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Abstract 

We have successfully made 2 dimensionally condensed 

NV centers from N-terminated (111) diamond with near 

monolayer coverage. The N on the surface has been em-

bedded by high purity homoepitaxial (111) diamond film 

to form NV centers. The NV centers made by these tech-

niques were highly aligned. This new method of fabricat-

ing NV centers is useful for application of NV centers to 

more sensitive quantum sensors. 

 

1. Introduction 

Nitrogen Vacancy (NV) center in diamond, which is con-

sisted of a substitutional N and a vacancy adjacent to the N, 

is a promising candidate for quantum computing, quantum 

communication, and quantum sensor. One of the most prom-

ising application of NV center is magnetic sensor with high 

sensitivity even at room temperature. Since the sensitivity is 

inversely proportional to the cube of distance, near surface 

NV centers are preferable. However, appropriate surface ter-

mination is inevitable for the NV close to the surface to sta-

bilize NV－. Oxygen (O) terminated surface is normally used 

because of its larger positive electron affinity (PEA, +1.3 eV) 

advantageous for the stability of NV－. Theoretically, N-ter-

minated surface (Figure 1) possess strong PEA (+3.2 eV) [1]. 

Recently, we fabricated shallow and single NV centers fol-

lowed by N-termination. The single NV center as magnetic 

sensor succeeded in detecting the signal from 1H nuclear 

spins out of the diamond substrate with high stability [2, 3]. 

Generally the magnetic sensitivity limited by shot noise is ex-

pressed as equation below [4]. 

 𝛿𝐵 ≃
1

𝑔𝑒𝜇𝐵𝐶√𝜂√𝑁𝑇2

                                 (1) 

where 𝑔𝑒 is the NV electronic Lande factor, 𝜇𝐵 is the Bohr 

magnetron, 𝐶 is the measurement contrast, 𝜂 is the detec-

tion efficiency, 𝑁 is the number of NV centers, and 𝑇2 is 

the spin relaxation time. Therefore, to get better magnetic 

sensitivity, it is required to make NV center with longer spin 

coherence time or to increase the number of NV center. If the 

number of 𝑁 is over 1, NV centers called as NV ensemble. 

In the case of NV ensemble, it is required to make NV center 

completely aligned with other NV, because non-aligned NV 

centers degrade the performance as high sensitive magnetic 

sensor [5]. It is difficult to fabricate highly aligned NV en-

semble by ion implantation, because the random movement 

(diffusion) of vacancies in annealing cannot be controlled. 

Vacancies are positioned equally on 4 possible sites of N ad-

jacent site and become to non-aligned NV center. On the 

other hand, highly aligned NV ensemble were fabricated by 

growth of N-doped diamond film on (111) diamond substrate 

[4] because 4 possible sites adjacent to N are not equal for 

vacancy. A top site is more preferable than other 3 equivalent 

sites to become vacancy. However, it is difficult to fabricate 

N-doped diamond film where density of NV center is beyond 

1 × 1018 cm-3 because of both inefficient activation and the 

low sticking probability of N [6]. By the way, delta-doping of 

N was achieved by diamond growth on N-terminated (001) 

diamond and the estimated 2D concentration of NV center 

was only 1 × 1011 cm-2 [6]. Of course, NV center in (001) 

delta doped layer would be not aligned because of 4 sites are 

equivalent. We propose more densified NV center by growth 

of diamond film on N-terminated (111) diamond (Figure 1) 

[1]. If the diamond film is grown on N-terminated (111) dia-

mond as in Figure 2, NV centers highly aligned would be fab-

ricated with a high 2D concentration. Recently, we partially 

succeeded to make truly delta doping of N from N-terminated 

diamond with half mono layer (ML) coverage embedded by 

high purity diamond film (111) growth. 

 

2. Experimental Details 

First, N-terminated (111) surface was fabricated N radical 

beam. It is a method generally used for molecular beam epi-

taxy (MBE) growth of III-nitride (III-N). To prevent unpre-

dicted damage on the surface in this treatment, the N radical 

was irradiated far from the sample and N ions made by RF 

plasma were removed by ion canceller before irradiation [3]. 

After the fabrication of the N-terminated (111) diamond, thin 

layer (thickness is about 10 nm) of high purity diamond film 

were grown on the N-terminated (111) diamond. To avoid the 

incorporation of impurities such as N into diamond film dur-

ing growth, we introduced gas purifiers of H2 and CH4 just 

before the gases get into the growth chamber. According to 

secondary ion mass spectroscopy (SIMS), density of N in the 

high purity diamond film was well below 1 × 1016cm-3. 
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A custom-built laser scanning confocal fluorescence mi-

croscope (CFM) was used to confirm the existence of NV 

center. It was confirmed by optical detection magnetic reso-

nance (ODMR) whether NV centers we made were highly 

aligned or not. 

 

3. Results and Discussions 

The XPS spectrum of N-terminated (111) diamond fabri-

cated by N radical exposure is shown in Figure 3. From this 

spectrum, the coverage of N was estimated to be 0.60 ML. 

Figure 4(a) and 4(b) show the confocal PL-intensity map-

ping, obtained with 532 nm excitation laser. Figure 4(a) is the 

mapping before N radical exposure, which is the process to 

fabricate N-terminated diamond. Figure 4(b) is the mapping 

after diamond growth on N-terminated (111) diamond. Figure 

4(b) has many spots where PL-intensity are over 100 kcps, 

but figure 4(a) has no point where PL-intensity is above 10 

kcps. 100 kcps correspond to ten times of PL-intensity from 

single NV center. Therefore, NV ensemble which contains 

about 10 NV centers in square of 100nm×100nm was fabri-

cated after diamond growth on N-terminated (111) diamond. 

Figure 5 is ODMR spectrum when the static magnetic 

field was applied along the [111] axis (B || [111]). In this case, 

the ODMR spectrum of NV ensemble has only two dips (Fig-

ure 5), which might be derived from the NV center whose 

axis is aligned along [111]. On the other hand, non-aligned 

NV ensemble along [111] axis must have four dips [7]. 

 

4. Conclusions 

   N-terminated (111) diamond with high N coverage was 

fabricated by N radical exposure. NV ensemble was fabri-

cated by diamond growth on N-terminated (111) diamond. In 

addition, NV ensemble was aligned along axis of [111]. 

Therefore, the new fabrication of NV center by growing dia-

mond film on N-terminated (111) diamond is useful for ap-

plication of NV center for highly sensitive magnetic sensor. 
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Fig. 1 The structure of N-terminated (111) diamond. 

 

 

 

 

 

 

 

 

 

 
Fig. 2 Image of NV centers fabricated by diamond growth on N-

terminated (111) diamond 

Fig. 3 XPS spectrum of N-terminated (111) diamond fabricated by 

radical beam exposure. 

Fig. 4 The confocal PL-intensity mapping (a) before N radical expo-

sure and (b) after diamond growth on N-terminated (111) diamond. 

Fig. 5 ODMR spectrum when magnetic field applied along to [111] 

axis (B || [111]). 
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