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Abstract:   
 

Nitrogen-vacancy (NV) centers in diamond have emerged as a highly 

competitive platform for applications in quantum cryptography, quantum computing, 

spintronics, and sensing or metrology. These atomic-scale defects have two different 

charge states: the neutral NV
0
 state, and the negatively charged NV

−
. These two 

states have different optical and spin properties that can be exploited for applications. 

Deterministic and fast switching between these two states would be highly desirable. 

So far, however, charge-state control of the single NV center among the two charge 

states has only been achieved by optical means with stochastic process. Here, we 

demonstrate, deterministic, purely electrical, and room-temperature charge-state 

control of single NV
−
 centers. The results are useful not only for ultrafast electrical 

control of qubits, long T2 quantum memory, and quantum sensors associated with 

single NV centers but also for classical memory devices based on single atomic 

storage bits working under ambient conditions. (Phys. Rev. X, 4, 01107 (2014).) 

Previously, we realized electrically driven single photon source by the NV center 

at room temperature. However, the charge state of the NV center was a neutral 

charge state. The realization of electroluminescence of NV
-
 centers is very important 

because nobody has yet succeeded the electrical control of single spin at room 

temperature, however, it is well known that charge state of NV
-
 centers change to 

NV
0
 during laser illumination. We demonstrated that doping of phosphorus generates 

about 99.4 ± 0.1 % NV
−
. This is very important step toward electrical control of 

single spin at room temperature which is required for quantum repeater for long 

distance quantum cryptography. (Submitted to Phys. Rev. X). 

 
 

Introduction:   
  

Quantum cryptography is expected to establish a new paradigm. It is considered 

to be an ultimate cryptography which can not be decoded. Recently, some venture 

companies and big companies in Japan invest in product development research for 

quantum cryptography. So far, the issues are the speed and distance of 

communication. For faster and longer communication, devices of high quality single 

photon source and quantum repeater are required. 

Due to the lack of a good single photon source, the present quantum 

cryptography systems adopt a pseudo-single photon source where the very weak light 

of a conventional laser is used. As for the quantum repeater, it has not yet realized 

even in laboratory. Long quantum memory time and processing of quantum 

information are required for quantum repeater, but they are not easy to realize. 

Therefore, basic research is very necessary for single photon emission and control of 

quantum information. 

Recently, we investigate a NV center in diamond (Fig. 1a), which can be 

considered as a good candidate of the resource of them. It is because that electrically 
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driven single photon source at room temperature (Fig. 1c) is realized and that the 

single spins can be coherently controlled with long quantum memory time even at 

room temperature in the NV center. In other solid materials such as quantum dot or 

superconducting devices, they can be operated only in extremely low temperature by 

using liquid Helium. The unique potential of room temperature operation of the NV 

center is very important for the quantum cryptography. 

 

 
 

Experiment, Results and Discussion:   
 

(1) Deterministic electrical charge state initialization of single nitrogen-vacancy 

center in diamond (Phys. Rev. X, 4, 01107 (2014)) 
 

Apart from applications in classical information processing devices, the 

electrical control of atomic defects in solids at room temperature will have 

tremendous impact on quantum devices that are based on such defects. In this study, 

we demonstrate the electrical manipulation of individual prominent representatives 

of such atomic solid-state defects, namely, the negative charge state of single 

nitrogen-vacancy defect centers (NV
−
) in diamond. We experimentally demonstrate 

for the first time deterministic, purely electrical charge state initialization of 

individual NV centers (Fig. 2). The NV centers are placed in the intrinsic region of a 

p-i-n diode structure (Fig. 1c) that facilitates the delivery of charge carriers to the 

defect for charge state switching. The charge state dynamics of a single NV center 

were investigated by time-resolved measurements and nondestructive single-shot 

readout of the charge state. Fast charge state switching rates (from negative to 

neutrally charged defects), which were greater than 0.72 ± 0.10 s
−1

 were realized. 

Furthermore, in no-operation mode, the realized charge states were stable for 

presumably much more than 0.45 s. We believe that the results obtained are useful 

not only for ultrafast electrical control of qubits, long T2 quantum memory, and 

quantum sensors associated with single NV centers but also for classical memory 

devices based on single atomic storage bits working under ambient conditions.  

 
Fig. 1 (a) Structure of NV center in diamond (b) Confocal microscope ima

ge of single NV center. (c) Structure of p-i-n LED (Light Emitting Diode)

 diamond device. 
 

Distribution Code A: Approved for public release, distribution is unlimited.



 
 

 

(2) Pure negatively charged state of NV center in n-type diamond (submitted to 

Phys. Rev. X) 

 

Negatively charged nitrogen-vacancy centers (NV
−
) are promising for use as 

solid-state qubits and sensors in fields such as quantum information, magnetometry, 

and biosensing. Optical illumination is crucial for controlling and detecting NV
−
 

qubits but inevitably causes stochastic charge-state transitions between NV
−
 and 

neutral charge states. Therefore, depending on the wavelength, such illumination 

decreases the steady-state NV
−
 population to 5%–80% of the total charge-state 

population in intrinsic diamond (Fig. 3a,b), which seriously degrades the optical and 

spin properties of the material. Here, we show that doping of phosphorus generates 

about 99.4 ± 0.1 % NV
−
 under 1 W and 593 nm excitation which is close to 

maximum absorption efficiency of NV
−
 (Fig. 3c,d). Under excitation at 593 nm, the 

luminescence of the pure NV
−
 increases five-fold, and the optically detected 

magnetic resonance signal increases three-fold compared with NV
−
 in intrinsic 

diamond. These results significantly enhance versatile potential of NV
−
. 

Generating a pure state including the charge state, close to 100 % NV
−
 

population, is very important for quantum information applications. Studies 

involving the pre-selection and reset of the charge state were carried out to achieve 

high-fidelity operation in spite of the instability of the charge states. However, this 

approach makes scaling up of diamond quantum registers more challenging. 

Furthermore, single-shot readout of a nuclear spin indicate that the spin-flip 

probability of the conditional gate operation decreases because of the stochastic 

charge-state transitions. In addition, such charge-state transitions lead to spectral 

diffusion of the zero-phonon line of NV
−
, which reduces the efficiency of 

two-photon quantum interference. For nanoscale sensing applications, it is crucial to 

keep NV
−
 stable; however, NV

−
 near the surface is unstable. In addition, 

high-contrast fluorescence switching between pure bright NV
−
 and the pure dark 

state (NV
0
) is also very important for super-resolution microscopy. 

Previously, NV charge states were controlled by heavy neutron irradiation, 

surface termination, and combined optical and electrical operations. From single-shot 

charge-state measurements, deterministic control from NV
−
 to NV

0
 was realized by a 

purely electrical operation. Doping with nitrogen is one way to control the NV
−
 

population. Nitrogen donors (P1 centers) can donate electrons to NV0, thereby 

changing its state to NV
−
, because the activation energy (EA =1.7 eV) of P1 is less 

than the energy difference between the acceptor level, labeled (−/0), of the NV center 

 
Fig. 2, Real-time trace of the fluorescence intensity with current switching 

between 0 and 0.2 mA. On the upper side, the 532-nm irradiation laser light and 

timing of the injected current pulse is shown. The fluorescence intensity 

histogram is shown in the right. The solid red line was obtained from fitting of the 

two Gaussian distributions. The blue straight line indicates the threshold of the 

two dynamical steady states and charge states. 
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and the conduction-band edge. Recently, charge states of ensemble NV centers were 

modulated by ion-implantation of phosphorus and boron atoms. However, pure NV
−
 

charge state has not yet been realized. Based on the activation energy, phosphorus 

doping during chemical vapor deposition (CVD) appears promising because that of 

phosphorus (EA = 0.57 eV) is much less than that of P1.  

In the present study, we quantitatively investigate the charge-state population of 

NV centers by using single-shot readout measurements in phosphorus-doped n-type 

diamond. 

 

 

 
 

 

(3) Electrical excitation of silicon-vacancy centers in single crystal diamond 

(submitted to Appl. Phys. Lett.) 

 

Electrically driven emission from negatively charged silicon-vacancy (SiV)
−
 

centers in single crystal diamond is demonstrated. The SiV centers were generated 

using ion implantation into an i region of a p-i-n single crystal diamond diode.  

Both electroluminescence and the photoluminescence signals exhibit the typical 

emission that is attributed to the (SiV)
−
 centers. Under forward and reversed biased 

PL measurements, no signal from the neutral (SiV)
0
 defect could be observed. The 

realization of electrically driven (SiV)
−
 emission is promising for scalable 

nanophotonics devices employing color centers in single crystal diamond. 

 
 

Fig. 3: Nondestructive single-shot charge-state measurements with two types 

of charge-state initialization: (a) 30 W, 532 nm illumination and (b) 1 

W, 593 nm illumination. NV1 population exhibits a double Poisson distribu

tion that is due to two different charge states. Initialization at 593 nm dras

tically decreases the population of the NV
−
 charge state. (c), (d) Conversel

y, NV2 has a single peak at the same position as NV
−
 irrespective of initi

alization conditions. We repeated each sequence 1000 times for each histog

ram. 
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Color centers in diamond are promising 

building blocks for a variety of applications, 
including quantum information processing and 

integrated nanophotonics. Recently, a major 

research focus has been dedicated to identify 

bright single photon emitters with narrow line 

widths and fast excited state lifetimes at the near 

infrared spectral range. One emerging candidate 

is the negatively charged silicon vacancy (SiV)
−
 

color center that consists of an interstitial silicon 

splitting two vacancies in the diamond lattice. 

The SiV exhibits photostable room temperature 

operation with narrow zero phonon line (ZPL) (

∼ 1-3 nm), fast excited state lifetime (∼ 1ns), polarized excitation and optical 

readout of its spin state at low temperature. These excellent photophysical 

properties are therefore attractive for applications spanning bio-imaging, 

nanophotonics and quantum in- formation processing.  

Although the SiV centers have been studied in details under optical excitation, 

electroluminescence properties of this center in a single crystal diamond remain 

unexplored. Electrical excitation is important since it opens pathways to engineer 

scalable devices employing electrically driven emitters and realize efficient 

packaging on a single chip. Furthermore, it enables studying charge injection and 

dynamics between various charge states of a particular defect. In this work we 

report on electrical excitation of engineered SiV defects in a single crystal diamond. 

In particular, we show that the same emission is obtained using optical and 

electrical excitation - a unique feature that has not been demonstrated in single 

crystalline diamond yet. 
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Fig. 4, Structure of SiV cen

ter in diamond. 
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