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ABSTRACT 

Photoluminescence spectroscopy was used to 

examine the nitrogen vacancy (NV) centres of 

high nitrogen diamond implanted with arsenic ions 
in this study. Consistent changes in laser excitation 

power and measurement temperature after high-

temperature annealing were used to explain the 

NV centre charge state shift. The NV yield is 

reduced because the amorphous layer created by 

arsenic ion implan-tation becomes a graphitization 

layer after high-temperature annealing. The 

centres of electric neutral NV (NV0) and 

negatively charged NV (NV−) are impacted by 

radiation recombination and Auger recombination 

as the power of the laser increases. The intensities 

of NV centres declined and finally quenched as the 

measuring temperature increased. Furthermore, a 

change was taking place in the charge states of the 

NV− and NV0 centres. As a result of the 

preponderance of electron-phonon interaction in 

the displacement of diamond energy gaps as a 

function of temperature, the red shift in the zero 

phonon line locations of NV centres was also 

explained. As the temperature increased, the NV 

center's entire width at half maximum widened 

considerably.  

 

 

I. INTRODUCTION 

II. The unique features of diamond's nitrogen 

vacancy (NV) centres make them a promising 

material for the development of new quantum 

devices, including quantum computers and 

communication qubits.1,2 It might be useful in 

many future quantum state engineering and 

magnetic sensor projects.3,4 because of 

phenomena like optical transitions in solid-state 

electronics and its apparent atomic-like 

characteristics, as well as its long-lived spin 

quantum state.5 Ion implantation or post-

irradiation annealing may produce the NV 

centres.Creating NV centres adjacent to a 

surface is most often accomplished by low 

energy ion implantation (6, 7).8, 9 Additionally, 

ion implanted NV centres with a shallow 

surface exhibit superior sensitivity and 

resolution, making them an obvious superior 

research tool.10,11 Creating NV centres near 

the surface is necessary for coupling to optical 

structures, according to Santori et al., who 

studied the impact of gallium ion implantation 

and annealing on the vertical distribution of NV 

centres.12 The optical coherence of NV centres 

is connected to the formation location and 

lattice damage, rather than the inherent 

properties of diamonds, according to Van Dam 

et al., who formed NV centres via nitrogen ion 

implantation followed by high-temperature 

annealing.In order to increase the production of 

NV, Naydenov developed a technique that 

employed the 15N isotope to differentiate 

between NV centres formed from diamonds' 

leftover nitrogen (14N).14 Pezzagna found that 

the yield for NV centre production rose with the 

ion energy throughout the complete 

investigated range of less than 1% to 

approximately 50%.15  

 

As stated in Reference 16, the energy level of 

the donor for diamonds with substituted As is 

below the value of the minimum conduction 
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band of 0.4 eV, much lower than that of reduced 

P. As a result, mathematically speaking, it is a 

shallow donor. Prior research confirmed that 

diamond contains n-type dopant at a shallow 

depth.the number of Research on the existing 

form in diamonds and the As dopant also had an 

important role in the development of n-type 

diamonds. Sun18 shown that arsenic impurity is 

a competitive candidate material for n-type 

doped diamond by using density functional 

theory to compute and describe the substitution 

defect structure of arsenic doped diamond. It is 

challenging for arsenic atoms to penetrate the 

lattice as replacements because of their very 

poor solubility and high ion radius.19 After high 

radius ion implantation, it is difficult to both 
create and observe changes in the charge states 

of NV centres. Hence, the As dopant was 

introduced into diamond by ion implantation, 

and the impact on the charge state of NV centres 

inside the diamond was studied.  

 

III. EXPERIMENTAL METHODS 

IV. A 3 x 3 × 0.5 mm3 diamond, created at 

Xi'an Jiaotong University, China, using high-

temperature high-pressure (HTHP) synthesis, is 

the main subject of this study. There are more 

than 20 parts per million of nitrogen impurities. 

Afterwards, 5 × 10⁴ cm−2 of arsenic ions were 

injected onto the (100) surface on the sample's 

right-angle side using the French IBS ICM-200 

ion implantation machine. The injection was 

done at room temperature, with an incidence 

angle of 7°, using an energy of 130 keV. A black 

layer formed in the diamond's As ion 

implantation region because the implanted 

arsenic ions were deposited on the surface, 

which is caused by the enormous covalent 

radius of the ions. After that, the diamond with 

ions implanted was heated to 1350 °C for 60 

minutes in an argon-circulating annealing 

chamber. After annealing, the severely 

amorphous layer became a graphitization layer, 

and this change was proportional to the 

recoverable vacancy concentration 

threshold.20,21  

 

The next step was to analyse the substance using 

a Linkam THMS600 low-temperature cooling 

stage attached to a Renishaw confocal Raman 

microscope. To get the reading from 80 K to 

room temperature, one has to precisely change 

the measuring temperature and regulate the flow 

rate of liquid nitrogen. An Nd-YAG 

semiconductor laser may be excited at a 532 nm 

wavelength and the chosen laser power can be 

varied from 50, 25, 5, 2.5, 0.5, 0.25, 0.05, and 

0.025 mW, in that order. Using PL spectroscopy 

to identify the sample's ion implantation 

surface.  

 
V. RESULTS AND DISCUSSION 

VI. Excitation with a 532 nm laser at 80 K and 

0.5 mW (1% power level) was used to acquire 

the PL spectra of high nitrogen diamond before 

arsenic ion implantation, as shown in Fig. 1. 

Prior to ion implantation, the NV centres in the 

spectrum were much more intense than the 

diamond's typical Raman peak due to large 

quantities of nitrogen impurities. At 563.2 nm, 

a zero phonon line (ZPL) with an intensity 

almost double that of NV0 centres emerged 

alongside the very high NV centres. Kiflawi22 

suggests that the fast crystal growth may have 

created nitrogen interstitials, which are most 

likely responsible for the line at 563.2 nm.23  

Figure 2 shows that after ion implantation, the 

PL optical signal is very weak, with a significant 

decrease in strength at 563.2 nm and the NV 

centres, because the As implanted layer 

overlaps with the damaged black layer close to 

the surface. The charge states of NV centres 

were also found to have altered very little after 

ion implantation compared to prior. The 

spectral invisibility of diamond's signature 

peaks suggests that arsenic ions have been 

effectively implanted into the crystal's surface. 

Through the use of simulations with the 

Stopping and Range of implantation depth 

expectations, the predicted longitudinal range of 

depths was computed.  
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VII.  

 

 

 
 

 
 

 

Ions in Matter (SRIM) program. For each ion, we forecast damage profiles after implantation at a beam energy of 130 keV using detailed 

calculations with full damage cascades. Among them, the diamond substrate has a density of 3.515 g/cm3. The lattice binding energy is 7.5 eV, 

surface binding energy is 3.69 eV, and the average displacement energy is 37.5 eV.24 The outputs of ion distribution 

and damage event calculation at an ion implantation dose of 5× 1015 ion cm−3 are shown in Fig. 3, simulated the angle of As ion implantation 
into diamond in this experiment (7°), and the 

 

 

 

 

 

FIG. 1. PL spectra of high nitrogen diamond before arsenic ion implantation recorded at 80 K with a laser excitation wavelength of 532 nm. 

FIG. 2. PL spectra of high nitrogen diamond after arsenic ion implantation recorded at 80 K with a laser excitation wavelength of 532 nm. 
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displacements per atom (dpa) are computed using the vacancy 

output of the damage event computations. 

As shown in Fig. 3, the projection range of arsenic ions in 

diamond is quite small. Similar to Pinault’s research,25 when the 

incident angle is 7°, and the implantation range of arsenic ions 

is restricted to 30–130 nm (black curve). This means that arsenic 

ions cannot enter the lattice substitution position or pass through 

the lattice gap, which means that the injected arsenic ions will 

only collect on the surface to form the corresponding 

implantation layer. The associated vacancy density is displayed 

as a function of injection depth as shown as the red curve; when 

the injection angle is 7°, the calculated vacancy density 

exceeds the damage critical 
threshold by a significant amount (1 × 1022 cm−3).21 The sample 
exhibits severe graphitization after high-temperature annealing. 

After high-temperature annealing, the PL spectra of 

diamond with arsenic ion implantation are shown in Fig. 4 at 

liquid nitrogen temperature. The line at 563.2 nm disappears 

with the diffusion of nitrogen interstitials after high-temperature 

annealing.23 Due to the limitation of measurement intensity, four 

power levels are mea- sured in the 0.025–0.5 mW range under 

532 nm laser excitation. The results indicate that the annealed 

NV centers exhibit a signifi- cant laser power dependence, as 

shown in Fig. 4(a). The PL inten- sity of the NV centers is 

directly proportional to the laser power, and its relationship can 

be expressed by26 

 

IPL ¼ aPk,

 

(1) 

where P is the laser excitation power, and a and k are constants; 

the PL intensity of the NV centers rises to varied degrees under 

various excitation circumstances. According to previous 

research and conclusions, the following equation expresses the 

directly pro- portional between the excitation power P and the 

total of radiation recombination rate (RL), Auger recombination 

rate (RAug), and trap 

 
 

 

FIG. 3. The effect of SRIM software on predicted ion concentration and dpa with 

depth at an injection angle of 7°. 
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mediated Shockley read hall recombination rate (RSRH):26,27 

 

P a RL + RAug + RSRH. (2) 

In actuality, the intensity of PL is influenced by radiation 

recombination and can be understood as a proportional relation- 

ship. Therefore, Eq. (1) can be changed to the following equation: 

 
RL a IPL = aPk. (3) 

Past research indicates that,31 At a k value of 1, 

the radiation recombination rate (RL) takes centre 

stage in Eq. (2), closely aligning with the NV0 

centre fits to our experimental data. When k=2/3, 

the Auger recombination rate (RAug) significantly 

affects the PL intensity. Equation (2) will be used 

to obtain the recombination rate (RSRH) when k 

is equal to 2.  

Following the non-linear data fitting, the k values 

of NV0 centre were kept at 0.90 and NV− centre 

at 0.81, respectively. Hence, upon high-

temperature annealing of diamonds implanted 

with arsenic ions, the power dependence of the NV 

centre laser is primarily affected by the combined 

effects of radiation recombination and Auger 

recombination. Auger recombination has a greater 

impact on the NV− centre compared to the NV0 

centre.31 A graphite layer prevents radiation 

recombination following laser stimulation, 

allowing for a greater release of energy via 
nonradiative recombination. Because of this, we 

believe that a major component  

 

to a low k value indicates a highly graphitized 

surface of the crystal.  

At low temperatures and with 532 nm laser 

excitation, Fig. 4(b) shows how the central charge 

state of NV changes as a function of excitation 

power. Typically, when the excitation power 

increases, the concentration ratio of the NV− 

centre to the NV0 centre falls, as seen in the figure. 

The NV− center's electrons are excited by the laser 

and flow into the conduction band area, where they 

recombine with vacancies in the valence band. The 

conversion of NV− centres to NV0 centres occurs 

because the k value tends towards Auger 

recombination when bound electrons are 

present.31 At the same time, the concentration of 

NV0 centres grows progressively as the laser 

excitation power increases. The findings of 

Siyushev et al. are in line with this.28  
In Figure 5, the PL spectra of diamond that has 

been heated to 1350 °C with an excitation power 

of 0.5 mW are shown, spanning from 80 K to 

ambient temperature (280 K) using a 532 nm laser. 

Figure 5 shows that when the measurement 

temperature rises, the NV centres get stronger. A 

quenching of NV centres occurs when the 

excitability of flaws causes them to shift in a 

specific region. Fig. 5(a) shows the PL intensity 

data of the NV centres at different measurement 

temperatures. This shows how the PL intensity of 

the NV centres relates to the test 

temperature:291/IPL = A0 + B0exp(—Ea/kbT), 

(4)  

 

The thermal quenching activation energies of the 

diamond NV0 and NV− centres are 63 and 96 

meV, respectively, whereas Ea is the constant that 

is used during the transition of the diamond NV 

centre, kb is the Boltzmann constant, and the 

constants A0 and B0 are also used. The intensity 

quenching phenomenon occurs as the 

measurement temperature increases, and the ZPL 

intensity at the NV centres progressively decreases 

due to the dominance of nonradiative transitions in 

the electron emission transition process. The 

FIG. 4. PL spectra of diamond after arsenic implantation and high-temperature annealing 
at 80 K using a 532 nm laser at various excitation intensities. (a) PL intensities of NV 

centers under various excitation powers; (b) the ratio of NV−/NV0 at various 
excitation powers. 
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distance from the excited state minimum to the 

point where the ground and excited states overlap  
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the NV center's activation energy for thermal quenching is given by this number.30 

Figure 5(b) shows the intensity ratio of NV charge states (NV−/NV0) at different measurement temperatures. 

The fact isshown in Fig. 5(b) that there is a slight but noticeable rising trend in the intensity ratio with 

increasing observed temperature. The findings of Guo et al. are vastly at odds with this occurrence. As the 

measuring temperature rose, their report indicated that the NV−/NV0 ratio remained relatively unchanged.31 

The fundamental explanation for this difference is because the diamond sample used in Guo's experiment 

had a very low nitrogen concentration, which meant that the alternative nitrogen atom content was also very 

low. The diamond sample used for this experiment contains a significant amount of nitrogen. Therefore, 

when the measurement temperature increases, the charge state between NV centres is affected by a large 

number of substituted nitrogen atoms. Even though it's possible for some nitrogen atoms to absorb the 

nitrogen vacancy centre and form nitrogen vacancy defects (NV defects), electrons eventually defrost and 

migrate, still combining with nearby nitrogen vacancy defects to form nitrogen vacancy centres (NV− 

centres). In the meantime, Groot-Berning detailed phosphorus's and boron's respective behaviours as donors 

and acceptors.32 Just like phosphorus ion implantation, arsenate ion implantation boosts the stability and 

yield of NV-centers. Furthermore, because to the amorphization that arsenic ion implantation causes, the 

sample is unable to recover all of its vacan-cies after annealing. As a result, the total intensity of the NV 

charge states is low, ranging from 0.1 to 0.2. Figure 6 displays the trend of the changing temperature on the 

FWHM and ZPL centres. As the measurement temperature rises, the FWHM also increases, and the ZPL 

centres exhibit a noticeable red shift phenomena. The FWHM for the NV0 and NV− centres, as a function 

of temperature, is shown in Figure 6(a). Here is the formula that helps explain the variations in these values: 

ϋ = m0 + n0T3, where m0 and n0 are constants. The peak redshift of the ZPL centres of NV− and NV0 is 

shown in Fig. 6(b) as the temperature increases, with the highest displacement of the NV− centres being 1.16 

nm and the maximum displacement of the NV0 centres being 0.75 nm. The combined effects of secondary 

electron-phonon coupling and lattice expansion cause a linear shift (δE) in the PL spectrum.33 Where a0, 

b0, and c0 are constants, the linear displacement trend with respect to temperature T may be expressed as δE 

= a0T4 + b0T2 + c0, where δE = δE (80 K) − δE (T). Lattice vibration and electron-phonon coupling together 

account for T4, whereas the thermal softening effect of the chemical bond is responsible for T2. A reduced 

ZPL displacement was thought by Guo et al. to be responsible for the increased "hardness"31 of diamond 

FIG. 6. Temperature-dependent PL spectra of high nitrogen diamond following annealing at 1350 °C. (a) The variation in the ZPL position with temperature; (b) the varia- tion in the 
FWHM with temperature. 
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atomic structures with fault features. Thus, we likewise hold the belief that the NV0 centres in this experiment 

exhibit a greater "hardness" compared to the NV− centres.  

VIII. CONCLUSION 

IX. To review, high-temperature annealing of high-nitrogen diamond implanted with arsenic ions was 
followed by photoluminescence investigations on the temperature dependency of the pertinent NV centres. 

Arsenic ion implanted diamonds show a significant degree of graphitization during high-temperature 

annealing. The findings show that bound electrons and diamond graphitization drive the sublinear 

development in NV centres as the power of the laser rises, whereas radiation recombination and Auger 

recombination work together on the NV0 and NV− centres. The level of ionisation conversion of the NV− 

centres, however, is not very great when contrasted with low nitrogen diamond. Furthermore, the 

concentration of NV− centres is greater than that of NV0 centres as the measurement temperature rises. 

This is because NV− centres are formed when electrons from surrounding NV defects are used by high 

nitrogen diamonds, which are known for their high concentration of N0. The change in the NV−/NV0 

ratio, however, is not huge, and the temperature is strongly related to the displacement of ZPLs and the 

rise in the FWHM. For the best match with the curve of ϋ = m0 + n0T3, the expanding FWHM of ZPL is 

the most appropriate. As the temperature rises, the red shift of ZPLs caused by lattice expansion and 
stronger electron-phonon coupling may be expressed as δE = a0T4 + b0T2 + c0.  
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