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Control of electrical conductivity in diamond
by boron-implantation using an ECR ion source
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Diamond is an excellent electrical insulator with a
large band gap of 5.5 eV. It becomes a semiconduc-
tor when doped with a small amount of boron (for
p-type) or phosphorus (for n-type). When doped be-
yond the metal-to-insulator transition at a boron den-
sity of nB ∼ 3 × 1020 B/cm3, boron-doped diamond
exhibits superconductivity in the samples grown by the
high-pressure and high-temperature synthesis.1) Theo-
retically, the superconducting critical temperature Tc

can be significantly increased by reducing the effects
of disorder in boron-doping processes.2) For a higher
Tc, more subtle control of doping using CVD and/or
MBE methods is highly required. However, a differ-
ent method based on ion implantation is also worth
investigating as it enables selective ion doping in a con-
trolled manner. This has great potential for future de-
vice applications. Successful inclusion of boron ions by
the implantation technique has been confirmed using
SEM/EDS measurements. The surface image of our
sample and its EDS spectrum are shown in Fig. 1. At
0.19 keV, we can see an energy peak from the boron
ions embedded in the diamond.

Fig. 1. Left: SEM image of our sample with a boron con-

centration of nB ∼ 6.8 × 1022 B/cm3; right: EDS spec-

trum obtained with an acceleration voltage of 7.0 kV.

The strongest peak comes from the carbon atoms in the

diamond.

For the past few years, we have been trying to control
the electrical conductivity in Ib-type diamonds using
boron-ion implantation. To reduce the lattice damage
produced during the implantation, we performed an-
nealing treatments after implantation. As the phase
diagram of carbon shows, the diamond is not stable
at low pressures; therefore, we annealed the samples
at 800◦C and 4 GPa for 1 hour. Contrary to our ex-
pectations, the annealed samples exhibited no sign of
superconductivity. The laser Raman spectra (632.8 nm
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excitation) indicated that the annealing promoted the
formation of NV− centers, which behave as carrier traps
in the diamond.
In this fiscal year, to decrease the NV− defect den-

sity, we used single-crystals of IIa-type diamond with
a nitrogen concentration of less than 8 ppm (Fig. 2,
right). We also investigated the dependence of boron-
implantation yield on the crystallographic orientation
of diamond surface: (100) and (111). Using an ECR
ion source,3) boron ions were implanted into the dia-
mond crystals at 5 keV corresponding to an implanta-
tion depth of ∼10 nm. Five samples of different con-
centrations from nB ∼ 5× 1020 to 2× 1022 B/cm3 were
prepared. These samples were annealed under the same
conditions as noted above.

Fig. 2. Pristine single-crystals of IIa-type diamond (right)

and Ib-type diamond (left, for comparison). The size of

each crystal is approximately 1 × 1× 0.3 mm3.

Figure 3 shows a sample and some parts of high-
pressure media after removing the sample. For com-
parison, the implanted samples without annealing were
also prepared. We are now ready to measure the sam-
ples with different combinations of the conditions: (a)
five different nB’s, (b) two types of surface orientations:
(100) and (111), and (c) with/without annealing treat-
ment after implantation.

Fig. 3. The boron-implanted diamond (arrowhead) after the

process of high-temperature and high-pressure anneal-

ing. Parts of high-pressure media are also shown.
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