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Precise Tuning of (YBa,Cu30;.5):..:(BaZrOs), Thin Film

Nanocomposite Structures

Run Zhao, Weiwei Li, Joon Hwan Lee, Eun Mi Choi, Yan Liang, Wei Zhang, Rujun Tang,
Haiyan Wang, Quanxi Jia, Judith L. MacManus-Driscoll,* and Hao Yang*

Self-assembled nanocomposite films and coatings have huge potential for
many functional and structural applications. However, control and manipu-
lation of the nanostructures is still at very early stage. Here, guidelines are
established for manipulating the types of composite structures that can

be achieved. In order to do this, a well studied (YBa,Cu30;.5);.,:(BaZrO3),
‘model’ system is used. A switch from BaZrO; nanorods in YBa,Cu;07._s
matrix to planar, horizontal layered plates is found with increasing x, with

a transitional cross-ply structure forming between these states at x = 0.4.
The switch is related to a release in strain energy which builds up in the
YBa,Cu30;_s with increasing x. At x = 0.5, an unusually low strain state is
observed in the planar composite structure, which is postulated to arise from

a pseudo-spinodal mechanism.

1. Introduction

Both “top-down” lithography and “bottom-up” self-assembly
methods are used to fabricate nanostructures. As the tech-
nology is pushed to ever-smaller length scales, lithography
becomes increasingly challenging. Simple and cost-effective
self-assembly processes have attracted tremendous atten-
tion for creating a range of nanoscale structure types.2 For
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example, self-assembly has been success-
fully demonstrated in copolymers, mem-
branes, and proteins.’~% In general, great
strides have been made in organic systems
but with very limited progress in inor-
ganic systems.”# On the other hand, the
area of metal oxide electronics is growing
rapidly because of the exciting prospects
for next generation devices in data pro-
cessing and storage.> 'l Additionally, tre-
mendous application possibilities exist by
employing nanocomposite oxides in func-
tional systems, e.g. those incorporating
superconductors, solar cells, ferroelec-
trics, multiferroics, metamaterials, col-
loidal matter, and biosensors etc.l*812-18]
Exciting possibilities also exist in struc-
tural systems, e.g. coatings for wear resistance and in smart
materials.'-2!l However, while considerable work has been
undertaken over the last 20 years to understand self-assembly
of semiconductor quantum dots in thin films, including under-
standing of long range elastic interactions and strain effects,
much less has been studied for oxide films.?>261 We now
need to be able to dial in the precise structure so as to give
novel functionalities by interaction or coupling between the
constituents.[®1213]

So far, in the (YBa,Cu30;.4)14:(BaZrOs), system, the focus
has been on low x (typically <0.2), since for these values
improved flux pinning properties are obtained.l?’-3¥] Here, we
study this system further to investigate how wide ranges of the
x value (x = 0.05, 0.15, 0.25, 0.4, and 0.5) influence the forms
of nanocomposite structure. A complete understanding of the
problem would require full knowledge of the thermodynamics
of the system, knowing precise interfacial energies of all inter-
faces in the system in three dimensions. This includes knowing
the elastic constants of the constituents in three dimensions.
Without the availability of this information, we can only use
assumptions about the different interfacial energy terms which
need to be considered. Hence, here we apply a simple strain
energy balance for the vertical nanorod versus horizontal plate
structures observed. We make assumptions about interfacial
energies based both on experimental observations and on con-
sidering relative magnitudes of values for the two different
structures. From this analysis, we are able to understand why
in the (YBa,Cu307.5)1.4:(BaZrO;), system a switch occurs from
vertical nanorod to horizontal plate nanostructure, and we
predict in which other nanocomposite systems this is likely to
occur.
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Figure 1. Cross-sectional TEM images of YBCO:BZO thin films with compositions of x =
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(a) 0.05, (b) 0.15, (c) 0.25, (d) 0.4, and (e) 0.5. The bright and

dark contrasts correspond to the YBCO and BZO, respectively. The BZO nanocolumns or nanolayers are marked by white arrows. In figure (e), Y and B
represent YBCO and BZO respectively. The white lines indicate the interface steps. The corresponding schematic diagrams for these compositions are
shown on the right panel. The radius of BZO nanocolumn (r), the nanocolumn separation (d), the length of BZO nanocolumn (h), and the thicknesses

of YBCO (dy) and BZO (dp) layers have been indicated in the schematic diagrams. Both dy and dg have a value of ~10 £ 2 nm. The interface between

BZO column and YBCO matrix [ ¥/B
column

2. Results and Discussion

2.1. Experimental Observations of Nanocomposite Structural
Forms

Figure 1a—e show cross-sectional transmission electron micros-
copy (TEM) images of (YBa,Cu307.4)1..:(BaZrO;), (YBCO:BZO)
films with compositions of x = 0.05, 0.15, 0.25, 0.4, and 0.5. The
low-magnification, high-resolution, and schematic images are
shown as left, middle, and right panel respectively. A vertical
nanocolumnar structure of BZO in a YBCO matrix is observed
for x < 0.4, consistent with the widely reported results on
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have also been shown in the schematic diagrams.
planar

YBCO thin films with low molar ratio inclusion of BZO.?7-31:34
The vertical nanocolumnar structure forms instead of random
BZO nanoparticles because the strain fields around existing
nanoparticles lead to a lower nucleation energy for new nan-
oparticles.?)l A change from vertical columnar structure to
a horizontal multilayered structure occurs at x > 0.4. As indi-
cated on the right panel images, the radii of the BZO nanocol-
umns (r) increase on average from 4 to 10 nm with increasing
x from 0.05 to 0.4. At the same time, the nanocolumn separa-
tion (d) decreases from ~20 nm at x = 0.05 to ~10 nm at x =
0.4. As we discuss later, the reduction in d is critical to generate
large strains in the YBCO as the distance available for strain
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relaxation by misfit dislocations decreases laterally between the
columns.

At the transition composition of x ~ 0.4, a unique hybrid,
cross-ply nanostructure comprised of both horizontal plates at
the base, and vertical columns at the top, exists. We note that
this intriguing new structure has never been demonstrated
before in thin films. It is particularly interesting because it could
have wide structural applications (e.g. optimizing materials to be
hard and stiff in all directions),?**% as well as functional applica-
tions (e.g. creating flux pinning centers in all angular directions
in superconductors).3%#!l Perhaps more interestingly is the pos-
sibility to create composite thin films which are optimized both
in terms of structural and functional properties (e.g. for smart,
sensing films which are also strong, chemically stable, etc.). One
could, for example, envision a new generation of electronic leak
detecting waste containment materials or a thermal protective
coating on an engine part which is also an energy harvesting
device. In fact, while such duality of functions is limited in the
man-made world, such self-assembled structural/functional
materials exist in nature already, e.g. optical effects in strong,
stiff’ butterfly wings and beetle shells, and chemoreceptors in
structurally optimized receptors in animals and fishes.[*2#6]

For x = 0.5, a pure spontaneously ordered, multilayered
structure is formed with a perfect BZO/YBCO sequence up to
a micro-meter scale. Both the YBCO and BZO layers have a
thickness of ~10 + 2 nm. From the HRTEM image of Figure le
(central image), we can see there is a semi-coherent inter-
face between YBCO and BZO with some misfit dislocations
and interface steps. Because of these interfacial defects, the
in-plane strain between YBCO and BZO is partially relaxed.
Selected area diffraction (SAD) images (not shown) indicate
the epitaxial orientation relations to be (001)ypcol|(001)5z0 and
[010}ygcol[010]5z0, Which is consistent with the results from
X-ray diffraction (XRD) measurements. Figure 2 shows a typical
XRD 6-20 scan of one of the films (x = 0.25). As expected,*”>’]

YBCO(005) BZ0(002)
he 18 20 2218 20 2 24 ~ §
o -~ 9 _ 8 e
- wn e —
2= e S 9 S
2] N o o S
e S . F 0 o]
2 =2 » S @ O
c o} S > m
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> m
S

30
20 (degree)
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Figure 2. XRD 6-26 scan of a YBCO:BZO thin film with x = 0.25. The
insets show rocking curves of YBCO (005) and BZO (002) diffraction
peaks.
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Figure 3. (a) Critical temperature (T;) and (b) ¢ lattice constant of YBCO
phase in composite films as a function of x.
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the films show only (00}) peaks of YBCO and BZO, indicative
of preferential orientation of these two phases. The insets to
Figure 2 show rocking curves of the YBCO (005) and BZO (002)
peaks. The full-width at halfmaximum (FWHM) of these two
peaks are 0.44° and 1.50°, respectively, which are higher than
those of pure YBCO and pure BZO films, consistent with the
large lattice mismatch between the YBCO and BZO. BZO is a
cubic perovskite structure with a = 4.193 A, and fully oxygen-
ated YBCO is an orthorhombic perovskite with a = 3.819 A, b =
3.886 A, and c/3 ~3.893 A. Hence, the lattice mismatch values
are ~8.7% and ~7.7% along in-plane and out-of-plane directions,
respectively. Based on the XRD phi-scans (not shown), the in-
plane alignment between each phases and the substrate can be
described as (001)ypcol(001)pz0]|(001)sto and [010]ypcol[010]sz||
[010]s70, consistent with the TEM results and earlier works.3%33]

The superconducting critical temperature (T;) and c-axis lat-
tice constant of YBCO in the nanocomposite films (Figure 3a
and b, respectively) show a clear and opposite trend with x.
The dependence of ¢ on x is relatively flat for x = 0.05 and x =
0.15, but starts to increase more rapidly at x > 0.15. The c-lat-
tice parameter peaks at x = 0.4 with an unusually high value
of 11.798 + 0.008 A. As mentioned above, the high strain levels
induced in the YBCO originate from the decreasing d values
with increasing x. From x = 0.4 to x = 0.5, the value sharply
decreases to 11.670  0.008 A which is close to the bulk value of
fully oxygenated YBCO (11.680 A). For the vertical nanostruc-
tured sample (x < 0.4), the results are in good general agree-
ment with previous reports of the dependence of T, on c-lat-
tice constant.*”*8] However, for the x = 0.5 (planar structure),
while the c-lattice constant is similar to that of x = 0.0, T, is
~4 K lower. This is consistent with the presence of some in-
plane strain induced by the planar heteroepitaxial growth of
YBCO with BZO (as discussed above for Figure 1le).

2.2. Energetic Analysis of Nanocomposite Forms
Depending on x
Now we turn to understanding, from energetic considerations,

why, at a critical x value, the nanocomposite structure switches

Adv. Funct. Mater. 2014, 24, 5240-5245
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from vertical to horizontal. We consider both the availability of
species for forming the respective nanostructures as well as the
interfacial energies involved.

Let us first consider the case of low x values (e.g. x = 0.05).
Here there is insufficient BZO available to give planar, plate-
like growth of BZO in the YBCO matrix because the influx of
species from the PLD plume is too fast to allow the BZO to
attach horizontally to a BZO nanoparticle. BZO grows vertically
because it continues to be added to the film from the plume.
After limited lateral diffusion, the BZO will preferentially
nucleate either in a strained region in the YBCO matrix above
the surface of a BZO particle or directly on top of a BZO par-
ticle itself.(?8:31]

Then, considering higher x values, there exists the possibility
that there is sufficient BZO to attach laterally to an existing
BZO particle and therefore for a planar horizontal layer to grow.
The precise value for this to occur will depend on growth condi-
tions. We then need to consider the relative interface energies
for either situation — columnar nanorod growth or planar hori-
zontal growth. The full energetic considerations of both cases
are shown in the supplementary section. Two key equations are
arrived at:

Vih
Y cotummar =27 vj8 = 1 substrate + surface terms
total

1)

column

Vih
Y vrar = 2Y vjs I+ substrate + surface terms
total

(2)

planar B

where B is BZO, Y is YBCO, y_, . is the total interface
total

energy of the vertical nanocolumnar structure per unit area,

Y jiuner 1S the total interface energy of planar structure per unit

total

]
area, y ,, is the interface energy per unit area of BZO col-
column
umns (cylinders) in YBCO matrix, y ,; is the interface energy
planar

per unit area of BZO plates in YBCO, Vyis the volume fraction
of BZO in YBCO, h is the length of BZO nanocolumn (in case
of x=0.05, 0.15, and 0.25, h is the same as the film thickness —
i.e. Figures la-c indicate that the BZO nanocolumns extend
approximately through the whole film), r is the radius of the
BZO nanocolumn, and dj is the thickness of the BZO layer in
the planar structure. The substrate+surface terms are similar
for both Equation (1) and (2). Also, they are of much smaller
magnitude than the YBCO/BZO interfacial terms because the
areas involved are much less. Hence, they can be neglected.
When y both the columnar and planar struc-

columnar = V' planar?
total

tures should ble preséortilt simultaneously in a film. In fact, this is
what we see in the x = 0.4 film. We also observe in the x = 0.4
sample that r = dp, i.e. the radius of the vertical BZO nano-
column is around the thickness of a BZO nanoplates, at
~10 nm. From Equation (1) and (2), this therefore implies that
forx=04, ¥ ,5 =7 y; - [tis now important to consider how

planar

Yy varies with x (inferred from how c lattice constant of

column

column
YBCO varies with x). ¥ y,; only needs to be considered when x

planar

is large enough such that the BZO planar layers can form con-
tinuously in the YBCO matrix.

Adv. Funct. Mater. 2014, 24, 5240-5245
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For low x (e.g. 0.05), as discussed above, the columns are
very fine (~4 nm in diameter) and the spacing between them
is large (~20 nm) (Figure 1a). The BZO nanocolumns, which
are much stiffer than the YBCO matrix (Epzo and Eypco are
~256 GP, and ~64 GP,, respectively),**=2 are expected to strain
the YBCO in the regions close to the columns. Also, since the
YBCO width between the columns is relatively large compared
to critical thickness (~1-3 nm) it can partially relax. The ¢ value
of 11.693 + 0.008 A measured in the YBCO is consistent with
this (Figure 3).

As xincreases, the density of BZO columns increases and the
YBCO width between the columns (d) decreases. For x = 0.05,
0.15, 0.25, and 0.4, d has the average value of 20, 16, 12, and 10
nm, respectively. Hence, with increasing x a larger proportion
of the YBCO is strained by the BZO, and there is insufficient
lateral length for it to relax. This is consistent with the observed
increase in c lattice parameter of YBCO with values of 11.693 +
0.008 A, 11.698+0.008 A, 11.726+0.008 A, and 11.798+0.008 A,
for the same range of x (Figure 3). The increase of built in
strain energy in the system naturally means than y ,, also
increases with x. column

At x= 0.4, the planar structure is found at the base of the film
and the nanocolumnar structure is found at the top (Figure 1d).
Hence, a cross-ply structure is formed. The reason for this
order, i.e. planar at the bottom and nanocolumnar at the top,
is likely because at this x value the plates are not yet fully con-
tinuous. The widths are ~40 nm because there is insufficient
BZO available to give continuous layers and this means there
is an additional energy associated with edge effects. This also
leads to increased roughness with thickness and hence to an

increase in y , , as the film grows, up to the point that y ,
. planar planar

will become larger than y  , .

column

At x > 0.4, in order for plates to become more stable than
nanocolumns, the following inequalities must be obeyed:

h Vih
Y cotumnar =V planar and 2y Y/B > 2y B T (3)
total total column planar B
And so,
Y vs >Yyp 4
colu/mn r plu{'mr dB ( )

Since at x ~ 0.4, r and dp were observed to be approximately
equivalent (as shown above), then for Equation (4) to be valid,
Yvs > 7Y ys . Indeed, it is not surprising that this is so,

column planar

since the y v term increases substantially with x, as manifest

column

by the sharp upturn in ¢, particularly at x > 0.15. We recall that
at x = 0.4 the ¢ value of 11.798 + 0.008 A is very large (Figure 3).
As far as known, such an extended ¢ parameter has not pre-
viously been obtained in thick YBCO films unless very large
cation disorder was induced by non-optimal growth.>3]
To determine whether the assumption that 7 vz

column. planar

is reasonable, it is important to know whether the y ,

term (assessed by measuring the in-plane strain) chaflrulné%s
with x. Hence, we undertook x-ray reciprocal space map-
ping (RSM) of (108) and (018) YBCO peaks of the x = 0.4 and
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0.5 samples. The a and b lattice parameters were calculated
by using the RSM data in combination with Bragg Bretano
scans. Unsurprisingly, for these nanostructured samples the
RSM peaks were relatively broad, making the error bars on
the measured values quite large. For x = 0.4, a = 3.835 + 0.010
A, b=3875%0.012 A. For x = 0.5, a = 3.847 + 0.008 A, b =
3.882 + 0.027 A. To within error, both samples have a axes
somewhat larger than unstrained fully oxygenated YBCO
values (3.819 A) and so there is likely to be a small amount
of oxygen loss for both samples. As shown before, in planar
YBCO films grown on lattice mismatched substrates, oxygen
loss and rearrangement occurs in the YBCO basal plane to
minimise the interfacial strain.*¥l Hence, y , .~ will be low-

lanar
ered by this mechanism. It is important to note though, that
there is no similar strain relieving mechanism to reduce y

column
along the c direction. Hence, as x increases, y , , becomes so
column

large (as manifest by the increasing c values) that it is energet-
ically favourable for a switch to the planar structure to occur.
At x = 0.5, there is a pure horizontal plate nanostruc-
ture throughout the whole film (Figure le), which means
Equation (4) is fully obeyed. The BZO thickness (dg) is still low
(~10 £ 2 nm), which is similar to the r value at x = 0.4. Hence,
again, from Equation (4), ¥ v ¥ vz - It is very interesting

column  planar

that the ¢ parameter of YBCO (11.670+0.008 A) is relaxed to the
bulk value. Considering the low thickness of the YBCO layer
(~10 £ 2 nm) and also considering it is sandwiched between the
lattice mismatched BZO layers, even with some partial stress
relief from misfit dislocations (Figure 1e), the YBCO should
still be highly strained. There is a ~8.7% in-plane tensile strain
between the YBCO and the BZO which should cause an out-of-
plane compressive strain in the YBCO, and hence to consider-
able shrinkage of ¢ to conserve volume as a result of the elastic
deformation. Since this is not the case, it is highly likely that
pseudo-spinodal effects are playing a role. Here, the ordered
plate-like nanostructure forms to minimize interfacial strain
energies.[’]

In several previous nanocomposite systems we have studied,
for x = 0.5 the vertical nanostructure forms and not the planar
structure, as found here.’>° The main reason for the differ-
ence to previous studied systems is that different crystallo-
graphic structures were combined together before, and hence
Y ys Was much larger than here. In other words, in previous

planar

systems there was no possibility of semi-coherent, planar inter-
faces forming which is what is required for pseudo-spinodal
decomposition.

2.3. Broader Outcomes and Predictions for Heteroepitaxial
Nanocomposite Thin Films

The outcome of our above energetic analysis has implications
for a broad range of nanocomposite films. We are able to predict
that the planar horizontal structure will form when the phases
in the composite have the same crystallographic structure
and hence relatively low interface energies. Hence, as long as
there is sufficient material available (sufficiently high x value),
a planar, ordered structure will be most energetically stable.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The planar ordered structure may form by pseudo-spinodal
decomposition to give a semi-coherent interface or by another
mechanism which can yield low interfacial energies, e.g. inter-
facial reconstruction or domain matching epitaxy. More work
is needed to fully understand the possible mechanisms which
yield low energy interfaces in oxides.

On the other hand, for a low x value, a columnar nanostruc-
ture will always form because this is limited by the availability
of material. For a certain range of x values (e.g. x = 0.4-0.6,
where continuous planar structures are able to form because
there is a sufficiently high fraction of both materials), it is pos-
sible to create a cross-ply structure with both columns and hori-
zontal plates.

When the phases in the composite have different crystal-
lographic structures, the possibility of semi-coherent, planar
interfaces forming is low, and then vertical nanocomposite
structures will always form, regardless of x (at least for
x > 0.05). Our predictions have important implications for the
growing area of smart, multifunctional thin films.

3. Conclusion

We have used YBCO:BZO as a model system to realize the
precise tuning of inorganic nanocomposite thin films. A nano-
structure switch from vertical columnar structure to horizontal
multilayered structure has been found. Coincident with this
switch is a release in the strain energy of YBCO (which builds
up with increasing x) occurs. A cross-ply structure comprised
of horizontal layer and vertical nanocolumn was found at the
transition point of x = 0.4. Energetic considerations were used
to explain the structures which we observed. This work pro-
vides clear design guidelines for manipulating nanostructures
of self-assembled oxide thin films and can easily be extended to
other inorganic materials that present immediate opportunities
for fabrication of controllable structures.

4. Experimental Section

The YBCO:BZO composite films were grown on (001) oriented SrTiO;
(STO) substrates by pulsed laser deposition (PLD) from composite
targets. Ceramic pellets with different x values were used as the targets.
Deposition temperature was 820 °C and oxygen pressure was 200 mTorr.
After deposition, the films were cooled down to room temperature in an
oxygen pressure of 300 Torr without any further thermal treatment. The
film thicknesses, revealed by transmission electron microscopy (TEM,
FEI Tecnai F20 analytical microscope), were 120-200 nm. The crystal
structure was investigated by X-ray diffraction (XRD, Siemens D5000
four-circle diffractometer). Bragg Bretano scans were undertaken to
measure ¢ parameters and reciprocal space maps near the YBCO (108)
and (018) peaks were used (in combination with the Bragg Bretanao
scans) to determine a and b lattice parameters. The superconductive
critical temperature (T,) was evaluated by both alternating current (a.c.)
susceptibility and transport measurement techniques using a physical
properties measurement system (PPMS-9, Quantum Design).
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from the author.
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