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We have used two polytypes of silicon carbide single crystals, 4H-SiC and 6H-SiC, as the substrates
for MgB, thin films grown by hybrid physical-chemical vapor depositi¢fPCVD). The c-cut
surface of both polytypes has a hexagonal lattice that matches closely with that of. MgB
Thermodynamic calculations indicate that SiC is chemically stable undeints&u deposition
conditions for MgB using HPCVD. The MgB films on both polytypes show high-quality epitaxy

with a Rutherford backscattering channeling yield of 12%. They héyeabove 40 K, low
resistivities, high residual resistivity ratios, and high critical current densities. The results
demonstrate that SiC is an ideal substrate for MgEn films. © 2003 American Institute of
Physics. [DOI: 10.1063/1.1563840

The superconductivity in MgBhas generated great in- tetrahedron. SiC has over 170 polytypes, determined by the
terest in its applications in superconducting electrohitss  stacking sequence of the C-Si bilayer with a hexagonal
hoped that reproducible and uniform Josephson junctionstructure!? If the first bilayer is called the A” position, the
may be easier to fabricate using Mgtan high temperature next bilayer can be placed in eitheB" or “ C” position.
superconductors. The transition temperature of 39 K allow§he stacking sequences for the polytypes used in this work
operation of MgB-based circuits at above 20 K, very attrac- areABCB for 4H-SiC andAB CACBfor 6H-SiC. Both have
tive for superconducting integrated circuits. The first stepa hexagonal structure with=3.073 A for 4H-SiC anda
towards MgB Josephson junctions and circuits is the high-=3.081 A for 6H-SiC. Thet lattice constants are 10.053 A
quality thin film by anin situ deposition process. Recently, for 4H-SiC and 15.12 A for 6H-Si¢? In this work, sub-
we have succeeded in depositimgsitu epitaxial MgB, thin  strates of both polytypes at@001) oriented ¢-cut), which
films by the hybrid physical-chemical vapor depositionprovides a hexagonal lattice with a close lattice match to
(HPCVD) techniqué® The choice of substrates has a directMgB, (a=3.086 A3,
impact on the quality of MgB thin films® The chemical Details of thein situ deposition of epitaxial MgB thin
stability of a substrate may also be influenced by the condifiims by HPCVD have been described previoufsBiefly, in
tions in different deposition techniques suchesssituan-  a hydrogen carrier gas of 100 Torr, bulk Mg chips and the
nealing of B films in Mg vapof;®in situ annealing of Mg—B  substrate are heated inductively to 720—760°C, which re-
or Mg-MgB, mixtures?™® low temperature in situ  sults in a high Mg vapor pressure locally around the sub-
molecular-beam epitaxy growth'” or HPCVD. In our pre-  strate. Boron precursor gas, 1000-ppm diborangH in
vious papef, we have mentioned 4H-SiC as a substrate forH,  is then introduced into the reactor to initiate the MgB
MgB,. In this letter, we present a systematic studycafut  fiim growth. The flow rates are 400 sccm for the Earrier
SiC, of both 4H and 6H polytypes, and show by thermody-gas and 50 sccm for the,Bg/H, mixture. The keys to the
namic calculation and excellent structural and electricakyccess of the HPCVD technique are the capability to gen-
properties that silicon carbide is an excellent substrate foprate a high Mg vapor pressure and the reducing hydrogen
MgB, deposition by HPCVD. atmosphere used in the process which inhibits MgO forma-

SiC is a wide-band-gap semiconductor with an energyjgn.
gap around 3 eV Its elementary structural unit is a C—Si He et al. have reported reactions between Mgid SiC
when SiC is mixed with elemental Mg and B in a pressed
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FIG. 1. A thermodynamic phase diagram of the SiC—Mg system for 4H- %’ 10 L
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phase diagram for 4H-SiC is shown in Fig. 1. A similar phase ¢ (degrees)

diagram is obtained for 6H-SIC. The lower dotted line is the
lower limit for MgB, phase stabilit}# and the upper dotted FIG. 2. X-ray diffraction spectra of a MgBthin film on a(0003) 4H-SiC
line indicates the Mg vapor pressure. It shows that no chemisubstrate(@ §—26 scan andb) ¢ scan of the 102 MgB, reflection. The
cal reactions occur when the Mg partial pressure is about ciCaree Peske s mared byuhie he uidentfbi subsiate peaks
below 95% of its vapor pressure at corresponding tempera-
tures. Above this partial pressure, a reaction occurs to form a
liquid solution of Mg, Si and C plus graphite. In the experi- neling to measure the depth profile of composition and the
ment of Heet al, the Mg pressure in the sealed Ta tube maycrystalline quality. The experiments are performed with 1.4-
very well be above 95% of its vapor pressure, causing aeV He" ions using an incident beam perpendicular to the
chemical reaction. In our experimental setting, although theubstrate surface. The RBS and channeling results for a
Mg partial pressure is high enough to form the Mg&m-  MgB, film on 4H-SiC are shown in Fig. 3. We find homo-
pound and keep it stable, continuous pumping during theyeneous depth profiles of both Mg and B on top of the SiC
deposition keeps the Mg partial pressure below 95% of itsubstrate signal within the resolution of the measurement.
vapor pressure and therefore substrate reactions are avoidéaixygen is also found in the spectrum and the simulation
The epitaxial relationship and crystalline quality of the shows that it is at the film surface with a thickness of around
MgB, films on 4H-SIiC and 6H-SiC substrates were mea-6—8 nm, assuming that the surface layer is MgO. The mini-
sured by four-circle x-ray diffraction. Figurg@ shows the mum channeling yield as compared to the random spectrum
60— 26 scan of a MgB film grown on a(0001) 4H-SiC sub- is 12%, determined at the Mg signal at the surface, which
strate. The substrate peaks are marked Hy 0001 MgB,  verifies the good crystalline quality of the samples.
peaks are the only nonsubstrate peaks observed, indicating The superconducting and transport properties of MgB
that the film is phase-pure with itsaxis oriented normal to films were characterized by resistivity measurements using
the film surface. The full width at half maximu*WHM)  the standard four-point method. Figure 4 shows resistivity
of the 0002 MgB peak in 2 andw (rocking curve is 0.29°  versus temperature curves for two films @ 4H-SiC and
and 0.56°, respectively. Theaxis lattice constant measured (b) 6H-SiC substrates. The insets show the details near the
was 3.52:0.01 A, the same as in bulk MgB" Figure 2b) superconducting transition. The films on both substrates have
shows the azimuthal scdg scan of the MgB, 1012 reflec-  zero-resistancd, above 40 K, higher than that in the bulk
tion, where¢p=0° is aligned parallel t§1120] direction of  materials. The origin of the highér. is under investigation.
the SiC substrate. The periodically spaced peaks separat#tdhas been reported previously thef of MgB, decreases
by 60° in the scan reveal the sixfold hexagonal symmetry ofvhen a hydrostatic pressure is applied dit!t or the lattice
the MgB, film and the presence of epitaxy. The FWHM of strain’ increases. Huet al. have reported a higheF, in
the in-plane peaks i@ is 0.9°. The in-plane lattice constant MgB, films on boron crystals and have suggested that it is
is 3.09+0.03 A, the same as in bulk MgB"® The small  possibly due to a tensile stralfA tensile strain in the films
lattice mismatch between the MgBilm and SiC substrate on SiC, resulting from the mismatch in the thermal expan-
(0.42% enables the hexagonal MgBo grow directly on top  sion coefficients, may be the cause of the highgr The
of hexagonal SiC, resulting in an epitaxial orientation ofresistivities of our films are low, being about 1.0— L8 cm
(0001 [1120] MgB,||(0001)Y 1120] SiC. Analogous epitaxy for both substrates before the superconducting transition. The
has been observed in MgHilms on (0001) 6H-SiC sub- residual resistance ratiR RR=R(300K)/R(43K) is about
strates. 12-13 in both films. These values are approaching those in
The MgB, films on SiC substrates were investigated us-the high quality bulk samplée',indicating clean films with

ing Rutherford backscattering spectromdRBS) and chan- ggood crystallinity.
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FIG. 3. RBS/channeling spectra of a MgBim grown on 4H-SiC. A sketch 6H-SiC substrate as a function of temperature measured under different
of the measurement geometry is shown as an inset. The position of th@PPlied magnetic fields.

different elements are indicated by arrows. A minimum channelling yield of o ) ) .

12% is obtained, indicating the good crystalline quality of the film. and that of MgB results in high-quality epitaxy with a Ru-

therford backscattering channelling yield of 12%. They have

The transport critical current densidy for a MgB, film  excellent superconducting and transport properties. The re-
on 6H-SiC substrate is shown in Fig. 5 as a function ofsults demonstrate that both 4H-SiC and 6H-SiC are ideal

temperature and applied magnetic field. It was measured ongibstrates for MgBthin films.
20-um-wide bridge using a Quantum Design PPMS system
with a 9-T superconducting magnet. In zero field,is 3.5

X 10" Alcm? at 4.2 K and above Y0A/cm? at 25 K. These
are values comparable to the bdstreported value in the
literature®® The relatively quick suppression af by applied
magnetic fields is likely due to the lack of MgO contamina-
tion in the film. Comparabld, have also been measured in 15 goyell Nature Materials, 5 (2002.
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