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Interfacial structure of epitaxial MgB  , thin films grown on  (0001) sapphire
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The microstructure and interfacial atomic structure of MgBin films fabricated on th€0001)

Al,O; substrate were characterized by transmission electron microscopy. It was found that the
MgB, films grow epitaxially on the substrate with an orientation relationship with respect to the
substrate as: (0001)MgB0001)ALO; and [1120]MgB,Il[ 1010]AI,O5. At the film/substrate
interface, both MgO and MgAD, phases were observed, which also grow epitaxially or{Qbe1)

Al,O; substrate. The formation of these intermediate phases is ascribed to the existence of oxygen
during the annealing. €002 American Institute of Physic§DOI: 10.1063/1.1489101

The recent discovery of superconductivity above 39 K inchemical composition of the film was studied by energy dis-
intermetallic MgB, has resparked interest in nonoxide super-persive spectroscop{EDS) and electron energy-loss spec-
conductors from both the fundamental and technicatroscopy(EELS) using a field emission gun analytical elec-
perspectived? Among the prominent properties of MgB tron microscope JEOL-2010F. High-resolution transmission
are the record-breaking transition temperatdrg)(in metal-  electron microscopyHRTEM) image simulations were per-
lic superconductors and the ability to carry strongly linkedformed using the&ms software.
current flow?=° Growth of single crystal is of particular im- A well lattice-matched substrate is critical to ensure an
portance in probing the fundamental properties of MgB epitaxial growth. MgB has a hexagonal structure with space
such as the superconducting mechanism and the anisotrogyoup P6/mmm (No. 191 and lattice constants of
in properties. Unfortunately, a peritectic decomposition of=3.086 andc=3.524 A at room temperaturé.Al,O3 pos-
MgB, at ~650 °C limits the growth of single crystals from sesses a hexagonal structure with space gRRBC (No.
the melt® Growth of epitaxial thin films, on the other hand, 167) and lattice constants af=4.758 andc=12.991 A at
paves an alternative way to this end. In addition, epitaxiaroom temperatur® One can see that the basal plane of
thin films are themselves technically important given theirMgB, and ALO; possess the same six-fold symmetry and an
tremendous opportunities for microelectronic applications. identical atomic configuration. While aato-a alignment be-

Despite recent intensive efforts, the growth of Mggp-  tween MgB and ALOj; results in~23% lattice mismatch,
itaxial thin films remains challenging due to the high volatil- being unfavorable for the epitaxial growth, a 30° angular off
ity of Mg in a broad temperature window and the tendency tahe a-to-a alignment, namely{ 1120]MgB,II[ 1010]Al 03,
form MgO in the presence of oxygem-situ growth has to  provides a small lattice mismatchée-11%) alignment to
date only resulted in films composed of multiphase, pooipossibly allow an epitaxial growth.
crystallinity in nature, and of relatively loW..”~* In con- Low-magnification TEM and electron diffraction studies
trast,ex-situprocesses involving the annealing of pure boronwere performed to examine the overall microstructure as
and MgB, films in Mg vapor appeared to be promisitfg®  well as to establish the epitaxial orientation relationships.
Most recently, a successful growth of epitaxial Mgiin  Figure Xa) is a low-magnification cross-sectional TEM im-
films has been achieved by exposing the predeposited bor@ge showing a portion of the film. The film has an average
thin films in Mg vapor at high temperaturés*® Here, we  thickness of 400 nm, with a peak-to-valley surface roughness
reported a transmission electron microscopy TEM study orof approximately 80 nm. Figuregld) and Xc) are selected-
the microstructure and interfacial atomic structure of sucharea electron diffraction patterns recorded from the film and
thin films, representing one of the key steps to understandinthe substrate, respectively. The patterns were recognized
its growth mechanism and structure-property relationships. as the[1120] zone axis diffraction pattern of hexagonal

The MgB, thin films were synthesized by annealing the MgB, and thg 1010] zone axis diffraction pattern of AD;.
predeposited boron films in Mg vapor in an encapsulatedhese studies indicated that a MgBthin film
quartz tube. The boron films were deposited on @@01) grows on the (0001 Al,O; substrate, with epitaxial
Al,O; substrates by rf sputtering. Details of synthesis wereorientation relationships of (0001) MgB0001)ALO; and
reported elsewher€:*® The atomic structure of film/ [1120]MgB,II[ 1010]AI, O3, respectively. Note that there is
substrate interfaces was studied within a high resolutionindeed a 30° angular off tha-to-a alignment between the
electron microscope JEOL-4000EX operated at 400 kV, probasal plane of MgBand the A}O; substrate. Additionally,
viding a point-to-point resolution close to 0.17 nm. Thetwo thin layers in the vicinity of the film-substrate interface
show noticeably different contrast features from the film, in-

aAuthor to whom correspondence should be addressed: electronic maifficating the formation of i_nterfa_Cia| micr_OStrU(?tureS-
penx@umich.edu To understand the orientation relationship between the
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FIG. 1. (a) Low magnification cross-sectional bright-field TEM image of a m ’ ® & o 06 0 o
MgB, film grown on the(0001) Al,O; substrate(b) and (c) selected-area ©o0 eMg 0 B
diffraction pattern taken from the film and the substrate with the electron
beam incident along the same direction. FIG. 3. (a) HRTEM image of the MgB—MgO interface with the imaging

electron beam along tHd120] direction of MgB,. The insert in the middle
. . L is a computer simulated imagghickness=3 nm and defocus —50 nm)
MgB, film and the(0001) Al,O; substrate, which is impor- that optimally fits the experimental onéb) An atomic structure of the

tant for understanding the growth mechanisms and the physiaterface deduced from the HRTEM and computer simulations.
cal properties of the film, the interfacial structure was studied
using HRTEM technique combined with computer imageconclusion is further confirmed by spatially resolved x-ray
analysis. Figure @) shows an HRTEM micrograph taken EDS and EELS. Detailed TEM studies showed that the in-
from the film/substrate interface with the incident electrontermediate layeréMgO and MgALO,) are continuous along
beam aligned along thgl010] zone axis of AJO;. Four the film/substrate interface, in which Mg/, layer lies un-
layers with distinct structural characteristics are seen. Theerneath the MgO layer. Both MgO and Mg@l, grow epi-
top_layer was determined to be MgBoriented with its taxially on the ALO5 substrate, with orientation relationship
[1120] axis parallel to thé 1010] direction of ALO;. This  of
study confirms the orientation relationship between MgB
and ALO;, revealed by selected area electron diffractions.
Between the MgB film and the substrate, two intermediate - —
layers exist, which are unexpected for the overall epitaxial [110]MgAI,Q,lI(0001[ 1010]AI,Os.
relationship between the film and substrate. Fourier transThe orientation relationships between MgO and@y estab-
form studies and computer image simulations revealed thdished here are similar with those found in the MgO films
two intermediate layers correspond to ti41) oriented, ep- grown on the(0001) Al,O; substrate by molecular beam
itaxial MgO (upped and the MgA}O, (lower phase. This epitaxy?° except that no twin variants were observed in the
present MgO layer. In addition to the epitaxial MgO and
MgAIl,O, layers, isolated secondary-phase inclusions were
observed at the interface. The region marked by the dashed-
line box in Fig. 2a) shows a secondary phase inclusion ad-
jacent to the MgO layer, which has different image charac-
teristics from that of MgB. Chemical analysis by EDS and
EELS, combined with structural analysis by Fourier-
transform and HRTEM image simulations, reveals that this
secondary phase has the MgBtructure. However, unlike
the MgO and MgAJO, layers, MgB, layers are discontinu-
ously distributed at the interface with very low population.
The formation of MgB is believed to proceed through
the diffusion of Mg vapor into the boron film, a process
being analogous to that involved in the fabrication of MgB
wires!2 Given that vapor pressure of Mg is approximately 50
Torr at 850 °C2! the MgB, phase would be thermodynami-
cally stable according to the pressure-temperature-
composition phase diagram calculated by etal?? This is
confirmed by our TEM observations in the present work. The
formation of the intermediate epitaxial MgO layer is likely to
be the result of a reaction between oxygen and magnesium
FIG. 2. HRTEM image of the interface between Mgfim and the ALO;  during the course of annealing, or in part through the reac-

substrate along th[allEO] zone axis of MgB. Interfacial microstructure : :
consisting of MgO and MgAD, epitaxial layers is seen. An isolated thin tion of MgB, with oxygen. In the latter case, excess boron

layer composed of MgBis also seen at the interface as indicated by theV_Vould likely furthgr react with MgB' resulting in a forma-
dashed line box. tion of MgB,, which agrees with the observation of small

(0001[1120]MgB,lI(111)[110]MgOll(111)
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due to the presence of oxygen in the annealing process.
The orientation relationships between these phases were

SLAPPPLARREIRARBNINLD determined to be (000[L}120]MgB,//(111)110]MgO//

Fr P R R R R R R R RN I - °
ARRAARARRAAAAS (111)110]MgAl,0,//(0001) 1010]Al,O5. The 30° angu-
Iy NYTTYTYT™”T lar off the a-to-a alignment between the basal plane of MgB

e R R and ALO; results in a small lattice mismatch between the

SLLS0LAALLLABBRRRAAES MgB, thin film and the(0001) Al,O; substrate.
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