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Improved crystalline quality and self-field .J. in
sequentially vacuum-multilayered YBCO thin films
on buffered metallic templates

M. M. Aye, E. Rivasto, T. Vaimala, Y. Zhao, H. Huhtinen and P. Paturi

Abstract—The effect of simple in siru vacuum treatment be-
tween the sequentially multilayered YBCO thin films by pulsed
laser deposition is investigated. The vacuum treatment during
the growth intervals is observed to have a diminishing effect
on the formation of structural defects along the c-axis of the
YBCO lattice. This greatly improves the structural properties of
the film, ultimately resulting in almost 40% increased self-field
critical current density. The underlying mechanisms behind the
vacuum treatment are comprehensively discussed with the help of
Kinetic Monte Carlo simulations, suggesting that the improved
crystalline quality of each sublayer results from desorption of
weakly bound atomic species from the film surface thus reducing
probability of defect formation in the following ablation interval.

Index Terms—HTS, YBCO, multilayers, thin film growth,
crystalline quality, flux pinning, critical current density.

I. INTRODUCTION

O maximize the absolute critical current density J. of
YBCO thin films and coated conductors at high mag-
netic fields favourable for electric power applications [1]-[7],
requirements of both the high crystalline quality and opti-
mal flux pinning properties should be fulfilled [8]-[10]. The
flux pinning structure organized with an artificially produced
nanocolumn network within the YBCO matrix that maximally
pins the vortices is widely studied [11]-[17], but the formation
of crystalline defects that directly affect the shortening of
the electron mean free path and thus the zero-field critical
current density has got less attention in the field of high-
temperature superconductors [9], [18]-[21]. In the zero- and
low-field applications below ~100 mT, the crystalline structure
of YBCO is solely responsible for maximum J. and in the
mid-field applications between 100 mT and ~2 T, the J. at the
zero-field unambiguously limits the in-field properties [10].
Solving the difficulties of depositing thick YBCO films
of high crystalline quality has been tried by many differ-
ent methods, where at least off-axis deposition [22]-[26],
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Fig. 1. The schematic diagram of the multilayer structures, where 4x500
(4L:VAC) and 8x250 (8L:VAC) pulses of YBCO were deposited with 2 min
vacuum treatment between the layers. The film structures were deposited on
the metallic hastelloy C276 template with IBAD-MgO based buffer layers and
the YBCO single layer film of 2000 pulses (1L) is prepared for comparison.
The total thickness of 1L, 4L:VAC and 8L:VAC films is ~ 380 nm.

various buffer layer structures [27]-[31], complicated high-
rate or rapid interval depositions [32]-[34] have brought the
desired improvement in YBCO microstructure, by affecting
the growth mechanism and decreasing the formation of the
defects through the YBCO lattice. Since the crystalline growth
is greatly dependent on the relaxation of the substrate induced
strain and the formation of the dislocations, the optimal
thickness with epitaxial growth defines the limit above which
self-field J.(0) starts to decrease dramatically. Therefore, by
limiting the thickness of the single layer, but forming a
multilayer structure from the several individual layers that are
separated by a very thin layer of other oxige such as CeO or
SrTiO3 [35]-[38] has also been successfully used for improv-
ing the self-field properties. Since these methods consisting of
multilayers of several oxides are usually complicated to realize
as well as they are time and material consuming, we have tried
to focus on the simple in situ deposition method producing
sequentially multilayered undoped YBCO thin films, where
during the intervals the relaxation of the interface layer in
vacuum has been carried out. Based on the structural and
magnetic chaeracterizations of the films, we have obtained
clearly improved properties in YBCO thin films deposited on
buffered metallic templates.

II. EXPERIMENTAL DETAILS

The YBCO multilayers of various layer thicknesses were
manufactured by pulsed laser deposition (PLD) from the
nanocrystalline YBCO target [7], [39] on metallic tem-
plate (Hastelloy C276) with an advanced Al,O3/Y203/IBAD-
MgO/LaMnOs3/CeO, buffer layer structure (Fig. 1). The mul-
tilayer structures of 4x500 (4L:VAC) and 8x250 (8L:VAC)
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Fig. 2. The normalized XRD rocking curves (w-scans) of the YBCO (005)
peaks measured from the YBCO multilayers (the main panel). In the inset, the
XRD (102) peaks as functions of 26 and relative ¢ are given for the samples
1L and 8L:VAC.

TABLE I
STRUCTURAL PROPERTIES OF YBCO FILMS DETERMINED BY XRD
MEASUREMENTS.

Sample  c(A)  AOC) Ad(C) Aw) I1(005)/1(004)
L 1173 027 340 249 131
4L:VAC 1172 022 3.39 224 12.7
SL:VAC 1173 021 285 2.12 137

pulses producing 4x95nm and 8x47nm layer thicknesses
were deposited applying 2 min vacuum treatment of 1073 torr
between the layers. The details of the PLD system and
buffer layer structures are given elsewhere [7], [40]. The
crystalline quality was studied by x-ray diffractometry (XRD)
with PANalytical Empyrean diffractometer in Bragg-Brentano
mode. The incident x-ray beam was collimated with a Bragg-
Brentano™P mirror, using a 1/4° divergence slit and 0.04 rad
Soller. A PIXcel®P was used as a detector. High-resolution
transmission electron microscopy (HRTEM) was performed
with a JEOL JEM-2200FS electron microscope combined with
200 kV field emission gun (FEG) and in-column energy filter
(Omega filter). In addition, a probe-corrected scanning TEM
using high-angle annular dark-field imaging (HAADF STEM)
was performed with Titan 80-300 at the voltage of 200kV.
The magnetic properties of the films were investigated with
a Quantum Design PPMS system, where the critical tem-
peratures were determined from the ac magnetization curves
and the magnetic field dependences of the critical current
densities from the opening of the hysteresis loops using the
Bean model for rectangular films. The angular dependent
transport properties with angular range from 0 to 360° were
measured using a horizontal rotation option of the PPMS. The
accommodation field B*, which is defined as an upper limit of
the low-field plateau of J.(B), was determined by the criterion
Je(B)/J:(0) = 0.9 [41].
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Fig. 3. Cross-sectional HRTEM images of samples 1L and 4L:VAC, where
the upward direction corresponds to YBCO c-axis. The bottom images in
both 1L and 4L:VAC are taken from the interface of top buffer layer CeOq,
while the images on the top are from the surface layer of the films. The red
markings on the image of film 1L indicate the edge dislocations collectively
positioned along the YBCO c-axis, as also shown in the inverse FFT image
on the top right corner.

III. RESULTS AND DISCUSSION
A. Vacuum treatment governed structural properties

The effect of multilayering in crystalline quality and for-
mation of structural defects were studied by XRD and the
collection of the most important parameters is shown in Table
I. As can be seen, the length of the c-axis of the YBCO
unit cell as well as the intensity ratio between the peaks
1(005)/I(004) do not systematically vary in single layer and
multilayered films, indicating similar oxidation level in all the
films. Instead, as can be seen in Fig. 2, the broadening of the
XRD peaks is clearly diminished in all 8, ¢ and w directions.
This unambiguously demonstrates that the variation in the
unit cells and the number of structural defects such as low-
angle grain boundaries are reduced by multilayering and the
unit cells are much better aligned, increasing the out-of-plane
lattice ordering in multilayered YBCO films [42].

Based on the cross-sectional HRTEM images of samples 1L
and 4L:VAC shown in Fig. 3, we can conclude that there are
similar types of edge dislocations along the a/b-plane from
the substrate interface through the whole film in both 1L and
4L:VAC films. However, as can be seen in the images taken
from the surface, the greater number of edge dislocations in
1L film are mainly oriented in chains along the YBCO c-axis,
being nicely in accordance with our XRD results. This clearly
shows that our vacuum-multilayering remarkably reduces the
formation of structural defects in the YBCO matrix.

B. Improvements in superconducting properties

As shown in Fig. 4(a), Tt onsetS are almost the same in
all 1L, 4L:VAC and 8L:VAC films. However, the transition
is clearly narrower when increasing the number of vacuum
treatments during the deposition and thus the second phase
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Fig. 4. (a) The normalized ac magnetizations as functions of temperature. The inset table shows differently determined critical temperatures from the onset
temperature T¢ onset, zero level Tt zero and from the middle of the transition Tt 1iq. (b) The magnetic field dependences of J. determined from the magnetic
hysteresis loops at 10 K. The inset shows how the multilayering in vacuum increases the J.(0) but decreases B* in films 1L, 4L:VAC and 8L:VAC.

starting around 80K in 1L film disappear in both multilayered
films, being in line with their higher T ;g and T¢ ,er0 values.
When looking at the J.(B) curves in Fig. 4(b), we can
obtain that multilayering significantly increases .J. below the
magnetic field of 1 T. As shown in the inset, when compared
with the single layer YBCO film 1L, the J.(0) is increased
~39% and ~30% in films 4L:VAC and 8L:VAC, respectively.
However, the vacuum-multilayering has a decreasing effect on
B*, since its value is highest in film 1L. Above 1T, all the
J.(B) curves follow each other, showing that the multilayering
and the sequential vacuum treatment are insignificant in terms
of flux pinning.

As in magnetically measured J.(B) curves above 1T, the
similar tendency can also be seen in the angular dependent
Jc(0) curves carried out in high magnetic fields, where the
absolute J.s do not differ from each other in (Fig. 5). When
looking at the shape differences of the J.(6) curves, we can
see that the multilayering clearly improves the symmetry of
the c-axis peak. The asymmetry of the J.(6) curve, especially
in the vicinity of YBCO c-axis, can be explained by the film
growth on the inclined buffer layer structure formed during
the IBAD process, forming grain boundaries tilted from the
normal vector of the surface [43], [44]. The formation of
the c-axis peak is earlier connected to our nanograined target
material, which in addition to reduced grain boundary transfer
[7] decreases the twin domain size, leading to greater number
of twin boundaries and other threading dislocations along the
YBCO c-axis [39], [45]. In summary, we can conclude that the
self-field properties are unquestionably improved by vacuum-
multilayering, which originate from the modified coherence
length and penetration depth, and lengthening the electron
mean free path of YBCO.

C. Mechanism of advanced film growth by vacuum annealing

Next, we will strive to explain the underlying mechanism
behind vacuum-layering deposition that ultimately results in
improved crystalline quality. In order to do this, we have
deposited a film corresponding to the 4L:VAC but instead of
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Fig. 5. The angular dependences of J. measured in 4T and 8 T fields at 40K
for single layer 1L and multilayered 4L:VAC and 8L:VAC films.

pumping the vacuum between ablation intervals the pressure
of oxygen within the deposition chamber was kept constant for
the 2 min period. The magnetically measured critical current
density at zero field was in this multilayer film substantially
lower, showing only ~7% improvement when compared with
the 4L:VAC-film with almost ~40% improvement to the single
layer film 1L. This suggests that the modification of crystalline
structure happens solely via desorption of unit structures when
the vacuum treatment takes place. It is evident that under
vacuum the surface of the film becomes more susceptible to
the desorption of units of film structure. The desorption is
more likely to happen for weakly bound species associated
with dislocations in their vicinity. Thus, the vacuum-treatment
could be expected to reduce the number of dislocated unit cells
near the surface of film. This would naturally diminish the
dislocation induced absorption of other deformed structures
of the unit. Vice versa, the adsorption of well-structured units
would be enhanced during the upcoming round of ablation.
This model would qualitatively explain why the chains of edge
dislocation were observed only for the 1L-film while for the
4L:VAC-film they were completely absent (Fig. 3).
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Fig. 6. A schematic illustration of the adhesion energies associated with
different configurations of particles within the performed KMC simulations.
The green squares indicate normal unit cells (N) while the red squares indicate
dislocated unit cells (D). The dislocations can be located either left, right, top
or bottom of the square and are respectively indicated by serrated lines. The
adhesion energies used in the simulation fulfill the criterion FnN > Epp >
Exp > Eppr.

In order to provide further quantitative proof for the above
described model, we have modelled the vacuum-multilayering
deposition process by Kinetic Monte Carlo (KMC) based
model [46]. The KMC simulations are based on a discrete grid
of arbitrary units of structure. The evolution of film growth
(or corrosion) is then simulated by iterating the following
algorithm: i) List all plausible adsorption (or desorption)
events for the current grid, ii) determine the adhesion energies
associated with the events based on the interaction of nearby
units, iii) update the grid by stochastically choosing an event
weighted by the previously determined energies.

Here, we have considered a total of five structures of units,
including a single normal unit (N) along with four distinct
dislocated units (D). The dislocated units differ from each
other by the location of the dislocation that can take place
either at the top, bottom, left or right side of the unit. Note
that we do not address the exact physical correspondence of
the associated structures of the unit due to the complexity
of the PLD deposition process. Thus, the adhesion energies
between these units are ultimately arbitrary. However, one
can intuitively propose that the adhesion energy between
two normal units (Eny) is greater than between normal and
any dislocated unit (Exp). Moreover, the Eny is evidently
greater when compared with the adhesion energy between
any of the dislocated unit cells. We specify these energies
as Fpp and Epps corresponding to different locations of
the associated dislocations as illustrated in Fig. 6. We find
it rather natural to assume that Fpp > Enp meaning that the
existing units within the grid induce the adsorption of similar
units in their vicinity. Correspondingly, we further assume that
FEpp > Epp/. These assumptions are directly linked to the
experimentally observed formation of edge dislocation chains
for the 1L-film (Fig. 3). In summary, the associated adhesion

4MPol1E-03 4

(a) m— \/AC-300/1000 m— \VAC-200/1000

1.02 VAC-275/1000 VAC-100/1000
—_ m— \/AC-250/1000 s NORM.
3: m— \/AC-225/1000
©
~ 1.00 4
>
£
©
=}
T 0.98
49}
£
k]
0 0.96
>
o
o

0.94 A

0.2 0.4 0.6 0.8 1.0
Film thickness (a.u.)

NORM.

150 150

VAC-300/1000

Fig. 7. (a) The normalized crystalline quality as a function of film thickness
for normal (NORM.) and vacuum treated (VAC-Nyac/Nap)) KMC simu-
lations. The solid curves represent the average crystalline quality and film
thickness while the error bars indicate the associated standard errors. (b)
Tomographies of the simulated films resulting from normal and vacuum
treated growth (Nyac = 300). The red regions illustrate the dislocations
oriented along the y-direction of the grid (c-axis) while the blue regions are
associated with defects along the z-direction (a/b-axis). The black solid line
illustrates the surface of the film.

energies should fulfill
Exn > Epp > Exp > Eppr - (1)

With the previous conclusions in mind, we have semi-
arbitrarily chosen Exy = 1, Epp = 0.7, Enp = 0.03
and Epp, = 0.01. In particular, with the associated choice
of energies the simulation coincides with the experimentally
observed results for 1L by the formation of the c-axis oriented
chains of dislocated units. The total adhesion energy of a unit
(Etot) is calculated as the sum of the adhesion energies of
four nearest neighbours. In the case of desorption processes,
the associated event probabilities had to be weighted using
energy Fhase — Fiot, Where the base energy Ehage = 3.1 18
arbitrary as long as it is greater than the maximum possible
Etot-

We have used a 200x130 sized grid that compromises
between the computational efficiency and statistical relevance
of the results. The grid was initialized with the 2-layers of
normal units, on top of which the particles were ablated using
a total of N, = 1000 iterations. We have allowed desorption
processes during the ablation with a 20% probability. The
vacuum treatment was modelled as a total of N, iterations
during which the particles were solely desorbed from the sur-
face. The ablation-vacuum treatment process was then repeated
until the average thickness of the film had reached 120 units.
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We have probed the crystalline quality of the resulting films
by calculating the relative amount of N-unit with respect to the
whole film. Fig. 7(a) presents the simulated crystalline quality
as a function of film thickness for both normal and vacuum-
treated samples with different N, ranging between 100-300.
The increase of the ratio Ny,./Nap1 can be observed to lower
the decay rate of crystalline quality as the film grows until it
remains somewhat constant for N,,. = 300.

Fig. 7(b) further illustrates the distribution of differently ori-
ented defects within the normal and vacuum-treated (Nyac =
300) films. One can observe that the vacuum treatment re-
sults in the substantial decrease of vertically (c-axis) oriented
defects, in particular, similarly what was seen in the TEM
images presented in Fig. 3. Therefore, we conclude that the
vacuum layering improves the crystalline quality eminently via
desorption of weakly bound atomic species, which reduces the
number of dislocations near the surface of the film resulting
in smaller probability of dislocation formation during the
upcoming ablation interval.

IV. CONCLUSIONS

We have studied the effect of sequential multilayering to-
gether with vacuum treatment during the layer intervals in the
growth of YBCO thin films. Based on our detailed structural
analysis, we have shown that the multilayering unambiguously
improves the growth mechanism by enhancing the crystalline
quality and decreasing the defect formation along the YBCO
c-axis. The improved structural properties lead to clearly
increased self-field J.. We argue, that the underlying mecha-
nism behind the vacuum treatment is related to desorption of
weakly bound atomic species from the film surface resulting in
reduced probability of dislocation formation in the upcoming
ablation interval. This ultimately results in the experimentally
observed improved epitaxial growth of the film.
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