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Abstract

We investigated the characteristics of shallow NV
centers under the nitrogen terminated surface of dia-
mond. The N terminated surface was achieved by nitro-
gen radical beam exposure. We found that the negatively
charged state was stabilized and the coherence time 7>
was comparable to that of the NV centers under the oxy-
gen terminated surface. Furthermore, we successfully
detected nuclear spin of "H by conducting XY8 measure-
ment under the N terminated surface.

1. Introduction

Nitrogen vacancy (NV) centers in diamond have remark-
able characteristics such as manipulation and readout of spin
state and long spin coherence time 7> (~ 2 ms [1]) in room
temperature. One of the promising applications of NV cen-
ters is the nanoscale sensor for magnetic fields such as very
weak magnetic field induced by nuclear spins [2]. Since sig-
nal strength decays as 1/73, where r is the distance from the
source of the magnetic field, near-surface NV centers need
to be fabricated for the sensor applications. However, shal-
low NV centers have some limitations. One of the limitations
is short spin coherence time 7> compared to the NV centers
in bulk diamond. Another limitation is that the negatively
charged state of NV centers (NV™) is unstable. To overcome
these disadvantages, the surface terminations to change sur-
face electric structure of diamond are attracting large inter-
ests. Two of the most common terminations are hydrogen
termination and oxygen termination. NV~ is unstable under
the H terminated surface, which exhibits a negative electron
affinity [3]. On the other hand, NV~ is stable under the O
terminated surface, which exhibits a positive electron affin-
ity [4, 5]. As another termination, nitrogen-terminated sur-
face is proposed. In the latest theoretical calculation, the N
terminated surface was expected to show a positive electron
affinity and contribute to NV~ stabilization and other posi-
tive effect to the property of the shallow NV centers [6]. Re-
cently, we have actually achieved the N terminated surface
by nitrogen radical beam exposure and confirmed that NV~
is stabilized under the N terminated surface [7]. Here, we
further investigated about the effect of nitrogen termination
on the shallow NV centers. Also, we found that the N
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terminated surface is advantageous for detection of nuclear
spins such as 'H placed on the surface.

2. Experimental Details

12C enriched high purity diamond films were homoepi-
taxially grown on (001) diamond substrates [8]. Single NV
centers were created by low energy '’N ion implantation at
2.5 keV (average depth calculated by SRIM simulation [9]:
4.6 nm) and subsequent thermal annealing at 1000 °C for 2
hours [1]. The >N ion implantation was conducted through
nano-hole resist masks made by electron beam lithography
in order to create array of NV centers. Then, hot acid treat-
ment was conducted for cleaning of the surface and oxygen
termination. Formation of the N terminated surface was
achieved by nitrogen radical beam exposure, which is gen-
erally used for molecular beam epitaxial (MBE) growth of
II-nitride. The N radical beam does not produce surface
damage. For N radical generation, two types of gases were
flowed into RF plasma generator respectively to two sam-
ples: mixture gas of N> (96%) + H, (4%) for Sample N»/H,
and pure N, gas for Sample No.

A custom-built laser scanning confocal fluorescence mi-
croscope (CFM) was used for observation and evaluation of
shallow single NV centers. Charge stability of NV~ was eval-
uated by the contrast of Rabi oscillation and spin coherence
time 7> was estimated by Hahn echo measurement. XY8
measurements were conducted to detect nuclear magnetic
resonance (NMR) signals from 'H nuclear spins in immer-
sion oil using the single NV centers under the N terminated
surface of Sample N»/H,.

3. Results and Discussions

Figure 1 shows distributions of the contrast of Rabi os-
cillation C after the N radical beam exposure on both sam-
ples. Here, C is defined as
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where Fiop, Frottom, and Frmiddie = (Fiop T Fbottom)/2 are the nor-

malized fluorescence intensities of the top, bottom, and mid-

dle of the Rabi oscillations. In the case of Sample N»/H,, av-

erage contrast C was 0.20 after the hot acid treatment and
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0.38 after the N radical beam exposure (N2 (96%) + H» (4%)).

In the case of Sample N», average contrast C was 0.18 after
the hot acid treatment and 0.33 after the N radical beam ex-
posure (pure N»). These results indicate that the N terminated
surface contributes to NV stabilization. Figure 2 shows the
result of estimation of coherence time 73 after the N radical
beam exposure on both samples. The longest coherence time
was 71> ~ 30 ps for Sample N»/Hs and 7> ~ 16 ps for Sample
Naz. A large portion of the estimated values were 7> < 5 ps,
which were comparable to those after the hot acid treatment
for both samples.

Figure 3 shows the NMR spectra of 'H nuclear spins de-
tected by XY8-8 (64 m pulses) measurement using a single
NV center under the N terminated surface of Sample N»/Ho.
Each spectrum in three different colors exhibits the result of
XY8-8 measurements in three different magnitudes of ap-
plied static magnetic field. The vertical axis represents nor-
malized contrast of NV fluorescence and the horizontal axis
represents frequency of 'H Larmor precession. The shifts of
signal frequency corresponding to the variation of applied
magnetic field indicate that the signals were derived from 'H
spins. Figure 4 shows coherence time 7> estimated by Hahn
echo measurement against depth of NV centers extracted
from the NMR spectrum [10]. The positive correlation be-
tween 7> and NV depth can be confirmed from these data.
This will be the first report about the detection of NMR sig-
nal on nitrogen terminated surface.

4. Conclusions

Charge stability of shallow NV centers were improved
by N radical beam exposure. Spin properties of shallow NV
centers under N terminated surface were comparable to those
under O terminated surface. NMR signal of '"H was success-
fully detected on the N terminated surface.
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Fig 1. Histogram of Rabi oscillation contrast defined by (1) after
nitrogen radical beam exposure using (a) mixture gas of N
(96%) + Ha (4%) for Sample N»/H; and (b) pure N> gas for
Sample N,.
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Fig 2. Histogram of estimated coherence time 7> after nitrogen rad-
ical beam exposure on (a) Sample N»/H, and (b) Sample N».
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Fig 3. NMR spectra of 'H nuclear spin detected by XY8-8 (64 n
pulses) measurement using a single NV center under the N termi-
nated surface of Sample No/Ho.
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Fig 4. Plot of coherence time 7> vs depth of NV centers ex-
tracted from the NMR spectra.
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