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Abstract 

We investigated the charge state stability of shallow 

nitrogen vacancy center created by nitrogen ion implan-

tation in 12C enriched diamond. We found that its nega-

tively charged state was stabilized by nitrogen radical ex-

posure. 
 
1. Introduction 

Negatively charged Nitrogen Vacancy (NV) center in dia-

mond has excellent properties such as, manipulation and 

readout of spin state and long coherence time T2 (~2 ms [1]) 

even at room temperature. For these reasons, NV center is ex-

pected for many applications (e.g. quantum information pro-

cessing, sensing of magnetic and electric field and biological 

sensing). NV center has two charge states, which are neutral 

state (NV0) and negatively charged state (NV-). Only NV- 

contributes to above-mentioned applications. Detection of 

nuclear spin was reported in Ref. [2] as a kind of magnetic 

field sensing. Magnitude of magnetic dipole-dipole interac-

tion is inversely proportional to third power of the distance 

between NV center and nuclear spins. Hence, it is hoped that 

NV center is created as shallow as possible for high resolution 

nuclear spin detection. However, NV centers in shallow re-

gion can be easily affected by surface and external environ-

ment and thus show instability of negatively charged state as 

compared to these in bulk. Therefore, it is necessary for de-

tection of nuclear spin to improve the charge stability of shal-

low NV center. Oxygen terminated diamond shows positive 

electron affinity (PEA) which suppresses upward band bend-

ing and stabilizes negatively charged state of shallow NV 

center. Previous work revealed that UV/ozone exposure [3] 

and annealing in dry oxygen atmosphere at 465°C [4] can sta-

bilize its negatively charged state [5]. Both of these processes 

create oxygen terminated surface. It is also reported that ni-

trogen terminated surface has positive electron affinity (PEA) 

[6] and shows characteristic that it is possible to directly fix 

biomolecule to the surface by using NH2 functional group [7]. 

However, there are few reports to investigate properties of 

NV center in nitrogen terminated diamond. Here, we per-

formed nitrogen radical exposure as process to terminate dia-

mond by nitrogen and achieved to improve the charge stabil-

ity of shallow NV center. 
 

2. Experimental Details 

  12C enriched high purity diamond films were homoepitax-

ially grown on (001) diamond substrate [8]. Nitrogen atoms 

accelerated by low energy (2.5 keV; the average ion depth 

calculated by SRIM [9] is 4.6 nm) was implanted to the sub-

strate with the fluence of 1012 cm-2 through the nano-hole re-

sist mask fabricated by EB lithography for creating arrays and 

addresses of NV centers (shown in Figure 1). Combination of 

the fluenece of 1012 cm-2 and the mask could induce single 

NV center into an each hole of arrays. Then the substrate was 

annealed at 1000 °C for 2 hours [1] for diffusing vacancy and 

forming NV centers. Hot acid mixture treatment was carried 

out for cleaning the surface before the following measure-

ments. To improving the properties of shallow NV centers, 

first we carried out vacuum ultra violet (VUV) ozone treat-

ment for 15 minutes. Hot acid mixture treatment and 

VUV/ozone treatment form oxygen termination. In addition, 

we also carried out radical exposure nitridation using RF rad-

ical beam source with N2+H2 (4%) forming gas for 20 minutes 

[10]. Our group reported the result of X-ray Photoelectron 

Spectroscopy (XPS) before and after nitrogen radical expo-

sure [10]. There was no N1s peak before nitridation. On the 

other hand, N1s peak was clearly observed after nitrogen rad-

ical exposure. Thus, it is considered that surface was termi-

nated by nitrogen after that treatment. Our previous result 

suggested that the diamond surface was mainly covered with 

N-dimer or N-C-H and a few NH2 existed [10]. 

  Laser scanning confocal fluorescence microscope was 

used for observation of NV center. We observed single NV 

centers selectively because there were also ensemble NV cen-

ters in some fluorescence spots. The charge stability was eval-

uated by the contrast of Rabi oscillations (Figure 2(a) is an 

example) and spin coherence time T2 was estimated by Hahn 

echo. Figure 2 (a) is the result after ~105 times integration of 

Rabi sequence which is shown in Figure 2 (b). The contrast 

C of Rabi oscillations is defined as 𝐶 = 2𝐴/ 𝑦0, where A rep-

resents amplitude and y0 represents zero level of Rabi oscil-

lations. Each Rabi oscillation contrast shows barometer of the 

charge stability of an individual NV center. For example, 

Rabi oscillation contrast of a deep NV center in 10 MeV re-

gion was 0.46. 
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3. Results and Discussion 

  Figure 3 shows the distribution of the Rabi oscillation con-

trast C of single NV centers in 2.5 keV ion implanted region 

after VUV/ozone treatment and nitrogen radical exposure. 

First, we measured Rabi oscillations after hot acid mixture 

treatment as a reference and the average contrast was 0.22. 

The average contrast after VUV/ozone treatment was 0.25 

and the one after nitrogen radical exposure was 0.38. Figure 

4 is the schematic picture of Rabi oscillation measurement. 

The two fluorescence "Factual top
" and "Factual bottom" in Figure 4, 

which are actually plotted at Rabi oscillation measurement, 

are defined as 

𝐹𝑎𝑐𝑡𝑢𝑎𝑙 𝑡𝑜𝑝 = 𝑃𝑁𝑉− ∙ 𝐹𝑡𝑜𝑝 + 𝑃𝑁𝑉0 ∙ 𝐹𝑁𝑉0                         (1) 

𝐹𝑎𝑐𝑡𝑢𝑎𝑙 𝑏𝑜𝑡𝑡𝑜𝑚 = 𝑃𝑁𝑉− ∙ 𝐹𝑏𝑜𝑡𝑡𝑜𝑚 + 𝑃𝑁𝑉0 ∙ 𝐹𝑏𝑜𝑡𝑡𝑜𝑚         (2) 

, where Ftop and Fbottom are ideal fluorescence in the case that 

the population of NV- is 100 percent and FNV
0 is the fluores-

cence of NV0. PNV
- and PNV

0 is the population of each charge 

state, and has a relation: 𝑃NV− = 1 − 𝑃𝑁𝑉0 . Using this model, 

the image of Rabi oscillations by actual measurement is de-

picted in the middle of Figure 4. Negatively charged state of 

NV center is unstable in case PNV
- is low. Decrease of PNV

- 

induces shrink of Rabi oscillation amplitude and results in 

low contrast. Thus, it is suggested that negatively charged 

state of NV center which has high Rabi oscillation contrast is 

stable. 

  After VUV/ozone treatment, improvement of Rabi oscilla-

tion contrast cannot be observed compared to hot acid mix-

ture afterwards because 15 minutes was insufficient to change 

the surface (c.f. UV/ozone exposure, our previous work, was 

carried out for 3 hours). On the other hand, improvement of 

the contrast was observed after nitrogen radical exposure and 

the charge stabilization of shallow NV center by nitrogen rad-

ical exposure was confirmed. It is suggested that nitrogen ter-

minated diamond suppresses surface upward band bending. 

T2 was estimated to be 3.9 µs after nitrogen radical exposure. 

3.9 µs is shorter T2 than other reports about single NV centers 

placed at almost same depth as 2.5 keV ion implantation be-

cause ion implantation dose was 3 orders of magnitude higher 

as compared with some reports. We need to optimize both 

conditions of VUV/ozone treatment and nitrogen radical ex-

posure for further improvement of negatively charged state 

and coherence property of shallow NV center. 
 
4. Conclusions 

   We achieved to stabilize the charge state of shallow NV 

center by nitrogen radical exposure in 2.5keV nitrogen ion 

implanted region. However, T2 estimated by Hahn echo was 

still short. We will carry out dynamical decoupling [11] that 

can cancel out the noises perturb the NV electron spin and 

improve coherence property. Then we will try to detect DNA 

on nitrogen terminated diamond. For DNA detection, it is also 

needed to investigate the influence of fixing DNA to shallow 

NV center.  
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Fig.1 Confocal mapping of 20 µm square. 

 
Fig. 2 (a) Example of Rabi oscillations. (b) Pulse sequence of Rabi 

oscillations. 

 
Fig. 3 The comparison of Rabi oscillation contrast after VUV/ozone 

treatment (left) and nitrogen radical exposure (right). The average 

contrast after hot acid mixture (before VUV/ozone treatment) was 

0.22. 

 
Fig. 4 Schematic picture of Rabi oscillations. The contrast depends 

on the population of negatively charged state. 
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