successive deposition of ten
YBCO layers with nine Y,0, interlayers with a
total thickness of the composite layer of 2.6 ym
is shown in Fig. 11.

The photo clearly shows the darker YBCO layers
and the lighter Y,0, interlayers with a thickness
close to 10 nm, located almost equidistantly,
as was expected from the conditions of their
deposition. Due to the colour contrast of matrix
and interlayers g -oriented YBCO crystallites
can be distinguished easily: upon deposition the
Y,0, interlayer covered ‘ -crystallites protruding
above the growth surfaces, thus rectangular steps
were formed, some of which are shown in Fig. 11
with arrows. The TEM data of the cross section
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Fig. 10. The graphs of YBCO samples (1) and “YBCO + Y, 0, interlayers” composites (2): Thickness dependen-
cies of: a) critical current (A/12 mm of width, 77 K, SF); b) critical current density (77 K, SF)
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Fig. 11. SEM image of a cross-section of 10 layers of
a YBCO sample with 9 Y,0, interlayers: Y,0, layer
roughness caused by o -crystallites (1); flat Y,0, par-
ticles parallel to the substrate plane (2)

(Fig. 11) were consistent with the SEM results
of the surface of films of different thicknesses
(Fig. 9c). Indeed, both methods revealed the
formation of c"—crystallites in composite films
in a noticeable concentration, starting with a
thickness of ~ 1 ym.

The good conformity of the interlayers (Y,0,
layers with the uniformthickness covered faces of
d and c,-crystallites), which was a consequence
of the epitaxial nature of these contacts and
low surface tension at the interface. The TEM
results in Figs. 11 and 12 revealed an important
feature of the morphology of composites, which
confirmed the initial hypothesis of this study:
Y,0, interlayers completely cover cl—oriented
grains and block their further growth along the
plane ab, during the deposition of the next YBCO
layer on the Y,0, only ¢, -oriented crystallites are
nucleated. This was confirmed by Figs. 11 and 12,
the orientation of the YBCO layers adjacent to |-
crystallite is shown on Fig. 12 by arrows indicating
the crystallographic axes.

In the YBCO matrix, multiple inclusions of
Y,0, nanoparticles predominantly in the form
of flat flakes elongated along the plane of the
substrate were clearly visible. These particles
were formed as a result of the deliberately
enriched composition of YBCO with the yttrium
component in comparison with the stoichiometry
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of 1:2:3 [16]; they must play the role of pinning
centres increasing the stability of the critical
current of a superconductor in a magnetic field.

Starting from a thickness of ~ 1.5 pm,
nanosized pores started to form in the composite
layer. They are clearly visible in Fig. 11 and
enlarged in Fig. 12b. This phenomenon was noted
in [11], but there is still no clear understanding
of the reasons for their formation. The TEM
results allowed proposing the following scenario
for the formation of nanopores. For the gas
phase epitaxial crystallization of films of
multicomponent phases, in particular, YBa,Cu,O, .
itis necessary that each of the components in the
vapour reach the growth surface and be able to
freely move along it due to the surface diffusion
of atoms or ions.

Colonization of the growth surface with
c |—oriented crystallites noticeably changes both
the accessibility of this surface for particles in
vapour and the conditions of surface diffusion.
Between the walls of adjacent c,-crystallites
“wells” with an aspect ratio of > 2 formed (Fig.
12b), the conformal filling of which with a ¢,
YBCO layer becomes difficult. It is known from
the fundamentals of gas dynamics and mass
transfer that a diffusion layer forms above the film
growth surface. This barrier must be overcome by
particles from the gas phase in order to reach the
surface. The thickness of this layer increases at the
lowering of the gas flow rate and it is obvious that
in “wells”, where the flow rate is low, the diffusion
layer has the greatest thickness and provides the
greatest resistance to the penetration of YBCO
components into the growth surface. It should
be noted that the inner surface of nanopores in
the composites obtained by us was conformally
coated with a Y,0,, and in the study [13],
dense filling of spaces between neighbouring
c,-crystallites of YBCO with copper oxide was
noted on TEM-images, i.e., the delivery of the
yttrium and copper components from the vapour
completely ensures the filling of nanopores. It can
be argued with great certainty that the lack of the
barium component prevents the formation of the
HTS phase between neighbouring & -crystallites,
which can be attributed to the high molecular
weight of the particles supplying the barium
component, although their true composition is
unknown.



Condensed Matter and Interphases / KoHaeHCcMpoBaHHble cpeabl U MexXda3zHble rpaHuLLbl

A. E. Shchukin et al.

2021;23(1): 122-139

Original articles

Fig. 12. TEM images of the areas with ¢ -oriented crystallites covered by Y, O, layer: ¢, -oriented YBCO growth
on c"—oriented crystallite is demonstrated (a); Pore formation near q oriented crystallites (b)

cl—crystallites rising above the surface
significantly increased the roughness of the
surface. This contributes to its cooling and
sharply increases the path of surface diffusion
which the adsorbed particles of the components
must pass before they will occupy places with a
local minimum of energy. As a result, the surface
diffusion flux turned out to be insufficient for
providing the conformal growth of the phase,
primarily in the spaces between closely-spaced
vertical c”—crystallites. Comparing the values
of the atomic masses and radii of the cations
composing the YBa,Cu,O, ; phase, it can be argued
that the least diffusion-mobile was the largest
and “heaviest” cation, Ba*, therefore, the local
deficiency of barium (arising from the difficulties
of its delivery through the surface diffusion layer)
cannot be compensated for by its lateral diffusion
movement. Thus, it can be argued that superficial
‘ -crystallites complicated both successive stages
of gas phase epitaxy of YBCO, which are the
supply of nutrients to the growth surface and
surface diffusion along it. As a result of the close
location of neighbouring c, crystallites between
them, places not filled with the crystallizing
YBCO phase arose, i.e., nanopores lowering the
critical current density of superconducting layers
of large thickness.

Conclusions

Heteroepitaxial layers of a high-temperature
YBCO superconductor and laminated composites
YBCO/Y,0,, components of 2G HTS wires, were
obtained in deposition mode on a continuously
moving wire substrate by the MOCVD method.
It was shown that after reaching the YBCO
thickness of ~ 1900 nm, the preferred orientation
of the growth of the YBa,Cu,O, phase in the
surface layer changes, as a result of which the
surface is covered with < -crystallites preventing
the passage of the superconducting current
in the direction along the substrate wire; this
circumstance lowers the critical current density
and does not allow an increase in the current-
carrying capacity by increasing the thickness of
the HTS layer. It was shown that the method of
scanning electron microscopy is more informative
than the XRD for the analysis of the orientation
of surface crystallites. The method for reducing
the concentration q -oriented crystallites in
laminated YBCO/Y,0, composites was proposed
and experimentally tested. It was shown that thin
(~ 10 nm) layers of Y,0, prevent the emergence
and development of c,-oriented crystallites,
they do not impair the highly oriented state
of the HTS matrix, and they allow obtaining
predominantly c,-oriented YBCO layers with a
thickness up to 4 um. Due to this, it was possible
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to increase the critical current by 25-30% and
obtain wires with a current-carrying capacity
of 500 A (12 mm wide, 77 K, in the intrinsic
magnetic field), while maintaining a high critical
current density (j, > 2 MA/cm). Using the TEM
method, it was shown that the main reason for
the decrease in j_ with a further increase in the
thickness of the composites is the formation
of nanopores in the near-surface layer of the
growing film. The reasons for the appearance of
nanopores were analysed and it was concluded
that they were formed due to the proximity of =
oriented crystallites, causing an increase in the
thickness of the diffusion near-surface boundary
layer and inhibiting the surface diffusion flow.
It was suggested that during the formation of
nanopores, the difficulties with delivery to the
surface from the vapour and difficulties in surface
diffusion were characteristic primarily for the
barium component of the HTS.
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