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ABSTRACT

The inclined-substrate deposition (ISD) method for growth of biaxially textured MgO is of
interest due to its applications in coated conductors based on high-temperature superconductor
(HTS). The ISD method is especially attractive since it offers the potential to produce a high—
quality biaxially textured layer in a simple and efficient process. In this work, of YBa,Cu3O7.«
(YBCO) coated conductors formed by two-step deposited MgO buffer layers (ISD and homo-
epitaxial) on Hastelloy tapes were examined by high-resolution electron microscopy (HREM)
carried out to study both the structure of individual layers and, especially, the interfaces between
them. Special attention was paid to the MgO buffer layer because of its importance to biaxial
YBCO formation. TEM investigation shows the MgO [111] direction is not parallel to the
substrate normal but tilted slightly toward the deposition direction. The second layer of MgO has
a good epitaxial relationship with the first layer, while dislocations were found near the interface
area of the MgO layers. Twin boundaries, which are in the (111) plane, were found between the
ISD MgO columns. The multi-buffer layers gave better growth of epitaxial YBCO.

INTRODUCTION

Record superconducting performance has recently been demonstrated with conductors
prepared by coating thick films of YBCO onto flexible metallic substrates, and this has
stimulated intense worldwide activity and expectations for realizing the full potential for
operating superconducting devices at liquid nitrogen temperatures with current densities in the
MA/cm? range. The key ingredient in this new development has been the ability to deposit
YBCO films that are biaxially textured onto polycrystalline substrates, thus reducing the number
of weak, high-angle grain boundaries that are known to limit current transport. Several
techniques have been developed for preparing a biaxially textured template upon which the
YBCO film can be subsequently grown epitaxially. The ion beam-assisted deposition (IBAD)
process [1] achieves texture by means of a secondary ion gun that orients an oxide-film buffer
layer that is being deposited onto the metallic substrate. The rolling-assisted biaxially textured
substrate (RABITS) process [2] achieves texture by mechanical rolling of a face-centered cubic
metal and subsequent heat treatment. The 1ISD method is a simple and unique method, which was
first reported by Hasegawa et al. [3,4] using excimer laser ablation. A similar biaxial alignment
was observed in CeO, and MgO by the ISD process [5]. At present, the critical current density
(Jc ) values for YBCO films deposited on ISD MgO are less than those of IBAD, but ISD has
very high deposition rates, which should be advantageous for scaling up toward practical
applications [5-8].

The objective of this paper is to conduct detailed analytical electron microscopy on the
microstructure characteristics of ISD coated conductors with different architectures. An HREM



analysis was performed to study the micro-twin structure and the interface between the ISD MgO
and the homo-epitaxial MgO. In addition, studies of the relationship between the buffer layer
microstructure and the buffer layer diffusion barrier were conducted for various buffer layer
structures.

EXPERIMENTAL

Mechanically polished Hastelloy C276® (HC) pieces with a thickness of ~0.1 mm were used
as substrates for MgO/YBCO deposition. The substrates were mounted above the deposition
source and inclined by an angle with respect to the substrate normal. Oxygen was introduced into
the deposition chamber near the substrate. The oxygen flow was adjusted so that the oxygen
pressure near the e-beam evaporation source was controlled. In Samples 1 and 2, after deposition
of the ISD MgO, a thin MgO layer was deposited at elevated substrate temperature and with the
substrate normal to the vapor source (zero inclination angle) to improve the buffer layer surface
with respect to the epitaxial YBCO growth. The homo-epitaxial growth of the MgO film led to
the development of a sharp cubic texture inherited from a MgO film pre-deposited by e-beam
evaporation, as described in detail elsewhere [8]. Sample 1 has Ag/YBCO/homo-epitaxial
MgO/I1SD-MgO/Hastelloy architecture. Silver was deposited for protection of the film when
measuring the properties and preparing the sample for transmission electron microscopy (TEM).
The architecture in Sample 2 is more complicated, YSZ/ISD-MgO/Homo-epitaxial
MgO/YSZ/CeO,/YBCO (where YSZ=yttria-stabilized zirconia). The microstructure of the thin
films was investigated by analytical electron microscopy and HREM. These analyses made use
of a Philips CM30-T (300KV) with an EDAX EDS system and Gatan PEELS system and JEM-
4000EX with spherical aberration coefficient Cs=1.0 mm. Cross-section samples for TEM
examination were prepared by a method published elsewhere [9]. Cold stage was used when ion
milling the sample to eliminate the temperature effect.

RESULTSAND DISCUSSION

Low-magnification TEM and HREM were
conducted to reveal the overall architecture and
interface structure in Samples 1 and 2. Since every
interface is important to the growth quality and the
transport properties, we will discuss specific
interfaces separately.

Overall architecture

Figure 1 shows the cross-sectional
morphology of Sample 1. The grain size of MgO
increases from 5 nm at the bottom to 150 nm near e
the top. The contrast in the TEM picture indicates Figure 1. TEM bright-field image showing
the epitaxial and columnar growth of the ISD MgO the architecture of Sample 1. The YBCO
film. The white contrast at the grain boundaries is film does not form all the way to the top.
revealed by HREM and selected area electron There exists nano-phase structure upon the
diffraction (SAED) as micro-twin structures. We YBCO crystals.




Figure 2. Cross-section TEM photographs showing the architecture of
sample 2, which has a multibuffer layer structure. Diffraction patterns are
from different positions or layers of the sample.

noticed that the YBCO film is not formed as a single crystal all the way to the top (near Ag).
Also, the MgO [111] axis is not parallel to the substrate normal but tilted by an angle of 8°
toward the deposition direction. This phenomenon has been reported by B. Bauer et al. [10].
Figure 2 shows the architecture of Sample 2: HC/YSZ/ISD-MgO/homo-epitaxial MgO
1YSZI/CeO,/YBCO; the diffraction patterns are from different layers and reaction products.

Hastelloy/M gO interface

The interface structure between Hastelloy and ISD MgO in Samples 1 and 2 is shown in
Figure 3. This interface is clean, and no reaction phase formed. The interface is nano-scaled flat,
while there is a very thin, atomically scaled amorphous layer. In Sample 2 there is a continuous
reaction oxide layer formed during the process, which is similar to the phenomenon reported by
Holesinger et al. [11]. A Cr,05 layer is formed during PLD of the CeO; and YBCO film when
the substrate was heated to temperatures between 700°C and 800°C, even though the first layer of
YSZ was deposited at room temperature. In the ISD process, the first layer of MgO was formed
at room temperature, while the homo-epitaxial MgO and YBCO layers were deposited at
elevated temperature, which is not high enough to form an oxide layer.

M gO/homo-epitaxial MgO interface

The bright contrast in the ISD MgO film in Figure 2 is from micro-twin boundaries,
which is revealed by HREM and diffraction pattern [Figure 4 (a)]. The twin planes are in the
(111) plane, and were found in between MgO columns in Sample 1 and 2. Figure 4 (a) is an
example of twins in Sample 1. Figure 4 (b) shows the interface between the ISD MgO and
homo-epitaxial MgO in sample 2. The interface is clean, without reaction phases, and the
layers are in good epitaxial relationship. At the same time, high-resolution imaging revealed



Figure 3 Hastelloy/MgO interface structure of Sample 1 (a) and Sample 2 (b)
from HREM. The interface between Hastelloy and MgO is clean, and there is a
Cr,0x laver in between Hastellov and YSZ.

the facet characteristic and dislocation structure at the interface between ISD MgO/homo-
epitaxial MgO.

I nterface between YBCO and MgO

Figure 5 shows the YBCO/MgO interface structure of Sample 1 and Sample 2, respectively.
In some part of Sample 1, a very thin (10~90 nm) YBCO layer is formed on the homo-biaxially
aligned MgO buffer layer. The orientation relationships are YBCO[100]//MgO[011] and
YBCO[001]//MgO[111](1°off). Most of the interface is composed of reaction products, for
example, Ba-Si-Fe-Ni rich and Si-Fe-Cu rich phase, as detected by EDS. Severe off-c-axis
YBCO is also found near MgO (45°) [Figure 5 (a)]. This result indicates that an improved buffer
layer should be added on top of MgO. In Sample 2, the YBCO layer formed on a biaxially
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Figure 4. MgO/homo-epitaxial MgO interface structure of Sample 1(a) and Sample 2 (b) from
HREM. Twins boundaries, which are in the (111) plane, were found between MgO columns in
both Samples 1 and 2.



Figure 5. YBCO/MgO interface structure of Sample 1 (a) and
Sample 2 (b) from HREM. In Sample 1, there is off-c-axis
growth of YBCO and Ba-rich reaction phase. In sample 2, there
is Ba-rich and Y-rich phase in between CeO, and YBCO.

aligned YSZ buffer layer capped with a very thin CeO, layer. The epitaxial relationships are
YBCO[001]//YSZ[001] and YBCO[100]//YSZ[011]; YBCO[100]//CeO, [011](closely lattice
matched); CeO,[011]//YSZ[011](there is misfit strain). Even though there are some reaction
products in between the interface of YBCO and CeO,, there exists very good epitaxial relation.
The reaction phases are BaCeO3; and YCuO, . Holesinger et al. [11] reported the reaction
mechanism as (4)Ce0O, +(2)YBCO=(4)BaCeO3 +(2)YCuO, +(4)CuO+0O, Since the buffer
layer is almost the same as the IBAD layer of Holesinger et al. [11], we propose this as the
mechanism for the ISD process in the present study. As stated above, even though the interfaces
between ISD MgO and homo-epitaxial MgO are similar in both Sample 1 and Sample 2, YBCO
films with better in-plane epitaxy have been demonstrated on CeO,/YSZ double-buffer layers
compared to that on MgO buffer layers.

CONCLUSIONS

ISD is a promising method for preparing coated conductors because of the higher deposition
rate and good epitaxial structure. A detailed microstructure study of ISD-coated conductors was
undertaken to better understand the deposition phenomenon. The architecture of the conductor
includes a YBCO thin film deposited on a biaxially textured 2-um-thick MgO template layer,
which was fabricated by ISD on Hastelloy-C tapes. A homo-epitaxial MgO film was deposited
on the ISD MgO for the purpose of increasing the epitaxial quality. The interface between the
Hastelloy and MgO is absent of cracks and porosity and free of reaction products. On the other
hand, a Cr,O3 phase formed between the Hastelloy and YSZ. High-resolution imaging revealed
the facet and dislocation structure at the interface of ISD MgO/homo-epitaxial MgO. It also
revealed the reaction products in different samples. The multibuffer layer structure could induce
better epitaxial growth of YBCO, even though reaction products appear between CeO, and
YBCO.
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