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A B S T R A C T   

Silicon carbide (SiC), as a wide-band gap semiconductor, plays an important role in high temperature and high- 
power devices, and the spin defect has great application prospect in quantum technology. Divacancy in SiC 
(VCVSi, VV) has attracted more and more attention. There are a lot of experimental studies on color center 
preparation by ion implantation, but the mechanism of atomic scale defects in the experimental preparation 
process is not fully understood. EPI epitaxial 4H–SiC was implanted with 250 keV proton at room temperature 
under three fluence of 1E14 cm− 2, 1E15 cm− 2, 1E16 cm− 2. Defects of implanted 4H–SiC samples were charac-
terized by photoluminescence spectrum and electron paramagnetic resonance (EPR). The existence of the 
optimal implantation fluence for VSi and VCVSi (VV) color centers by hydrogen ion implantation was found. 
Molecular dynamics (MD) simulation by considering the ionization energy loss for swift ion implantation were 
used to study the defect distribution and transformation at atomic-scale during hydrogen ion implantation and 
post-annealing. The optimal implantation fluence was found and confirmed by comparing the atomic-scale 
implantation simulation with the experimental results. In the annealing simulation, the optimal annealing 
temperature for the color centers in 4H–SiC was verified, and its formation mechanism was analyzed by accu-
rately calculating the defect transformation during the annealing process. Finally, in order to accurately control 
the depth of color center in 4H–SiC, dual ions implantation of carbon and proton has been studied to realize the 
optimal divacancy yield by SRIM and MD simulations. Molecular dynamics simulation results showed that low- 
fluence C pre-implantation is helpful to improve the color center yield for the dual ions implantation.   

1. Introduction 

Solid-state spin defects are emerging platforms for applications in 
quantum information science, sensing, and metrology. Quantum 
communication is an important development direction in the future, and 
the construction of an easy-to-handle quantum system is a key step to 
realize advanced information and communication technology. The 
defect in semiconductor materials is considered as one of the best can-
didates. Color centers, the stable single-photon sources (SPSs) in solid 
materials, are key elements of quantum technologies, such as quantum 
spintronics and quantum photonics [1–8]. In recent years, some defects 
in silicon carbide (SiC) have shown excellent application value in spin 
qubits. For example, the silicon vacancy (VSi), divacancy (VCVSi, VV) in 
SiC have excellent optical properties, and their near-infrared 

fluorescence signals can be used for optical fiber transmission and bio-
logical detection [9]. CSiVC defects are considered to be a promising 
single photon source [10]. However, not all defects have excellent 
characteristics. The carbon vacancy (VC) in SiC can greatly affect the 
electrical performance of semiconductor devices. In power transmission 
applications, where voltages are typically in the thousands of volts and 
due to conductivity modulation, silicon carbide materials have a sig-
nificant advantage in terms of lower on-resistance. Effective modulation 
of the conductivity of very thick blocking voltage layers requires long 
carrier lifetimes, and the degradation of VC defects reduces the carrier 
lifetime in silicon carbide, leaving the material performance unsatis-
factory [11]. Therefore, it is very important to study the carbon vacancy 
defect in the defect manufacturing process [11,12]. Silicon carbide has 
many types, such as cubic (3C), hexagonal (4H and 6H) and orthogonal 
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(15R) phases [13,14]. Among them, 4H–SiC has the characteristics of 
wide gap, high electron mobility and high structural stability [15–17], 
which is a very popular multi-type at present. In this paper 4H–SiC was 
adopted to conduct defect related research. 

There are various methods for defect manufacturing, including 
doping [18–20], ion implantation [21,22] and femtosecond laser pro-
cessing [23,24], etc. Proton implantation has developed into an 
important method for manufacturing color centers in silicon carbide. 
There are mainly two advantages for proton to fabricate color center in 
SiC. Firstly, proton has a high ionization energy loss rate, is more likely 
to produce charged vacancy and other point defects. Secondly, the lat-
tice quality around the color center fabricated by the proton implanta-
tion can be effectively improved due to the small mass and diameter for 
proton. Takeshi O et al. [25], Castelletto S et al. [26], Ruehl M et al. [27] 
discussed or studied the generation of defects in SiC by high-energy 
proton implantation. Takeshi O et al. reviewed high-energy particle 
irradiation in SiC, especially proton beam writing (PBW) and quantum 
sensing based on VSi [25]. Castelletto S et al. fabricated microcolumns in 
SiC using hydrogen irradiation and annealing at different temperatures 
to determine the placement of NIR color centers, and optimized the 
performance enhancement of color centers relevant to quantum sensing 
applications [26]. Ruehl M et al. confirmed the existence of the optimal 
annealing temperature based on photoluminescence spectral analysis 
[27]. They carried out the double vacancy (VCVSi, VV) spectrum char-
acterization of the annealed samples, although the double vacancy 
signal obtained was weak. Moreover, the number of VCVSi color centers 
produced at each implant fluence has not been fully studied. 

It is very important to study the generation and evolution mechanism 
of defects during the process of ion implantation and annealing. How-
ever, the defects’ generation and evolution can hardly be monitored in 
real time through experiments because they occur in picosecond time- 
scale and nanometer space-scale [28]. Molecular dynamics simulation 
(MD) method can effectively carry out the relevant mechanism research 
[29]. Lee E et al. [30] studied the formation law of VCVSi double va-
cancies in SiC by MD simulations. 

When the color center is used for quantum sensing because the 
probing volume is proportional to the 3rd power of its depth. Therefore, 
accurate regulating the position of color center, especially the 
improvement of near surface color center yield, is of great value [31,32]. 
Under the same ion beam energy, the defects produced by heavy ion 
implantation are shallow [33], while the defects introduced by light ions 
are deep and with less amorphous defects. Therefore, the method of dual 
ion implantation of light ions and heavy ions can realize the regulation 
of defect location and improve the ion irradiation performance [34,35]. 

In this paper, silicon vacancies and divacancies produced by high- 
energy hydrogen ion implantation into 4H–SiC are studied, which fills 
the gap of divacancy signal analysis under different fluence of hydrogen 
ion implantation. The divacancy signal is efficiently detected by infrared 
detector, and the existence of optimal implantation fluence in silicon 
vacancy and divacancy manufacturing is confirmed under fluence 
gradient. Meanwhile, the number of carbon vacancies in the implanted 
samples was measured by Electron Paramagnetic Resonance (EPR). The 
paper also carried out the Molecular Dynamics simulation of dual ions 
(C +H) implantation into 4H–SiC. By analyzing the number and position 
distribution of atomistic defects, the feasibility of dual ion implantation 
method in accurately controlling the color center depth distribution was 
confirmed. 

2. Methods 

2.1. Experimental parameters 

In this work, n-type 4H–SiC <11–20> single crystal with EPI 
epitaxial thickness of 350 ± 25 μm (Epiworld International Co., LTD, 
Shanghai, China) is used. The epitaxial layer thickness is 12.67 μm, and 
the nitrogen doping concentration is about 7.12 × 1015 cm− 3. The room 

temperature proton irradiation was carried out on the 320 kV low en-
ergy heavy ion research platform of Lanzhou Institute of Modern 
Physics. The energy was 250 keV, and the fluence were 1E14 cm− 2， 
1E15 cm− 2 and 1E16 cm− 2 respectively. To avoid channel effect, the 
implantation angle is 7◦. 

The color center defect was characterized by photoluminescence 
spectrum. The photoluminescence spectrum equipment is Horiba 
iHR550, and the excitation wavelength is 785 nm and 1064 nm in the 

Table 1 
Some related parameters in Photoluminescence spectrum test.  

Items Parameter 

Instrument model HORIBA iHR550 
The laser wavelength 785 nm, 1064 nm 
Laser power 7 mW (785 nm), 26 mW(1064 nm) 
Multiple objective 50 ×
Test temperature 293 K, 77 K 
Grating 150 gr/mm, 300 gr/mm 
Integration time 1 s (785 nm), 20 s (1064 nm) 
Slit width 100 μm  

Table 2 
Some related parameters in Electron Paramagnetic Resonance (EPR) test.  

Items Parameter 

Instrument model BRUKER Magnettech ESR5000 
The temperature 123 K 
Light conditions Unlit 
Microwave frequency 9.5 GHz 
Scope of magnetic field 3400-3600 G  

Fig. 1. 4H–SiC ion implantation simulation model.  
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photoluminescence spectrum test. The test was first carried out at room 
temperature of 293 K. After that, the samples were placed in a liquid 
nitrogen cryostat at a temperature of 77 K for further spectral testing. 
The spectral test parameters are listed in Table 1. 

Electron Paramagnetic Resonance (EPR) is a magnetic resonance 
phenomenon in which unpaired electrons occur energy level transitions 
under the electrostatic field. Through EPR technology, unpaired elec-
trons in the substance atoms or molecules can be detected, and some 
defect structures with unpaired electrons can also be identified. There-
fore, carbon vacancy (VC) for the ion implanted 4H–SiC sample can be 
characterized by EPR [36]. The BRUKER Magnettech ESR5000 was used 
for the EPR test at 123 K. The test parameters are listed in Table 2. 

2.2. Simulation parameters 

The simulation was based on the Large-scale Parallel Atom/Molecule 
Simulator (LAMMPS) [28,37] and the Open Visualization Tool (OVITO) 
[38]. The implanted model was 18.48 nm × 21.34 nm × 80.67 nm and 
contained 3,072,000 atoms. As shown in Fig. 1, the model is divided into 
three parts: Boundary layer, Thermostatic layer and Newtonian layer 
[39], the boundary layer atoms serve to fix the model. Berendsen [40] 
was used to regulate the effect of temperature dissipation in the simu-
lation model. Due to the large size of the model and the large number of 
atoms, it would be unreasonable to set a Thermostatic layer for heat 
dissipation only at the bottom, so it was set as a wrap. The behavior of 
atoms in Newtonian layers follows Newtonian dynamics and uses NVE 
ensemble. To avoid channel effects during implantation, the implanta-
tion angle is 7◦ to the (1000) crystal plane [41]. Periodic boundary 
conditions are used in the XY direction and non-periodic boundary 
conditions are used in the Z direction. 

Since the electron energy loss also accounts for a large proportion in 
the process of hydrogen ion implantation into SiC, the comparison of the 
electron energy loss and nuclear energy loss with the increase of 
hydrogen ion energy is shown in Fig. 2. Therefore, in order to ensure the 
accuracy of the results, the influence of ionization energy loss is 
considered in the MD simulation process [42,43]. Variable time step is 
adopted in the calculation process of ion implantation for more accurate 
results [44]. Ion implantation will be carried out after the model reaches 
the equilibrium state at 293 K. 1E15 cm− 2, 2E15 cm− 2, 4E15 cm− 2 and 
6E15 cm− 2 were selected for the fluence of 2 keV hydrogen ion im-
plantation energy. Although the hydrogen ion energy of the simulation 
parameters in MD is smaller than in experimental studies, this process is 
consistent with the previous MD simulation studies [42,44,45], and the 
idea we usually adopt in simulations is to choose within the limits of 
computational resources. In addition, we also use a substrate of suffi-
cient size in our simulations to minimize the gap between experimental 
and simulated studies. In the dual ion implantation process, carbon ions 
were implanted firstly, then hydrogen ions were implanted after the 
model reached a stable state. The energy for both ions was 2 keV, and the 

fluence was selected as 1E14 cm− 2 C + 2E15 cm− 2 H, 5E13 cm− 2 C +
1E15 cm− 2 H and 5E13 cm− 2 C + 2E15 cm− 2 H. In the MD simulation, 
the potential function between Si, C and H adopts the Tersoff/ZBL po-
tential that can accurately describe the interactions proved by Bringuier 
S et al. [46]. 

Subsequently, to study the defect recovery and its dynamics evolu-
tion, annealing simulation was carried out on the model after hydrogen 
ion implantation at 2E15 cm− 2 and 4E15 cm− 2 fluence. Comparing with 
the annealing experiment results of Ruehl M et al. [27], five tempera-
tures of 593 K, 893 K, 1493 K, 1893 K and 2293 K were studied, 
respectively. NPT ensemble is used in annealing process. Each time step 
for the annealing process was 0.5 fs, and the initial and final room 
temperature relaxation stage took 0.25 ns, and the high temperature 
relaxation process kept 1 ns. Parameter setups for the implantation and 
annealing MD simulation are shown in Table 3. 

An open visualization tool OVITO was used to analyze the defect 
changes of 4H–SiC model during implantation and annealing. 
Combining with OVITO diamond structure identification method (IDS) 
[38] and atomic coordination number calculation results, the number 
and structure of defects were analyzed. Compared with wigner-Seitz 
(WS) method [49], this method was proved to show more accuracy for 
the atomistic defect calculation for the ion implantation and annealing 
[34]. 

3. Results and discussion 

3.1. Experimental results 

After 250 keV protons were implanted at fluence of 1E14 cm− 2, 1E15 
cm− 2, 1E16 cm− 2, the number of VSi and VCVSi was measured by spectral 
intensity using confocal photoluminescence (PL) spectroscopy. The 
molecule has a series of strictly discrete energy levels, called electronic 

Fig. 2. Ionization energy loss and nuclear energy loss curves for hydrogen implantation into SiC.  

Table 3 
MD simulation parameters.  

Conditions Parameter 

Material 4H–SiC (0001) 
Boundary conditions P P F [47] 
Model size 18.48 nm × 21.34 nm × 80.67 nm 
Ensemble NVE (implantation), NPT (annealing) 
System equilibrium temperature 293 K 
Implantation Angle 7◦ ((1000) crystal surfaces) 
Implantation area 10 nm × 10 nm 
Implantation energy 2 keV 
Fluence 1E15 cm− 2, 2E15 cm− 2, 4E15 cm− 2, 6E15 cm− 2 

Time step Adaptive time step 
Annealing boundary condition P P P [48] 
Annealing temperature 593 K, 893 K, 1493 K, 1893 K, 2293 K 
Annealing time step 0.5 fs  

T. Sun et al.                                                                                                                                                                                                                                      



Ceramics International 49 (2023) 7452–7465

7455

energy levels, and each electronic energy level contains a series of 
vibrational energy levels and rotational energy levels, as shown in Fig. 3. 
S0 in the figure is the ground state, which refers to the lowest energy 
level of the atom in the normal state. An excited state is a state in which 
an atom or molecule absorbs a certain amount of energy, and the elec-
tron is excited to a higher energy level but has not been ionized. S1 and 
S2 represent the first electron excited singlet state and the second elec-
tron excited singlet state, respectively. At room temperature, most 
molecules are at the lowest vibrational level of the ground state. In 
photoluminescence, molecules will be excited to the excited state after 
absorbing light energy. The excited state is unstable and will quickly 

decay to the ground state and emit photons, thus generating 
fluorescence. 

The PL spectroscopy for VSi and VCVSi defects in the samples were 
stimulated by 785 nm laser and 1064 nm laser respectively with high 
excitation efficiency. The PL results at room temperature were shown in 
Fig. 4. According to the test results in Fig. 4, the positions of defect 
luminescence signals were compared in Table 4. After the 4H–SiC was 
implanted by 250 keV protons, the spectral signals of the non-implanted 
samples were compared. Significant phonon sideband signals with sili-
con vacancies and divacancies can be seen at the fluence of 1E14 cm− 2, 
1E15 cm− 2 and 1E16 cm− 2. With the increase of implantation fluence, 
the number of color centers increased first and then decreased, indi-
cating the possibility of the existence of the optimal implantation 
fluence. 

It can also be concluded from Table 4 that the photoluminescence 
peak-position of VSi and VCVSi spectra deviates from that of the normal 
temperature spectrum. The positions of the photoluminescence peaks 
given in Table 4 are the positions of the ZPL, and the difference between 
room temperature and theoretical photoluminescence peak positions is 
due to the influence of phonon sidebands [50,51]. Since the lattice vi-
bration of the crystal itself is affected by the temperature, when the 
temperature is not low enough, such as at room temperature, the optical 
phonons will dominate and will produce a strong phonon sideband 
signal and thus mask the ZPL. Therefore, further low-temperature pho-
toluminescence spectroscopy was conducted to observe its ZPL spec-
trum. At low temperature, liquid nitrogen was used to cool the 
temperature of sample down to 77 K. The obtained spectral test results 

Fig. 3. Schematic diagram of photoluminescence.  

Fig. 4. Test results of photoluminescence spectrum at room temperature.  

Table 4 
Luminous position of color center signal 
[52–56] in 4H–SiC.  

Defect Type λ (nm) 

VSi (V1) 860.1 
VSi (V2) 916.1 
VV (kh) 1078.3 
VV (hk) 1108.3 
VV (hh) 1130.9 
VV (kk) 1132.2  

Fig. 5. Low-temperature photoluminescence spectrum for ion implan-
ted 4H–SiC. 
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are shown in Fig. 5. According to the results of Fig. 5 compared with 
Fig. 4, it can be found that although the high-energy phonon emission is 
partially suppressed at 77 K, the low-energy phonon vibration still exists 
because the temperature is not close enough to absolute zero, and a 
strong phonon sideband still appears on the right side of the ZPL in the 
test results. However, although the area of the ZPL signal is smaller than 
that of the phonon sideband signal, the ZPL signal is obvious enough that 
we can determine the number of defects based on the strength of the ZPL 
signal. After local amplification of corresponding VSi and VCVSi ZPL 
spectra in Fig. 5, it is found that the number of defects increases first and 
then decreases with the increase of fluence. 

Fig. 6 shows the result of EPR test, in which the g factor of the most 
obvious resonance absorption peak is between 2.0036 and 2.0038, so it 
can be determined that it corresponds to carbon vacancy defects [57, 
58]. According to the EPR test results in Fig. 6, hydrogen ion implan-
tation introduces carbon vacancy defects, and with the increase of im-
plantation fluence, carbon vacancy defects continue to increase. It can 
be concluded from the above experimental results that the implantation 
fluence should be controlled near the optimal implantation fluence to 
ensure the yield of color center defects and the electrical properties of 
the device. 

By analyzing the change trend of the number of VC, why the number 
of VC does not increase first and then decrease under the current selected 

fluence comparing Figs. 6 and 5? It should be that the formation energy 
of VC is less than that of VSi and VV [59], that is, the generation capacity 
of carbon vacancy in the sample is stronger, and the threshold of the 
number is higher. At the current fluence, there is no trend that the 
number increases first and then decreases with the increase of implan-
tation fluence, as shown in Fig. 6. 

3.2. Hydrogen ion implantation simulation results 

The implantation process includes the stages of damage generation, 
damage repair and defect stabilization. Through the data in the log file 
simulated by LAMMPS, the system potential energy, the number of 
damaged atoms and the temperature were observed during the im-
plantation process, to understand the changes of the model in the im-
plantation process. The distribution and evolution of defects in the 
model at 1E15 cm− 2, 2E15 cm− 2 and 4E15 cm− 2 implantation fluence 
were similar. The simulation of 2E15 cm− 2 implantation fluence was 
taken as an example for analysis. The result is shown in Fig. 7. At the 
initial damage stage, the number of defect atoms, potential energy and 
temperature of the system all increase. This is because the incident 
particles carry great kinetic energy to introduce energy into the system, 
which produces strong primary recoil and cascade effect during the 
bombardment, resulting in the displacement of atoms in the original 
perfect lattice and so on. At the same time, during the collision process, 
the incident particles and recoil particles will convert part of their en-
ergy into thermal vibration of lattice, resulting in local temperature rise 
and thermal peak effect, which will be reflected in compressive stress 
and temperature rise. When the damage caused by the cascade collision 
reaches the maximum, the Newtonian layer temperature is nearly 1300 
K in picosecond-scale period, where the displacement spike model might 
be helpful to explain the damage evolution during this period. In the 
damage repair stage, the temperature of the system decreases gradually 
with the repair of lattice defects. In the defect stabilization stage, the 
number of defect atoms is stable, the system further dissipates heat and 
the residual stress in the system is released at this stage. 

Fig. 8 shows the temperature cloud profile of the Newtonian layer in 
the system at a special moment after implantation, which is calculated 
by using the spherical average algorithm of 2 nm. Among them, Fig. 8 
(a) (b) (c) correspond to the IDS defect number distribution diagram, 
temperature cloud diagram and hydrostatic stress cloud diagram at the 
time of maximum temperature after implantation (0.4 ps after implan-
tation), namely the peak point of temperature curve in Fig. 7. There is a 
strong compressive stress in the region below the implantation region 
due to strong recoil and cascade effect, which causes thermal vibration 
of the lattice and produces many lattice defects. From the temperature 
cloud chart, it can be seen that the average kinetic energy of atoms is 
large, and the local temperature is high, namely, the thermal peak effect 
is generated. The high-temperature area is layered and wrapped due to 
heat dissipation. The experimental melting point of 4H–SiC is 3123.1 K 
[60], and the melting point temperature calculated by Tersoff potential 
is slightly higher than the experimental value, 3430 K [61]. In the 
simulation, the local maximum temperature is 3330.43 K, slightly lower 
than the melting point. However, at the implantation fluence of 4E15 
cm− 2 and 6E15 cm− 2, the temperature of some regions may exceed the 
melting point, but such high temperature regions can only last several 
tens of atomic vibration cycles, which is also in line with the concept of 
thermal equilibrium. Therefore, even if the melting point is exceeded in 
this local area, due to its rapid heating and short duration, other sur-
rounding atoms can also constrain it, and it is most likely to be a su-
perheated solid state rather than a real melting in the region. After high 
temperature, self-annealing effect will be induced, and part of the de-
fects will be repaired. Fig. 8(d) (e) (f) is the final moment in the simu-
lation (164 ps). In Fig. 8 (e), due to the limitation of heat dissipation 
efficiency of the constant temperature layer and computing resources, 
the whole model could not be cooled to room temperature eventually, 
but the overall temperature was low. Fig. 8 (f) shows that medium and 

Fig. 6. EPR test results of H implanted 4H–SiC samples.  

Fig. 7. Potential energy, number of damaged atoms and temperature of the 
model during implantation. 

T. Sun et al.                                                                                                                                                                                                                                      



Ceramics International 49 (2023) 7452–7465

7457

Fig. 8. Temperature cloud and IDS defect distribution during implantation process.  
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extremely strong compressive stress is released, and there is tensile 
stress in the final model that resists the action of pressure. Combined 
with the comparison of the number of defects before and after in Fig. 8 
(a) and (d), some defects annihilate in the process of self-annealing, and 
the self-annealing effect is more obvious in the high-temperature region. 
The contents in Figs. 7 and 8 have shown the changes of the model in the 
process of hydrogen ion implantation. The following contents mainly 
analyze and study the defect production and distribution at the final 
moment after hydrogen ion implantation. 

Firstly, all defects are identified according to the process in Fig. 9, the 
positions of VCVSi are located and the defective atoms are calibrated. 
Through the atomic trajectory generation function of OVITO, we can 
trace back from the perfect lattice state of the VCVSi at the initial time, 
generate the moving trajectories of the displaced atoms in the original 
perfect lattice, and observe the generation process. The generated tra-
jectories are shown in Fig. 10. Comparing the initial and final moments 
and atomic trajectories of the proton implantation process, VCVSi is 
generated by the adjacent carbon atoms and silicon atoms in the perfect 
lattice at the initial moment being bombarded and displaced by protons. 
After being bombarded by protons, the displaced carbon atoms replace 
the atoms in the adjacent perfect lattice to form a perfect lattice through 
cascade collision, and the displaced silicon atoms fail to produce sub-
stitutions to become interstitial atoms. Thus, it can be found that the 
displaced atoms will displace into perfect lattices or interstitial atoms 
near the lattice after they leave their original positions. From the 
observation of the starting and ending positions of the VCVSi in the 
figure, it can be found that during the implantation and relaxation 
process, due to the position change caused by the lattice thermal vi-
bration and the internal stress of the system, the overall position moves 
towards the positive direction of the Z axis. 

The spherical average algorithm with 2 nm radius was used to 
calculate the hydrogen ions implantation model at each implantation 
fluence and derive its cloud image. Meanwhile, the internal defects are 
characterized through Identify Diamond Structure (IDS) analysis, and 
the profile of the main action area in the model is selected for display. 
The results are shown in Fig. 11. Only at the fluence of 6E15 cm− 2, a 
large number of amorphous atoms appeared in the model, and the 

residual stress was large. At the other fluence, the model suffered little 
damage at the final moment, and the internal stress was mainly the 
tensile stress of the residual part after hydrogen ions implantation. The 
residual tensile stress is due to the strong cascade collision and thermal 
peak effect caused by high-speed hydrogen ion bombardment of the 
sample at the beginning of implantation. At this time, the region with 
large number of defective atoms, high temperature and strong atomic 
collision in the system has extremely strong compressive stress, as 
shown in Fig. 8. The subsequent system is gradually stabilized, and the 
defects are repaired, and the stress is released in the process of tem-
perature reduction, but the stress cannot be completely released. Finally, 
the whole system will reflect the tensile stress that resists compression 
and the retained defect atoms. The implantation fluence of 6E15 cm− 2 is 
too high, and there are too many damaged atoms, which exceeds the 
recovery ability of self-repair, so there are a lot of residual compressive 
stress and a lot of amorphous atoms in the system at the final moment. It 
can be concluded that when hydrogen ion is used for defect 
manufacturing of devices, to avoid defect amorphous and ensure the 
quality of devices, it is necessary to control the implantation fluence of 
hydrogen ion not too high. 

At the final moment of each implantation fluence, defect atoms were 
extracted by combining IDS with coordination number, as shown in 
Fig. 12. With the increase of implantation fluence, the total number of 
defect atoms is also increasing, and the defects are mainly distributed 
within 30 nm below the surface. The number of statistical defect atoms is 
shown in Table 5, and the change trend is shown in Fig. 13. As can be 
seen from Table 5, VC has the highest yield, followed by VSi and VCVSi, 
which is because the formation of VC is the lowest, VSi is the second, and 
VCVSi is the highest [59]. By observing the trend between the number of 
defects and implantation fluence in Fig. 13, we found the same rule as in 
the experiment, that is, with the increase of implantation fluence, the 
number of VSi and VCVSi color center defects increased first and then 
decreased, while the number of VC increased all the time, which was 
consistent with the experimental results. Further exploring the mecha-
nism, combining Fig. 13 with the experimental results (Fig. 5) and the 
simulation cloud results (Fig. 11), it can be found that the cascade col-
lisions caused by proton implantation will reduce the structural integrity 

Fig. 9. Defect identification process.  

Fig. 10. Divacancy generation process.  
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of the prepared color centers and introduce more amorphous atoms and 
carbon vacancy defects. Meanwhile, when the flux of proton implanta-
tion fluence increases, the thermal peak effect inside the sample is 
stronger and the self-annealing effect is stronger at a higher tempera-
ture, which eventually manifests itself as a lower yield of the color cores 
at high implantation fluence. According to the experimental and simu-
lated results, combined with the application context of color centers, the 
simulated fluence of 4E15 cm− 2 is similar to the experimental 

implantation fluence of 1E15 cm− 2, which can make the sample still 
have a relatively good lattice quality less carbon vacancy defects and the 
highest number of color centers, which is the best implantation fluence 
to fabricate devices with high number of color centers. 

Statistical distribution of defective atoms was compared with Monte 
Carlo simulation (SRIM), and the results were shown in Fig. 14(a). The 
results of Monte Carlo simulation and molecular dynamics simulation 
show a similar distribution trend of damaged atoms. Defects are 

Fig. 11. Cloud image of model defect, temperature, and stress after hydrogen implantation.  
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distributed within 60 nm, there are more damage in the middle damage 
region (10 nm–30 nm), and less damage in the surface and deep areas, 
which is determined by the hydrogen ion implantation energy. Fig. 14 
(b) shows the distribution of silicon vacancy defects and carbon vacancy 
defects (2E15 cm− 2 fluence). According to the image information, the 
most densely distributed region of VSi is about 10 nm below the surface, 
while the VC is deeper than the VSi, and the most densely distributed 
region is about 20 nm below the surface. In addition, VC still exist below 
40 nm, while VSi almost do not exist below 30 nm. The reason is that the 
formation energy of VSi is higher than that of VC, and when the proton 
reaches the depth, it has lost some energy, and the probability of forming 
VSi is lower than that of forming VC. 

The distribution of VSi and VC defects at different fluence by MD 

simulation was statistically shown in Fig. 15. It was found that with the 
increase of implantation fluence, the maximum position of VC moved 
towards to the deeper of the sample, while the maximum position of VSi 
moved closer to the surface. At the fluence of 6E15 cm− 2, the maximum 
position of VSi was even only 1.8 nm below the surface. 

3.3. Annealing MD simulation 

Annealing simulation was conducted at 2293 K for the results of 
hydrogen ion implantation at a fluence of 2E15 cm− 2. The number of 
defects at different stages in the annealing process is shown in Fig. 16. I 
is the constant temperature relaxation process at 293 K, II is the heating 
process, III is the constant temperature relaxation process at 2293 K, IV 
is the cooling process, and V is the constant temperature relaxation 
process at 293 K. Defects in the system before annealing were marked 
with “Old”, and new defects in the annealing process were marked with 
“New”. In the heating process (II), the original VC and VSi annihilated 
more than the new formed vacancies, and the total number decreased. 
However, while a small amount of original CSiVC (CV) annihilated, many 
new CSiVC were generated at the same time, and the total number 
increased. The original VCVSi is also partially reduced, but the number of 
new generations is more than its annihilation number, and the total 
number of VCVSi increases. This indicates that the thermal stability of VC 
and VSi is poor, and the generation mechanism of CSiVC and VCVSi is 
related to temperature change. In the high temperature relaxation pro-
cess (III), both the “Old” and “New” VC were partially annihilated, while 
VSi were both annihilated and generated, and the CSiVC were partially 
annihilated. In other words, all the defects except the divacancies were 
annihilated in total number. In the cooling process (IV), the number of 
all defect atoms increases, and the increase of the number of defects in 
the stage IV is greater than the number of defects in the stage III anni-
hilation, indicating that the annihilation defects in the previous process 
reappear, and new defects are also formed. Comparing the number of 
defects after annealing with that before annealing, it can be found that 
the number of VC decreases, and the number of VSi, CSiVC and VCVSi 
increases. Therefore, it can be found that the thermal stability of VC is 
poor, and the yield of defects with excellent properties can be further 
improved by annealing. The annealing results verified the results of the 
annealing experiment conducted by Ruehl M et al. [27] at 600–1000 ◦C 
in terms of the number of defects and defect transformation (VSi con-
verting to VCVSi during heating), which was caused by the overestimate 
of temperature by Tersoff/ZBL potential [42]. 

At the final moment after annealing at 2293 K, the change of defect 

Fig. 12. Defects distribution for proton implanted 4H–SiC.  

Table 5 
Defects counts at different fluence.  

Fluence(cm− 2) Carbon vacancies Silicon vacancies Divacancies 

1E15 453 55 5 
2E15 894 92 6 
4E15 1451 114 12 
6E15 1663 100 7  

Fig. 13. Variation trend of defect number at different fluence.  
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distribution before and after annealing was counted. The results are 
shown in Fig. 17. Although the number of defects before and after 
annealing is different, the distribution trend of defect atoms is almost the 
same. VSi are mainly distributed within 15 nm below the surface, while 
VC are deeper than VSi, and the most densely distributed area is about 20 
nm below the surface. In addition, VC still exist below 40 nm, while VSi 
almost do not exist below 30 nm. 

After analyzing defect generation and transformation in 2293 K 
annealing process and defect distribution after annealing, a further 
simulation study was conducted on defect generation at different 
annealing temperatures and the experimental results of Ruehl M et al. 
[27] were compared and verified. Due to the limitation of computational 

resources, only partial annealing was performed in multi-temperature 
annealing simulation. The defect numbers were counted at 593 K, 
893 K, 1493 K, 1893 K and 2293 K for the model with 4E15 cm− 2 

hydrogen ion implantation fluence, and the results were shown in 
Fig. 18. As can be seen in Fig. 18, the number of defects except CSiVC 
increases at low annealing temperature. With the increase of annealing 
temperature, the number of VC decreases, the number of VSi, VCVSi and 
CSiVC increases. Further, the number of VSi decreases, while the number 
of VCVSi and CSiVC increases, and the increase rate of CSiVC is higher than 
that of VCVSi. This is consistent with the results below 1000 ◦C of Ruehl 
M et al. [27]. At 1493 K, 1893 K and 2293 K, only the transformation 
from VSi to VCVSi was observed. The transformation at 2293 K is shown 

Fig. 14. (a) Comparison of defect atomic distribution between SRIM simulation and MD simulation (b) Defect distribution of VC and VSi (2E15 cm− 2).  

Fig. 15. Defect distribution at each fluence (a) VSi distribution at different implantation fluence (b) VC distribution at different implantation fluence by 
MD simulation. 

Fig. 16. Defect number change during annealing process.  
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in Fig. 19. At the same time, the original displaced carbon atom also 
filled the neighboring VC, and the transformation from VSi to CSiVC has 
not been observed yet, perhaps because of the small number of defects. 
The known results have shown that the yield of different defects can be 
improved by controlling different temperatures, and there are trans-
formation phenomena in the formation process of various defects. 

3.4. Dual ion implantation simulation 

Firstly, Monte Carlo is used to simulate the distribution of defect 
atoms after dual ions implantation under different C and H atom ratios. 
The energy of C and H atoms was 2 keV and the implantation angle was 
7◦. The simulation results were shown in Fig. 20. As can be seen from the 
figure, when protons and carbon ions with the same energy are 
implanted into silicon carbide, the carbon ions will introduce more 
damaged atoms. It can also be seen that in the case of carbon ion and 

hydrogen ion implantation, the position distribution trend of damaged 
atoms is affected by the fluence ratio of carbon ion and hydrogen ion, 
and the ratio of implanted carbon ion and hydrogen ion should be 
reduced if the defect is to be created in depth. 

Further, the H implantation was selected and compared with the 
results of 500 C + 99500 H dual ions implantation, as shown in Fig. 21 
(a). It can be seen that the implantation of carbon atoms will lead to a 
higher concentration of damaged vacancy atoms on the surface at 10 
nm. At the same time, the distribution of damaged vacancy atoms in the 
deep region is almost the same as that of proton implantation, indicating 
that it is regulated by protons in the deep region. This is because carbon 
ions and hydrogen ions with the same energy have different implanta-
tion depths, so their positions with the strongest defect generation ca-
pacity are also different. Carbon ions have a shallow implantation depth 
and a strong defect generation capacity in the shallow layer, while 
protons have the opposite. 

Fig. 17. Defect distribution after annealing (a) Silicon vacancy distribution (b) Carbon vacancy distribution.  

Fig. 18. Number of defects at different annealing temperatures.  

Fig. 19. Conversion of silicon vacancy into divacancy. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.) 

Fig. 20. Defect atoms distribution under different C and H atomic fluence ra-
tios under SRIM simulation. 
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According to the preliminary simulation results of SRIM, it is theo-
retically feasible for dual ions implantation to control the distribution of 
defects, but molecular dynamics simulation is needed to simulate and 
analyze the specific distribution of different kinds of defects. 

In molecular dynamics dual ions implantation simulation, C atom 
was pre-implanted and then H atom was implanted. Three fluence of 
5E13 cm− 2 C+ 1E15 cm− 2 H, 5E13 cm− 2 C+ 2E15 cm− 2 H and 1E14 
cm− 2 C+ 2E15 cm− 2 H were selected in the implantation process. The 
distribution of defects after dual ions implantation was analyzed, and 
the results were shown in Fig. 21 (b) and Fig. 21 (c). From this, it can be 
seen that C + H atom dual ions implantation can realize the regulation of 
defect distribution, that is, the maximum position of defect yield can be 
controlled between the maximum position of defect yield when single C 
atom or H atom is implanted. 

Analysis is made from the number of defects and their distribution. 
The number of defects is shown in Fig. 22. It can be seen from Fig. 22 (a) 
that after pre-implantation of C atom at 5E13 cm− 2 fluence, the number 
of all defects increases with the increase of implantation fluence of H 
atom. In Fig. 22 (b), the number of defects in both H atom single 

implantation and C + H atom dual ions implantation at the same H atom 
implantation fluence is higher than that in pure H atom implantation, 
because C atom implantation also introduces many defects. The defect 
generation capacity of H atom in different pre-processed samples can be 
obtained by subtracting the number of defects in the samples after C 
atom pre-implantation from the final moment after dual ions implan-
tation. The results are shown in Fig. 22 (c). Under the pre-implantation 
of C atom at the fluence of 5E13 cm− 2, the ability of producing VSi de-
fects by H ions implantation in dual-implantation will be improved, 
while the ability of producing VC defects will be reduced. The VCVSi 
defect generation capacity is also stronger when the proton fluence in-
creases, which indicates that the low fluence of C atom pre-implantation 
is helpful to improve the color center yield and reduce the electrical 
property damage of SiC defect processing. What happens if we increase 
the pre-implantation of C atoms? As shown in Fig. 22 (d), 1E14 cm− 2 

fluence of C atoms pre-implantation fluence VSi production to further 
improve the overall efficiency of the H atoms, but VCVSi production 
decline and VC number increase, so in the process of dual ions implan-
tation to make the color center defects, if VSi is pursued without much 

Fig. 21. Comparison of defect distribution between C + H atom dual ions implantation and C/H atom single implantation (a) Defect atoms distribution in SRIM 
simulation, (b) VSi distribution, (c) VC distribution. 

Fig. 22. The change of the number of dual ions im-
plantation defects (a) The same fluence C under pre- 
implantation fluence of H atoms into the dual ions 
implantation defects of contrast, (b) H atom single 
implantation compared with C + H atom dual ions 
implantation, (c) The defect generation capacity of H 
atom after C atom pre-implantation was compared 
with that of H atom implanted alone, (d) The same 
fluence of H atoms into. Defect generation after 
different pre-implanted fluence of C atom.   
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consideration of electrical performance damage, the pre-implantation 
fluence of C atom in dual ions implantation can be increased. To ach-
ieve better VCVSi color center output and control electrical damage, it is 
necessary to control the pre-implanted fluence of C atoms in dual ions 
implantation. 

4. Conclusion 

Silicon carbide color center is a research hotspot, and there are many 
related experimental studies, but there are few studies that combine 
experiments with atomic level theoretical model simulation based on 
hydrogen ion implantation, annealing and defect transformation. At the 
same time, in many studies, only VSi related contents were discussed, 
and other defects of silicon carbide were not fully discussed, that is, most 
studies did not pay much attention to VCVSi and VC. In this paper, the 
defect changes and related annealing process of H ion and C + H dual 
ions implanted 4H–SiC were further studied by combining experiments 
and atomic level simulation. The main conclusions are as follows: 

(1) In the experiment and simulation study of hydrogen ion im-
plantation silicon carbide defects, with the increase of hydrogen 
ion implantation fluence, the number of silicon vacancies and 
divacancies increases first and then decreases, and the number of 
carbon vacancies increases at the same time, so the optimal im-
plantation fluence of hydrogen ion implantation silicon carbide 
color center defects is found. In the experiment of hydrogen ion 
implantation into 4H–SiC with energy of 250 keV in this paper, 
according to the test results of photoluminescence spectrum in 
the experiment, the optimal implantation fluence of 1E14cm− 2, 
1E15cm− 2, 1E16cm− 2 is 1E15cm− 2(between 1E14 cm− 2 and 
1E16 cm− 2). In the proton implantation simulation at 2 keV en-
ergy in this paper, the optimal implantation fluence of 1E15 
cm− 2, 2E15 cm− 2, 4E15 cm− 2 and 6E15 cm− 2 is 4E15 cm− 2. 

(2) By annealing simulation of the results after hydrogen ion im-
plantation, the results were compared with those of Ruehl M et al. 
[27] in the annealing experiment after hydrogen ion implanta-
tion, and the same defect number variation rule was obtained. 
That is, the existence of the optimal annealing temperature of VSi 
and VCVSi is verified by atomic scale simulation, and the process 
of VSi to VCVSi transformation during annealing is confirmed.  

(3) Through SRIM and molecular dynamics simulation of C + H dual 
ions implantation process, the feasibility of dual ions controlling 
the highest defect yield region and increasing near surface defect 
yield (<10 nm) was confirmed. In addition, the molecular dy-
namics simulation results show that the pre-implantation of low 
fluence C ions is helpful to improve the yield of color center. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Acknowledgements 

The study was supported by the National Natural Science Foundation 
of China (No. 52035009, 51761135106), 2020 Mobility Programme of 
the Sino-German Center for Research Promotion (M − 0396), the Key 
Lab of Modern Optical Technologies of Education Ministry of China, 
Soochow University, and the ‘111’ project by the State Administration of 
Foreign Experts Affairs and the Ministry of Education of China (Grant 
No. B07014). 

References 

[1] I. Aharonovich, D. Englund, M. Toth, Solid-state single-photon emitters, Nat. 
Photonics 10 (2016) 631–641. 

[2] G. Balasubramanian, I. Chan, R. Kolesov, M. Al-Hmoud, J. Tisler, C. Shin, C. Kim, 
A. Wojcik, P.R. Hemmer, A. Krueger, Nanoscale imaging magnetometry with 
diamond spins under ambient conditions, Nature 455 (2008) 648–651. 

[3] M. Dutt, L. Childress, L. Jiang, E. Togan, J. Maze, F. Jelezko, A.S. Zibrov, P. 
R. Hemmer, M. Lukin, Quantum register based on individual electronic and nuclear 
spin qubits in diamond, Science 316 (2007) 1312–1316. 

[4] F. Jelezko, J. Wrachtrup, Single defect centres in diamond: a review, Phys. Status 
Solidi 203 (2010) 3207–3225. 

[5] P. Neumann, N. Mizuochi, F. Rempp, P. Hemmer, H. Watanabe, S. Yamasaki, 
V. Jacques, T. Gaebel, F. Jelezko, J. Wrachtrup, Multipartite entanglement among 
single spins in diamond, Science 320 (2008) 1326–1329. 

[6] S. Liu, E. Wang, S. Liu, C. Guo, H. Wang, T. Yang, X. Hou, Mild fabrication of SiC/C 
nanosheets with prolonged cycling stability as supercapacitor, J. Mater. Sci. 
Technol. 110 (2022) 178–186. 

[7] W. Liu, J. Chen, T. Yang, K.-C. Chou, X. Hou, Enhancing photoluminescence 
properties of SiC/SiO2 coaxial nanocables by making oxygen vacancies, Dalton 
Trans. 45 (2016) 13503–13508. 

[8] L. Zhao, Surface defects in 4H-SiC homoepitaxial layers, Nanotechnol.Precis. Eng. 3 
(2020) 229–234. 

[9] F.F. Yan, J.F. Wang, Q. Li, Z.D. Cheng, J.M. Cui, W.Z. Liu, J.S. Xu, C.F. Li, G.C. Guo, 
Coherent control of defect spins in silicon carbide above 550 K, Phys. Rev.Appl. 10 
(2018). 

[10] H. Bardeleben, E. Rauls, U. Gerstmann, Carbon Vacancy-Related Centers in 3 C 
-silicon Carbide: Negative- U Properties and Structural Transformation, 2020. 

[11] H.M. Ayedh, R. Nipoti, A. Hallén, B.G. Svensson, Elimination of carbon vacancies 
in 4H-SiC employing thermodynamic equilibrium conditions at moderate 
temperatures, Appl. Phys. Lett. 107 (2015), 252102. 

[12] P.B. Klein, Carrier lifetime measurement in n- 4H-SiC epilayers, J. Appl. Phys. 103 
(2008), 1703-1150. 

[13] T. Kimoto, J.A. Cooper, Fundamentals of Silicon Carbide Technology: Growth, 
Characterization, Devices and Applications, John Wiley & Sons, 2014. 

[14] H. Dong, Z. Fang, T. Yang, Y. Yu, D. Wang, K.-C. Chou, X. Hou, Single crystalline 
3C-SiC whiskers used for electrochemical detection of nitrite under neutral 
condition, Ionics 22 (2016) 1493–1500. 

[15] P. Friedrichs, T. Kimoto, L. Ley, G. Pensl, Silicon Carbide, Volume 2: Power Devices 
and Sensors, Wiley, 2011. 

[16] M. Posselt, F. Gao, W.J. Weber, Atomistic simulations on the thermal stability of 
the antisite pair in 3C- and 4H-SiC, Phys. Rev. B 73 (2006), 125206. 

[17] X. Wang, Z. Yuan, P. Zhuang, T. Wu, S. Feng, Study on precision dicing process of 
SiC wafer with diamond dicing blades, Nanotechnol.Precis. Eng. 4 (2021), 033004. 

[18] J. Schneider, H.D. Muller, K. Maier, W. Wilkening, F. Fuchs, A. Dornen, 
S. Leibenzeder, R. Stein, Infrared spectra and electron spin resonance of vanadium 
deep level impurities in silicon carbide, Appl. Phys. Lett. 56 (1990) 1184–1186. 

[19] L. Zhou, T. Yang, L. Zhu, W. Li, S. Wang, X. Hou, X. Mao, Z.L. Wang, Piezoelectric 
nanogenerators with high performance against harsh conditions based on tunable 
N doped 4H-SiC nanowire arrays, Nano Energy 83 (2021), 105826. 

[20] L. Zhou, L. Zhu, T. Yang, X. Hou, Z. Du, S. Cao, H. Wang, K.-C. Chou, Z.L. Wang, 
Ultra-stable and durable piezoelectric nanogenerator with all-weather service 
capability based on N doped 4H-SiC nanohole arrays, Nano-Micro Lett. 14 (2021) 
30. 

[21] A. Heft, E. Wendler, T. Bachmann, E. Glaser, W. Wesch, Defect production and 
annealing in ion implanted silicon carbide, Mater. Sci. Eng., B 29 (1995) 142–146. 

[22] Y. Song, Z. Xu, T. Liu, M. Rommel, F. Fang, Depth profiling of ion-implanted 
4H–SiC using confocal Raman spectroscopy, Crystals 10 (2020) 131. 

[23] Y.-C. Chen, P.S. Salter, M. Niethammer, M. Widmann, F. Kaiser, R. Nagy, 
N. Morioka, C. Babin, J.r. Erlekampf, P. Berwian, Laser writing of scalable single 
color centers in silicon carbide, Nano Lett. 19 (2019) 2377–2383. 

[24] J. Liu, Z. Xu, Y. Song, H. Wang, B. Dong, S. Li, J. Ren, Q. Li, M. Rommel, X. Gu, 
B. Liu, M. Hu, F. Fang, Confocal photoluminescence characterization of silicon- 
vacancy color centers in 4H-SiC fabricated by a femtosecond laser, Nanotechnol. 
Precis. Eng. 3 (2020) 218–228. 

[25] T. Ohshima, T. Satoh, H. Kraus, G.V. Astakhov, V. Dyakonov, P.G. Baranov, 
Creation of silicon vacancy in silicon carbide by proton beam writing toward 
quantum sensing applications, J. Phys. Appl. Phys. 51 (2018), 333002. 

[26] S. Castelletto, A. Atem, F.A. Inam, H. Bardeleben, J.M. Bluet, Deterministic 
placement of ultra-bright near-infrared color centers in arrays of silicon carbide 
micropillars, Beilstein J. Nanotechnol. 10 (2019) 2383–2395. 

[27] M. Ruehl, C. Ott, S. Goetzinger, M. Krieger, H.B. Weber, Controlled generation of 
intrinsic near-infrared color centers in 4H-SiC via proton irradiation and annealing, 
Appl. Phys. Lett. 113 (2018), 122102. 

[28] Z. Wang, R. Li, W. Song, Dynamic failure and inelastic deformation behavior of SiC 
ceramic under uniaxial compression, Ceram. Int. 46 (2019). 

[29] W. Liao, C. He, H. He, Molecular dynamics simulation of displacement damage in 
6H-SiC, Radiat. Eff. Defect Solid 174 (2019) 1–12. 

[30] E. Lee, A. Yu, J.D. Pablo, G. Galli, Stability and molecular pathways to the 
formation of spin defects in silicon carbide, Nat. Commun. 12 (2021), 6325. 
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