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Highly crystallized as-grown smooth and superconducting MgB 5> films
by molecular-beam epitaxy

A. J. M. van Erven,® T. H. Kim, M. Muenzenberg, and J. S. Moodera®
Francis Bitter Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139

(Received 20 September 2002; accepted 25 October)2002

We have investigated the growth of superconductive thin films of magnesium diboride,jNdgB
molecular-beam epitaxy. A @i11) substrate with a seed layer of MgO was used for the growth of
these films by varying parameters such as the growth temperature, Mg:B flux ratio and deposition
rate as well as the background pressure. It was found that highly crystallized films could already
form at 250 °C; however, only in a narrow window of growth parameters. The highest critical
temperature of 35.2 K with a sharp transitiod T of 0.5 K) was observed for films grown at
300°C. Using a capping layer of MgO proved to be highly beneficial for the preservation and the
smoothness of these films. Together with the fact that MgO proved to be a good seed layer for thin
films of MgB, makes it an ideal candidate for growing all epitaxial MgBosephson
junctions. © 2002 American Institute of Physic§DOI: 10.1063/1.1530732

The observation of superconductivity at 39 K in magne-This is not in agreement with the work of Liet al'® who

sium diboridé has generated much interest since it has twiceredicted a thermodynamic stability window of Mg—gas
the transition temperature of Nb-based alloys and the ability- MgB, in which the growth is adsorption controlled, but
to carry strongly linked current flo#> For many electronic  confirms the observations of &b al* who had trouble find-
applications using this material, high-quality thin films are aing this window as well. Auger electron spectroscdp§ES)
prerequisite. Most reports on magnesium diboride (MgB showed that it is difficult to grow MgBthin films with the
thin-film preparation techniques describe a process that reight stoichiometry and that they are easily contaminated
quires postdeposition annealing to produce superconductingith oxygen which can be one of the main reasons for the
films.2~*2 However, as-grown superconducting thin films areinsulating behavior. Each growth temperature had a specific
favorable for applications utilizing, for instance, Josephsorwindow of growth parameters in which superconductive
junctions. Two groupsS'** reported as-grown superconduct- films were formed.
ing MgB, films, however, those films showed poor crystal- ~ The AES spectra displayed in Fig. 1 show for films
linity. We report the synthesis of highly crystallized and grown; Fig. 1) at 310 °C with a Mg:B flux ratio of 1.8, and
smooth as-grown thin films of MgBby molecular-beam ep- Fig. 1(b) at 300 °C with a Mg:B flux ratio of 2.0. The num-
itaxy (MBE) with near idea' properties for junction fabrica_ berS in F|g 1 indicate the atomiC Concentrations Obtained by
tion. the spectral intensity analysis. Spectrian is taken from a
Films were grown on a §111) substrate with a 50 A film which showed a critical temperaturé& ) of 31 K and
seed layer of MgO in an MBE chamber with a base pressur&Pectrum(b) is obtained from a film with &¢ of 27 K. The
of 1—2x 10" Torr. Pure metal sources of Mg and B were spectra show that the growth is not adsorption controlled but
used: Mg was evaporated from a Knudsen ¢@éitell) and B that a higher Mg flux results in a film that.coptains more Mg:
was deposited by electron-beam evaporation. By proper calFurthermore, they show that a better stoichiometry results in
bration and real time monitoring of the Mg and B deposition
rates by quartz crystal microbalan¢®CM), the Mg-B
deposition on the substrate could be well controtfe@he
deposition rates of Mg and B were monitored using two
independent QCM whereas the film thickness was typically
600 A. Various parameters like the growth temperatrig)
Mg:B flux ratio, deposition rate, and background pressure
were varied.Tg was varied between 200 and 350°C and
superconducting films were obtained in the range
200-325°C. However, not all films grown in that range
were superconductive. Some films were insulating or showed
normal metallic behavior even down to 4.2 (Ko sign of
superconductivity, depending on other growth parameters.
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s FIG. 3. Resistivity vs temperature data for a Mgbin film grown at
FIG. 2. XRD 26-6 patterns of MgB thin films grown at 250 °C and 300 °C  3qgq °(.

on Si111) with a MgO seed layer.

volatility, a high partial Mg pressure is necessary to obtain
a higher critical temperature and that the films are contamigood quality films at the required growth temperatures. Fur-
nated with oxygen. Spectrufe) was obtained for the same thermore, at low deposition rates the chance of oxidation is
film as in (b) but was taken half an hour later to investigate higher. Higher deposition rates were limited by the maxi-
the oxidation rate. It shows that the oxygen concentratioimum rate that could be used for the evaporation of B. When
almost doubled, even while the film was exposed to a backthe deposition rate was not constant during growth, it had a
ground pressure of only 6:010 *° Torr. negative effect on the quality of the film as well.

The detrimental effect of oxygen was demonstrated by In Fig. 2 is displayed two x-ray diffractiofXRD) pat-
varying the background pressu(partial oxygen pressure terns for MgB, films showing that highly crystallized films
during film deposition. Films were grown at a backgroundcan already form even at a growth temperature of 250 °C.
pressure in the range from X380 °to 1.0x10 7 Torr and  For the MgB, thin films grown at 250°C and 300°C, the
it was found that, independent of other growth parameterdfull width at half maximum of thg002 peak is 0.70° and
all the films that were grown at a pressure higher ther0.69°, respectively, corresponding to a grain size of about
~3.0x 108 Torr showed insulating behavior. It was also 740 A’ Not every film grown in the range of 250—300°C
found that the specific window of growth parameters inshowed this high degree of crystallinity. Films that were in-
which the superconductive films were formed became largesulating showed no XRD peaks, whereas films with a lower
with a lower background pressure. Tc showed a reduced crystallinity, having smaller MgB

The quality of the MgB thin films was also strongly (00L) peaks in their spectra which were sometimes accom-
dependent on the deposition rate of Mg and B. This wagpanied by a small Md002 peak, depending on the growth
varied between 0.5 and 2.3 A/s and it was found that filmsgparameters. Even very poorly crystallized films still showed
grown with a deposition rate below 1.5 A/s were all insu-  superconductivity which is in agreement with the results of
lating and that the films that were grown with the highestUeda et al’® However, in our case, a higheéF. corre-
deposition rate had the higheBt. The negative effect of sponded with the higher degree of crystallinity while their
low deposition rates is probably caused by the low partiafiims remained poorly crystallized even when having-of
Mg pressure when depositing at low rates. Because of it82.8 K.
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FIG. 4. AFM pictures of a MgB thin film without a MgO capping layefa) and with a MgO capping lay€b).
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Figure 3 shows the resistivity versus temperature curv®50 °C. This study thus shows the high potential for growing
for the same MgB film grown at 300 °C that was displayed in situ Josephson junctions for applications.
in Fig. 2. It was grown at a deposition rate of 2.2 A/s and )
with a Mg:B flux ratio of 1.5. The transition temperature __11iS Work was supported by an ONR gréf@rant No.
range T2 CLTZ9) of the film is 35.4—34.9 Kwith a AT N00014-02-1-011P One of the authorsA.J.M.v.E.) grgte- _
of 0.5 K). In spite of the high crystallinity, théc of this film  fully acknowledges the support of the Eindhoven University
is still well below the best bulR <, probably because of the ©f Téchnology in The Netherlands which made his stay at

contamination with oxygen and possible presence of offMIT possible.

stoichiometric material in grains or at the grain boundaries.

Furthermore, the lattice constant of MgO is 4.21 A, whereas

it is 3.05 A for MgB, implying a lattice mismatch of 28%. J. Nagamatsu, N. Nakagawa, T. Muranaka, Y. Zenitani, and J. Akimitsu,
This would mean that MggBcannot grow with good epitaxy Zgat(l:"‘i('-%”?oq_“l% 63 (2C001|>. M O Rikel A A Polvanski. 3. 3
,direCtIy on top of th_e MQO seed layer, bu,t that there is some S: Pétnzirk?)?s\(l.e(r:yai,-D..M.olge%/;naﬁn,-A. IGirlevich., A?A{ag:ulilt’ier.i, Ii/ell.n'?,
interface layer that is highly stressed which can also cause ayaus, . B. Eom, E. E. Hellstrom, R. J. Cava, K. A. Regan, N. Rogado,
reducedT . .*® However, a 45° in-plane rotation of the MgB M. A. Hayward, T. He, J. S. Slusky, P. Khalifah, K. Inumaru, and M. Haas,
film with respect to the Mg@O01) direction results in a lat- 32'6‘}_““;%9?302 4:3 elrstgt(zgogétrovic . £ Cummingham. N. Anderson
tice mismatch of only-3% for two unit cells of MgB ona 7o ¢ cénfiéld,?:hys.' Rev. L&, 1877 (2003, gham, 1. ’
MgO unit cell, which would make epitaxial growth 4p. K. Finnemore, J. E. Ostenson, S. L. Bud'ko, G. Lapertot, and P. C.

possiblet? More experiments are needed to investigate the Canfield, Phys. Rev. Let86, 2420(2001).
possibility of such an orientation. SP. C. Canfield, D. K. Finnemore, S. L. Bud’ko, J. E. Ostenson, G. Laper-
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microscopy(AFM). Figure 4a) shows an image of a film 292 1521(2002.
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_ _ M. T. Naus, S. Patnaik, J. Jiang, M. Rikel, A. Polyanskii, A. Gurevich, X.
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255 A and the av_era_ge size of the_ features in the plcture_ 1S Rogado, K. A. Regan, M. A. Hayward, T. He, J. S. Slusky, K. Inumaru, M.

about 3200 A, which is about four times larger than the grain k. Hass, and R. J. Cava, Natufieondon 411, 558 (2001).

size obtained by XRD measurements of the same film. In°M. Eafaﬂthimany C. Cantohniy H. Y. Znai, H. M. Christen, T-dAytugy S.
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Fig. 4b), an AFM image is shown of a film grown at 25}5 C.  Kerchner, and D. K. Christen, Appl. Phys. LeT8, 36692001,
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. . Hammond, Appl. Phys. LetBO0, 3563(2002.
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temperature, deposition rate, and background pressure wereand B control. The deposition tooling factors for Mg and B were deter-
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