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Interfacial structure of epitaxial MgB 2 thin films grown on „0001… sapphire
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The microstructure and interfacial atomic structure of MgB2 thin films fabricated on the~0001!
Al2O3 substrate were characterized by transmission electron microscopy. It was found that the
MgB2 films grow epitaxially on the substrate with an orientation relationship with respect to the
substrate as: (0001)MgB2i(0001)Al2O3 and @112̄0#MgB2i@101̄0#Al2O3 . At the film/substrate
interface, both MgO and MgAl2O4 phases were observed, which also grow epitaxially on the~0001!
Al2O3 substrate. The formation of these intermediate phases is ascribed to the existence of oxygen
during the annealing. ©2002 American Institute of Physics.@DOI: 10.1063/1.1489101#
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The recent discovery of superconductivity above 39 K
intermetallic MgB2 has resparked interest in nonoxide sup
conductors from both the fundamental and techni
perspectives.1,2 Among the prominent properties of MgB2

are the record-breaking transition temperature (TC) in metal-
lic superconductors and the ability to carry strongly link
current flow.3–5 Growth of single crystal is of particular im
portance in probing the fundamental properties of MgB2,
such as the superconducting mechanism and the aniso
in properties. Unfortunately, a peritectic decomposition
MgB2 at ;650 °C limits the growth of single crystals from
the melt.6 Growth of epitaxial thin films, on the other han
paves an alternative way to this end. In addition, epitax
thin films are themselves technically important given th
tremendous opportunities for microelectronic applications

Despite recent intensive efforts, the growth of MgB2 ep-
itaxial thin films remains challenging due to the high volat
ity of Mg in a broad temperature window and the tendency
form MgO in the presence of oxygen.In-situ growth has to
date only resulted in films composed of multiphase, p
crystallinity in nature, and of relatively lowTC .7–11 In con-
trast,ex-situprocesses involving the annealing of pure bor
and MgB2 films in Mg vapor appeared to be promising.12–16

Most recently, a successful growth of epitaxial MgB2 thin
films has been achieved by exposing the predeposited b
thin films in Mg vapor at high temperatures.17,18 Here, we
reported a transmission electron microscopy TEM study
the microstructure and interfacial atomic structure of su
thin films, representing one of the key steps to understand
its growth mechanism and structure-property relationship

The MgB2 thin films were synthesized by annealing t
predeposited boron films in Mg vapor in an encapsula
quartz tube. The boron films were deposited on the~0001!
Al2O3 substrates by rf sputtering. Details of synthesis w
reported elsewhere.17,18 The atomic structure of film/
substrate interfaces was studied within a high resolu
electron microscope JEOL-4000EX operated at 400 kV, p
viding a point-to-point resolution close to 0.17 nm. T
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chemical composition of the film was studied by energy d
persive spectroscopy~EDS! and electron energy-loss spe
troscopy~EELS! using a field emission gun analytical ele
tron microscope JEOL-2010F. High-resolution transmiss
electron microscopy~HRTEM! image simulations were per
formed using theEMS software.

A well lattice-matched substrate is critical to ensure
epitaxial growth. MgB2 has a hexagonal structure with spa
group P6/mmm ~No. 191! and lattice constants ofa
53.086 andc53.524 Å at room temperature.19 Al2O3 pos-
sesses a hexagonal structure with space groupR-3C ~No.
167! and lattice constants ofa54.758 andc512.991 Å at
room temperature.19 One can see that the basal plane
MgB2 and Al2O3 possess the same six-fold symmetry and
identical atomic configuration. While ana-to-a alignment be-
tween MgB2 and Al2O3 results in;23% lattice mismatch,
being unfavorable for the epitaxial growth, a 30° angular
the a-to-a alignment, namely@112̄0#MgB2i@101̄0#Al2O3 ,
provides a small lattice mismatched~;11%! alignment to
possibly allow an epitaxial growth.

Low-magnification TEM and electron diffraction studie
were performed to examine the overall microstructure
well as to establish the epitaxial orientation relationshi
Figure 1~a! is a low-magnification cross-sectional TEM im
age showing a portion of the film. The film has an avera
thickness of 400 nm, with a peak-to-valley surface roughn
of approximately 80 nm. Figures 1~b! and 1~c! are selected-
area electron diffraction patterns recorded from the film a
the substrate, respectively. The patterns were recogn
as the @112̄0# zone axis diffraction pattern of hexagon
MgB2 and the@101̄0# zone axis diffraction pattern of Al2O3 .
These studies indicated that a MgB2 thin film
grows on the ~0001! Al2O3 substrate, with epitaxia
orientation relationships of (0001)MgB2i(0001)Al2O3 and
@112̄0#MgB2i@101̄0#Al2O3 , respectively. Note that there i
indeed a 30° angular off thea-to-a alignment between the
basal plane of MgB2 and the Al2O3 substrate. Additionally,
two thin layers in the vicinity of the film-substrate interfac
show noticeably different contrast features from the film,
dicating the formation of interfacial microstructures.

To understand the orientation relationship between
il:
© 2002 American Institute of Physics
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MgB2 film and the~0001! Al2O3 substrate, which is impor
tant for understanding the growth mechanisms and the ph
cal properties of the film, the interfacial structure was stud
using HRTEM technique combined with computer ima
analysis. Figure 2~a! shows an HRTEM micrograph take
from the film/substrate interface with the incident electr
beam aligned along the@101̄0# zone axis of Al2O3 . Four
layers with distinct structural characteristics are seen.
top layer was determined to be MgB2, oriented with its
@112̄0# axis parallel to the@101̄0# direction of Al2O3 . This
study confirms the orientation relationship between Mg2

and Al2O3 , revealed by selected area electron diffractio
Between the MgB2 film and the substrate, two intermedia
layers exist, which are unexpected for the overall epitax
relationship between the film and substrate. Fourier tra
form studies and computer image simulations revealed
two intermediate layers correspond to the~111! oriented, ep-
itaxial MgO ~upper! and the MgAl2O4 ~lower! phase. This

FIG. 1. ~a! Low magnification cross-sectional bright-field TEM image of
MgB2 film grown on the~0001! Al2O3 substrate.~b! and ~c! selected-area
diffraction pattern taken from the film and the substrate with the elec
beam incident along the same direction.

FIG. 2. HRTEM image of the interface between MgB2 film and the Al2O3

substrate along the@112̄0# zone axis of MgB2 . Interfacial microstructure
consisting of MgO and MgAl2O4 epitaxial layers is seen. An isolated thi
layer composed of MgB4 is also seen at the interface as indicated by
dashed line box.
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conclusion is further confirmed by spatially resolved x-r
EDS and EELS. Detailed TEM studies showed that the
termediate layers~MgO and MgAl2O4! are continuous along
the film/substrate interface, in which MgAl2O4 layer lies un-
derneath the MgO layer. Both MgO and MgAl2O4 grow epi-
taxially on the Al2O3 substrate, with orientation relationshi
of

~0001!@112̄0#MgB2i~111!@11̄0#MgOi~111!

@11̄0#MgAl2O4i~0001!@101̄0#Al2O3 .

The orientation relationships between MgO and Al2O3 estab-
lished here are similar with those found in the MgO film
grown on the~0001! Al2O3 substrate by molecular beam
epitaxy,20 except that no twin variants were observed in t
present MgO layer. In addition to the epitaxial MgO an
MgAl2O4 layers, isolated secondary-phase inclusions w
observed at the interface. The region marked by the das
line box in Fig. 2~a! shows a secondary phase inclusion a
jacent to the MgO layer, which has different image char
teristics from that of MgB2. Chemical analysis by EDS an
EELS, combined with structural analysis by Fourie
transform and HRTEM image simulations, reveals that t
secondary phase has the MgB4 structure. However, unlike
the MgO and MgAl2O4 layers, MgB4 layers are discontinu-
ously distributed at the interface with very low population

The formation of MgB2 is believed to proceed throug
the diffusion of Mg vapor into the boron film, a proces
being analogous to that involved in the fabrication of Mg2

wires.12 Given that vapor pressure of Mg is approximately
Torr at 850 °C,21 the MgB2 phase would be thermodynam
cally stable according to the pressure-temperatu
composition phase diagram calculated by Liuet al.22 This is
confirmed by our TEM observations in the present work. T
formation of the intermediate epitaxial MgO layer is likely
be the result of a reaction between oxygen and magnes
during the course of annealing, or in part through the re
tion of MgB2 with oxygen. In the latter case, excess bor
would likely further react with MgB2, resulting in a forma-
tion of MgB4, which agrees with the observation of sma

n
FIG. 3. ~a! HRTEM image of the MgB2– MgO interface with the imaging
electron beam along the@112̄0# direction of MgB2 . The insert in the middle
is a computer simulated image~thickness53 nm and defocus5250 nm!
that optimally fits the experimental one.~b! An atomic structure of the
interface deduced from the HRTEM and computer simulations.
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MgB4 inclusions adjacent to the MgO layer. However, t
formation of epitaxial MgO prior to the growth of MgB2 can
not yet be completely ruled out. More experiments are
derway to clarify this issue. The epitaxial MgAl2O4 is thus
the product of solid state reaction between MgO and Al2O3 ,
which was predominantly observed in MgO–Al2O3 system
annealed at high temperature.23,24 The formation of MgO
phase at the interface between MgB2 and Al2O3 substrate is
energetically favorable due to the similarity of the oxyg
sublattices in both MgO and Al2O3 . Hence, the existence o
oxygen plays a key role in developing the observed epita
MgO and MgAl2O4 at the interface. The oxygen may resu
from the quartz tube at high temperature and oxygen im
rity in the sputtered B film.

Atomic structure of the MgB2 /MgO interface was ex-
amined by HRTEM combined with computer image simu
tions. Figure 3~a! is an HRTEM image of the MgB2 /MgO
interface imaged with the electron beam incident along
@112̄0# direction of MgB2. The interface is sharp and clea
Computer simulated image that optimally fits the experim
tal image is inserted in the middle. The accordingly resolv
atomic structure of the interface is schematically shown
Fig. 3~b!. MgO has a cubic structure with space gro
Fm3̄m ~No. 225! and lattice constanta54.220 Å.19 The in-
plane alignment of@11̄0# MgO with @112̄0# MgB2 results in
a lattice mismatch of23.3%. Thus, misfit dislocations wer
observed at the interface, essentially due to the lattice m
match in the observed in-plane orientation relationship
tween MgB2 and MgO. Figure 4 is a HRTEM image of th
MgO–MgB2 interface containing one dislocation. The Bu
gers vector, determined by the Burgers circuit shown
black lines in the image, is12@11̄00# of MgB2, which is a
characteristic of partial misfit dislocation.

In conclusion, the microstructure and interfacial atom
structure of epitaxial MgB2 thin films grown on the~0001!
Al2O3 substrate have been studied by high-resolut
transmission electron microscopy and analytical elect
microscopy. Epitaxial MgO and MgAl2O4 layers were
found between the MgB2 film and the Al2O3 substrate,

FIG. 4. HRTEM image of the MgB2– MgO interface involving one partia
edge misfit dislocation. Burgers vector of the dislocation is determined t
1
2@11̄00# by the Burgers circuit as included in the figure.
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due to the presence of oxygen in the annealing proc
The orientation relationships between these phases w
determined to be (0001)@112̄0#MgB2 //(111)@11̄0#MgO//
(111)@11̄0#MgAl2O4 //(0001)@101̄0#Al2O3. The 30° angu-
lar off thea-to-a alignment between the basal plane of MgB2

and Al2O3 results in a small lattice mismatch between t
MgB2 thin film and the~0001! Al2O3 substrate.
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