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The thermal stability of MgB has been studied experimentally to determine the role of
thermodynamic and kinetic barriers in the decomposition process. The Biggmposition rate
approaches one monolayer per second at 650°C and has an activation energy of 2.0 eV. The
evaporation coefficient is inferred to be10 4, indicating that this process is kinetically limited.

These values were inferred from situ measurements using a quartz crystal microbalance and a
residual gas analyzer, in conjunction witx situ measurements of redeposited material by
Rutherford backscattering spectroscopy and secondary ion mass spectroscopy. The presence of a
large kinetic barrier to decomposition indicates that the synthesis of,MuBfilms conditions may

be possible with vacuum processing, albeit within a narrow window in the reactive growth
conditions. ©2001 American Institute of Physic§DOI: 10.1063/1.1383804

The discovery of MgB, a binary metal with a supercon- dict conditions of synthesis. For many systems, bulk thermo-
ducting transition temperature of 39 (Ref. 1, is of both  dynamic data can be used to predict the rate and species of
fundamental and practical importance. This compound is redecomposition, indicative of the limit where kinetic barriers
ported to be an isotropic superconductor with conventionato the reverse reaction are abséMetals, for example, are
Bardeen—Cooper—Schrieffer electron—phonon couplifty.  found to vaporize as monatomic species with an evaporation
has been fabricated into powders, witasd thin fims!®To  rate equal to within experimental accuracy of the thermody-
date, almost all of the MgBbulk samples have been synthe- namically predicted value due to the absence of a kinetic
sized at elevated temperatures and large Mg overpressure@sarrier to decomposition and desorption. Many other solids
There is an increasing effort to prepare Mgfin fims.  including semiconductors such as Si, GaAs, and InP, oxides
High transition temperature films have been produced onlych as AJO,, Ga0s, In,0,, and ionic compounds such as
by using a high-temperature high-Mg-pressure annealingc| decompose at a rate of 1.5 to 3 times slower than the
step, which follows a lower-temperature deposition step. Remaximum predicted value due to a small kinetic barrier to
cently, the Twente Qfodmas made thin films using a two- g process. The ratio of the observed rate to the thermody-
step process involving low-temperature deposition, followed,,icaily predicted rate is labeled the evaporation coeffi-
by a somewhat rapid thermal annealing in inert gas. Despitgient , |n all of these casesy is 0.3 to 0.7, thus the kinetic
t_he progress so _far, the preparation of stoichiometric thlr})arrier is sufficiently small that rapid decomposition prevents
films with transition temperatures comparable to those ogrowth except afor very near conditions when the synthe-

bulk samples, using aingle-step in sitwapor deposition . i .

. sized compound is thermodynamically stable. For example,

process, has eluded researchers to date. It is already clear t . .
. X L sao has shown that bulk thermodynamics accurately predict

the volatility of Mg is a key factor in this limited progress.

A recent report has used thermodynamics to predict thég_ccess_ful m_olecular-beam epitaxy conditions by using con-
conditions under which MgBsynthesis would be possible d't'loni n Wz'Ch thg I:II_V cbc:mpﬁugg and a vapor are the
under vacuum conditiorfsHowever, it is well known that only thermodynamically sta_ € phases.
thermodynamics alone are not sufficient to predict growth. For stroﬁngly gbound n;trogen-co:;gmmg compounds,
There are systems in which synthesis daesoccur under Such as AIN, BN", MgsN,,* and GaN,” the process of

thermodynamically predicted growth conditions. Two ex-breaking the strong surface metal-N bonds results in the
amples include GaN and diamond. decomposition rate being kinetically-limited with being

Below, we briefly describe the criterion that distin- 10> for the first three compounds and Tofor GaN. For
guishes when thermodynamics can be used to accurately prélese compounds, the growth of high quality thin films can
be performed under metastable conditions if the forward re-
Electronic mail: nathan newman@asu.edu action is driven with activated species. Successful growth

bAlso at: Materials Research Institute, Northwestern University, Evanston! esults When the rate of arrival of the a_Ct'Vated spefies,
Illinois 60208. the maximum rate of the forward reactjds greater than the
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thermal decomposition reaction rafies., the minimum rate 1
of the reverse reactionin the case of GaN, the decomposi-
tion reaction is sufficiently slow such that reactive nitrogen £
can be used to drive the synthesis reaction. Under these cor€
ditions, the GaN compound is formed under a nitrogen pres-
sure that is over eight orders of magnitude lower than neede
to achieve thermodynamic stability of the GaN phase.

In order to address this key issue of the kinetic barrier to §,
decomposition and evaporation relevant to the successfug 10* (@)
synthesis and thermal processing of MgB a vacuum, we
have characterized the decomposition process experimer 107 ' ' ' '
tally. We will show that thesmall evaporation coefficierfior e 10 " 12 13 14
the MgB, system might give a window in the reactive pro- 1/T (10* K
cessing conditions to allown situ growth. We give the pro-
cessing conditions including the substrate temperature, ani
flux of reactants necessary to achieve this outcome.

The MgB, samples were synthesized from a high purity, <~
3 mm diameter Mg rod and isotopjeB (Eagle Picher, 98.46
at. %4,B). The Mg rod was cut into pieces about 4 mm long
and mixed with the—200 mesh,;B powder. The reaction
was done under moderate pressiO barg of ultra high
purity grade Argon at 850 °C. At this temperature, the gas—:
solid reaction was complete in about 1.5 h. The samples wert
contained in a crucible with a closely fitting cover made
from boron nitride(BN) (Advanced Ceramics Corp. HBC
grade BN. There was no reaction between the reactants anc
the BN crucible. X-ray diffraction showed the material was
impurity free to within our resolution.

The rate of the MgB decomposition process and each
species volatilization was measured using a quartz crysta
microbalance and a residual gas analyzer in UHV. For imgig. 1. (a) Ahhenius plot of kinetically-limited Mg evaporation pressure, as
proved accuracy, we also used Rutherford backscatterindeduced from the experiment is shown. An activation energy of 2.0 eV is
(RES) and secondary on mass spectiosceMS) o de- S Smperian e oo sty £ gen o e
termine the chemical compos[tlon of the desorbgd m":l_tenafejvaporgtion coefficient of~10"* is d%terminged‘t(b)g Measured M.g évapo-

The MgB, power was loaded in a tantalum crucible with a rating flux and inferred MgBdecomposition rate in monolayers per second
diameter of 0.5 cm and a height of 2.5 cm. The temperaturéVL/s) as a function of temperature are presented.

was measured by a thermocouple, which was attached to the

wall of the crucible by spring force. The evaporation speciesMgB4, MgBg, or MgB, evaporation. Boron solid has a sig-
and the related partial pressures were measured by a modiificantly lower vapor pressure than that measured, indicat-
fied Stanford Research SysterfModel RGA200 Residual jng that MgB, must decompose, yielding elemental boron
Gas Analyzer(RGA). The samples were initially outgassed that presumably desorbs directly from the surface.

at 300°C for 1 h taremove volatile impurities and any ex- Figure 1 shows the magnesium evaporation pressure as a
cess Mg, if present. There was no desorption of Mg or Bfunction of MgB, temperature. Arrhenius analysis indicates
detected during this process. The filament of the RGA ighat the Mg desorption process has an activation energy of
located 7 cm above the outlet of the crucible. The partia.0 eV. In the graph, the thermodynamically predicted pres-
pressure measured by the RGA was calibrated to a flux usingures are also shown for comparison. An evaporation coeffi-
conventional Knudsen analysis in conjunction with thicknessient of ~10~%4 can be inferred.

determinations from a moveable water-cooled quartz crystal To achieve high quality thin films, thermal energies are
microbalance positioned 3.5 cm above of the outlet of thaised to overcome the kinetic steps involved in epitaxy, in-
crucible. cluding for example, surface diffusion, nucleation, and ada-

The onset of significant Mg and B evaporatidire.,  tom incorporation into the lattice. In the past, empirical ob-
>10"° Torr) was observed near 425 °C and 650 °C, respecservations have been used to develop methods that overcome
tively. For a given temperature, the flux of Mg is found to bethe kinetic barriers of epitaxy. For example, the optimal sub-
at least two orders higher than any other species. Chemicatrate temperature used to grow almost all high quality
analysis of the redeposited material using RBS confirmedingle-crystal thin films is>1/2 to 2/3 of the melt
that the flux of B is less than a few percent. SIMS measuretemperaturd:**2In the Mg—B system, since a number of
ments indicated that the maximum desorbed B concentratiostable phases occur below the melt temperature of
is on the order of 0.1%. Up to the highest temperature mea=-2300 °C, it is not clear how high a temperature is required
sured, 900 °C, evaporation of only Mg and B was observedto attain high quality epitaxy. Most bulk growth techniques
There was no unambiguous evidence for MgB, MgB have used a temperature over 900 °C to achieve optimal sto-
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ichiometry and high superconducting transition temperacomposes and magnesium is desorbed. At a temperature of
tures. The Twente group was able to attain improved transi650 °C, the desorption rate of Mgl nearly one monolayer
tion temperatures with somewhat rapid thermal anneals gier second. The MgBdecomposition rate is found to have
600 °C of a film deposited at lower temperatures. Thus, ian activation energy of 2.0 eV. The evaporation coefficient is
appears that epitaxy might be possible for substrate temperaferred to be~10 4, indicating that this process is kineti-
tures in the range of 600—850°C, if conditions to achievecally limited. The presence of the large kinetic barrier to
stoichiometric films could be defined. decomposition indicates that the synthesis of MdBin

Reactive synthesis using vacuum process techniquddms will be possible within situ vacuum processing meth-
(e.g., sputtering, and pulsed laser deposijiaran readily ods, albeit within a narrow window in reactive growth con-
drive the forward synthesis reaction at a few monolayers peditions.
second. The heat of Mg and/or B condensation, or the use of
activated reactant species, could provide sufficient energ&
required to form the desired MgBhase under nonequilib- e
rium conditions.

At a temperature of 650 °C, the Mg desorption rate from
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