
Physica C 218 (1993) 29-42 
North-Holland 

A HREM study of the atomic structure and the growth mechanism 
at the YBa2Cu307/YSZ interface 

J.G. Wen, C. Traeholt and H.W. Zandbergen 
National Centre for HREM, Laboratory of Materials Science, Delft University of Technology, 
Rotterdamseweg 137, 2628 AL Del& The Netherlands 

K. Joosse, E.M.C.M. Reuvekamp and H. Rogalla 
Department ofApplied Physics, University of Twente, PO Box 217, 7500 AE Enschede, The Netherlands 

Received 13 July I993 
Revised manuscript received 3 September 1993 

The interface between yttria-stabilized zirc~nia (YSZ) substrate and YBazCu107 (YBCO) film was studied by high-resolution 
electron microscopy. In all specimens we have observed an intermediated layer of BaZQ located between the substrate YSZ and 
YBCO. The BaZrO, layer is composed of almost equally aligned domains being 4-8 nm in the lateral directions. Reaction prod- 
ucts such as Y and Cu oxides were never observed in or close to the BaZrQ reaction layer but they do occur in the YBCO film. 
The stacking sequence of BaZrO&‘BCO is predominantly (BaZrO,)-ZrO*-BaO/CuO-BaO-(YBCO) with CuO layer as the 
beginning YBCO layer. Sometimes a stacking sequence (BaZrO,)-ZrQ-BaO/BaO-CuOr(YBCO) with a BaO layer as the 
beginning YBCO layer was observed. This stacking is related to a dislocation with Burgem vector a’/2 [ 1111, where a’=0.42 MI 
is the lattice constant of the cubic BaZrOs. Three main epitaxial relations (0”, 45”, 9” ) between YSZ and YBCO were observed. 
These can be explained by near-coincidence site lattices 0=25, a=49 and u= 13 (for a YSZ substrate). Usually the (001) plane 
of the YBCO fti is parallel to the (00 1) plane of the BaZrO~ layer and parallel to the substrate surface. In case YBCO is grown 
on an inclined YSZ substrate, the (001) plane of the YBCO film is parallel to the substrate surface and thus not parallel to the 
(001) plane of the YSZ substrate. 

1. Introduction 

Yttria-stabilized zirconia (YSZ) is one of the most 
common substrates for growing YBa2Cus0, (YBCO ) 
superconducting ffims. With YBCO films on YSZ 
one has never quite achieved such high critical cur- 
rents as YBCO films on MgO and SrTi03. YSZ, sim- 
ilar to MgO, has also been used successfully as a dif- 
fusion barrier on the more reactive substrates such 
as Si, GaAs, and A1203 [ l-31. A combined YSZ/ 
Y20j buffer layer has been used when growing a 
YBCO film on Si [4]. 

YSZ has a lattice constant ( a0=0.5 14 nm) which 
is quite different from that of YBCO. Despite the 
large lattice mismatch, epitaxial YBCO films have 
been obtained on an (00 I ) YSZ substrate. The dis- 
similarity of crystal structures and lattice constants 
between YBCO and YSZ results in the feature that 

epitaxial c-axis films grown on YSZ are frequently 
polycrystalline and have several in-plane orienta- 
tions [ 5 1. Epitaxy may occur with the YBCO u-axis 
parallel to the substrate [ 1001 or [ 1 IO], causing 45” 
grain boundaries. However, a special epitaxy with 
the YBCO u-axis making an angle of about 9” with 
the substrate [ 1001 was also found [ 61. In our paper 
these epitaxies are defined as 0”, 45’) and 9” epi- 
taxy, respectively. Alarco et al. [ 7 ] reported that the 
dominant orientation relationship at low tempera- 
tures (650%) was 45” epitaxy while at higher tem- 
peratures (750°C) it was 0” epitaxy. Fork et al. [ 61 
grew homoepitaxial YSZ and heteroepitaxial CeOz 
on YSZ single-crystal substrates and reported that 
this procedure dramatically improves the epitaxy of 
YBCO and reduces the number of low- and high-an- 
gle grain boundaries. Their result indicates that seed 
layers deposited prior to YBCO are more effective 
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for controlling the YBCO epitaxy than is tempera- 
ture or pressure. They explain the 9” epitaxy as due 
to a low energy 25 grain boundary between YBCO 
and YSZ substrate. 

The interfaces between thin films of YBCO and 
various substrates were widely studied by transmis- 
sion electron microscopy (TEM) [ 8- 15 1. On the re- 
action layer of YBCO and YSZ substrate was re- 
ported by several groups [ 1 l-l 3 1. Bardal et al. 
reported that in case of growth of YBCO on Si by 
using a combined YSZ/Y203 buffer layer, the first 
layer of the YBCO at the interface Y20JYBC0 is 
found to be a BaO layer [ 16 1. Fork et al. [ 6 ] re- 
ported that approximately monolayer amounts of 
CuO, BaO, and BaZr03 deposited on the YSZ sur- 
face prior to the deposition of YBCO result in large 
differences in the YBCO film orientation. They found 
that CuO and BaZ@ induce a 45” epitaxy whereas 
a monolayer of BaO results in a 9” orientation in- 
dicating that the presence of a single layer can direct 
the epitaxy. The results of Fork et al. [ 61 are rather 
surprising in view of the presence of a 1-3 nm thick 
reaction layer of BaZrQ between the YBCO thin film 
and the YSZ support. 

In this paper we report a HREM study of the 
atomic structures at the YBCO/YSZ interface. In 
particular the role of the BaZr03 intermediate layer 
in the orientation of the YBCO film is outlined and 
discussed. 

2. Experimental 

All different layers in one sample on YSZ sub- 
strate are deposited in situ, using 90” off-axis mag- 
netron sputtering. The sputter gas is a mixture of Ar 
and 02, with Ar: 02= 3 : 2 and a total pressure of 
0.13 mbar. The substrate temperature is typically 
740°C. After deposition, the sample is cooled down 
in 800 mbar oxygen with 20 K/min. 

Cross-section specimens for transmission electron 
microscopy were mechanically grinned directly down 
to a thickness less than 10 ym. A specimen was 
mounted on a single hole copper grid (with diameter 
0.8 mm). During ion milling (Gatan duo mill 600), 
the specimen was not rotated and was oriented such 
that the thin-film side was facing away from the ion 
gun. By using this method, the substrate YSZ was 

used as an ion beam blocker to minimize preferen- 
tial milling of the YBCO film. The ion-milling con- 
ditions are: acceleration voltage 4.5 kV, gun current 
0.5 mA, ion-milling angle 15 ’ and no liquid-nitrogen 
cooling. When color fringes (thin film reflection) 
appear on the edge of the specimen an ion-polishing 
procedure is applied to thin the specimen to electron 
transparency with the conditions: acceleration volt- 
age 3 kV, gun current 0.3 mA, ion-milling angle 8 ‘. 
This specimen-preparation technique provides large 
thin areas which enables one to check the thin-film 
quality by HREM over an area of more than 300 pm. 
More details of the sample preparation were re- 
ported elsewhere [ 17 1. 

Some of our samples are ultra-thin YBCO films 
(less than 10 unit cells) which are covered by a 
SrTiO, layer. When we prepare a TEM sample for 
these ultra-thin Elms by the above method, we found 
that these YBCO films can easily become amor- 
phous. By coating both sides of the cross-section with 
gold after grinning, in order to make a good thermal 
and electrical contact between ultra-thin YBCO film 
and the copper grid (glued by silver powder glue), 
the amorphization could be prevented. In this case 
the sample was ion milled only from one side till color 
fringes appeared and then the other side was ion pol- 
ished to electron transparency. 

Electron microscopy was performed with a Philips 
CM30ST electron microscope operating at 300 kV 
and equipped with a field-emission gun and side-en- 
try + 25 ’ tilt specimen holder. It is equipped with an 
energy dispersive X-ray (EDX) analysis detector 
with a Be window. The field-emission gun enables 
one to focus the electron beam into a small probe 
(minimum 1 nm) for EDX analysis. The HREM 
images were recorded at a defocus about - 40 nm at 
which all cations are imaged as dark dots, and/or at 
about - 80 nm where the cations are imaged as white 
dots. Images were digitized with about 50 pixels per 
nm. These images were noise reduced by averaging 
each pixel over itself and its eight neighbors. 

3. Results 

Electron diffraction shows quite frequently that 
when the YSZ substrate is in perfect [ 1001 orien- 
tation the YBCO lattice is slightly tilted from a per- 
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feet [ 1001 orientation. In general this tilt is less than 
one degree. However, it does influence the HREM 
imaging. One has to choose whether one takes either 
the YBCO lattice or the YSZ lattice in perfect ori- 
entation or somewhere in between. In general the 
YBCO lattice was oriented as perfect as possible. 

For all specimens an intermediate layer between 
YSZ and YBCO was observed (see fig. 1). The 
thickness of this intermediate layer ranged from 2 nm 
to 5 nm. EDX analysis using spot sizes of 2 nm 
showed that the composition of this intermediate 
phase contains Ba and Zr (0 cannot be detected with 
the system used). This composition in combination 
with the square-like structure image with a spacing 
of 4.2 A indicates that the intermediate phase is 

BaZr03 formed by a reaction of YBCO and YSZ 
[ 181. In general the interface between YSZ and 
BaZr03 is somewhat rougher than the interface be- 
tween BaZr03 and YBCO. At the YSZ/YBCO in- 
terface single unit-cell steps of YSZ do occur while 
at the BaZrOJYBCO interface steps do occur cor- 
responding to a whole unit cell of YBCO. Antiphase 
boundaries were only seldomly observed in the 
YBCO film at the BaZrOJYBCO interface. 

The BaZrQ contains a lot of small domains. The 
orientations of different domains are more or less the 
same while the domain boundaries are small. The 
domain size along the interface direction is about 
4nmto8nm. 

The most dominant orientation relation between 

Fig. 1. HREM image of a YBCO film on a YSZ substrate taken along [ 1 lo] of YSZ at focus value -40 mn. A reaction layer BaZrO, 
from YSZ and YBCO is observed. Steps at the BaZrOJYBCO interface correspond to a whole unit cell of YBCO. The black arrow-head 
indicates the CuO layer as the beginning layer of the YBCO film. The white arrow indicates a stacking fault. There are interfacial dislo- 
cations at the interface on looking along the [ 1111 and [ 1111 direction of YSZ (indicated by two white arrows). 



32 J. G. Wen et al. /HR.&U study of the YBCO/YSZ interface 

the YBCO lattice and the YSZ substrate is a 45’ ep 
itaxy (see fig. 1 ), whereby the substrate is in the 
[ 1 lo] orientation and YBCO in the [ 1001 orien- 
tation. The orientation of the BaZrQ layer is nearly 
( < lo ) along the [ 1001 direction of the YBCO lat- 
tice. As can be seen in fq. 1 misfit dislocations do 
occur at the BaZrOJYSZ interface with a spacing 
close to seven unit cells of YSZ. Similarly, at the 
BaZrOJYBCO interface one can observe misfit dis- 
locations each eleven unit cells of YBCO. 

Mostly the stacking sequence at the BaZr03/YBC0 
interface is BaZQ-ZrQ-BaO/CuO-BaO-CuOz- 
Y-Cu02-BaO-YBCO. An example of this stacking 
is shown in fig. 2. At this focus, the CuO atomic layer 
is the brightest line in the YBCO lattice. Since 
BaZr03 and YBCO have a perovskite-like lattice, it 
is likely that this lattice is continued across the in- 

terface as much as possible (a continuation of the 
( Cu, Zr) , (Ba/Y, Ba ) and 0 sublattice). This is also 
observed for the YBCO/SrTi03 lattice [ 81. This 
means ZrOz cannot be the atomic layer next to CuO. 
Therefore, the two atomic layers on both sides of the 
first CuO layer of the YBCO film are two BaO lay- 
ers, one of which is part of the YBCO lattice and the 
other part of the BaZrQ lattice. One can see that the 
Ba atoms in the BaO layer on the BaZrOs side next 
to this CuO layer disappear or are not imaged in the 
area of a dislocation. Around such a dislocation the 
atoms are shifted from their “normal” positions. The 
shifts are quite stronger in the BaZrOs lattice. The 
insert in fig. 2 shows an intensity scan for three dif- 
ferent BaO layers A, B, and C. Layer A indicates the 
BaO layer next to the Ct.10 layer on the side of YBCO 
film while layer B indicates the BaO layer next to the 

Fig. 2. An enlargement of fip. 1. The CuO layer as the beginning layer of YBCO is indicated by black arrow-heads. Two black lines 
indicate the lattice bending in the BaZrOs lattice. The insert shows the scarming intensities for three different BaO layers. Layer A 
indicates the BaO layer next to the CuO layer on the side of YBCO film while layer B indicates the BaO layer next to the CuO layer on 
the side of the reaction layer. Layer C is the BaO layer in the reaction layer and is five unit cells of BaZrO> away from the first CuO layer. 
A misfit dislocation can be observed. 
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CuO layer on the side of reaction layer. Layer C is 
the BaO layer in the reaction layer and is five unit 
cells of BaZrO, away from the YBCO/BaZtQ in- 
terface. The spacing between two Ba atoms in layer 
B is larger than that between two Ba atoms in the 
YBCO lattice (layer A). The spacing between two 
Ba atoms in the BaZrO, lattice (layer C) is larger 
than that between two Ba atoms in layer B. In the 
regions which are next to the dislocation the spacing 
between two Ba atoms in layer B is in between that 
in layer A and layer C. It is difficult to tell whether 
the spacing in layer B follows that of layer A or layer 
C. Looking along the [ 0011 direction of BaZrOs at 
a grazing angle, one can see that the lattice in the 
BaZr03 lattice bends away from the dislocation core 
and the discontinuation in the shifts of the atoms oc- 
curs at the CuO layer of YBCO. Thus, the CuO layer 
is the beginning layer of the YBCO lattice. 

Not always the sequence BaZtQ-ZrOz-BaO/ 
CuO-BaO-Cu02-Y-CuOz-BaO-YBCO is ob- 
served at the BaZrOJYBCO interface. Figure 3 
shows the existence of a stacking sequence Zr02- 
BaO/BaO-Cu02-Y-Cu02-BaO. However, this se- 
quence occurs in an area next to that having the 
dominant sequence. In the projection of fig. 3 at the 
position where the CuO layer disappears a disloca- 
tion with Burgers vector a’/2 [ 1111 appears as an a’/ 
2 [ 10 1 ] dislocation (as indicated on the figure ), in- 
dicating that the ZrOz-BaO/BaO-CuOz-Y-CuOz- 
BaO sequence occurs to fit the lattice mismatch be- 
tween the BaZr03 and YBCO lattices. 

Two different types of orientation relations were 
frequently observed as well: a 0 ’ and a = 9 ’ epitaxy. 
A 0” epitaxy is shown in fig. 4. In this figure YSZ, 
BaZQ, YBCO and SrTi03 are all in the [ 1001 ori- 
entation. A misfit dislocation can be observed in the 
BaZr03 lattice each five unit cells of YSZ. For a 9” 
epitaxy the YBCO and the BaZxQ lattice have the 
same orientation. Due to the difference in orienta- 
tion of the YBCO/BaZrQ lattice and the YSZ lat- 
tice atomic resolution can only be obtained for one 
set of lattices. 

Figure 5 shows a HREM image of a YBCO thin 
film on a YSZ substrate taken along [ 1001 of YSZ. 
The left and right parts of YBCO films are [ 1 lo] 
oriented and [ 1001 oriented, respectively, resulting 
in a 45” grain boundary. The grain boundary is zig- 
zagging parallel to the (100) (103) and (101) 

planes. Both parts of the YBCO films are of a c-ori- 
ented growth nature. The orientations of the related 
left and right parts of the BaZrOs layer are [ 110 ] 
and close to [ 1001 oriented, respectively. The 
boundary of YBCO does not start from the bound- 
ary of the BaZrO,. 

The YBCO and YSZ lattices have an 0”, cz 9 ’ or 
45 ’ relation also when the intermediate BaZiQ has 
a different orientation from the YBCO. The differ- 
ent orientation for YBCO and BaZr03 occurs rather 
seldomly, but in the cases it is present it is instruo 
tive for learning about the growth mechanism. It in- 
dicates that at least in these parts the YBCO lattice 
is grown in interaction with the YSZ lattice and not 
in interaction with the BaZrO, lattice. Examples of 
such situations are shown in figs. 6 and 7. In fig. 6 
the substrate is in the [ 1001 orientation whereas the 
orientation of the right part of BaZrO, is nearly along 
the [ 1331 orientation (calculated from the lattice 
spacing of this grain). However, the YBCO is in 
[ 1001 orientation over the whole area. In fig. 7 the 
YSZ substrate, YBCO, and SrTi03 covering the 
YBCO are all of the [ 100 ] orientation except for the 
BaZrOs layer. The BaZrQ layer is slightly in-plane 
tilted ( < 5’ ) from the [ 1001 orientation. 

The YBCO film was found to grow with its c-axis 
perpendicular to the surface of the substrate, irre- 
spectively of whether the surface was a (00 1) plane 
or inclined from this orientation. Figure 8 shows an 
example of this. In this image there are a series of 
small steps on the surface of YSZ, corresponding to 
an inclination angle of the surface plane of 3”-5 ’ 
from ( 00 1) . The c planes of the YBCO thin film are 
parallel to the surface plane of YSZ and thus not par- 
allel to the (00 1) plane of YSZ. 

The formation of the BaZr03 lattice must lead to 
a Y and Cu enrichment of the deposited YBCO ma- 
terial. In particular for thin YBCO layers Y203 in- 
clusions were observed in the YBCO film (see fig. 
8 ) . No inclusions of YICuIOs or CuO could be ob- 
served. In the case the YBCO film was covered with 
an SrTi03 film the SrTi03 was found to contain Cu 
by EDX analysis. 

The YBCO film was found to contain two types of 
planar defects. The most frequently occurring defect 
was the presence of a double CuO layer correspond- 
ing to the YBazCudOs phase. The second planar de- 
fect consists of yet another extra layer, an example 
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Fig 
imc 

.3. Another area of the same film as fg 2 at focus - 80 urn. The CuO layer is indicated by a solid black arrow on the right side 
Lge. The BaO layers are indicated by two solid black arrow-heads on the left side. The CuO layer disappears at the white arrow. 

2 [ 1011 dislocation appears to be present in this projection. 

of which can be seen in fig. 1. This defect can cor- 
respond to a phase Y ,Ba&u50X [ 191 or Y iBa3Cu40x 

vol. 

4. Discussion 

Many cross-sections of YBCO thin films of YSZ 
have been analyzed. Three kinds of epitaxial rela- 
tions between the YBCO and the YSZ lattices are 
frequently observed: 45 ‘, 0” , and 9 O, in order of 
abundance. Other angles of epitaxy, such as 5”, 20” 
etc, are found only seldomly. In all cases a BaZrOs 
intermediate layer is observed. Regarding the Ba- 
Zr09 layer the following general observations were 
made: 
( 1) The thickness of the BaZrO, layer varies from 
l-3 nm. 

e of the 
Ana’/ 

(2 ) The BaZrQ layer is “polycrystalline” with do- 
main sizes along the interface of 4 to 8 nm, whereby 
the n&orientation between the domains is very small 
(cl”). 
(3) The layer is mostly strained due to the mis- 
match, whereby the lattice distortion to adjust edge 
dislocations is much stronger in the BaZr03 layer 
than in the adjacent YSZ or YBCO lattices. 
(4) On the BaZrQ/YSZ interface one finds single 
unit-cell steps of YSZ whereas single YBCO unit-cell 
steps occur at the YBCO/BaZr@ interface. 
(5) The BaZr03 layer has almost always a 0” ori- 
entation relation with the YBCO lattice. 

Two types of stacking sequences are observed at 
the YBCO/BaZrQ interface: 
( 1) -ZrO,-BaO/CuO-BaO-CuO*-Y-Cu02-BaO- 
(2) -Zr02-BaO/BaO-Cu02-Y-CuOz-BaO-CuO- 

The first type of interface is observed by far the 
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Fig. 4. HREM image of a YBCO thin-film 0” epitaxy on a YSZ substrate covered by a Sffi03 layer. 

most frequently. We believe that the second one is 
only occurring due to the mismatch between the 
BaZrQ and YBCO lattices (see below). In most 
cases the YBCO film grows with a CuO layer as the 
first layer regardless the orientation of the BaZrOJ 
layer. It is rather easy to determine the first YBCO 
layer if the orientation relation between the BaZrOs 
and YBCO lattices is not 0” as in fig. 7. However, 
in the case of a 0” relation it is more dificult because 
the last BaZQ layer is a BaO layer which is oriented 
the same way as a “normal” BaO layer in YBCO, 
except for the lattice difference. Due to the lattice 
mismatch between the lattices of BaZtQ and YBCO, 
dislocations will occur at more or less regular inter- 
vals. In the interface regions halfway between these 
dislocation regions the lattice of YBCO and BaZQ 
are almost “in phase” and in these non-strained re- 
gions the question whether the BaO layer is part of 
the BaZrOs or YBCO lattice is trivial. One can check 
whether the spacings of the Ba atoms in the BaO layer 
under consideration are close to those of the BaZrOs 
or the YBCO lattice. By comparison one can see that 
the BaO lattice follows neither YBCO nor the BaZrQ 
lattice, because of the lattice bending in the BaZQ 
lattice. Due to lattice bending to accommodate for 

the lattice mismatch a change in the 3-5 atomic lay- 
ers in the BaZrO, layer adjacent to the YBCO lattice 
can be observed. The lattice bending in the BaZrQ 
lattice is much more dominant than that in the YBCO 
lattice adjacent to the BaZQ/YBCO interface. 
Whereas the structure image of the CuO layer at this 
interface remains almost unchanged across the re- 
gion of lattice mismatch, the first three atomic layers 
of the BaZtQ lattice are strongly bend and the black- 
dot pattern of the first layer (BaO) of the BaZrO, 
lattice becomes vague at the actual dislocation site. 
This observation in combination with the better tit 
of the BaO layer at the interface in the non-strained 
regions with the BaZtQ lattice and the observation 
that in non-O’ oriented interfaces the fast YBCO 
layer is a CuO layer leads us to the conclusion that 
in almost all cases (except for type (2) stacking) the 
first layer of the YBCO lattice is a CuO layer. 

The interface of YSZ and the BaZrOS layer is 
rougher compared with the BaZrOJYBCO inter- 
face. The orientation relations between YSZ and 
BaZr03 are predominantly 0” and 45”. In both the 
cases of 0” epitaxy and 45 ’ epitaxy, misfit disloca- 
tions are present at the interface. The misfit strain is 
mainly relieved by misfit dislocations. The small mi- 
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Fig. 5. HREM image of a YBCO thin film on a YSZ substrate taken along [ lOO] of YSZ. The left and right parts of the YBCO films are 
[ 1 lo] oriented and [ 1001 oriented, respectively, resulting in a 45” grain boundary. The grain boundary is zigzag& parallel to the 
( loo), ( 103) and ( 101) planes. The orientations of the related left and right parts of the BaZrQ layer are [ 1 lo] and close to [ 1001 
oriented, respectively. 

sorientation between domains in the BaZr03 layer 
can also relieve small part of the strain. 

The presence of a BaZr03 reaction layer implies 
that the YBCO-substrate interface in YBCO on YSZ 
samples has to be characterized by three interfaces: 
YSZ/BaZtQ, YSZ/YBCO and BaZrOJYBCO. In 
this respect the time of formation of the BaZr03 in- 
termediate layer (before, during or after formation 
of the first YBCO layers) is crucial for the under- 
standing of the mechanism of growth of YBCO on 
YSZ. If the BaZr03 layer forms immediately, the ori- 
entation of the YBCO layer will be determined by 
the interactions at the YSZ/BaZiQ and BaZrOJ 

YBCO interfaces. On the other hand, if the BaZr03 
layer is formed after the first layers of YBCO are 
formed, the orientation of the YBCO layer is only 
determined by the interaction at the YSZ/YBCO in- 
terface. A more complex mechanism will occur if 
YBCO and BaZr03 are formed approximately the 
same time, whereby at the early stage some surfaces 
of YSZ will contain YBCO and others BaZr03. 

If the BaZrO, layer forms only slowly, it will have 
little or no impact on the in-plane texture of the 
YBCO film, since these layers will be formed after 
several YBCO layers are grown at which point the 
in-plane texture is essentially fured. In this case the 
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Fig. 6. HREM image of a thin YBCO ftirn covered by SffiOs on a YSZ substrate takin along [ 1001 of YSZ. The orientation of the 
part of BaZrQ is close to [ 1001, while the orientation of the right part of BaZrO, is nearly of the [ 1331 orientation. 

I left 

final distribution of reaction products will depend 
on the diffusion rate of Ba, Y and Cu in the YBCO 
lattice at the temperature at which the film is grown. 
Since we have not observed the reaction products 
YzCuz05, Yz03 and CuO near the interface, either 
Ba must diffuse from the film to the interface or Y 
and Cu must diffuse away from the interface, or both. 
In both cases the film surface will be enriched with 
Y and Cu which can nucleate as second phases dur- 
ing further growth. 

If the formation of the BaZr03 layer is fast, the 
orientation of YBCO is mainly determined by the 
reaction layer BaZQ. In this case one would expect 
the presence of antiphase boundaries in the YBCO 
lattice near the interface of YBCO/BaZr03, due to 
the presence of single unit-cell steps on the BaZxQ 

surface. However, only steps of a single unit cell of 
YBCO, being three times that of BaZr03, do occur 
at the BaZrOJYBCO interface. This indicates that 
the BaZr03 is not formed completely before the 
YBCO lattice is grown on top, but that BaZQ and 
YBCO are formed in the same time interval. Fur- 
thermore, we have observed in a number of speci- 
mens that regions exist in which the YBCO lattice is 
oriented 0” or 45” with respect to the YSZ lattice 
whereas the BaZr03 lattice is strongly misoriented. 
Again, this indicates that in some, parts of the YBCO 
layer are formed by direct interaction with the YSZ 
lattice. 

An intermediate process occurs if YBCO grows 
more or less at the same time as the formation of the 
reaction layer. In this case the YBCO film is not con- 
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Fig. 7. HFtEM image of YBCO film covered by a SrTiOs layer grown on a YSZ substrate. YSZ substrate, YBCO, and SrTiOs are all of 
the [ 1001 orientation except for the BaZrO, layer. The BaZQ layer is slightly in-plane tilted ( < 5” ) from the [ 1001 orientation. 

tinuous such that Y and Cu oxides can segregate out. 
For the slow growth and the intermediate process the 
Y oxides can become inclusions and the Cu oxide 
can move to the surface of the YBCO film in agree- 
ment with the results of Selinder et al. [21]. 

In order to understand the observed 0”, 9’ and 
45” orientation relationships between the YSZ and 
YBCO lattices, near-coincidence site lattices 
(NCSL’s) were calculated for three interfaces: YSZ/ 
BaZr03, BaZrOJYBCO and YSZ/YBCO. Only the 
in-plane orientations are considered, e.g. 

(001 )Yszll(OOl )BaZro) 1) (00 1 )vnoo. As shown in fig. 
9, since the (001) YSZ surface is a centered square 
lattice, the lattice can be simplified as a square lat- 
tice with a lattice constant of 3.63 A. Therefore, the 
three interface surfaces are all simple square lattices. 

The smaller the misfit 6 and the higher the density 
of near-coincidence sites (i.e., small 47, and cB) are, 
the lower the interfacial energy is. However, the Q 
values of the orientation relations should be used with 
some caution because the BaZrOa layer is not a sin- 
gle crystal but composed of 4-8 nm large domains. 
The limited size of these domains will strongly re- 

duce the mismatch energy for the more unfavorable 
orientations. As such it might even be that orienta- 
tions predicted to be less favorable by the NCSL cal- 
culations have a lower energy than some low-a ori- 
entations. Thus the NCSL calculations can only be 
used as an indication. 

We calculated the orientation relations between 
these three interfaces. The results are listed in table 
1. Since there are three interfaces, it is crucial to know 
which interface or two interfaces govern the orien- 
tation relation between YSZ and YBCO. It is not 
necessary to calculate the NCSL of the BaZrOJ 
YBCO interface because a YBCO film has almost al- 
ways a 0” epitaxy relation with the BaZrOs layer. 
Considering the orientation relations with minimal 
energy at the YSZ/BaZrQ interface, one can find 
these agree reasonably well with the experimentally 
observed interface. However, a much better agree- 
ment between theoretically predicted and experi- 
mentally determined orientation relations is ob- 
tained when one assumes that the YSZ/YBCO 
interface is governing the epitaxial relation. 

By using a YSZ/BaZrQ interface we cannot ex- 
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Fig. 8. HREM image of YBCO on a YSZ substrate covered by SrTiOs. There is a series of small steps on the surface of YSZ. The surface 
plane of YSZ is 3”-5” off the (001) plane of YSZ. The same (001) atomic plane of YSZ from the left to the right side is indicated by 
two black arrow-heads. The image shows that the c planes of the YBCO thin film is parallel to the surface plane of YSZ and thus is not 
parallel to the (001) plane of YSZ. There is a Y20, inclusion (as indicated by arrows) in the YBCO film. 

YBCO 

@ Ba 

0 Zr 

Fig. 9. Schematic structure for the BaO plane of a YBCO lattice 
and the Zr plane of the YSZ lattice. The (001) YSZ surface is a 
centered square lattice; the lattice can be simplified as a square 
lattice (45” tilted) with lattice constant 3.63 A. 

plain the results reported by Fork et al. [ 6 1. In view 
of the presence of the BaZr03 reaction layer, Fork et 
al. [ 6 ] have reported rather unexpected results of the 
effect of the deposition of monolayers of CuO, BaO, 
and BaZiQ on a YSZ surface, before the actual de- 
position of YBCO. They found that CuO and Ba- 
Zr03 induce an almost complete 45” epitaxy of 
YBCO whereas a monolayer of BaO results in an al- 
most complete 9” epitaxy. One would expect that a 
monolayer of any kind would hardly have any effect 
on the growth of YBCO since the starting compo- 
sition is far from stoichiometric because of the for- 
mation of BaZrOs. The calculation shows that a 30” 
epitaxy appears with the same probability as a 7.1’ 
epitaxy (if we consider this 7.1’ is the reason for 9” 
epitaxy). But this is inconsistent with their obser- 
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Table 1 
Consider interface A as a lattice with unit vectors 11, and a2. The translation vectors for A can be written as T,=ka, + &* with the lengths 
given by a ,/& where Q A= k’ + I *. As is conventional, u instead of C is used hen to denote the near-CSL instud of a C!X. For interface 
B, one has the lattice coastant b, unit vectors )I and &, trsn&tion vectors Tpmb,+n& and q=m2+n2. The degree of coincidence 
ofthesetwosquPrc~~icesismePaundbyt~~n~~i~t~-2(u~-bJ;;;;)/(~+~:).Foragivena~~~theangles 
between the coincident vector and the principle axes of A and B are given by tan-’ (I/k) and tan-’ (n/m), respedvcly. Hence, the 
relative misorientation angle between the A and B axes is e-tan-‘(I/k) Ittan-‘(n/m). Here one finds lists of near-coincidence site 
lattices (CSL’s) for three interfaces: YSZ/BaZr@, YSZ/YBCQ BaZrOs/YBCO calculated with a650 and 6~2% except for three 
special orientations: O”, 4f”, 8.13’. (*) indiurtes the orientation was observed by experiments 

YSZ 

k 

1 
2 
3 
3 
3 
4 
5 
5 
5 
5 
5 
7 

YSZ 

k 

I ay, 

0 1 
1 5 
0 9 
2 13 
3 18 
1 17 
1 26 
3 34 
3 34 
3 34 
0 25 
0 49 

1 %z 

-3 Misfit 6 Misorientation 0 

m n %ao3 

1 0 1 14.20% 45” 
2 1 5 14.20% 45”, 8.13” 
2 2 8 8.33% 0” 
3 1 10 1.34% 7.1” (‘), 30” 
3 2 13 1.81% 33.7’ 
4 0 16 0.10% 2.7” (*), 25.3” 
4 2 20 1.34% 7.1” (‘), 30’ 
4 3 25 0.91% 39.2”, 22.8’ (‘) 
5 0 25 0.91% 14” 
5 1 26 1.05% 2.7’ (*), 25.3” 
3 3 18 1.96% 0” (‘) 
6 0 36 0.95% 45” (‘) 

YBCO Misfit 6 Misorientation 8 

m n %,BCU 

1 0 1 1 0 1 5.76% 45” 
2 1 5 2 1 5 5.76% 45”, 8.13” 
3 0 9 2 2 8 0.13% 0” 

BaZrO, YBCO Misfit 6 Misorientation 0 

k I hZrO3 m n UYBCXJ 

1 0 1 1 0 1 8.46% 45” 
2 1 5 2 1 5 8.46% 45”, 8.13” 
2 2 8 3 0 9 2.57% 0” 

vation. A possible explanation could be that some 
YBCO is formed on the surface of the YSZ support, 
thus steering the further growth of the bulk of the 
YBCO film as we suggested earlier in this discussion. 
From table 1 one can see the mismatches for 45 ’ and 
8.13” are the same. This supports the idea that a 9” 

epitaxy occurs so frequently. This also indicates that 
YBCO directly grows on a YSZ substrate at the very 
beginning of the process. Then the orientation re- 
lations are determined by this interaction between 
YSZ and YBCO. 

In the case of 0” epitaxy shown in fig. lO( a), as 

we can see from fq. 4, one can see that five unit cells 
of a YSZ substrate match with six unit cells of 
BaZrQ. This corresponds to aysz=24 and 
aBszro3 = 18 as calculated in table 1. For 45 ’ epitaxy 
(fig. lO(b)),asshowninfig.2or3,onecanseeseven 
unit cells of a YSZ substrate match with six unit cells 
of BaZrOs. This corresponds to aysz= 49 and 
cBG&3 = 36. 

The terminating layer of the YBCO film was found 
to be a CuO layer. Similar arrangements with CuO 
as the terminating YBCO layer are observed in (00 1) 
grain boundaries in polycrystalline YBCO [ 22,231, 
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and at the interfaces YBCO/MgO [9,10], and 
YBCO/amorphous YBCO [ 241. These stacking se- 
quences are in contrast with the sequence at the 
SrTiOs/YBCO interface, where the terminating layer 
of YBCO is a BaO layer. We have argued previously 
[ 81 that this is due to the strong interaction between 
YBCO and SrTi03. 

In the case of a BaZrOJYBCO interface as well 
as for a SrTiOJYBCO interface a perovskite struo 
ture is present at both sides of the interface. In the 
case of [ool ]YBcOI] 1001 IBaZrOa and 
[ 100 ] yBco II[ 100 ] B-j as is observed in fig. 1, the 
(Cu, Zr), (Ba, Ba/Y) and 0 sublattice can continue 

Fig. 10. (a), (b), and (c) Near-coincidence site lattices for a 0”, 
45 * , and 9” epitaxy, respectively. 

across the interface of YBCO and B&OS, since both 
structures are perovskite-like. The lattices of the 
BaZrOs and YBCO have a rather large lattice mis- 
match ( - 8%). For the stacking sequence BaZrOs- 
ZrO,-BaO/CuO-BaO-CuO,-Y-CuOz-BaO-YBCO 
this lattice mismatch leads to misfit dislocations 
ending in the interface as shown in fig. 2. For the 
stacking sequence BaZrOs-ZrOz-BaO/-BaO-CuOz- 
Y-CuO*-BaO-YBCO two BaO layers are next to 
each other in a similar way as the two La0 layers in 
LazCu04. This fact combined with a nearest neigh- 
bor consideration for the Ba atoms means that what 
appears to be an a’/2 [ 10 1 ] dislocation shown in fig. 
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3 is more likely to be an a’/2 [ 1111 dislocation. References 
The c plane of a YBCO thin film tends to grow 

parallel to the surface of a substrate instead of par- 
allel to the (001) plane of YSZ. With respect to the 
manufacturing of Josephson junctions this property 
can be beneficial as well as detrimental. In the first 
case a Josephson junction can be made at the kink 
of the surfaces meeting under a chosen angle. In the 
second case a YBCO-PrBCO-YBCO ramp Joseph- 
son junction obtained by masking and sputtering is 
unreliable because the sputtering of the YSZ support 
leads to inclined surfaces, thus adding unwanted ex- 
tra grain boundaries due to out-of-plane misorien- 
tations [ 25 1, since these grain boundaries will have 
their own electrical characteristics. 
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Connell, J.B. Boyce and T.H. Geballe, Appl. Phys. Lett. 57 
(1990) 1161. 

12 ) D.F. Fork, K. Nashimoto and T.H. Geballe, Appl. Phys. Lett. 
60 (1992) 1621. 

[ 31 X.D. Wu, R.E. Muenchausen, N.S. Nogar, A. Pique, R. 
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Chen, Appl. Phys. L&t. 58 ( 1991) 304. 
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Kinder, 0. Eibl, C. Jaekel, U. Breuer and H. Kurz, Physica 
c 201 (1992) 249. 
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Barton, Appl. Phys. Lett. 58 ( 199 1) 2 168. 

[ 61 D.K. Fork, S.M. Garrison, M. Hawley and T.H. Geballe, J. 
Mater. Res. 7 (1992) 1641. 
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Olsson and M. Lofgren, Appl. Phys. Lett. 61 (1992) 723. 
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5. Conclusion 

The stacking sequence of a YBa2Cu307 film on a 
BaZrOs layer is dominantly (YSZ bulk)-Zr02-BaO/ 
CuO-BaO-Cu02- (YBCO bulk). Sometimes the 
stacking sequence (YSZ bulk)-ZrO*-BaO/BaO- 
Cu02-Y- (YBCO bulk) can be observed. Three main 
epitaxial relations (O’, 45”, 9” ) between YSZ and 
YBCO were observed. This can be explained by a 
near-coincidence site lattice (G= 25,49, 13 for a YSZ 
substrate) between YSZ and the reaction layer 
BaZQ. A YBCO film tends to grow following the 
orientation of the BaZrOs layer, resulting in [ 1001 
of YBCO beingparallel to [ lOO] of the BaZrOs layer. 
A YBCO film grows following the surface of the YSZ 
substrate instead of the (00 1) atomic plane. 
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