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Synthesis and properties of c-axis oriented epitaxial MgB 2 thin films
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We report the growth and properties of epitaxial MgB2 thin films on~0001! Al2O3 substrates. The
MgB2 thin films were prepared by depositing boron films via radio-frequency~rf! magnetron
sputtering, followed by a postdeposition anneal at 850 °C in magnesium vapor. X-ray diffraction and
cross-sectional transmission electron microscopy reveal that the epitaxial MgB2 films are oriented
with their c-axis normal to the~0001! Al2O3 substrate with a 30° rotation in the~0001! plane with
respect to the substrate. The critical temperature was found to be 35 K and the anisotropy ratio,
Hc2

i /Hc2
' , was about 3 at 25 K. The critical current densities at 4.2 and 20 K~at 1 T perpendicular

magnetic field! are 53106 and 13106 A/cm2, respectively. The controlled growth of epitaxial
MgB2 thin films opens a new avenue in both understanding superconductivity in MgB2 and
technological applications. ©2002 American Institute of Physics.@DOI: 10.1063/1.1504490#
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The discovery of superconductivity at 39 K in MgB2
1

offers the possibility of a new class of high-speed superc
ducting electronic devices due to its favorable combinat
of higher critical temperature than conventional BCS sup
conductors and a symmetric order parameter~unlike HTS!. It
also stimulated a flurry of activity to explore the pheno
enology and basic mechanism of superconductivity in t
surprising material. MgB2 possesses a number of attracti
properties, including strongly coupled grain boundarie2

Several unusual phenomena, such as temperature-depe
electronic anisotropy3 and multiple superconducting ga
structures,4,5 appear to distinguish MgB2 from a conven-
tional BCS superconductor, and remain to be explained.

A critical step for studying both intrinsic superconduc
ing properties and the possibility of superconducting devi
based on MgB2 is the controlled growth of high quality ep
itaxial MgB2 thin film heterostructures. The growth of MgB2

films by means of bothin situ andex situprocesses has bee
demonstrated,6–15 including ~0001! fiber-textured MgB2
films.7 Kang et al. reported the growth of bothc-axis and
~101!-oriented MgB2 epitaxial thin films on (11̄02) Al2O3

and ~100! SrTiO3 substrates.6 However, the reported x-ray
data do not show in-plane epitaxy, and there is no clear
lationship between the MgB2 film orientation and the orien
tation of the substrate, which must be present if epitax
control over the film growth had been attained.

In this letter, we report the growth and properties
epitaxial MgB2 thin films on~0001! Al2O3 substrates. In the
time since we first reported the epitaxial growth of MgB2 on
thin films ~0001! Al2O3,

13 two other groups have als
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achieved its epitaxial growth.14,15Although MgB2 has a mis-
match with Al2O3 of ;23% along the@112̄0# axis, which is
unfavorable for epitaxial growth, a 30° in-plane rotation
the @112̄0# direction of the MgB2 film with respect to the
substrate results in a parallel orientation of@112̄0# MgB2

and @101̄0# Al2O3 . This provides a lattice mismatch o
;11%.

The MgB2 thin films were prepared by depositing boro
via rf magnetron sputtering, followed by a postdepositi
anneal at 850 °C in the presence of magnesium vapor. De
sition was carried out at 5 mTorr argon at 500 °C using
pure boron target. The thickness of the boron films was 2
nm. The films were annealed in an evacuated quartz t
using a tantalum envelope for 5 h. The quartz tube was fi
with 7–10 Torr of argon gas after evacuation to reduce
Mg loss. The film thickness increased by a factor of 1
during the annealing, resulting in a final thickness of 400 n
which was confirmed by cross-sectional transmission e
tron microscopy~TEM!. Atomic force microscopy~AFM!
imaging revealed a smooth surface morphology with a r
roughness of;3 nm. The chemical composition was ob
tained using wavelength dispersive x-ray spectrosc
~WDS!, showing a Mg:B:O:C atomic ratio of 34.1 : 58.4
4.3 : 3.2, respectively. By assuming that the carbon res
on boron sites and oxygen consumes magnesium to f
MgO, the Mg:B ratio of film 1 was found to be 1:2.07, whic
is close to the MgB2 stoichiometry.

The epitaxial relationships and the crystalline quality
the MgB2 thin films were assessed by four-circle x-ray d
fraction. Figure 1~a! shows au-2u scan of an epitaxial MgB2
thin film grown on a~0001! Al2O3 substrate. The only sub
stantial MgB2 peaks are the 0001 and 0002 reflection
which clearly shows that the MgB2 is oriented with itsc-axis
il:
1 © 2002 American Institute of Physics
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normal to the substrate. The rocking curve full width at h
maximum ~FWHM! of the 0002 MgB2 reflection is 0.54°,
which indicates that the crystalline quality of the film
good. We also investigated the in-plane texture of the film
scanning an off-axis peak. Figure 1~b! shows the azimuthalf
scan of the MgB2 101̄1 reflection. The significant intensitie
every 60° of this reflection confirm that the film contains
single hexagonal texture in the film plane. Furthermore,
MgB2 reflections are rotated 30° in the basal plane with
spect to the Al2O3 lattice, resulting in a relationship betwee
the substrate and MgB2 film of @112̄0#MgB2i@101̄0#Al2O3 .
The measured FWHM of the azimuthalf scan of the 101̄1
reflection is 1.0°. Thec-axis lattice parameter determine
from normalu-2u scans is 3.5260.01 Å, which is the same
as the bulk value.1

The microstructure has been studied by cross-secti
TEM. Figure 2~a! is a low magnification bright field TEM
image of a 4000 Å thick MgB2 film grown on a ~0001!
Al2O3 substrate. Figures 2~b! and 2~c! are the selected-are
electron diffraction~SAED! pattern taken from the film and
the substrate, respectively. Epitaxial growth of MgB2 is evi-
dent and no grain boundaries are seen in the film. The h
resolution TEM~HRTEM! image in Fig. 2~d! shows distinct
interface layers of MgAl2O4 and MgO between the MgB2
and Al2O3 . The HRTEM image clearly shows that bo
MgAl2O4 and MgO grow epitaxially on the~0001! Al2O3 ,
with an orientation relationship of (111)@11̄0#MgOi(111)
@11̄0#MgAl2O4i(0001)@101̄0#Al2O3 . Additional details of
TEM studies are given elsewhere.16

The transition temperature was measured with a SQU
magnetometer in a magnetic field of 5 mT, applied paralle
the film surface. Figure 3 shows an extremely sharp tra
tion with onset at 35 K with full shielding. The 10% to 90%
width of the inductive transition is;1 K, which is similar to

FIG. 1. X-ray dffraction scans of an epitaxial MgB2 thin film grown on a
~0001! Al2O3 substrate~a! u-2u scan and~b! f scan of the 101̄1 MgB2

reflection. The Al2O3 substrate peaks are marked as* . f50° is aligned to
be parallel to the@112̄0# in-plane direction of the Al2O3 substrate. The
FWHM of the 0002 MgB2 peak is 0.28° in 2u and 0.54° inv ~rocking
curve!. These scans indicate that the lattice constants of this MgB2 film ~film
2! area53.0860.02 Å andc53.5260.01 Å.
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inductive transitions for the best bulk and single crys
samples made so far.17

The resistance was measured by a standard four-p
technique in magnetic fields up to 9 T as a function of te
perature. Figure 4 shows the zero field resistive transit
which indicatesr(40 K)56.5mV cm and a residual resis
tance ratio~RRR! of ;2. We also measurend the infield tra
sitions for field applied parallel to thec axis and to theab
plane of the film. The infield resistive transitions exhibit ve
little broadening up to the highest field measured~9 T!, un-
like our earlier measurements on fiber-textured films.3 The
upper critical field was defined for parallel (Hc2

i ) and per-
pendicular (Hc2

' ) fields by extrapolating the steep part of th
transition to the normal state resistance.3 The inset to Fig. 4
shows the upper critical field versus temperature. The ani
ropy ratio,Hc2

i /Hc2
' , is about 3 at 25 K, rather greater tha

film3,18 and single crystal values.17 At low temperatures, the
nearly parallel trends and similar slopes ofHc2

i (T) and
Hc2

' (T) suggest decreasing anisotropy with decreasing t
perature, a trend which is opposite to some recent data.19,20It

FIG. 2. ~a! Bright-field cross-sectional TEM image of a 4000 Å thick MgB2

thin film grown on a~0001! Al2O3 substrate,~b! SAED of MgB2 along the
@112̄0# zone axis,~c! SAED of Al2O3 substrate along the@101̄0# zone axis,
and ~d! cross-sectional HRTEM micrograph of an epitaxial MgB2 thin film
near the~0001! Al2O3 substrate.

FIG. 3. Tc data obtained with a SQUID magnetometer utilizing a 5 mT
magnetic field applied parallel to the film surface.
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is clear that there is as yet no convergence on what the u
critical field anisotropy of MgB2 is.

The critical current density,Jc , was determined by mag
netization measurements using a vibrating sample magn
meter in the field range of 0–12 T. Figure 5 showsJc vs.
magnetic field at 4.2 and 20 K in a perpendicular magne
field. To estimateJc , we used the standard expression for t
critical state of a thin film with rectangular area,21 Jc

52DM (12b)/(3b–d)d, whereb54.5 mm andd53.0 mm
are the film dimensions andDM is the total magnetization
hysteresis measured from the field increasing and field
creasing branches of the magnetization curve. This ana
yields Jc values of 4.53106 A/cm2 at 4.2 K and 1 T, and
13106 A/cm2 at 20 K and 1 T. These values contrast t
almost reversible behavior of bulk single crystals14 and are
significantly larger than the values obtained from polycr
talline bulk forms of MgB2,2,22,23where grain boundary flux
pinning is often thought to be operating. In this case gr
boundaries cannot be responsible for the flux pinning, bu
is evidently still very strong. We assume that some site
terchange disorders must be contributing to the flux pinni

In conclusion, we have demonstrated the growth of e
taxial MgB2 films with high crystalline quality and highJc .
Although the films are epitaxial, the properties are distin
tively different from bulk single crystals in terms of the
very strong flux pinning and suppressedTc . We attribute this
to alloying of the MgB2 film by impurity atoms or some
other defects. The growth of epitaxial MgB2 thin films with

FIG. 4. Resistivity vs. temperature of MgB2 thin film. The inset shows the
Hc2 for fields applied parallel and perpendicular to the crystal axes.

FIG. 5. Critical current density vs magnetic field measured using a vibra
sample magnetometer at 4.2 and 20 K in a perpendicular magnetic
Deviations below 1 T are associated with the lack of full flux penetrat
and actualJc values are higher.
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controlled orientations and properties opens a new avenu
understand the superconductivity in MgB2 and potential ap-
plications for both electronic devices and high field magne
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