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Microstructures of c-axis oriented YBCO thin films made by high-pressure d.c. sputtering on 
LaAIO3 and MgO substrates were examined by TEM. The a-axis oriented grains, second 
phases and micro-twins were frequently observed in the film. The a-axis oriented grains 
expanded along their c-axis directions during film growth. The a- and b-axis misorientations 
were observed in the film on MgO due to serious lattice mis-match between YBCO and MgO. 
The second phases were often accompanied with a-axis oriented grains suggesting they act 
as nuclei. These observed results were correlated with the measured Tc and Jc of the films. 

1. Introduction 
High-To superconductors hold great promise for ap- 
plications in the field of high-frequency electronics. 
The crystalline quality achieved in thin films of the 
superconductor YBCO makes critical current densit- 
ies in the order of 107 A cm-  2 possible [1], and results 
in a microwave surface resistance at 90 GHz, a factor 
of 10 smaller than that of copper at 77 K [2]. Epitaxial 
YBCO thin films have been grown by many different 
techniques on a number of lattice-matched single- 
crystal substrates [3-6]. However, because the differ- 
ences in lattice constants for a, b and c/3 of YBCO are 
very small, most of the YBCO thin films on E100] 
perovskite substrates have a mixture of epitaxial 
grains with a-axis, b-axis or c-axis normal to the 
surface [%10]. This tendency to form mixed epitaxial 
grains seriously affects surface smoothness of the film 
caused by the difference in growth rates parallel to, 
and normal to, the c-axis [11], making them unsuit- 
able for many applications [-12-14] when they are 
grown within a narrow range of conditions for the best 
transport properties [15]. A detailed understanding of 
the growth mechanism and the ability to control the 
microstructure are key issues for successful device 
application. In this work we concentrate on the micro- 
structure and its influence on the electrical properties. 

the samples face to face together. After mechanical 
thinning the samples were dimpled to about 10 gm 
thickness in the central region and ion-milled to per- 
foration. The TEM samples were observed on a JEOL 
2010. 

The Tc for the films was measured by a.c. suscept- 
ibility [16]. The resistive curve was obtained by 
a standard four-terminal Van der Pauw measurement. 
The magnetization critical current density, Jc, was 
measured by using a vibrating sample magnetometer 
(VSM). The samples were also characterized by X-ray 
diffraction (copper target, K~ irradiation) on a Philips 
PW 1730 instrument. 

3. Results and discussion 
3.1. YBCO film on LaAIO3 (1 00) 
The thickness of the film measured across a step 
edge by a Talystep stylus profilometer varied from 
180-340 nm. Fig. la shows a typical plan-view image 
of sample 1, the YBCO film on LaA103. The electron 
diffraction pattern observed for this sample suggests 
that it is mainly c-axis oriented epitaxial single crystal 
which is shown in Fig. lb. The selected area covered 
the whole image (i.e. a few micrometers of the ob- 
served area). The diffraction pattern also shows that 

2. Experimental procedure 
YBCO films were made by using high-pressure 
d.c. sputtering. Pure oxygen gas was used for the 
film deposition. The deposition temperature was 
780-800~ The other conditions were as given in 
Table I. 

Plan view TEM samples were made by mechanical 
thinning, dimpling and ion-milling from the substrate 
side. Cross-section samples were prepared by gluing 

TABLE I YBCO film deposition condition 

Sample Substrate Sputter Target- Sputter 
pressure substrate time 
(Pa) distance (ram) (h) 

1 LaAIO3 300 11 2 
2 MgO 300 11 2.5 
3 MgO 225 15 1 

3968 0022 2461 �9 1995 Chapman & Hall 



30 

2O 
• 

: 10 
0 

G) 

0 
0 

A.c.susceptibi l i ty 

88 92 
Temperature (K) 

~"  cJ o 
o o o v 

10 20 30 
20 (deg) 

v 

40 50 

Figure 3 The X-ray diffraction pattern and the inductive transition 
of sample 1. 

Figure 1 A typical plan-view image and its electron diffraction 
pattern of sample 1. 
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Figure 4 The Jc of sample 1 as a function of applied field, B(T), 
at 70 K. 

Figure 2 A high-resoIution cross-sectional image of an a-axis 
oriented grain in sample 1. 

between the much stronger spots for the c-axis ori- 
entation there are some weak spots evident, which 
correspond to a-axis oriented grains. In the image 
some needle-shaped a-axis oriented grains (as in- 
dicated by a small arrow) and some micro-twins with 
regular intervals of about 50nm (as indicated by 
a large arrow) can be seen. The existence of the micro- 
twins can also be confirmed from the diffraction pat- 
tern, which shows a splitting of the main diffraction 
spots. A high-resolution cross-sectional image of an 
a-axis oriented grain is shown in Fig. 2. It can be seen 
that the interface between YBCO and LaA103 is quite 

smooth. The upper part of the grain is wider than that 
of the lower part, which is the result of growth com- 
petition between the grain and the surrounding c-axis 
oriented film. It should be noted that within a distance 
of 10 nm from the substrate (indicated by S), there is 
no expansion of the grain along its c-axis direction. 
This implies that the initial growth of the a-axis 
oriented grain was confined along the a- and b-axes 
only. As has been shown in Fig. 1, the a-axis oriented 
grains are needle shaped, which suggests that the 
growth rates along the a- and b-axes are much higher 
than that along the c-axis. Therefore, during the 
growth of the film it is expected that at some stage the 
a-axis oriented grain wound grow above the surround- 
ing c-axis oriented single-crystal surface. Only at this 
stage, will the a-axis oriented grain begin its expansion 
along its c-axis direction. This a-axis grain out-growth 
above the film surface had been observed by another 
group [17]. 

The X-ray diffraction pattern observed using CuK~ 
radiation and an automated independent theta and 
two theta diffractometer confirms that the film is 
mainly c-axis oriented (Fig. 3). The c-axis length and 
the oxygen content (7 - x) calculated from this length 
[18] are equal to 1.167 nm and 6.97, respectively. The 
insert in Fig. 3 shows the inductive transition of the 
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Figure 7 The X-ray diffraction pattern and the inductive transition 
of sample 2. 

Figure 5. A cross-sectional image of an ab-axis misoriented grain 
and its electron diffraction pattern in sample 2. 

Figure 6 A high-resolution cross-sectional image of an a-axis 
oriented grain in sample 2. 

sample, measured from the real part of the magnetic 
susceptibility, (X'). Tc (i.e. zero resistance) was found to 
be 90.3 K as determined from the peak o fdV /dT  [15]. 
The value of Tc (i.e. 90.3 K) is near the highest 
T~ obtained for sputtered YBCO films on LaA103. To 
our knowledge, it is difficult to make a sputtered 
YBCO film with the optimum T~ (i.e. 92 K) of the 123 
phase. Fig. 4 shows J~ of the sample as a function of 
applied field B(T) at 70 K. 

3.2. Y B C O  f i l m  on MgO (100)  
The microstructure of the YBCO film MgO (sample 2) 
observed on plan-view and cross-sectional samples is 
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similar to that described for sample 1 except that some 
c-axis oriented grains were observed with rotation 
along its c-axis relative to the surrounding c-axis epi- 
taxial film. A cross-sectional image of this grain is 
shown in Fig. 5. This could be due to the 9% lattice 
mismatch between YBCO and MgO which is larger 
than the lattice mismatch between YBCO and 
LaA103 of < 3%. This mismatch is shown in the 
inserted diffraction patterns, in which the isolated 
bright spots are from MgO substrate. The film thick- 
ness is about 150 nm determined from the picture. The 
diffraction pattern (A) in Fig. 5 was taken from the 
bright area on the fihn including some part of the 
substrate (indicated by S), which shows that the c-axis 
of this grain is still normal to the substrate, but the 
a-axis is not parallel to the a-axis of the substrate, 
which is the a-axis direction of the most part of the 
film as shown in the diffraction pattern (B). The [2 1 0] 
direction of this grain is normal to the photo. A high- 
resolution cross-sectional image of an a-axis oriented 
grain in the film shown in Fig. 6. The surface smooth- 
ness of the interface between MgO and YBCO is not 
as good as that observed for sample 1. The grain seems 
to have grown from a small concave feature on the 
substrate. It would thus take a longer time for this 
grain to grow over the surrounding surface during film 
growth, which resulted in a long distance (about 
100 nm) from the substrate where the grain began the 
expansion along its c-axis direction (indicated by an 
arrow). It can be seen also that within the grain there is 
a narrow strip which is not resolved. This could be 
a second phas e or the same phase with different ori- 
entation. There is also a dislocation leading into the 
bottom of the MgO surface pit. 

The X-ray diffraction pattern of the sample (Fig. 7) 
shows that the film is still mainly c-axis oriented with 
some a-axis oriented grains (a small (100) peak is 
indicated by an arrow). This suggests that there are 
not many c-axis oriented grains with an ab-axis mis- 
orientation. Tc for this film was also measured by a.c. 
susceptibility and found to be 86 K, as shown in the 
insert to figure. Normally YBCO films on MgO made 
by this technique are found to have a lower Tc than 
those on LaA10~. 

Fig. 8 shows a plan-view image of a different YBCO 
film on MgO (sample 3) which has a film thickness of 
about 80-150 nm. It can be seen in the image that even 
though majority of the film is c-axis oriented there are 



Figure 8 A plan-view image of sample 3. 
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Figure 9 An EDS spectrum of second phases in sample 3. 

2.0 

1.6 
o 1.2! x 

0.8 
O 

0.4 
i 

0,0i 

,,e-- O 
O O 

10 

il 

~ 
20 30 40 

20 (deg) 

Figure ]0 The X-ray diffraction pattern of sample 3. 
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some second-phase regions (bright regions) in the film 
and these are surrounded by needle-shaped a-axis 
oriented grains. EDS analysis indicates that this sec- 
ond phase is yttrium-rich and barium-poor compared 
with the 123 phase as shown in Fig. 9, in which the 
dotted curve is a spectrum collected from a nearby 123 
phase. The micro-beam diffraction pattern suggests 
that these second phases have a polycrystalline struc- 
ture. This implies that the a-axis oriented grains nu- 
cleate preferentially at regions in the film which are 

2.8 

> 

-~ 2.4 
._~ 
b 0  

2.0 

80 82 

' ' 'T~ ='87K . . . .  / 4000 A 

,-J 3000 -1 o Inductive ~ . . . .  

2000 

/~-2 Resistance-> 1000 '~. 

I I I ( I I t i I 0 

84 86 88 90 92 94 96 98 
Temperature ( K ) 

Figure 11 The T~ of sample 3 measured by inductive and resistance 
methods. 
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Figure 12 The magnetization Jo of sample 3. 

off-stoichiometry and, once a-axis oriented grains 
were formed, they slow down the horizontal expan- 
sion of the 123 phase because the growth rate along 
the c-axis of the 123 phase is much slower thai] that 
along the a- and b-axes. 

The X-ray diffraction pattern of the sample 3 shows 
a small (1 0 0) peak from the a-axis oriented grains as 
shown in Fig. 10 (indicated by an arrow). The Tc was 
again measured using a.c. susceptibility and resistance 
method and found to be 87 K as shown in Fig. 11. 
Fig. 12 shows the magnetization Jc, of this sample. 
It can be seen J~ is quite low, probably because the 
magnetization current is limited by the boundaries of 
the a-axis grains and second phases. 

4.  C o n c l u s i o n  
The a-axis oriented grains, second phases and micro- 
twins were frequently observed in the c-axis oriented 
YBCO films on LaA103 and MgO substrates. The 
a-axis oriented grains expanded along their c-axis 
directions during film growth. But there were no ex- 
pansions during the initial film growth, and the posi- 
tion where they started to expand depended on the 
smoothness of the substrate. The a- and b-axis mis- 
orientations were observed in the film on MgO, but 
not on LaA103. The second phases were often accom- 
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panied with a-axis oriented grains suggesting they act 
as nuclei. The To and Jo of the film on MgO are not as 
good as on LaA103. 
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