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Superconductivity in diamond thin films well above liquid helium
temperature
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We report unambiguous evidence for superconductivity in a heavily boron-doped diamond thin film
grown by microwave plasma-assisted chemical vapor deposition(MPCVD). An advantage of the
MPCVD-deposited diamond is that it can contain boron at high concentration, especially in
(111)-oriented films. Superconducting transition temperatures are determined by transport
measurements to be 7.4 K forTC onset and 4.2 K for zero resistance. The upper critical field is
estimated to be 7 T. Magnetization as a function of magnetic fields shows typical type-II
superconducting properties. ©2004 American Institute of Physics. [DOI: 10.1063/1.1802389]
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Diamond has always been adored as a jewel. Even
fascinating about diamond are its outstanding physical p
erties; it is the hardest material ever known in the wo
with the highest thermal conductivity of 22 W/cm K. Mea
while, when we turn to its electrical properties, diamond
rather featureless electrical insulator. However, with bo
doping, it becomes ap-type semiconductor, with boron a
ing as a charge acceptor.1,2 It is a promising material fo
electrical applications,3 such as high-frequency and hig
power devices,4 owing to its high breakdown fie
s.10 MV/cmd and high carrier mobility.

On the other hand, a heavily boron-doped diam
shows metallic conduction and it has been in use as
trodes in the field of electrochemistry.5,6 Its physical proper
ties, however, have remained largely unexplored, particu
at low temperatures. Therefore, the recent news of supe
ductivity in heavily boron-doped diamond synthesized
high-pressure sintering was received with consider
surprise.7 Opening up new possibilities for diamond-ba
electrical devices, a systematic investigation of these
nomena clearly needs to be achieved.

Application of diamond to actual devices requires
to be made into the form of wafers or thin films. The o
procedures at present available to this end are low-pre
synthesis methods such as the chemical vapor depo
(CVD).8,9 In this letter, we present unambiguous evidenc
superconductivity in a diamond thin film deposited b
CVD method. The onset of superconducting transitio
found to be 7.4 K, which is higher than the reported va
in Ref. 7 and well above liquid helium temperature. T
finding, as discussed here, establishes the superco
tivity to be a universal property of boron-doped diamo
demonstrating that device application is indeed a fea
challenge.

A principle advantage of diamond thin films depos
by the CVD method is that it can contain boron at relativ
higher concentrations compared to the bulk diamonds
thesized at high pressure. Especially in(111)-oriented thin
film, boron can be doped at a rate of about one order h
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than in(001)-oriented samples.10 To achieve superconduct
ity, it is apparently crucial to realize a carrier concentra
sufficiently high to induce an insulator-to-metal transit
We are thus lead to expect the(111)-oriented thin film to be
a strong candidate for a superconductor with transition
perature above liquid helium temperature or higher.

The heavily boron-doped polycrystalline diamond
film was deposited on a silicon(001) substrate using th
microwave plasma-assisted chemical vapor depos
(MPCVD) method.9 The silicon substrates were pretrea
by ultrasonic wave using diamond powder. Deposition
carried out under the condition of 50 Torr chamber pres
500 W microwave power and 800–900 °C substrate tem
ture using a dilute gas mixture of methane and trimethy
ron in hydrogen. Methane concentration was 1% in hydro
with a B/C ratio of 2500 ppm. After a 9 hrdeposition, a film
of 3.5 µm thickness was obtained.

A scanning electron microscopy(SEM) image of the
film is shown in Fig. 1. The film morphology consists p
dominantly of{111} facets with a mean grain size of 1µm.
The x-ray diffraction pattern was obtained with Cu Ka ra-
diation swavelength=0.154 nmd. A sharp peak was detect
at 2u=43.9° corresponding to the(111) refraction of cubic
cell of diamond structure. Scarce detections of(220), (311),
and (400) peaks suggest the{111}-textured growth of th
film.

l:FIG. 1. SEM image of the film deposited by MPCVD method. The

morphology consists predominantly of{111} facets.
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The transport properties were measured between
temperature and 1.7 K. Figure 2 shows the temperatur
pendence of resistivity of the film under several value
magnetic fields up to 9 T. With decreasing temperature
resistivity initially decreases slightly but increases gradu
below 200 K. The resistivity began to drop at around 7.4
which corresponds to the onset of a superconducting tr
tion, and dropped to zero at around 4.2 K(TC offset) in the
absence of the field. The superconducting transition
perature is shifted with the increasing of the applied fi
The field dependence of the onsets and offsets ofTC is plot-
ted in Fig. 3. The extrapolation ofTC onset approaches t
value of 10.4 T. Assuming the dirty limit, the upper criti
field HC2 is estimated to be 7 T. This value is roughly sim
to theHC2

//c of thec-axis direction in MgB2.
11,12The irrevers

ibility field is found to be 5.12 T at 0 K. We have al
confirmed reproducibility of superconductivity in differe
samples, the systematics of which shall be reported
where.

The magnetization properties were measured by a s
conducting quantum interference device magnetom
down to 1.78 K. The temperature dependence of the ma
tization is plotted in Fig 4. Diamagnetic signals correspo
ing to superconductivity appeared below 4 K, where the
sistance drops to zero. The large difference between the
field-cooling (ZFC) and field-cooling (FC) curvatures
indicates that the material has a fairly large flux pinn

FIG. 2. Temperature dependence of resistivity under several values o
netic fields. In the absence of the field, the resistivity began to dro
around 7 K, which corresponds toTC onset, and dropped to zero at arou
4.2 K (TC offset).

FIG. 3. The field dependence of the onsets and offsets ofTC. TheHC2 and

irreversibility field are estimated to be 7 and 5.12 T, respectively.
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force, resulting in the trapping of magnetic flux in the
condition.

Magnetization versus magnetic fieldsM–Hd curvature
obtained at 1.8 K was plotted in Fig. 5. Large symme
hysteresis curvature shows the characteristics of ty
type-II superconductors. From the hysteresis of the m
netization curveDM semu/cm3d, we can estimate critic
current densityJC on the assumption of a critical-sta
model with the simple formulaJC=30DM /d, whered is the
size of the sample.13 The JC at 0 T is estimated to b
200 A/cm2.

Having established firmly the uniformity of superc
ductivity in these materials, we finally turn briefly to phy
cal implications. Theoretical proposals of Refs. 14 and
have very recently been put forth that make the case
boron-doped diamond may be viewed as a three-dimens
analog of MgB2, and can be understood qualitatively
terms of a phonon mechanism incorporating the McM
relation. Based on Hall conductivity measurements, we
mate the carrier concentration of our sample to be
31020/cm3, which corresponds to a boron-doping rate
0.53%. In fact, we have confirmed superconductivity
samples with doping rates as low as 0.18%. These value
considerably lower than those reported for materials sin
at high pressure, as well as theoretical estimates based
first-principles evaluation incorporating phonon dynam
These discrepancies may suggest(a) higher efficiency o
doping in our samples, and(b) a stronger electron–phon
coupling than previously anticipated. A moderate Coulo
repulsion and disorder may be another factor that needs
considered in future theoretical treatments.16

-FIG. 4. Temperature dependence of the magnetization at magnetic fie
Oe measured under the ZFC and FC conditions.
FIG. 5. M–H curvature obtained at 1.8 K.
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