Journal of Superconductivity: Incorporating Novel Magnetism, Vol. 16, No. 5, October 2003 (© 2003)

Deposition and Properties of Superconducting

MgB, Thin Films

X. X. Xi,! X. H. Zeng,! A. V. Pogrebnyakov,! A. Soukiassian,! S. Y. Xu,! Y. F. Hu,!
E. Wertz,! Q. Li,! Y. Zhong,? C. O. Brubaker,? Z.-K. Liu,2 E. M. Lysczek,?
J. M. Redwing,? J. Lettieri,? D. G. Schlom,> W. Tian,®> H. P. Sun,? and X. Q. Pan?

Received September 30, 2002

The recently discovered superconductor MgB, with 7; at 39 K has great potential in super-
conducting electronics. In this paper, we review the deposition techniques used for MgB, thin
films in the light of a thermodynamic study of the Mg-B system with the calculation of phase
diagrams (CALPHAD) modeling technique. This thermodynamic study identifies a growth
window in the pressure—temperature phase diagram, in which the magnesium pressure is very
high for likely in situ growth temperatures. A Hybrid Physical-Chemical Vapor Deposition
(HPCVD) technique that successfully achieves such a high Mg pressure is shown to produce
in situ epitaxial MgB; thin films with bulk superconducting properties.
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1. INTRODUCTION

The 39-K superconductor magnesium diboride
[1] is very attractive for superconducting electronics.
Compared to high-temperature superconductors
(HTS), MgB, is a BCS superconductor [2] with
longer coherence length [3] and smaller anisotropy
[4]. The grain boundaries are not weak links [5,6].
One should thus be able to make MgB, Josephson
junctions much more easily and reproducibly as
compared to HTS. Even for microwave devices, the
lack of weak link in MgB; may lead to much better
power handling capability than HTS, thus enabling
active microwave device applications. Compared to
low-1; superconductors, i.e., Nb, MgB, has a much
higher 7. and larger energy gap (even with two
gaps [7,8]), which potentially means higher speeds.
Increasing the operation temperature from 5 K
for Nb to 20 K for MgB; is a “big deal.” A MgB,
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technology with high speed and 20 K operation, using
a much cheaper and much more reliable cryocooler
than those necessary for 5 K operation, will make
superconducting electronics much more competitive.

High quality thin films are necessary for super-
conducting electronics using MgB,. However, be-
cause of the high volatility of Mg the fabrication of
MgB; thin films is difficult. In this paper, we discuss
a thermodynamic analysis of the Mg-B system, which
shows that the MgB, phase is thermodynamically sta-
ble only under high Mg partial pressures. The result
provides helpful insights into appropriate processing
conditions for in situ deposition of MgB, thin films
as well as the limitations of the deposition techniques
involving postdeposition annealing. Finally, we show
that epitaxial MgB, thin films can be deposited in situ
by HPCVD, a novel combination of Physical Vapor
Deposition (PVD) and Chemical Vapor Deposition
(CVD) [9].

2. THERMODYNAMICS OF
THE Mg-B SYSTEM

Our approach of the thermodynamic analysis
is the calculation of phase diagrams (CALPHAD)
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thermodynamic modeling technique using a comput-
erized optimization procedure [10]. The Gibbs ener-
gies of formation for individual phases in the Mg-B
system, i.e. MgB,, MgB4, and MgB; in addition to gas,
liquid, Acp magnesium, and S-rhombohedral boron,
are constructed. Using the experimentally measured
enthalpy of formation and estimated decomposition
temperatures, the Gibbs energy of each phase is eval-
uated with the ThermoCalc program [11]. The phase
equilibria are then calculated.

The pressure—temperature phase diagram for all
compositions with xmg/xg > 1:2 is shown in Fig. 1
[12]. From a thermodynamic perspective, deposition
of a single-phase MgB, film becomes easy when the
growth conditions (substrate temperature and Mg
pressure) fall within a window where the thermody-
namically stable phases are the desired MgB, phase
and gas phases, which is marked by “Gas + MgB,”
in Fig. 1. The boundaries of the growth window can
be approximately expressed by the following equa-
tions: log(P) = —7561/ T + 8.673 (the upper bound-
ary with solid Mg), and log(P) = —10142/ T + 8.562
(the lower boundary with MgB,), where P is in Torr
and T in Kelvin. An inspection of the phase diagram
reveals that the growth window for MgB, is located at
very high Mg partial pressures. For a deposition tem-
perature, for example, of 750°C, a Mg pressure greater
than 44 mTorr is necessary to keep the MgB, phase
thermodynamically stable. This is very high for many
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Fig. 1. The pressure-temperature phase diagram for the Mg-B sys-
tem (Mg:B atomic ratio xyg/xg > 1/2) [12]. The region of “Gas +
MgB,” represent the thermodynamic stability window for the de-
position of MgB, thin films.
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vacuum deposition techniques, and it clearly favors
deposition techniques that can maintain a high Mg
pressure during the deposition. This is further compli-
cated by the oxygen contamination during the depo-
sition. The Mg flux reacts with residual oxygen in the
background, which effectively reduces the Mg pres-
sure thus pushing the system to the thermodynami-
cally unstable region.

While the applicability of equilibrium thermody-
namics to thin film growth has been established for
many material systems [13-16], the nonequilibrium
nature of specific deposition techniques can be quite
important. For MgB,, Fan et al. has shown that a sig-
nificant kinetic barrier to the thermal decomposition
of MgB; exists [17]. Once the formation reaction of
MgB, phase is achieved, MgB, may not decompose
even at a Mg pressure as much as a factor of 10~3 lower
than that predicted in the phase diagram in Fig. 1. In
this paper, the analysis of various techniques is made
mainly on the equilibrium thermodynamic consider-
ations.

3. MgB; FILMS GROWN BY TECHNIQUES
REQUIRING ANNEALING

3.1. Ex Situ Annealing in Mg Vapor

Epitaxial thin films requires sufficiently high-
growth temperatures, typically about one half of the
melting temperature T, (in Kelvin). MgB, melts con-
gruently at 2430°C (~2700 K) under 49,000 Torr
pressure, thus the optimum temperature for epitaxial
MgB; films is around ~1080°C (1350 K). This requires
a Mg pressure of at least 11 Torr, impossible for many
thin film deposition techniques. However, it can easily
generated by heating Mg bulk in an enclosure, which
is the thermodynamic basis for growth of MgB, thin
films with ex situ annealing in Mg vapor.

In one report of such technique [18], Kang ez al.
first deposited amorphous B thin films at room tem-
perature by pulsed laser deposition. The precursor
thin film was then put into a Ta tube together with
a high-purity Mg metal and sealed in an Ar atmo-
sphere. The sample was quickly heated to 900°C in
5 min, held at this temperature for 10-30 min, and
then quenched to room temperature. Besides pulsed
laser deposition [19-21], the pure B films have been
deposited by RF magnetron sputtering [22], electron-
beam evaporation [23,24], and thermal evaporation
[25]. The annealing temperatures used range from
750-950°C [21]. Alternatively, the precursor films can
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also be deposited from a MgB, target [26]. Similar
procedure has even been reported on B crystals [27].

It has been reported that the MgB, thin films
grown by ex situ annealing in Mg vapor are epitax-
ial [21,22]. In a MgB; film on c-plane sapphire sub-
strate annealed at 950°C, Berenov et al. showed strong
in-plane biaxial alignment between the film and sub-
strate evidenced by a sixfold symmetry in the ¢-scan
of the X-ray diffraction [21]. The hexagonal lattice of
MgB, is rotated by 30° to match that of Al,O3. The
epitaxy with the same in-plane alignment is clearly
shown by Bu et al. by both X-ray diffraction and
cross-sectional TEM in sputtered B films annealed at
850°C [22].

The superconducting properties of the MgB, thin
films grown by ex situ annealing in Mg vapor are bulk-
like. They show 7; ~39 K [18,19,23,24] and very high
J. exceeding 107 A/cm? at zero field [24,28]. Unfortu-
nately, the surface of these films is rough [20,29]. The
surface is likely covered by a Mg-rich layer, which
results in high microwave surface resistance [30,31].
Removal of this layer leads to significant reduction
of the surface resistance [30]. Planar Josephson junc-
tions have been made on such films by milling a trench
with a depth of 70 and 80% of the film thickness
[32]. Multilayer Nb/Al,O3/Al/MgB, junctions have
also been reported where a 10-nm surface layer of
the MgB; film was removed before further junction
precessing [33].

3.2. In Situ Annealing of Films With Excess Mg

As the high-temperature ex situ annealing is not
desirable for multilayer device fabrication, an alter-
native type of techniques have been used that em-
ploy in situ annealing in the growth chamber at tem-
peratures and duration such that severe Mg loss or
MgB, decomposition does not occur [19,25,34-36,
N. Newman, private communication, 2002]. The films
are deposited at low temperatures ranging from room
temperature to 300°C. The deposition techniques in-
clude pulsed laser deposition [19,34-36,37], sputter-
ing [38], or thermal evaporation [25,N. Newman, pri-
vate communication, 2002]. The films are deposited
from sources of either MgB,, Mg+MgB,, or Mg+B.
In some cases, multilayer structures are used [19,35].

Several processes are involved in the in situ
annealing: Mg evaporation, MgB, phase formation,
nucleation and growth of crystallites, and MgB, de-
composition. These processes are determined by the
thermodynamics [12] and kinetics [17], and a balance

among these processes by carefully adjusting the heat-
ing and annealing parameters is critical. As the an-
nealing is carried out in either vacuum [37] or Ar
atmosphere [34-36,38], the Mg pressure is provided
locally by the evaporation of excess Mg in the films.
Since the Mg supply is limited, the local Mg pressure
changes with time during the annealing and eventu-
ally drops. Therefore, if the annealing temperature is
too high and/or the annealing time is too long, the
low Mg pressure will result in the decomposition of
MgB,. Here, the kinetic barrier for MgB, decompo-
sition plays a particularly important role [17]. Several
successful annealing procedures include: 600-650°C
for less than 10 min [34-36,37,38], and up to 900°C
for a very short time [25,N. Newman, private commu-
nication, 2002].

Films produced by the in situ annealing tech-
niques are polycrystalline [36]. It is common that the
X-ray or electron diffraction signals from MgB, in
these films are very weak due to the small grain size
[35,36,37,38]. In Fig. 2, a 6-20 scan of X-ray diffrac-
tion using synchrotron radiation is shown for a MgB,
film grown with in situ annealing in our lab. With the
help of the high X-ray intensity of the synchrotron
source, we are able to observe the weak (002) diffrac-
tion peak because of MgB,. From the width of the
peak, the grain size of MgB, is estimated to be be-
tween 50-70 A, consistent with our estimation from
the cross-section TEM [36].

The T; of in situ annealed MgB, films from the
early reports was around or below 25 K [19,34,35,39].
More recent result shows higher T; at (34 K) [36,N.
Newman, private communication, 2002]. This demon-
strates the difficulty in obtaining a perfect balance
among the various processes during the annealing.
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Fig. 2. X-ray diffraction 0-26 scan of a MgB, film on a (0001) sap-
phire substrate deposited by pulsed laser deposition with in situ
annealing.
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The J, is reported to be over 10° A/cm? at low tem-
peratures [36]. The surface of these films are smoother
than the ex sifu annealed films [29,40]. The microwave
surface resistance of such films directly reveal an ex-
ponential behavior with a value of 1075 at low tem-
peratures, indicating a fully gapped order parameter
with A(0) = 1.9 meV [40]. Both nanobridge [41] and
ramp-type [42] junctions have been reported on in situ
annealed films.

4. MgB, FILMS BY IN SITU GROWTH
4.1. Low-Temperature In Situ Growth

Although epitaxial growth prefers sufficiently
high temperatures, the minimum growth temperature
can be much lower. This will greatly reduce the Mg
pressure requirement. For example, at a deposition
temperature of 300°C, the Mg pressure of the MgB,
growth window is from 10~8-10~* Torr, easily achiev-
able by vacuum deposition techniques. However, two
other factors place additional constraint: oxygen con-
tamination and sticking coefficient of Mg. Oxygen
from either the background atmosphere or the tar-
get/source react with Mg to form MgO, which not
only effectively reduces the Mg pressure, but also pre-
vents the grain growth of MgB,. (Eom et al. have
suggested that the oxygen contamination may help
to enhance the flux pinning in MgB; films [26].) The
sticking coefficient of Mg, on the other hand, de-
creases dramatically when the substrate temperature
increases above 300°C [N. Newman, private commu-
nication, 2002,43]. If there is not enough Mg at the
substrate to react with B, MgB, cannot be formed.
These could explain the limited success in some low-
temperature in situ growth of MgB, [40,44].

The more successful low-temperature in situ
growth of MgB; thin films was first reported by Ueda
and Naito [43]. They prepared the MgB, films by
molecular beam epitaxy with a base pressure of 12 x
10~ Torr from pure metal sources using multiple
electron-beam evaporators. As-grown superconduct-
ing MgB, thin films were obtained when the sub-
strate temperature was between 150-320°C with the
best 7. ~36 K for 320°C. Similar technique was used
by Jo et al., who reported a 1. of 35 K [45]. The
films by Jo et al. showed very clear MgB, peaks in
the X-ray diffraction and the grains are as large as
400 A. These results are very encouraging since the
low-temperature process could be better compatible

Xi et al.

to the existing technologies for low 7; superconduct-
ing electronics.

The success of Ueda and Naito and Jo et al. is
most likely due to the low oxygen contamination.
This results partly from the UHV background in the
deposition systems, and partly from the pure metal
sources which contain minimal oxygen. The reason
that they were not able to go to higher temperatures
for better crystallization is either the sharply decreas-
ing Mg-sticking coefficient or the remaining oxygen
which reduces the Mg pressure.

4.2. In Situ Growth of Epitaxial MgB, Films

To generate a high Mg vapor pressure for in situ
growth of MgB; thin films, a high-pressure process
such as CVD is preferred. In the HPCVD technique
we have developed, the total pressure during the de-
position is 100-700 Torr. We use hydrogen as the
carrier gas and use diborane (B,Hg) as the boron
precursor gas. Unlike conventional CVD which uti-
lizes gaseous sources only, we use heated bulk Mg
(99.95%) as the Mg source. The bulk pieces of Mg
are placed near the substrate and are heated together
with the substrate to 730-760°C. A high Mg pressure
is thus generated locally around the substrate.

Once the necessary high-Mg pressure for the
MgB,-growth temperature is generated, the HPCVD
process works beautifully [9]. The MgB, films grow
epitaxially on (0001) sapphire and (0001) 4H-SiC sub-
strates. Figure 3 shows the 6-26 and ¢ scans of a
MgB, film on a (0001) sapphire substrate. The ¢ axis
of the film is normal to the substrate surface, and
the sixfold symmetry in Fig. 3(b) indicates an in-
plane epitaxy. The hexagonal MgB, lattice is rotated
by 30° to match the hexagonal lattice of sapphire.
The small peaks at 30° +n 60° (where n is an in-
teger) indicates minimal amounts of 30° rotational
twinning.

The epitaxial MgB, films show a bulk-like 7; of
39 K, a J.(42 K) of 1.2 x 107 A/cm? in zero field,
and a Hp(0) of 29.2 T in parallel magnetic field. The
J. drops under applied magnetic fields faster than in
ex situ annealed films with substantial oxygen con-
tamination [26]. This is likely due to the minimal oxy-
gen contamination in the films as shown by the X-ray
diffraction and cross-section TEM [9]. We attribute
this to the reducing hydrogen ambient in the process.
The surface of the in situ epitaxial film is smooth with
a root-mean-square roughness of 2.5 nm for MgB,
films on SiC.
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Fig. 3. X-ray diffraction spectra of a MgB, film on a (0001) sapphire
substrate deposited in situ by HPCVD [9].(a) The 6-20 scan. (b) The
¢ scan.

The excellent epitaxy and superconducting prop-
erties of the MgB, films by HPCVD demonstrate that
in situ growth of high-quality epitaxial MgB, films
is possible as long as a sufficiently high Mg vapor
pressure is produced. At the growth temperature of
~750°C, the HPCVD successfully achieves a pressure
of about 44 mTorr according to the thermodynamic
growth window [12]. The low sticking coefficient of
Mg at this high temperature help to make the process
simple. When the B, Hg gas is not flowing through the
reactor, there is no film deposition because of the low
sticking coefficient of Mg [N. Newman, private com-
munication, 2002]. Once the B,Hg gas begins to flow,
a MgB; film starts to grow on the substrate. After the
growth when the B,Hg gas is switched off, again Mg
does not stick, leaving a clean MgB; film surface.

5. CONCLUSION

The thermodynamic analysis has provided a gen-
eral guidance towards a successful deposition tech-
nique for in situ epitaxial MgB, thin films. Because
thin film deposition is not exactly a phase equilibrium
problem, deviations from the thermodynamic phase
diagram should be expected. For example, decom-

position kinetics and sticking coefficient have been
shown to be important. The central prediction of the
thermodynamics is a growth window in the pressure-
temperature phase diagram, in which the Mg pressure
is very high for MgB,. It is difficult for vacuum de-
position techniques to achieve at high temperatures.
Reaction of Mg with oxygen during the deposition
further reduces the Mg pressure. In practice, anneal-
ing B films ex situ in high Mg vapor pressure allows
high annealing temperatures. The in situ growth of
MgB, thin films has been demonstrated at low tem-
peratures where the necessary Mg vapor pressure for
phase stability is low. The in sifu annealing technique
requires a careful control of annealing temperature
and duration as the local Mg pressure changes with
time. The high pressure process of HPCVD success-
fully achieves the high Mg pressure, thus results in
very high quality in situ epitaxial MgB, thin films.
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