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Abstract—Carbon-dopedMgB
2

thin films have been produced
with hybrid physical-chemical vapor deposition (HPCVD) by
adding a carbon-containing metalorganic magnesium precursor,
bis(methylcyclopentadienyl)magnesium, to the carrier gas. The
amount of the carbon added, thus the carbon content in the films,
was controlled by the flow rate of a secondary hydrogen gas flow
through the precursor bubbler. X-ray diffraction and electron mi-
croscopy showed that the carbon-doped MgB

2
films are textured

with -axis oriented columnar nano-grains and highly resistive
amorphous areas at the grain boundaries. When the amount of
carbon in the films increases, the resistivity increases dramatically
while decreases much more slowly as the current-carrying cross
section is reduced by the grain boundaries. The temperature-de-
pendent part of the resistivity, � (300 K) (50 K),
increases only modestly until the highly resistive grain boundaries
completely cut off the conducting path. The impact of the reduced
cross section on critical current density is discussed.

Index Terms—Carbon doping, hybrid physical-chemical vapor
deposition, magnesium diboride, thin films.

I. INTRODUCTION

ONE of the critical material parameters for the applica-
tion of the 39-K superconductor to generate high

magnetic fields is a high upper critical field [1]. Clean
samples show low upper critical fields [2]. In high-resis-

tivity films can be much higher [1]. Because of the
multiple impurity scattering channels and the two-gap nature
of superconductivity in [3]–[5], can be enhanced
well above the estimate from the
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one-gap theory. It has been recently shown that carbon doping
can substantially enhance of [6], [7]. Using a hy-
brid physical-chemical vapor deposition (HPCVD) technique,
which produces very clean in situ epitaxial films [8], we
have deposited carbon doped films by adding carbon-
containing Mg precursor to the carrier gas [9]. The of
such carbon-doped films in the parallel field is as high as 70 T
[7]. In our previous publication [9] the structural and supercon-
ducting properties were discussed. In this paper, we present fur-
ther details of the chemical and structural characterizations of
the carbon-doped films as well as an in-depth discussion
of their transport properties.

II. CONTROLLED CARBON DOPING

The carbon-doped films reported in this paper were
grown in situ by the HPCVD technique [10]. The films were
deposited on (0001) 4H-SiC substrates at 720 . The thickness
of the films was around 2000 . In the standard HPCVD depo-
sition, because of the highly reducing ambient during the de-
position and the high purity sources of Mg and B (from ),
very clean thin films are produced with a residual resis-
tivity above as low as 0.26 [8]. For carbon doping, we
added bis(methylcyclopentadienyl)magnesium ,
a metalorganic magnesium precursor, to the carrier gas. A
secondary hydrogen flow was passed through the
bubbler which was held at 760 Torr and 21.6 . Under such
conditions is in the liquid form, and no additional
heating of the transfer line is necessary. The secondary hydrogen
flow, which contained , was combined with the pri-
mary hydrogen flow in the reactor to a total of 700 sccm hy-
drogen flow. The flow of the boron precursor gas, 1% diborane

in , was kept at 15 sccm. The amount of carbon
doping depends on the flow rate of the secondary hydrogen
gas flow through the bubbler, , which
was varied between 25 and 200 sccm to vary the flow rate of

into the reactor from 0.0065 to 0.052 sccm. The
total pressure in the reactor during the deposition was 100 Torr.

While the carbon concentration in the films can be con-
trolled easily by the secondary hydrogen flow rates through
the bubbler, we did not measure the carbon
concentrations for each films. Rather, a correlation between
the carbon concentration and was established, from
which the carbon concentration for each film was derived.
The chemical compositions of a series of carbon-doped
films were measured by wavelength dispersive X-ray spec-
troscopy (WDS). The result is plotted in Fig. 1, and the line
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Fig. 1. Carbon content in the doped MgB films, determined by WDS, in the
unit of the atomic percentage, as a function of the H flow rate through the
(MeCp) Mg bubbler, FR . The line is a polynomial fit with a standard
deviatin of 2 at.%.

is a polynomial fit of the dependence of the carbon concen-
tration on with a standard deviatin of 2 at.%. The
scale of the carbon concentrations here is much higher than
those in carbon-doped single crystals [11] and
filaments [6]. From the discussions below it is clear that only
a small portion of the carbon in the films is doped into the

structure. The carbon concentrations determined by
WDS result from carbon both in the grains
and in the grain boundaries. Although it is difficult to learn
the exact carbon concentrations in the grains,
the nominal atomic concentrations determined by WDS can be
used as a good indicator of the properties of the carbon-doped

films produced by the HPCVD technique described
here. Using the correlation shown in Fig. 1, for example, for a
film made with , we will use 34 at.% as
its nominal carbon concentration.

III. STRUCTURE OF CARBON-DOPED FILMS

We have shown previously by cross-sectional transmission
electron microscopy (TEM) that the carbon-doped
films have a granular structure [9]. They consist of columnar
nano-grains of with a preferential -axis orien-
tation and an equiaxial in-plane morphology, and an amorphous
phase between the grains. Combined with the transport and
superconducting properties of these films, we concluded that
most likely a small portion of carbon is doped into
and the rest is contained in the amorphous grain boundaries.
The films were further characterized using a four-circle x-ray
diffractometer equipped with both 2-dimensional area detector
and four-bounce monochromator. The scans show
that the peaks are suppressed gradually as carbon
concentration increases, and dramatically when the carbon
concentration is above 30 at.%. Both the and axes expand
until about 30 at.%, above which the lattice constant decreases
and the lattice constant increases dramatically. The doping
dependence of the lattice constants is qualitatively different
from those in carbon-doped single crystals and filaments, where
the axis lattice constant decreases but that of axis remains
almost constant for all the carbon concentrations [6], [11]. The

Fig. 2. X-ray diffraction pole figure of (a) an undoped MgB film, and (b) a
carbon-doped MgB film with a nominal carbon concentration of 29 at.%.

difference may be due to the specific microstructures or the
strain of the carbon-doped films. It may also be a critical factor
to the much higher values observed in such films than in
the bulk carbon-doped single crystals and filaments [7].

The use of the 2-dimensional area detector, which is capable
of capturing a large slice of the Ewald Sphere at constant , re-
sulting in an image with axes of and , allows the detection
of the impurity phases. These secondary phases are commonly
missed in conventional point detector scans, but can easily be
identified in this analysis due to the detector’s wide detection
angle and extreme sensitivity. The intensity of the individual
image in the scans are then integrated in and combined
with images taken at different angles to produce the pole fig-
ures shown in Fig. 2. The first image (Fig. 2(a)) shows an un-
doped epitaxial film on a 0001 oriented SiC substrate. The peaks
following a pin-wheel pattern are of SiC. The 101 re-
flections can be seen adjacent to the SiC 104 peaks. Fig. 2(b) is
from a carbon-doped film with a nominal carbon con-
centration of 29 at.%., which shows peaks from the secondary
phases. The peaks exhibited the same six-fold symmetry
and texture with respect to as the undoped films, but were
slightly dimmer. We attempted to identify the impurity phases
by cross-referencing the -spacings of the peaks with the
and values at which they appear. Although a definitive iden-
tification was not possible, we concluded that they are most
likely , , or . The four-fold symmetric axis of the
phase, which is clearly shown in the pole figure, is not collinear
with the -axis of the film. We cannot conclude from the x-ray
analysis whether the phase exists within the boundary regions
or it is incorporated into the grains.

IV. CARBON DOPING AND CONNECTIVITY

The resistivity (in log scale) versus temperature curves for
films with different carbon doping levels are shown in

Fig. 3(a). The resistivity increases dramatically with carbon
doping, but the of the film is suppressed much more slowly.
For example, with a carbon concentration of 24 at.%, the
residual resistivity increases from the undoped value of less
than 1 to , but only decreases from over
41 K to 35 K. The dependence of the transport and supercon-
ducting properties on carbon concentration is very different
from those in carbon-doped single crystals [11] and filaments
[6]. In carbon-doped single crystals, is suppressed to 2.5 K
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Fig. 3. (a) Resistivity versus temperature curves for MgB films of different
carbon doping. From bottom to top, the nominal carbon concentrations of the
curves are 0, 7.4, 15, 22, 29, 34, 39, 42, and 45 at.%. (From Pogrebnyakov et al.
[9]); (b) T as a function of � for the series of carbon-dopedMgB films in (a).

at a residual resistivity of 50 when 12.5 at.% of carbon
is doped into [11]. In carbon-doped filaments, a carbon
concentration of 10 at.% suppresses to 23 K [6]. Evidently,
only a small portion of the carbon in the films is doped into
the structure and the rest forms high resistance grain
boundaries. Because of the complex microstructure of the
carbon-doped films and the uncertainty about the amount of
carbon doped into the structure, the residual resistivity
before the superconducting transition, , is often a better indi-
cator of the doping level than the nominal carbon concentration
in our carbon-doped HPCVD films. As one can see in
Fig. 3(b), there is a clear correlation between and .

It has been pointed out by Rowell [12] that the resistivity of
, as reported in the literature in single crystal, polycrys-

talline bulk, thin film and wire samples, varies by orders of mag-
nitude, while many high resistivity samples have near 39 K.
He proposed a simple explanation that in many samples only a
fraction of the cross sectional area of the sample is carrying cur-
rent. Reduced density (porosity) and grain boundaries made of
MgO, boron oxide, or other impurity phases can all lead to poor
connectivity between the grains. According to the struc-
tural analysis discussed above, the Rowell model provides an
ideal explanation to the properties of our carbon-doped
films. Indeed, the resistivity of the carbon-doped films changes
by orders of magnitude while the change in is small.

The reduced connectivity can be measured by the tempera-
ture-dependent part of the resistivity. According to Rowell [12],

Fig. 4. Resistivity difference, �� � �(300 K) � �(50 K), as a function of
the carbon concentration. A negative value indicates a complete blockage of the
conductivity path between Mg(B C ) grains. Inset: residual resistivity as
a function of carbon concentration.

the resistivity of samples can be fit by an expression of
the form

(1)

where is the temperature-dependent part of the resis-
tivity of the single crystal, assumed to be the intrinsic property
of , and is that of the
single crystal, and is the fraction of the area of the sample
cross section that carries current. While can be affected by
the intragrain effects such as defects and impurities, is a mea-
sure of the intergrain effects, or the reduced connectivity.

Fig. 4 shows as a function of the carbon concentration for
the series of films in Fig. 3. increases with the carbon con-
centration from for undoped sample to
for the carbon concentration of 29 at.%. This increase is much
smaller than the increase in the residual resistivity, shown in the
inset, which is about four orders of magnitude over the same
doping range. As the carbon doping increases further, a nega-
tive is observed and the resistivity increases dramatically,
indicating that the conduction path between the
grains becomes completely blocked by the high resistivity grain
boundaries. The carbon concentration when this occurs coin-
cides with the x-ray diffraction result when the lattice constants
of experience sudden changes.

The area fraction, , is calculated following (1),
using the value of for the pure film as

. The result is plotted in Fig. 5 as a function of the carbon
concentration before the conduction path is blocked by the grain
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Fig. 5. MgB area fraction, 1=F , as a function of the carbon concentration.

boundaries. While the residual resistivity increases by four or-
ders of magnitude from the pure sample to a carbon doping of

29 at.%, the conduction area between the grains is re-
duced to 20%. As pointed out by Rowell et al., this reduction
also affects the capability of samples to carry supercur-
rent [12], [13]. The result here is significant: while the of

can be enhanced substantially by carbon doping, the neg-
ative impact of the high resistivity grain boundaries is limited.
For example, a sample with 22 at.% carbon doping showed a
high of 70 T [7], and its apparent should be about
30% of that of without the reduced conduction
area. As shown in our previous work, for carbon-doped films the
self-field is lower than the pure films, but values
are relatively high in much higher magnetic fields, indicating a
significantly enhanced vortex pinning in carbon doped
films [9].

V. CONCLUSIONS

Carbon-doped thin films were deposited by HPCVD
by adding to the carrier gas. The degree of carbon
doping can be easily controlled by the secondary flow rate
through the bubbler. By this process, only a small
portion of carbon is doped into and the rest is contained
in the highly resistive amorphous grain boundaries. As the
carbon doping increases, the high resistivity grain boundaries
gradually reduces the cross section of the conduction path
between the grains, leading to a rapid increase
in the resistivity but a much slower decrease in . Although the

carbon doping significantly enhances , as we have reported
previously [7], the reduced conduction area negatively impacts

. The two effects may be correlated, and a research to in-
vestigate the optimal doping condition is needed. In summary,
the technique of carbon doping in HPCVD films produces

materials that are very promising for high magnetic-field
applications.
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