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Effects of Heat Treatments on Microstructure
Formation in MgBo/YSZ/Hastelloy Film
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Hitoshi Kitaguchi, Kazunori Komori, and Hiroaki Kumakura

Abstract—Annealing processes in MgB,, films deposited on yt-
tria-stabilized zirconia (YSZ)-buffered Hastelloy substrates were
studied by transmission electron microscopy. The MgB,, films
with Mg-rich compositions were fabricated at room temperature
using a pulsed laser deposition (PLD) method. The as-deposited
films do not exhibit clear superconducting transitions, and have
inhomogeneous microstructures composed of amorphous regions
and a small amount of crystalline MgB, and MgO with several
tens of nm in size. Various sizes of voids are also incorporated
within the amorphous regions. After the annealing at 600 or
680°C, the films exhibit clear superconducting transitions. The
amorphous regions crystallize into fine grains of MgB, or MgO
5-50 nm in size. The voids remain in the annealed films and
their sizes depend on the annealing condition. Magnesium-and
oxygen-rich layers are formed near the MgB,/YSZ interface and
the film surface. It is suggested that the finer grains of MigB, and
MgO obtained by the lower-temperature annealing give a larger
critical current density under a high magnetic field.

Index Terms—Heat treatment, MgB,, film, transmission elec-
tron microscopy, yttria-stabilized zirconia.

1. INTRODUCTION

HE MgB, film is a potential material from a viewpoint

of an application to superconducting electronic devices.
Many research groups make efforts to produce high-quality
MgB, films. It is known that MgB,, films after an appropriate
heat treatment show good superconducting properties [1]-[5].
The fact suggests that the heat treatment plays a significant role
in improving the superconducting properties. The improvement
of superconducting properties will be strongly correlated with
the refinement of microstructure in MgB, films. However,
the microstructure evolution in MgB, films during the heat
treatment has not been intensively studied in comparison with
the superconducting properties.

The present paper reports annealing effects on microstruc-
tures in MgB, films that were deposited on yttria-stabilized zir-
conia (YSZ)-buffered Hastelloy substrates using a pulsed laser
deposition (PLD) method. The MgB,/YSZ/Hastelloy films ex-
hibit a high critical current density, .J., under high magnetic
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fields after annealing treatments [6]. In the present study, trans-
mission electron microscopy (TEM) analysis was carried out to
clarify the microstructure evolution and its relation with the su-
perconductivity in the MgB,/YSZ/Hastelloy films.

II. EXPERIMENTAL

A substrate of Hastelloy (C-276) tape was precoated with
YSZ of 500 nm in thickness by bias sputtering [6]. MgB, and
magnesium powders were mixed together so that the molar ratio
of Mg to B was set to 3:2. The mixed powders were compacted
to form a pellet used as a target material. By using a KrF excimer
laser with 400 mJ/pulse operated at 5 Hz, Mg-rich MgB, films
about 800 nm in thickness were deposited on the YSZ/Hastelloy
substrates. The deposition was carried out at room temperature
under an Ar atmosphere about 102 Pa. The as-deposited films
were annealed at 600°C for 1 h or at 680°C for 0.5 h under an
Ar atmosphere by heating the substrates. After the annealing,
the thickness of the MgB, film reduced to 400-500 nm.

The critical current, I, was measured at 4.2 K under a mag-
netic field using a four-probe resistivity technique. The mag-
netic field was applied parallel to the film surface. The criterion
of I. determination was 1.0 4V /cm. The value of .J. was cal-
culated by dividing the I. value by the cross-sectional area of
the MgB, film.

Cross-sectional specimens of the MgB,/YSZ/Hastelloy
films were prepared using a HITACHI FB-2000K focused ion
beam mill equipped with a microsampling system. TEM obser-
vation of the specimens was performed with FEI TECNAI-20,
TECNAI-20F and JEOL JEM-2010FEF electron microscopes.
For the post-annealed MgB,/YSZ/Hastelloy films, two-di-
mensional distribution of magnesium, boron and oxygen was
analyzed using electron energy loss spectroscopy (EELS)
and scanning TEM-energy dispersive X-ray spectroscopy
(STEM-EDX) techniques. In the EELS experiment, the
three-window technique was adopted and the magnesium-L
edge at 55 eV, the boron-K edge at 188 eV and the oxygen-K
edge at 532 eV were selected for imaging the elemental distri-
bution. In the STEM-EDX experiment, the electron probe 1-3
nm in diameter was positioned on the specimen surface, and an
EDX spectrum was acquired for 1-3 s at each position.

III. RESULTS AND DISCUSSION

A. Superconducting Properties

The as-grown MgB,/YSZ/Hastelloy films do not exhibit
clear superconducting transitions. After the annealing at
600 or 680°C, however, the films exhibit superconducting
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Fig. 1. Transport .J. at 4.2 K of MgB,/YSZ/Hastelloy films after different

heat treatments as a function of applied magnetic fields.

transitions at 30 K or 32 K, respectively. Fig. 1 shows transport
J. values of the post-annealed films as a function of applied
magnetic fields. The .J. value of the film annealed at 600°C
reaches 1.0 x 10° A/ cm? at 10 T and decreases gradually with
increasing magnetic fields. The .J. value of the film annealed
at 680°C, on the other hand, decreases rapidly under higher
magnetic fields. This suggests that the pinning force under high
magnetic fields is higher in the 600° C-annealed film than in the
680°C-annealed one.

B. TEM Observation

Fig. 2(a) shows a bright-field TEM image of the as-deposited
MgB, film. The as-deposited film has an inhomogeneous mi-
crostructure. Electron diffraction experiments revealed that the
matrix of the deposited film is amorphous. Various sizes of voids
are formed in the amorphous layer, as indicated by arrows. The
electron diffraction pattern in (c) was taken from the encircled
area in (a). Bragg reflections are indexed as those for MgB,
and/or MgO phases. Fig. 2(b) shows a dark-field image taken
with the reflections at hkl = 101y,2 and/or 200y1,0. Crys-
talline MgB, and MgO with tens of nm in size are inhomoge-
neously distributed within the amorphous layer.

Crystallization of MgB, and MgO occurred in the as-de-
posited film during the heat treatments. Fig. 3(a) shows a bright-
field image of the 600°C-annealed film. Two different granular
contrasts are seen in the MgB, film: one is a bright contrast
of voids 5-50 nm in size and the other is a dark one of fine
crystals 5-20 nm in size, as indicated by white and black ar-
rows respectively. The electron diffraction in Fig. 3(c) shows
clear diffraction rings from the MgB, and MgO phases. The
dark-field image in Fig. 3(b) reveals that nanocrystalline MgB,,
and MgO are uniformly dispersed in the film.

The crystallization is also seen in a high-resolution TEM
image in Fig. 4. High density of lattice fringes and grain
connectivity are visible. Some lattice fringes were identified as
those of MgB, and MgO by Fourier transformation analysis.
No clear difference in grain size between MgB, and MgO was
recognized. The existence of the grain connectivity suggests
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Fig. 2. (a)Bright- and (b) dark-field TEM images of the as-deposited film and
an electron diffraction pattern (c) taken from the encircled area in (a). Various
sizes of voids are formed as indicated by arrows in (a). Bragg reflections of
hkl = 101yes> and/or 200y,0 was used for the dark-field imaging, as
depicted by a small circle in (c).
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Fig.3. (a) Bright- and (b) dark-field TEM images of the MgB, film annealed
at 600°C for 1 h, and an electron diffraction pattern taken from the MgB,, film
(c). White and black arrows in (a) indicate voids and grains of MgB, or MgO,
respectively. Bragg reflections of hkl = 101y and 200mg0 Was used for
the dark-field imaging, as depicted by a small circle in (c).

that supercurrents would easily flow across the grain boundaries
in the film. The voids show an amorphous-like contrast and it
changed every moment during the observation. This suggests
that some unknown phases, which may be oxide phases, exist
in the voids.
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Fig.4. High-resolution TEM images of the MgB,, film annealed at 600° C for
1 h. Grains of MgB, and/or MgO are in contact with each other, as indicated
by arrows.
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Fig. 5. (a) Bright- and (b) dark-field TEM images of the MgB, film annealed
at 680° C for 0.5 h, and an electron diffraction pattern taken from the MgB, film
(c). Arrows in (a) indicate large voids. Bragg reflections of Akl = 101 ;5> and
200ypg0 was used for the dark-field imaging, as depicted by a small circle in

(©).

Fig. 5 shows TEM results of the 680°C-annealed film.
Bright-(a) and dark-field images (b) clearly show that both
voids and grains of MgB, and MgO are larger in size than
those in the 600° C-annealed film. Diffraction intensities from
the MgB, phase in Fig. 5(c) tend to be higher than those for
the 600°C-annealed film. This corresponds to the larger grain
sizes of MgB,. The higher crystallinity of MgB, might be
also correlated with the larger diffraction intensities in the
680°C-annealed film.
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Fig. 6. EELS mapping of the MgB, film annealed at 600°C for 1 h.
(a) Bright-field image, (b) Magnesium map, (c) boron map and (d) oxygen
map. Large and small arrows indicate the MgB,/YSZ interface and grains of
MgO, respectively.

C. Elemental Mapping Analysis

Fig. 6 demonstrates an EELS mapping analysis of the
600°C-annealed film. Large arrows indicate the MgB,/YSZ
interface. One can see that the distribution of oxygen (d) is
similar to that of magnesium (b), and boron (c) tends to exhibit
the reverse distribution. Such elemental distribution may be
due to the high reactivity of magnesium with oxygen and the
excess magnesium content in the MgB, film. The magnesium
and oxygen concentrations are significantly high at (i) the
film surface, (ii) small areas in the film as indicated by small
arrows and (iii) the MgB,/YSZ interface. The enrichment of
magnesium and oxygen occurs during the heat treatment, and
enrichment processes can be explained respectively as follows:
(1) the reaction of magnesium at the film surface with residual
oxygen in the atmosphere, (ii) the formation of nano-crystalline
MgO in the film and (iii) the reaction of magnesium with
oxygen coming from the YSZ layer. A close observation of
the MgB, film near the MgB,/YSZ interface reveals that the
(Mg,0O)-rich layers and B-rich layers are formed alternately.
The formation of such a ‘layered structure’ may be related to
the directional heating from the substrate toward the MgB,
film.

Fig. 7(a) shows a STEM-EDX result of the 600° C-annealed
film. The graph depicts profiles of characteristic X-ray inten-
sities measured along the dotted line in the annular dark-field
STEM image. One can see that zirconium and yttrium do not
diffuse into the MgB, layer. The X-ray intensities of magne-
sium and oxygen exhibit some maxima near the MgB,/YSZ in-
terface. These intensity maxima correspond to the layered struc-
ture identified in the EELS mapping. At the large voids, the mag-
nesium intensity decreases rapidly whereas the oxygen inten-
sity does not, as indicated by the circle in the graph. This sug-
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Fig.7. STEM-EDX analysis of the 600° C- (a) and 680° C-annealed films (b).
Characteristic X-ray intensities were measured along the dotted lines depicted
in the annular dark-field STEM images.

gests that some oxide phases exist inside the voids. The semi-
quantitative STEM-EDX analysis in Fig. 7 also revealed dif-
ferences in elemental distribution between the 600°C- (a) and
680° C-annealed films (b). The condensation of magnesium and
oxygen near the MgB,/YSZ interface is more remarkable in the
680° C-annealed film (b). On the other hand, the oxygen concen-
tration in the MgB, matrix tends to be higher in the 600° C-an-
nealed film (a) than in 680°C-annealed one (b).

D. Relationship Between Microstructure and J. Property

Control of the grain size of MgB, is important to improve
the J. property of the MgB, film, since grain boundaries are
considered as effective pinning centers in the MgB, film. In the
present study, the 600°C-annealed film exhibits smaller grain
sizes (higher grain boundary density) of MgB, and a better
J. property under high magnetic fields. This suggests that the
lower-temperature annealing is effectual to fabricate high-.J.
MgB, films.

In the PLD process, nano-sized voids were introduced in the
MgB, films. Such void formation in the PLD-MgB, films was
also reported by other research groups [7]. The voids remain
after the annealing and contain oxygen-rich phases. We also
found that high density of nano-sized voids exist in the (Mg,0O)-
rich layers near the MgB,/YSZ interface. These results sug-
gest that the void formation is closely related to the reaction
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of oxygen as well as the PLD process. The size of voids de-
pends on the annealing temperature. The large-void formation
in the 680°C-annealed film may be due to (i) the coalescence of
voids during the annealing or (ii) the coarsening of voids with
incorporating oxygen from neighboring oxide phases, such as
MgO and Mg(B, O),. For the 600°C-annealing, on the other
hand, oxygen atoms cannot diffuse away from the MgB, ma-
trix, but form a significant amount of oxide phases. As a result,
the oxygen concentration in the MgB, matrix of the 600°C-an-
nealed film becomes higher than that in the 680°C-annealed
film, as seen in Fig. 7. Although no direct evidence for the for-
mation of oxide phases other than MgO, some of nano-crys-
talline MgB, might exist as Mg(B, O)2 in the 600°C-annealed
film. Such oxide phases are also considered to act as pinning
centers when their grain sizes are smaller than 10-20 nm [2],
[5]-[11]. There is another possibility that the nano-sized oxide
phases may suppress the grain growth of nanocrystalline MgB,.
Thus, control of the nanostructure formation of oxide phases in
the heat treatments is also important to fabricate high-.J. MgB,
films.
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