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Fig. 1. SRIM simulation of depth and damage of carbon ion

implantation in diamond.
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Fig. 2. Raman spectra and PL spectra of the sample before and after implantation: (a) Raman spectrum of original sample; (b) PL

spectrum of original sample; (¢) Raman spectra of sample after implantation; (d) PL spectrum of sample after implantation.
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Table 1. Fitting results of XPS spectra.
Samples
C-ions  S1(850 C)  S2(900 C)  S3(950 C)
u(sp?) 91.5% 53.5% 25.3% 13.6%
u(sp?)  8.5% 46.5% 74.7% 86.4%
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Fig. 3. (a) Raman spectra of diamond surfaces after annealing at different temperatures; (b) PL spectra of diamond surfaces after

annealing at different temperatures.
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Fig. 4. XPS spectra of samples after ion implantation and its XPS spectra after annealing: (a) XPS spectra of implanted sample;
(b) XPS spectra of the sample annealed at 850 C; (c¢) XPS spectra of the sample annealed at 900 °C; (d) XPS spectra of the sample
annealed at 950 C.
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Fig. 5. Doppler broadening spectra after diamond carbon ion implantation and annealing: (a) S-F curves after carbon ion implanta-

tion and annealing; (b) W-E curves after carbon ion implantation and annealing.
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Fig. 6. Changes of W-S parameters after diamond carbon ion implantation and annealing.
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Abstract

The shallow nitrogen-vacancy center of diamond exhibits excellent sensitivity and resolution in the
magnetic detection and quantum sensing areas. Compared with other methods, low-energy carbon ion
implantation does not need high-purity diamond nor introduce new impurity atoms, but the formation
mechanism of nitrogen-vacancy center is not clear. In this work, shallow nitrogen-vacancy centers are created in
the diamond by low energy carbon ion implantation and vacuum annealing, and the transformation mechanism
of nitrogen-vacancy centers in diamond is studied by Raman spectroscopy, X-ray photoelectron spectroscopy,
and positron annihilation analysis. The results show that shallow nitrogen-vacancy centers can be obtained by
carbon ion implantation combined with vacuum annealing. After implantation, superficial layer of diamond
shows the damage zone including lattice distortion and amorphous carbon, and carbon-vacancy cluster defects
(carbon atoms are surrounded by vacancy clusters) are generated. In the vacuum annealing process, the
damaged area gradually transforms into the diamond structure through the recovery of the distortion area and
the solid-phase epitaxy of the amorphous carbon area, accompanied by the continuous dissociation of carbon-
vacancy cluster defects. When samples are annealed at 850 and 900 °C, the structure of the damaged area is
partially repaired. While annealing at 950 °C, not only the damaged layer is basically recovered, but also
nitrogen atoms capture the single vacancy obtained by the dissociation of carbon vacancy clusters, forming the

nitrogen-vacancy centers.

Keywords: diamond, carbon ion implantation, positron annihilation, nitrogen vacancy centers
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