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Abstract

Hybrid physical-chemical vapor deposition (HPCVD) has been the most effective technique for depositing MgB, thin films. It gen-
erates high magnesium vapor pressures and provides a clean environment for the growth of high purity MgB; films. The epitaxial pure
MgB, films grown by HPCVD show higher-than-bulk 7 due to tensile strain in the films. The HPCVD films are the cleanest MgB, mate-
rials reported, allowing basic research, such as on magnetoresistance, that reveals the two-band nature of MgB,. The carbon-alloyed
HPCVD films demonstrate record-high H., values promising for high magnetic field applications. The HPCVD films and multilayers
have enabled the fabrication of high quality MgB, Josephson junctions.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Magnesium diboride, MgB,, is an exciting superconduc-
tor [1]. It is a conventional BCS superconductor, in which
the Cooper pairs are formed through electron—phonon
coupling [2], with a high transition temperature 7, of
39 K [1]. It has multiple bands with weak interband scatter-
ing: the two-dimensional ¢ bands and the three-dimen-
sional © bands [3]. They couple to the B-B stretch modes
of E», symmetry with different strengths, resulting in differ-
ent superconducting energy gaps [4,5]. The existence of the
“two bands” and “two gaps’ not only effects various prop-
erties of MgB, [6,7], it also leads to new physics that does
not exist in single-band superconductors [8-13]. For elec-
tronic applications, the high T, of MgB, allows operation
of MgB, devices and circuits above 20 K, substantially
reducing the cryogenic requirements compared to the Nb-
based superconducting electronics, which have to operate
at 4.2 K [14,15]. MgB, Josephson junctions [16] and super-
conducting quantum interference devices (SQUIDs) [17]
with excellent properties well over 20 K have been demon-
strated. For applications in high magnetic field, carbon-
alloyed MgB, films have shown higher upper critical field
H, values than those of the Nb-based superconductors
at all temperatures [18]. MgB, is of particular interest for
magnets in cryogen-free magnetic resonance imaging
(MRI) systems [19]. It is further recognized that the high
T. and low resistivity make MgB, an attractive material
for RF cavity applications [20,21].

High quality MgB, thin films are important for both
fundamental research and electronic, high-field, and RF
cavity applications. Much effort has been devoted to the
deposition of MgB, thin films and tremendous progress
has been achieved by various deposition techniques [22].
The deposition techniques used for MgB, films include
high-temperature ex situ annealing of B or Mg-B precursor
films in Mg vapor [23-29], intermediate-temperature in situ
annealing of Mg-B precursor films [30-36], low-tempera-
ture in situ deposition [36-40], and high- and intermedi-
ate-temperature in situ deposition [41-43]. An analysis of
the pros and cons of each techniques has been given in

Ref. [22]. Of all these techniques, hybrid physical-chemical
vapor deposition (HPCVD) [43,44] has been the most effec-
tive one for MgB, films. The HPCVD MgB; films on single
crystal substrates such as c-cut SiC and sapphire are epitax-
ial [43,45]. The pure films show T, values at almost 42 K,
higher than the bulk samples [46], and residual resistivity
much lower than 1 pQ cm [9]. When alloyed with carbon,
the upper critical field H., of the HPCVD films increases
dramatically from that of the pure films to reach over
60 T at low temperatures [18,47]. Similar results have been
obtained in polycrystalline MgB, films on polycrystalline
substrates [48,49], including metallic substrates. A wide
range of works by various groups using HPCVD films have
played important roles in the research of MgB,.

In this paper, we describe the principles and key ele-
ments of the HPCVD technique and discuss the properties
of MgB, films deposited using HPCVD, including clean
epitaxial films, carbon-alloyed films, polycrystalline films,
and multilayers of MgB, with other materials. A short
summary of MgB, Josephson junctions using HPCVD
films will be presented, while additional information can
be found in the review on epitaxial MgB, tunnel junctions
and SQUIDs by Brinkman and Rowell [50].

2. Key requirements in deposition of MgB, films

The most important requirement for the deposition of
MgB, films is to provide a sufficiently high Mg vapor pres-
sure for the thermodynamic phase stability of MgB, at ele-
vated temperatures. Fig. 1 is a Mg pressure-temperature
phase diagram calculated by Liu et al. [S1]. The MgB, film
deposition parameters should fall within the growth win-
dow marked by “Gas+ MgB,” where the thermodyna-
mically stable phases are MgB, and Mg gas. The Mg
pressures for this growth window are very high for temper-
atures necessary for in situ epitaxial growth of MgB, films.
For example, deposition at 750 °C requires a Mg pressure
greater than 44 mTorr to keep MgB, thermodynamically
stable. To satisfy the thermodynamic phase stability
requirement, the high-temperature ex situ annealing
approach heats the B or Mg-B precursor film with Mg
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Fig. 1. The pressure-temperature phase diagram for the Mg:B atomic
ratio xme/Xp = 1/2. The region marked by “Gas + MgB,” represent the
growth window for MgB, films (from Ref. [S1]).

bulk in an enclosure [23]; the intermediate-temperature
in situ annealing technique relies on the local Mg vapor
pressure generated by the heating of excess Mg [30]; and
the low-temperature in situ deposition approach avoids
the requirement of high Mg vapor pressure by going to
low temperatures [37]. The most critical step in the success
of the HPCVD technique is its capability of generating
high Mg vapor pressure at around 700 °C [43].

It should be noted that the pressure-temperature phase
diagram is identical for all Mg/B ratios xpe/xp > 1:2 [51].
MgB, is a line compound and as long as the Mg/B ratio is
above the stoichiometric 1:2, extra Mg will be in the gas
phase and be evacuated. Also, once MgB, is formed, Fan
et al. showed that a significant kinetic barrier needs to be
overcome for MgB, to thermally decompose [52], which
is much more difficult than predicted by the thermodynam-
ics. This is very convenient in practice, as one does not have
to be overly concerned about maintaining a high Mg pres-
sure during the cooling stage of the MgB, film deposition.

Clean environment for growth and pure sources of Mg
and B are other key requirements for the growth of high
quality MgB, films. MgB, is highly susceptible to contam-
inations with oxygen and carbon. For example, in situ
deposition of MgB, at 250-300 °C results in insulating
films if the background pressure is equal or worse than
3% 1078 Torr due to the reaction of Mg with oxygen [39].
Carbon is a common contaminant, mostly from the source
materials such as in sputter or laser ablation targets. Car-
bon impurity reduces 7. of MgB, [53] and prevents the
deposition of clean MgB, films. Being able to meet the
requirements of clean environment and pure sources
is another critical step in the success of the HPCVD
technique.

3. Hybrid physical-chemical vapor deposition

Fig. 2a is a schematic of the HPCVD setup [44]. It con-
sists of a water cooled quartz tube reactor and a susceptor,
which is inductively heated. During the deposition, the car-
rier gas is purified H, with a flow rate of the order of
400 sccm to 1 slm at a pressure of about 100 Torr. The high
total pressure makes it possible to generate a high Mg
vapor pressure necessary for the phase stability of MgB,.
The reducing environment is important for preventing oxi-
dation during the deposition. Bulk pure Mg is used as the
Mg source. As shown in the figure, several pieces of bulk
Mg are placed next to the substrate on the top of the sus-
ceptor. When the susceptor is heated to 550-760 °C, which
is high enough for epitaxial growth of MgB,, pure Mg
pieces are also heated, which generates a high Mg vapor
pressure in the vicinity of the substrate. Diborane, B,Hg,
is used as the high purity boron source. MgB, film starts
to grow when the boron precursor gas, 1000 ppm — 5%
B,H¢ in H,, is introduced into the reactor. The flow rate
of B,Hg/H, mixture ranges from 5 to 250 sccm, which con-
trols the growth rate of the MgB; film, ranging from sev-
eral A/s to over 50 A/s. The film growth stops when the
boron precursor gas is switched off. Since the technique
combines physical vapor deposition (heated bulk Mg as
the Mg source) with chemical vapor deposition (B,Hg as
the boron source), it was named hybrid physical-chemical
vapor deposition.

Computational simulations of the boron film growth in
the HPCVD reactor were carried out by Lamborn et al.
[54]. The transport model assumed laminar flow in the reac-
tor tube and the buoyancy driven convection currents was
also considered. The physical properties of the gases were
calculated using the ideal gas law and the kinetic theory
of gases. The properties of the solid materials used in the
reactor were also inputs in the simulation. The simulation
result for the velocity magnitude profile in the reactor is
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Fig. 2. (a) Schematic of the HPCVD system. (b) Calculated gas velocity
profile in the reactor near the susceptor (from Ref. [54)).
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shown in Fig. 2b for typical operating conditions used for
MgB, growth. It shows that a stagnant layer above the face
of the susceptor develops as the flow field changes from an
unobstructed pipe to annular flow and the free stream
velocity increases between the susceptor and reactor wall.

The addition of heated Mg pieces will make the simula-
tion much more complicated, but the result of Fig. 2b can
offer some hints to the environment near the substrate dur-
ing the MgB, deposition. Because the Mg pieces and the
substrate are located where the stagnant gas flow region
is in Fig. 2b, it is likely that a slow gas flow keeps a signif-
icant amount of the Mg vapor released from the bulk Mg
in this region, giving rise to a high Mg vapor pressure
around the substrate. Further modeling studies are cur-
rently underway to investigate these effects. The precise
value of the Mg vapor pressure during the MgB, deposi-
tion is not easily known. However, as long as it is above
the minimum pressure necessary for the MgB, phase stabil-
ity and as long as the Mg:B ratio is larger than 1:2, the
automatic composition control in an adsorption-controlled
growth, as is the case for MgB,, keeps the composition of
the film stoichiometric [51].

4. Clean epitaxial HPCVD films
4.1. Structural properties

The high deposition temperatures in HPCVD made pos-
sible by the high Mg vapor pressure result in excellent epi-
taxy and crystallinity in the MgB, films deposited by this
technique [43,45]. Fig. 3 shows a high-resolution transmis-
sion electron microscope (HRTEM) image for the interface
between a MgB, film and (0001) 6H-SiC substrate. The
insets are selected area electron diffraction (SAED) pat-
terns from the film (top) and substrate (bottom). The result
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Fig. 3. A high-resolution TEM image of the film/substrate interface in a
MgB, film on (0001) 6H-SiC substrate. Top inset: SAED pattern from
the film. Bottom inset: SAED pattern from the substrate.

shows that the MgB, film grows epitaxially on the SiC
substrate with an orientation relationship of (0001)
[1120]MgB,||(0001)[1120]SiC. The interface is atomi-
cally sharp and there is no obvious reaction at the interface.
High quality epitaxial growth has also been confirmed by
X-ray diffraction measurements, where both the out-of-
plane alignment, shown by the 0—20 scans, and the in-
plane alignment, shown by the ¢ scans, with the substrate
lattice were observed [43,45]. The rocking curves for both
0—20 and ¢ scans are sharp, indicating good crystallinity.

MgB, has a hexagonal structure with a = 3.086 A and
¢=23.524 A [1]. The (0001) oriented SiC (for the 4H poly-

type a=3.073 A and for the 6H polytype a = 3.081 A)
offers a close lattice match for the epitaxial growth of c-axis
oriented MgB, films [45]. The c¢-cut sapphire (a = 4.765 A)
is another suitable substrate for epitaxial films, however the
lattice mismatch is larger and the hexagonal MgB, lattice is
rotated by 30° to match that of the substrate [43]. Occa-
sionally, the 30° in-plane rotation also exists in some grains
in MgB, films on (0001) SiC substrate. In MgB; films on
sapphire, oxide layers have been observed at the film/sub-
strate interface [43,55,56], while the interface between
MgB, film and SiC substrate is often free from oxides [57].

For MgB, tunnel junctions, it is desirable to tunnel from
ab-plane to ab-plane, thus from ¢ band to ¢ band, to take
advantage of the large o gap [58]. While it is a challenge to
grow ab oriented films, we have found that MgB, films
grow with tilted c-axis on some substrates with surfaces
of rectangular lattice. For example, tilted c-axis epitaxial
MgB, films have been shown on (110) YSZ [59] and
(211) MgO substrate [60].

4.2. High T,, low resistivity, and high critical current

The highly reducing H, ambient and the high purity Mg
and B sources used in HPCVD lead to very clean MgB,
thin films [61]. Fig. 4 shows a resistivity vs temperature
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Fig. 4. Resistivity vs temperature curve for a 7700 A MgB; thin film on
sapphire substrate. The inset shows details near the superconducting
transition.
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curve for a 7700 A MgB, thin film on sapphire substrate. It
shows a T over 40 K, and a low residual resistivity py of
less than 0.1 pQ cm, leading to a residual resistivity ratio
RRR of over 80. Fig. 5 shows residual resistivity vs film
thickness for a series of MgB, films. A linear dependence
on 1/thickness is observed, indicating that the mean free
path in this series of MgB, films is mainly limited by the
scattering at the film surface and the film/substrate inter-
face. The pure HPCVD films are cleaner than the reported
single crystals [62] and bulk samples [63]. By fitting the nor-
mal-state magnetoresistance data [64], it was found that

Thickness (A)

both the ¢ and n bands of pure HPCVD films are in the
clean limit [65].

The critical current density J. of the pure HPCVD films
is high. Fig. 6 shows the result of a transport J. measure-
ment of a patterned bridge of 20 pm width in a MgB, film
on SiC substrate. The self-field J, is 3.4 x 10" A/em® at
4.2 K [45], not very far from the depairing critical current
density in MgB, [66]. However, J. is suppressed quickly
by the applied magnetic field indicating a lack of pinning,
a consequence of the cleanness and excellent crystallinity
of the films.

4.3. Strain-induced E,, phonon softening

Fig. 4 clearly shows a T, higher than that in the bulk
MgB, [1]. This is due to the strain-induced E,, phonon
softening that enhances the electron—phonon interaction
[46]. We have found that on both sapphire and SiC sub-
strates, T, increases with increasing film thickness [61]. In
Fig. 7, zero-resistance T, is plotted as a function of a and
¢ lattice parameters for a series of MgB, films on sapphire
(squares) and SiC (circles) substrates. On each substrates,
larger a lattice parameters correspond to thicker films,
and T, increases with increasing « lattice parameters even
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Fig. 5. Residual resistivity as a function of film thickness for a series of
MgB, films.
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Fig. 6. Transport J. vs temperature for a MgB, film on SiC substrate
measured under different applied magnetic fields (from Ref. [45]).
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Fig. 8. SEM images of four MgB, films with nominal thicknesses of (a) 65 A, (b) 70 A, (c) 150 A, and (d) 200 A on SiC substrate.

thought the data are from films on different substrates. It is
evident that T, of the MgB, films increases with in-plane
tensile strain. The highest zero-resistance 7, obtained in
the HPCVD films is 41.8 K on SiC substrate, well above
the bulk value.

The growth mode of the HPCVD MgB; films is the Vol-
mer—Weber mode [46], i.e. the initially nucleated discrete
islands coalesce when the films grow thicker. This is clearly
demonstrated by the scanning electron microscope (SEM)
images of four MgB, films of different thicknesses on SiC
substrate shown in Fig. 8. At the beginning of the growth,
islands of hexagonal shape form on the substrate, which
grow and merge at larger film thickness. At 200 A, the
islands have largely coalesced and the substrate coverage
is almost complete. Coalescence tensile strain occurs in
metallic films grown in the Volmer—Weber mode, and the
tensile strain increases with the film thickness [67,68].

First-principles calculations show that the tensile strain
causes the bond-stretching £, phonon mode to soften.
According to the McMillan-Allen-Dynes analysis, T, o
we 1 where o is the phonon frequency, f(/,Q) =
(14+2)/(A—f), jr is similar to the Coulomb repulsion p*,
and 4 is the electron—phonon coupling constant. If consid-
ering only the maximum element in the electron—phonon
coupling matrix for MgB,, i.e. the electron—phonon cou-
pling between two o band electrons [5], 2 « 1/w?. The soft-
ening of the E,, phonon mode (decrease in w) leads to a

large increase in A. Because A is in the exponent in the T,
formula, this increase more than compensates the decrease
in the prefactor w, thus an overall increase in 7 is achieved
[46]. Since the discovery of superconductivity in MgB,,
many techniques have been used without success to further
increase T.. Despite the theoretical prediction that the 7, of
39 K is the maximum for MgB, [69], our result is an exam-
ple where T, of MgB, is increased from the bulk value by
lowering the E», phonon frequency, which points to a pos-
sible avenue to achieve higher 7, in MgB,.

4.4. Large anisotropic magnetoresistance

Magnetoresistance is a powerful probe into the elec-
tronic structures of a solid [70-72]. In very clean epitaxial
MgB; films grown by HPCVD, we have observed a large
anisotropic normal-state magnetoresistance (4p/po =
136% for the H|lab direction at 18 T) [9]. This is a direct
result of the multiband nature of MgB, and the cleanness
of the HPCVD films. For a single-band free-electron sys-
tem, the Hall field exactly balances the Lorentz force and
therefore there is no magnetoresistance. However, if there
are two or more bands of different carriers, the Hall field
cannot exactly cancel the Lorentz force and there will be
magnetoresistance [70-72]. As MgB, has four Fermi sur-
faces with both electrons and holes [3], large transverse
magnetoresistance can be expected in MgB,. The low
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resistivity of the films is critical. In samples with residual
resistivity >1-2 pQ cm, the maximum magnetoresistance
is only a few percent.

In Fig. 9, the angular dependence of magnetoresistance
of a MgB, film is shown for different magnetic fields at
T =45K. It has a complex behavior with a minimum at
H||ab. This anisotropy undergoes a crossover at around
100 K to a high-temperature behavior where the magneto-
resistance minimum is at Hlab and the H|jab direction
becomes a maximum. The magnetoresistance anisotropy
reflects the Fermi surface topology and the relative scatter-
ing rates of the different bands. As the temperature
increases, the electron—phonon coupling for the o bands
is stronger than the m bands, resulting in the change of
the relative scattering rate between the bands. The strong
contribution of the o bands to magnetoresistance at low
temperatures changes to the dominance of the © bands at
high temperatures. Pallecchi et al. have solved the Boltz-
mann equation for MgB, using the relative ratio of the
scattering rate in the ¢ and © bands as the key parameters,
which explained the main features of the angular depen-
dence of magnetoresistance shown here [64].

The multiband effect also causes the breakdown of the
Kohler’s rule. According to the Kohler’s rule, if only one
relaxation time t exists in a solid, 4p/p, from different tem-
peratures should collapse to a single curve in a Kohler plot,
Ap/po vs H/pgy [72]. The experimental results did not show
the conventional collapse [9]. This is the consequence of
multiple bands with different relaxation times, which
depend differently on temperature due to different elec-
tron—phonon coupling [73].

The result on normal-state magnetoresistance is an
excellent demonstration of new physical phenomena in
MgB, due to the multiband nature that do not exist in sin-
gle-band superconductors [8]. Other examples include the
possible collective excitation corresponding to small fluctu-
ations of the relative phase of two condensates (the “Legg-
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Fig. 9. Resistivity of a MgB, film as a function of the angle between the
applied magnetic field and the film surface measured at 7'=45 K. The
results are shown for different applied magnetic fields (from Ref. [9]).

ett mode”) [12,13,74,75]; vortices with arbitrary fractional
flux quantum [76]; breakdown of the applicability of the
anisotropic Ginzburg—Landau theory [77]; and phase tex-
tures and voltage oscillations induced by current in non-
equilibrium [10] or equilibrium conditions [11]. Clean
single-crystalline epitaxial HPCVD films provide a clean
medium for the studies of these phenomena.

4.5. Low microwave surface resistance

The microwave surface resistance R, of HPCVD films
has been measured by Jin et al. by a sapphire resonator
technique at 18 GHz [78]. Fig. 10 shows the dependence
of Rs on pg at 15 K (solid) and 20 K (open) for MgB, films
from different sources. Surface resistance decreases linearly
with decreasing residual resistivity. The HPCVD films
show the lowest pg, and consequently the lowest surface
resistance. An R (18 GHz) of 230 uQ was obtained at
15 K. The clean HPCVD films also show the shortest pen-
etration depth 2 (0) of lower than 50 nm.

From the measured temperature dependence of surface
impedance Z,, the superconducting gap A(0) was extracted.
Fig. 11 is the dependence of A(0) on p, of different MgB,
films. In microwave measurements of MgB,, only the &
gap can be obtained [79]. The figure shows that the cleaner
the films (corresponding to a smaller pg), the smaller the
A(0) is. This is the result of weak interband scattering.
When the films become dirtier, the interband scattering
becomes stronger. Putti et al. have shown that the
enhanced interband scattering causes the o gap to decrease
and the m gap to increase [80]. The clean HPCVD films
have the lowest m gap among the samples measured, indi-
cating very weak interband scattering in these films. The
small m-gap value, as well as the large c-gap value, in
HPCVD films have also been measured in MgB,-barrier—
Pb Josephson junctions [60], again indicating weak inter-
band scattering.
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Fig. 10. Dependence of R on pg at 15 K (solid) and 20 K (open) for MgB,
films from different sources (from Ref. [78]).
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For applications of superconductors in microwave
devices, low microwave nonlinearity is important for power
handling capabilities [81]. Dahm and Scalapino have calcu-
lated the nonlinearity properties of MgB,, and found that
the existence of the two bands leads to large nonlinearity,
however it can be improved by manipulation of the inter-
band and intraband scattering [82]. The nonlinear response
of HPCVD MgB, films were measured by Cifariello et al.
using a dielectrically loaded copper cavity operating at
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7 GHz [83]. The result shows the intrinsic two-band s-wave
behavior predicted by Dahm and Scalapino.

The surface resistance of superconductors increases qua-
dratically with frequency, therefore the low R, advantage
of a superconductor over normal metal disappears at high
frequencies [84]. For example, R; of high-temperature
superconductor YBCO at 77 K becomes higher than that
of Cu above about 200 GHz [84]. In a time domain THz
spectroscopy measurement, Jin et al. found that in
HPCVD films, the surface resistance is still lower than
Cu at frequencies around 1-2 THz [85]. This shows a great
potential of MgB, for THz electronic applications.

4.6. Absence of dendritic magnetic instability

In many thin film and bulk MgB, samples strong flux
instabilities at low temperatures have been reported
[86,87]. Using magneto-optical imaging (MOI) techniques,
Johansen et al. showed that below 10 K dendritic structures
of magnetic flux form abruptly in pulsed-laser-deposited
MgB, films when the magnetic field penetrates into the film
[87]. This corresponds to flux jumps, an avalanche process
where flux motion dissipates heat and leads to a local tem-
perature rise which reduces local pinning and facilitates
further flux motion [88]. Because of the dendritic flux
jumps, the hysteresis loop of the magnetization is

Fig. 12. Magneto-optical images of a zero-field-cooled pure HPCVD film at 7'=4.2 K. The perpendicular applied field B=(a) 10 mT, (b) 20 mT,

(c) 40 mT, and (d) 0 (reduced from 0.1 T) (from Ref. [90]).
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Fig. 13. Magnetization curves of the clean HPCVD film at 7= 5, 10, and
15K (from Ref. [90]).

suppressed at low temperature and low field, indicating
suppressed J..

In pure HPCVD MgB, films, however, the low temper-
ature dendritic flux jumps are absent [89,90]. Fig. 12 are
MOI images showing regular flux penetration and trapping
patterns in a zero-field-cooled (ZFC) pure HPCVD film at
4.2 K. With increasing field, the magnetic flux penetrates
gradually and uniformly into the sample from the edges,
consistent with critical state models. When the field is
decreased, the flux exits the sample in the same manner.
Fig. 13 shows a part of the magnetization hysteresis loop
for the pure HPCVD film at 5, 10, and 15 K. There is no
suppressed J. at 5 K and the width of the loops decreases
as the temperature increases due to the lower J, at higher
temperatures. These results are in striking contrast to the
earlier reports showing dendritic flux jumps [87] and sup-
pressed hysteresis loop width [86] at low temperatures for
MgB,. It is evident that the cleanness of the HPCVD film
and its low normal state resistivity enhance the magnetic
stability at low temperatures.

4.7. Studies of controlled disorders

The clean and highly crystalline HPCVD films provide
excellent starting materials to introduce disorders in a con-
trolled manner and study the effects of disorder on proper-
ties of MgB,. The ways to introduce disorder have included
heavy ion (200 MeV Ag) irradiation [91], a-particle irradi-
ation [92,93], and neutron irradiation [65]. These studies
have contributed to both fundamental understanding of
the two-band effect in MgB, and the technologically impor-
tant issue of increasing H., and flux pinning.

5. Carbon-alloyed HPCVD films

Although clean MgB, films are desirable for many fun-
damental studies and applications, good superconducting
properties in high magnetic field require the superconduc-

tors to be dirty. Clean MgB, has low H, [7], but in high
resistivity MgB, films H,, is substantially higher [94].
Because of the multiple impurity scattering channels
and the two-gap nature of superconductivity in MgB,,
H, can be enhanced well above the estimate
H(0) = 0.69T.H,(T.) of one-gap theory. The HPCVD
technique can not only produce very clean pure MgB,
films, it is also an effective way to dope or alloy the films
for better properties in magnetic field. In this section, we
summarize the deposition and properties of carbon-alloyed
MgB, films by HPCVD.

5.1. Deposition process and microstructures

The carbon-alloyed MgB, films are produced in the
same apparatus shown in Fig. 2 and using the same proce-
dure described above except that a metalorganic magne-
sium precursor, bis(methylcyclopentadienyl)magnesium
((MeCp),Mg), is added to the carrier gas [95]. A secondary
hydrogen flow is passed through a (MeCp),Mg bubbler,
and the amount of carbon in the film is controlled by the
flow rate of the secondary hydrogen gas flow. A correlation
between the nominal carbon concentration in the film and
the secondary hydrogen flow rate was established by mea-
suring a series of carbon-alloyed MgB, films with wave-
length dispersive X-ray spectroscopy.

Cross-sectional TEM shows that the carbon-alloyed
MgB, films have a granular structure [95]. They consist
of columnar nano-grains of Mg(B,_,C,), with a preferen-
tial c-axis orientation. The in-plane alignment with the sub-
strate remains, but it is much disordered, and foreign
phases exist between the grains. Although a definitive iden-
tification of the foreign phases at the grain boundaries is
difficult, they are most likely B4C, BgC, or B;3C, [96]. Only
a small portion of carbon in the film is doped into the
MgB, grain and most of them is contained in the grain
boundaries.

X-ray diffraction shows that in the carbon-alloyed MgB,
films both ¢ and « axes expand with increasing carbon con-
centration (see Fig. 14 [95]). This is qualitatively different
from those in carbon-doped single crystals and filaments,
where the a-axis lattice constant decreases but that of c-axis
remains almost constant for all the carbon concentrations
[97,98]. This structural characteristic may be critical for
the much higher H,, values in carbon-alloyed HPCVD
films than in the bulk samples discussed below [47].

5.2. Superconducting properties

When the MgB, films are alloyed with carbon, their
resistivity increases dramatically and 7, is gradually sup-
pressed with increasing carbon concentration [95]. The T
decrease is accompanied by the hardening of the E,, pho-
non mode [99]. The suppression of T is much slower and
the increase of resistivity much faster in the carbon-alloyed
HPCVD films than in carbon-doped single crystals [97] and
filaments [98], indicating again that only a small portion of
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Fig. 14. The c-axis lattice constant (triangles) and a-axis lattice constant
(squares) of carbon-alloyed HPCVD films as a function of carbon
concentration (from Ref. [95]).

the carbon is doped into the MgB, structure and the rest
forms high resistance grain boundaries.

Carbon-alloying leads to extraordinarily high H, values
in the HPCVD films [47,100]. Fig. 15 shows H., vs temper-
ature plots for a carbon-alloyed HPCVD film, Nb-Ti
(bulk), and Nb3Sn (bulk) [18]. H., over 60 T at low temper-
atures is observed in the carbon-alloyed film when the
magnetic field is parallel to the ab-plane. The enhancement
of H., over clean MgB, samples is the result of the modi-
fication of interband and intraband scattering by carbon
alloying [101]. The H., values for both parallel and perpen-
dicular field directions are higher than those of the stan-

Field (T)

40

Temperature (K)

Fig. 15. H., vs temperature plots for a carbon-alloyed HPCVD film,
Nb-Ti (bulk), and Nb3Sn (bulk). The triangle and square data are for the
ab-planes of MgB, parallel and normal to the field, respectively (from
Ref. [18)).
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Fig. 16. J. as a function of applied magnetic field for pure and carbon-
alloyed MgB, films of different nominal carbon contents at 7= 4.2 K. The
magnetic field direction is H Lab (from Ref. [106]).

dard high-field materials Nb-based superconductors at all
temperatures. This result is very promising for high-field
applications such as in magnetic resonance imaging
(MRI) [102,103]. If the operating temperature of MRI sys-
tems can be raised so that liquid helium cooling can be
replaced by efficient cryocoolers, MRI systems would
become lighter, of lower operation cost, more reliable,
and more accessible to populations in remote locations or
in developing countries [104,105]. The result in Fig. 15
demonstrates that MgB, could become the conductor in
such MRI systems.

Carbon alloying also enhances flux pinning [106]. The
H,,; value for carbon-alloyed MgB, film reaches ~45 T at
low temperatures, which is considerably higher than any
previously reported H;.. values in MgB, (254 T at 42K
in MgB, wires with SiC nanoparticle additions [107]),
and much higher than those in Nb-Ti and Nb3Sn [108].
Fig. 16 shows J(H) for pure and carbon-alloyed MgB,
films at 7=4.2 K in perpendicular magnetic field [106].
The stronger pinning in the carbon-alloyed MgB, films
leads to significant improvement in the field dependence
of critical current density. For the pure MgB, film, the
self-field J, is very high, but it drops quickly in magnetic
field. When alloyed with carbon, the self-field J. decreases
due to the decrease in the current-carrying cross-section
area [96]. However, the suppression of J. by magnetic field
becomes weaker and at high fields, J. is much higher in the
carbon-alloyed films than in the pure MgB, film.

6. Polycrystalline MgB, films

The extraordinarily high H., of over 60 T shown in
Fig. 15 was obtained in textured MgB, films [47]. It is
important that such result can be translated into practical
high-field wires or tapes. Most likely such wires or tapes
will be made from polycrystalline MgB, materials. Using
HPCVD, we have fabricated MgB, coated-conductor
fibers, and the carbon-alloyed fibers show high H., (55 T)
and high H;, (near 40T) at low temperatures [48].
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Fig. 17 shows SEM images of a pure MgB, coated-conduc-
tor fiber on a 100 pm SiC fiber with a tungsten core. A uni-
form coating of the SiC fiber is found and the MgB,
coating has a granular structure with randomly oriented
crystallites. X-ray diffraction confirms that the MgB, coat-
ing is polycrystalline [48]. This work demonstrates that epi-
taxy and texture are not necessary for superb performance
of MgB, in high magnetic fields.

The insensitivity of the properties of MgB, to epitaxy
and texture is due to the fact that in polycrystalline
MgB, grain boundaries are not weak links [109]. This is
further demonstrated by the microwave measurement in
polycrystalline HPCVD MgB, films on yttrium-stabilized
zirconia (YSZ) substrate [49]. Fig. 18 shows the microwave
surface resistance R, at 10 GHz as a function of inverse
temperature for 300 nm thick MgB, films on flexible YSZ
substrates and c-cut sapphire single-crystals. The R, value
of the polycrystalline MgB, films is the same as that from
the epitaxial films, and they are similar to the best result
reported previously on MgB, films measured using the
same technique [110]. The ability of polycrystalline
HPCVD films to carry supercurrent is also demonstrated
by Chen et al. in a microwave microstrip resonator using
double-sided MgB, films on sapphire substrate where the
two sides are connected by polycrystalline films through
two holes on the substrate [111].

Polycrystalline MgB, films on metallic substrates have
also been grown using HPCVD. For example, thick
HPCVD MgB, films have been reported by Chen et al.
on stainless steel substrates using high concentration
B,H¢/H, mixture gas [112]. In Fig. 19, our result of poly-
crystalline MgB, films on stainless steel and niobium sub-
strates are plotted. Because the substrates are conducting
and therefore form parallel conduction channels with

Fig. 17. (a) An SEM image of a MgB, coated-conductor fiber. (b) A
cross-section view of the MgB, coated-conductor fiber. (c) A blown-up
SEM image of the surface, showing elongated MgB, crystallites with
random orientations. (from Ref. [48]).
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Fig. 18. Surface resistance at 10 GHz as a function of temperature for
polycrystalline MgB, films on flexible YSZ substrates and epitaxial MgB,
films on c-cut sapphire single-crystal, measured by a parallel plate
technique (from Ref. [49]).
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MgB., it is difficult to extract the resistivity of MgB, films
from the measurements. Nevertheless, superconducting
transition at ~38 K is obtained for both substrates. As
the MgB, coating on coated-conductor wires and tapes
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or on microwave cavities are most likely on metallic sub-
strates, these results are very encouraging.

7. Epitaxial boride heterostructures

The family of boride materials consists of a variety of
structures [113] and possesses a wide range of properties
from refractory highly conductive metal to semimetal, nar-
row-band-gap semiconductor, and wide-band-gap semi-
conductors [114]. Besides the two-band superconductivity
in MgB, [6], there are extremely diversified magnetic prop-
erties in transition metal and rare-earth borides [115-117],
self-healing of radiation-induced defects in some icosahe-
dral borides [118,119], and large low-temperature Seebeck
coefficient and resistivity, thus high thermoelectric figure
of merit ZT, in some rare-carth hexaborides [120,121], just
to name a few.

Despite these interesting properties, epitaxial thin films
of borides had only been scarcely studied [122-124] before
the discovery of superconductivity in MgB,. Since then, epi-
taxial films of not only MgB, but also other diborides such
as TiB, [125]and ZrB, [126] have been deposited. We are on
the verge of a completely new field of research — multifunc-
tional epitaxial boride heterostructures. By combining the
multiple functionalities of borides in epitaxial heterostruc-
tures, new physics and new devices can be studied.

(b)
- - 0004SiC
2{000] TiB2
0001MgB
L

Fig. 20. (a) Bright-field TEM image of a MgB,/TiB, bilayer. (b) SAED
pattern collected from an area containing all the layers. (c) HRTEM image
of the TiB,/SiC substrate interface. (d) HRTEM image of the MgB,/TiB,
interface. The arrows indicate the interface.

Using HPCVD, we have grown MgB, films on pulsed-
laser-deposited [22] and sputtered [16] TiB, films to form
epitaxial MgB,/TiB, bilayers. Fig. 20 shows structures of
a MgB,/TiB, bilayer studied by TEM. From the bright-
field image in Fig. 20a we find that the TiB, layer exhibits
a columnar grain structure. The SAED pattern in Fig. 20b
shows that both TiB, and MgB, layers grow epitaxially on
the SiC substrate with the c-axis normal to the substrate
surface and an in-plane epitaxial relationship of
[1100]MgB,||[1 100]TiB,||[1100]SiC. Diffraction segments
instead of spots are observed for TiB,, suggesting that the
TiB, grains have both tilt and rotation. However, the
MgB; layer on top of TiB, grows with high crystallinity.
Fig. 20c and d show HRTEM images of the interfaces
between TiB, and SiC substrate and between MgB, and
TiB,, respectively, indicating epitaxial growth in both
cases.

The epitaxial MgB,/TiB, bilayers have been used to
make planar Josephson junctions that work over 20 K
[16], which are discussed in the next section. It is an excel-
lent example of devices made possible by epitaxial boride
heterostructures.

8. Josephson junctions and SQUIDs

Several types of MgB, Josephson junctions have been
made using HPCVD films: nanobridge constrictions in
epitaxial MgB, films [17], ion-damaged weak link planar
junctions [127], planar superconductor-normal metal—
superconductor (SNS) junctions using epitaxial MgB,/
TiB, bilayers [16], and MgB,-barrier-Pb superconductor—
insulator—superconductor (SIS) trilayer junctions [60].
SQUIDs fabricated from the nanoconstrictions show stable
SQUID voltage modulation up to 38.8 K [17]. A 20-junc-
tion series array made from the ion-damaged junctions
shows flat giant Shapiro steps 20 times that of a single junc-
tion [127], indicating a small spread in I.R,. The trilayer
MgB,-barrier-Pb SIS Josephson junctions made from c-
axis and tilted c-axis films allow the observation of both
the o and © gaps, which have values consistent with the
theoretical predictions [6]. More information can be found
in the chapter by Brinkman and Rowell in this issue [50].

Here we discuss in more detail the planar SNS Joseph-
son junctions using epitaxial MgB,/TiB, bilayers, where
TiB, serves as the barrier material [16,128]. TiB, is a con-
ductive material with excellent mechanical, tribological,
chemical, and thermal properties [129]. On a bilayer film
of MgB,/TiB,, MgB, was locally removed to create a gap
of ~50 nm by e-beam lithography and ion milling or by
focused ion beam, and the Josephson coupling is estab-
lished through the TiB, film across the gap by proximity
effect. Fig. 21 shows I-V characteristics of a MgB,/TiB,/
MgB, junction without and with 29.5 GHz microwave
radiation of different powers measured at 7= 28 K. The
junction without RF radiation exhibits /- curves in good
agreement with the resistively shunted junction (RSJ)
model. Clear ac Josephson effect is observed with Shapiro
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Fig. 21. Current-voltage characteristics of a planar MgB,/TiB,/MgB,
junction at 28 K with and without applied 29.5 GHz microwave radiation
(from Ref. [16]).

steps at voltages V, = nhf]2e, where f'is the microwave fre-
quency, & is the plank constant, and n =0, 1, 2, ... is the
order of the steps. The step-height vs microwave voltage
across the junction agrees with the current-source model
quantitatively. The MgB,/TiB, heterostructure allowed
successful fabrication of high quality MgB, Josephson
junctions that work well above 20 K.

Washer-type dc SQUIDs with inner square dimension of
30umx 30 um and outer square dimension of
3.5mmx 3.5mm were made using the planar MgB,/
TiB,/MgB, junctions. Fig. 22 shows the dc voltage across
such a dc SQUID at different temperatures under applied
magnetic field perpendicular to the film surface generated
by an uncalibrated coil. Large voltage modulation is
observed in the SQUID at temperatures above 20 K. The
slow change in the voltage may be due to the difference
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Fig. 22. The magnetic field dependence of dc voltage across a MgB, dc

SQUID at different temperatures. The dc bias currents are chosen to
maximize the voltage modulation amplitude.

in the properties of the two MgB,/TiB,/MgB, junctions
in the SQUID.

One important issue for device applications of MgB, is
its stability, in the ambient atmosphere, moisture, solvents,
or water. We have found that the HPCVD films degrade
easily in water [130]. When exposed to water, T, decreases
and resistivity increases, and the film becomes thinner and
turns into a transparent insulating material [130]. Prelimin-
ary X-ray photo-emission spectroscopy (XPS) study found
that there is only a very thin (5-10 A) MgB,O, or
Mg(OH), layer at the film surface on top of the MgB, film
bulk. Thus there is little protection at the film surface for
MgB, from reaction with water. This has been corrobo-
rated by the point-contact spectroscopy measurement of
Park and Greene, who found that the point-contact spec-
trum on HPCVD films are Andreev-reflection-like, indicat-
ing a metallic surface, while the spectrum on films
deposited by reactive co-evaporation is tunneling-like, indi-
cating a surface with a tunnel barrier layer [131]. MgB,
films by reactive co-evaporation degrade much more slowly
in water [42], likely due to this protection layer.

9. Concluding remarks

HPCVD has shown to be a very effective technique for
MgB, thin films. The scope of its impact has been remark-
ably broad: from the cleanest MgB, material to the highest
H, values in carbon-alloyed films; from the studies of new
physics due to the two-band nature of MgB, to the inves-
tigations of practical applications such as in MgB, coated
conductors; and from superconducting digital circuits
using Josephson junctions to cryogen-free superconducting
magnets for MRI systems. There is no doubt that the
importance of the HPCVD technique to MgB, research
and applications will continue to grow.

The HPCVD technique is still in its early development
stage. The initial setup shown in Fig. 2 does not allow inde-
pendent control over the substrate and Mg source temper-
atures. As a result, whenever the substrate temperature is
changed, the Mg vapor pressure changes as well, limiting
the ranges of the growth parameters [44,132]. In the new
generation of HPCVD systems, the Mg source and sub-
strate heater are separated and controlled independently
[133]. In the setup shown in Fig. 2, the size of the uniform
MgB, films is limited by the complex Mg vapor distribu-
tion and B,Hg flow near the substrate. Further, the initial
HPCVD system is not capable of in situ deposition of mul-
tilayers of different materials. These limitations will be
addressed in the next generation HPCVD systems. In addi-
tion, special configuration HPCVD systems need to be
designed for coating long-length coated-conductor wires
or tapes and non-flat surfaces such as in microwave
cavities.

One area that has not been fully investigated by
HPCVD but important for basic and applied research of
MgB; is the doping of MgB, films. When a precursor can
be found that contains the dopant and decomposes at the
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substrate to release the dopant element, such as
(MeCp),Mg used in the carbon-alloyed films, doping can
be easily achieved in HPCVD. However, if such precursor
is not found doping can be difficult to implement by
HPCVD. So far, only carbon has been doped to the
MgB, films by HPCVD using (MeCp),Mg. It is of great
interest to use other carbon-containing precursors, such
as trimethylboron, for carbon doping to study possible dif-
ferent microstructures and properties in the films. Doping
of MgB, with Al, Mn [134], and Ti [135] is also of interest.

Before concluding, it is useful to note again that the
most critical attributes of the HPCVD technique for its
success are its ability to provide a sufficiently high Mg
vapor pressure, the high purity sources of Mg and B, and
a clean oxygen-free environment to grow films. As long
as they are maintained, HPCVD can have many variations,
even in combination with other deposition approaches. For
example, the reactive co-evaporation technique [42], which
employs alternating B deposition and reaction in Mg vapor
repeated in very thin layer scales, has successfully produced
in situ MgB, with good properties. It is conceivable that
such a process can be fashioned in an HPCVD system. A
step further in this direction is the technique to deposit
one single B layer followed by a high-temperature reaction
in Mg vapor [23,24]. Chemical vapor deposition of B films
using B>Hg as precursor has been used in such a process
[29,136]. This may be a viable process for coating objects
such as the inner surface of microwave cavities.
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