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Abstract
Negatively charged nitrogen-vacancy (NV-) centers in diamond produce a characteristic optical zero-phonon line (ZPL) at 637 nm. This emission line can be observed under optical excitation (i.e. photoluminescence), but is rarely observed under electron excitation (i.e. cathodoluminescence). This study reports that low-temperature (80 K) and low energy (5 keV) cathodoluminescence spectroscopy is able to detect emission peak or spectral dip at the ZPL of NV- centers. The spectral dip was observed in the diamond samples with high concentration of NV- centers produced by high-energy (2 MeV) e-beam (EB) irradiation. The effects of EB irradiation fluence, NV- centers concentration and substitutional nitrogen concentration on the formation of spectral dip were discussed, and a model based on the NV- absorption of NV0 emission sideband is proposed. 
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1. 
Introduction 
Nitrogen-vacancy (NV) centers, which are typical color centers in diamond crystals and have been studied for more than 50 years. The negatively charged NV- centers have interesting features such as single photons emission [1], optical induced spin polarization [2], optical-spin state detection [3], long spin coherence time [4, 5], and high sensitivity as quantum sensors [6, 7]. Among the material platforms for spin-quantum technology, NV- centers have attracted a great deal of attention and are leading the state-of-the-art in quantum networks [8, 9].
[bookmark: _Hlk166577280]NV centers exist in diamonds, although the number of naturally formed NV centers is in small amount. They can also be artificially created by irradiating nitrogen-containing diamond with high energy particles such as electrons, neutrons and ions [10-13]. Over the past two decades, the defect structure and electronic structure of NV centers have been extensively studied based on various experimental methods and density functional theory calculations [14-17]. The trigonal symmetry and the ground state - excited state electronic nature of NV centers was established in early optical studies by Davies and Hamer [14]. The defect structure of NV center is described as a pair of substitutional nitrogen adjacent to a carbon vacancy orientated along the [111] direction and the point group symmetry of NV centers is C3v. 
In general, NV centers have two charge states, neutral NV0 and negative NV-. The zero-phonon lines (ZPLs) of the NV0 and NV- centers are 2.156 eV (575 nm) and 1.945 eV (637 nm), respectively. The sharp ZPLs of the NV centers indicated that the optical transitions occur between discrete levels within the bandgap of diamond. The ZPL of NV- centers associated with the radiative transition 3E  3A2, in which both the ground state (3A2) and the excited state (3E) are spin triplet. The ZPL of NV0 centers associated with the radiative transition 2A  2E, in which both the ground state (2E) and the excited state (2A) are spin doublet [15]. The ZPLs accompanied by phonon-assisted sidebands can be observed in photoluminescence spectra for both charge states [18]. On the other hand, the detection of ZPL of NV- under electron [19-24] or X-ray [25] excitation was rarely observable. In fact, a large number of cathodoluminescence (CL) observations have been made on diamond crystals, ranging from bulk, thin films to nanocrystals, but few of them have detected the emission of NV- centers. Only one exception was reported by Watanabe et al., who detected weak emission of NV- centers at 16 K in their cryogenic CL measurement [26]. 
The question arises why NV- emission under electron excitation is less intensive? Many studies have shown that the most likely reason is related to the ionization of NV- centers. While photoluminescence involves only transitions between the ground and excited states of the NV- center, whereas electron excitation involves electron and hole trapping, transitions between the ground and excited levels, as well as the structural transformations due to electron/hole trapping and release [27]. Even under optical excitation, the charge state of NV centers can change from negative to neutral due to the ionization [28-31], indicating that NV- centers are not photochemically stable. A recent study using pump-probe CL spectroscopy also confirmed the conversion from NV- to NV0 by electron excitation during CL measurements [32]. The absence of NV- emission in CL spectra may be due to the ionization induced by high-energy electron beam excitation, analogous to photoionization. Recently, electroluminescence detection of NV- centers has been achieved on a diamond p-i-n diode by introducing an i-layer to stabilize the negative state of NV- centers [33], suggesting that the charge state of NV- centers can be controlled under electrical excitation.
[bookmark: _Hlk164937562]To realize diamond quantum devices driven electronically, revealing possible influence of electron excitation on NV- centers energy level structure is very important. Most of the reported CL experiments were performed at room temperature and the spectral resolution was limited by the experimental setup. Furthermore, due to the lack of suitable diamond samples, research in this field is not comprehensive enough. Important factors such as irradiated electron fluence, concentration of NV- centers and substitutional nitrogen centers (P1 centers), and their effects on the electrical and/or optical behaviors of NV- centers have not been fully investigated. In this study, a comprehensive CL observation of high-quality CVD-grown diamond crystals with designed concentration of NV- centers was carried out. The electron beams used for the irradiation process and the CL observation were different: a high-energy (2 MeV) electron beam was used to generate high concentration of NV- centers, while a low-energy (e.g., 5 keV) electron beam was used for the CL observation. This study shows that the low-temperature and low-energy CL spectroscopy is capable of detecting the emission peak of NV- centers, and a spectral dip was observed at the ZPL of NV- centers for the first time. 


2. Material and methods 
The samples were nitrogen-doped free-standing diamond crystals homoepitaxially grown by a homemade microwave plasma-assisted CVD [34-36]. The substrates were commercial (100)-oriented type-Ib high-pressure/high-temperature (HPHT) grown diamond crystals with dimension of 3.5  3.5  1.0 mm3. 12C isotopically enriched methane (12C enrichment > 99.95%) was used as carbon source, and 15N-enriched nitrogen gas (15N enrichment > 98%) as doping source. Nitrogen doping efficiency is determined by controlling the ratio of nitrogen flow rate to methane gas flow rate (N/C ratio). Detailed information on growth methods has been presented in our previous studies [36, 37]. The N/C ratio was varied from 10,000 to 40, 000 ppm in order to grow samples with different nitrogen doping concentrations. The thickness of epitaxial crystals was 0.3~0.5 mm. The CVD-grown diamond layers were separated from the HPHT substrates by laser cutting and double-side mirror polished. The NV centers were introduced by e-beam irradiation (EB) followed by high-temperature annealing (HT). EB irradiation was performed with a high-energy (2 MeV) electron beam at electron fluence of 11017 ~ 11018 e/cm2, and high-temperature annealing was performed at 1350C for 2 hours under a vacuum below 210-5 Pa.
Table-I listed the diamond samples used in this study. The first set of experiments (samples AG, HT and EBHT1) was to compare the difference between the pristine (sample AG) and EB irradiated (sample EBHT1) states. In addition, sample that was only annealed at high-temperature annealing (sample HT) was included. These three samples (AG, HT, and EBHT1) were initially cut from the same CVD-grown diamond crystal (N/C ratio of 10,000 ppm) and then subjected to different processes. The second set of experiments was to investigate the effects of EB irradiation fluence, the concentration of P1 centers ([P1]), and the concentration of NV- centers ([NV-]) on the occurrence of spectral dip. Three samples (EBHT1, EBHT2, and EBHT3) were grown with different N/C ratios, and irradiated with high or low EB fluence. 
[image: ]Table-I.  CVD diamond samples used in this study. The N/C ratio, the fluence of EB irradiation, the concentrations of [P1] and [NV-], and the CL intensity of spectral dip and near-band-edge emission were listed. AG stands for as-grown, HT stands for high-temperature annealing, and EBHT stands for high-temperature annealing after EB irradiation. 
The concentrations of [P1] and [NV-] were measured by electron paramagnetic resonance (EPR) at 300 K using an X-band EPR spectrometer (FA-100, JEOL). The excitation frequency and power of microwave were 9.428 GHz and 0.02 W, respectively. The magnetic field modulation frequency and amplitude were 100 kHz and 0.02 mT, respectively. For more information on EPR measurements and analysis is referred to our previous study [38].
Photoluminescence (PL) measurements were performed to estimate the concentration of NV0 centers ([NV0]), since the NV0 centers could not be detected by EPR [39]. For this purpose, a confocal PL system with a 532 nm green laser was used (Nanofinder FLEX; Tokyo Instruments, Inc.), and a spectrometer (MS3504i; Tokyo Instruments, Inc.) was configured to the PL system. PL measurements yielded [NV0]/[NV-] ratio based on the luminescence intensities of NV0 and NV- centers. By multiplying [NV0]/[NV-] in PL with [NV-] in EPR, [NV0] was obtained [40]. 
The cathodoluminescence properties of NV centers, near-band-edge emission, and nitrogen-related defect emissions were investigated using a CL spectroscopy (HORIBA MP32 CL system) attached to a Hitachi SU6600 field-emission scanning electron microscope (FE-SEM). The specimen temperature was varied from room-temperature to 80 K using a liquid nitrogen cooling stage. In the following studies, CL spectra were taken at 80 K if not mentioned. The electron beam of the SEM and the grating of the CL system were carefully selected for the different emission bands: an electron beam with an accelerating voltage of 5 kV and a probe current of 4 nA was used for the excitation of NV centers and nitrogen-related defects, whereas an electron beam of 15 kV and 80 nA was used for the near-band-edge emission. For CL spectroscopy, 300 g/mm grating was generally used, 1200 g/mm fine grating for high spectral resolution and 100 g/mm grating to cover a wide wavelength range. The CL intensity was given in total counts. 
3. Results and Discussion
3.1. CL spectra of as-grown, annealed and irradiated diamonds
Figure 1 shows the CL spectra of an as-grown diamond sample taken at room-temperature (RT) and 80 K, respectively. For the NV0 centers, the ZPL (575 nm) and its sideband could be detected at both RT and 80 K. In contrast, for the NV- centers, it was difficult to distinguish the ZPL of the NV- centers at 637 nm from the room-temperature spectrum, and a weak emission peak at 637 nm was observed when cooled to 80 K. This suggested that although the luminescence intensity of NV- centers was weak in CL experiments, it was still possible to capture the luminescence of NV- [image: ]centers by lowering measurement temperature.
Figure 1. CL spectra of an as-grown diamond sample taken at room-temperature (RT) and 80 K. (a) Emission bands associated with the NV0 and NV- centers in the wavelength range of 550~750 nm; (b) Enlarged view of the spectra showing the weak emission peak at 637 nm detected in the spectrum at 80 K. The CL spectra were taken at 5 kV and 4 nA with a grating of 300 g/mm. (Color in print)
[bookmark: _Hlk158048089]Figure 2 shows the CL spectra of the as-grown (AG), high-temperature annealed (HT), and EB irradiated and high-temperature annealed (EBHT1) samples. The CL spectra of the AG and HT samples have the same shape with a weak emission peak at 637 nm. In contrast, the CL spectrum of the EBHT1 sample showed a distinct feature of spectral dip at 637 nm. This result was contrary to expectations, as we thought that EB irradiated samples might emit stronger [image: ]luminescence due to the higher concentration of NV- centers. 
Figure 2. CL spectra of the AG, HT, and EBHT1 samples. In the AG and HT samples, a weak emission peak was observed at 637, while in the EBHT1 sample, a spectral dip occurred at 637 nm. The CL spectra were taken at 5 kV and 4 nA with a grating of 300 g/mm. (Color in print)
Figure 3 is an enlarged view of the spectra near 637 nm in Fig. 2, where the emission peaks and/or spectral dip can be clearly identified. In the EBHT1 sample, the CL intensity at the spectral dip was reduced about 25% (dip depth) from the baseline. By comparing the spectral shapes of the three samples, we found two important features: (1) The width of spectral dip (full width at half minimum ~ 1.36 nm) was twice the width of the emission peak (full width at half maximum ~ 0.73 nm); (2) In the AG and HT samples, the CL intensity was slightly stronger on the short-wavelength side (< 636 nm) than on the long-wavelength side (> 638 nm). In the EBHT1 sample, the intensity difference between the two sides became small, implying that the intensity of sideband was changed [image: ]by the formation of spectral dip.
Figure 3. Enlarged view of the CL spectra near 637 nm in Fig. 2 clearly showed the spectral dip occurred in the EBHT1 sample (a) and the emission peaks in the HT (b) and AG (c) samples. (Color in print)
[image: ]We wanted to know if the concentration ratio of [NV-] to [NV0] would affect the emission peak or spectral dip. Therefore, we investigated the concentration of NV0 centers in these samples by PL measurements. Figure 4 shows the PL spectra of the AG and EBHT1 samples. The normalized PL intensities of the NV0 and NV- centers are listed in Table-II. In the AG and HT samples, the PL intensities of the NV0 and NV- centers were low, while in the EBHT1 sample they increased by a factor of 100~300. We denoted the total concentration of NV centers by [NVT], i. e., [NVT]=[NV-]+[NV0]. The ratio [NV-]/[NVT] was 0.77 in the AG sample, 0.80 in the HT sample, and 0.52 in the EBHT1 sample. This means that in the AG and HT samples, more than three-quarters of the NV centers were NV-, and in the EBHT1 sample half of the NV centers were NV-. This suggests that the absolute concentration of NV- centers may be the key factor influencing the appearance of spectral dip, rather than concentration ratio of [NV-] to [NV0].
[bookmark: _Hlk166256210]Figure 4. Photoluminescence spectra of the AG (a) and EBHT1 (b) samples taken at room temperature. [NVT] denotes the total concentration of NV centers ([NVT]=[NV-]+[NV0]). The ratio [NV-]/[NVT] was 0.77 in the AG sample, and 0.52 in the EBHT1 sample. (Color in print)
[bookmark: _Hlk166254233][image: ]Table-II. Normalized PL intensity of the NV0 and NV- centers in the AG, HT, and EBHT1 samples. The concentrations of NV0 and NV- centers were derived from PL and EPR measurements. 
3.2. Spectral dip in different EB irradiated diamonds
We observed diamond samples grown by CVD or high-pressure synthesis and found that spectral dip occurred in the EB irradiated samples regardless of growth method. However, the depth and width of spectral dip varied greatly from sample to sample. We have investigated different EB irradiated samples (EBHT1, EBHT2, and EBHT3 shown in Table-I) and considered the following factors such as the fluence of EB irradiation, the concentrations of P1 and NV- centers. The N/C ratio was 10,000 ppm for the EBHT1, and 40, 000 ppm for the EBHT2 and EBHT3. The EB irradiation fluence was 11018 e/cm2 for the EBHT1 and EBHT2, and 11017 e/cm2 for the EBHT3. The concentrations of the P1 and NV- centers based on EPR measurements were also listed in Table-I. The concentration [P1] in the EBHT1, EBHT2, and EBHT3 were 1.7, 2.5, and 2.8 ppm, and the concentration [NV-] was 1.5, 1.9, and 0.3 ppm, respectively. 
Figure 5 shows the spectral dips observed in the different EB irradiated samples. The spectra were taken with a fine grating of 1200 g/mm in order to obtain a high spectral resolution. We integrated the reduced photon counts at the dips and used it to assess the strength of spectral dip. The intensities (reduced photon counts) and widths (full width at half minimum) of the spectral dips were shown in Table-I. The EBHT1 and EBHT2 samples, which were irradiated with high fluence (high concentration of NV- centers), showed stronger dip intensities compared to the EBHT3 sample irradiated with low fluence (low concentration of NV- centers). The intensity of spectral dip was in the order EBHT1 > EBHT2 > EBHT3. The width of spectral dip was about 0.7 nm for the EBHT1 and EBHT3, and 1.0 nm for the EBHT2. This indicates that only the density of defects has varied in these samples. In the strongly dipped spectra (EBHT1 and EBHT2), the difference between the intensities of the short- and long-wavelength sides became smaller, while in the weakly dipped spectrum (EBHT3), the intensity of the long-wavelength side was slightly low. This further suggests that the variation of the sideband intensities depends on the strength of the spectral dip.

[image: ] Figure 5. Spectral dips in the EB irradiated samples with different N/C ratios and electron fluences. (a) EBHT1: 10,000 ppm & 11018 e/cm2; (b) EBHT2: 40,000 ppm & 11018 e/cm2; (c) EBHT3: 40,000 ppm & 11017 e/cm2. CL spectra were taken at 5 kV and 4 nA with a grating of 1200 g/mm. (Color in print)
3.3 Near-band-edge and nitrogen-related defect emissions 
The near-band-edge and nitrogen-related defect emissions were studied in all the samples (AG, HT, EBHT1~3). The near-band-edge emission was obtained under strong excitation condition (15 kV, 80 nA) and high spectral resolution (grating 1200 g/mm). CL measurements of nitrogen-related defect emissions were performed under weak excitation conditions (5 kV, 4 nA) and low spectral resolution (grating 100 g/mm) in order to cover a wide wavelength range. Figure 6 shows the CL spectra of the near-band-edge emissions from the AG, HT, and EB irradiated (EBHT1~3) samples. The near-band-edge emission consisted of the following peaks. The peak positions at 232.8 nm (5.326 eV) and 235 nm (5.277eV) were attributed to free-exciton emission accompanied with a transverse-acoustic (TA) phonon and a transverse-optical (TO) phonon, respectively. The peaks at 242.3 nm (5.118 eV) and 250 nm (4.96 eV) were phonon replica emissions of the 235 nm peak. The near-band-edge emission intensity of EBHT1 was more than one order of magnitude lower than that of AG and HT. Since these three samples were from the same CVD crystal but undergone different post treatments, the variation in the near-band-edge emission intensity suggested that high-temperature annealing has little effect on the emission, while EB irradiation greatly suppressed near-band-edge emissions due to the introduction of a large number of NV centers.
[image: ]In the EB irradiated samples, the CL intensity of near-band-edge emission was in the order of EBHT1 ~ EBHT3 >> EBHT2. Although the EB irradiation fluence was the same for the EBHT1 and EBHT2, a decrease in the near-band-edge emission intensity was more obviously observed in the EBHT2. Comparison of the concentrations of P1 and NV- centers showed that [P1] was in the order of EBHT3 > EBHT2 > EBHT1, while the [NV-] was in the order of EBHT2 > EBHT1 > EBHT3, which implied that the intensity of near-band-edge emission was not much affected by the concentration of P1 centers, but it was more likely to be suppressed with the presence of a high concentration of NV- centers.
Figure 6. CL spectra of near-band-edge emission of as-grown (AG), high-temperature annealed (HT), and three EB irradiated (EBHT1~3) diamond samples. CL spectra were taken at 15 kV and 80 nA with a grating of 1200 g/mm. (Color in print)

[image: ]Figure 7 compares the CL spectra of nitrogen-related defect emissions. According to the wavelengths, we divided the spectra into three bands, i.e., violet band (380~450 nm), blue-green band (450~560 nm), and yellow-red band (560~800 nm). Fig. 7a shows the spectra over a wide wavelength range of 300~900 nm, and the inset is a zoomed-in view of the ZPL emission line of NV0 centers at 575 nm. Fig. 7b shows a magnified view of the violet and blue-green bands. Under these observation conditions, it was difficult to distinguish the emission peaks or spectral dips of NV- centers.
Figure 7. Nitrogen-related defect emission bands from as-grown (AG), high-temperature annealed (HT), and EB irradiated (EBHT1~3) diamond samples. (a) CL spectra over a wide wavelength range of 300~900 nm, and the inset showed NV0 ZPL emission at 575 nm; (b) magnified view of the violet and blue-green emission bands in Fig. 7a. CL spectra were taken at 5 kV and 4 nA with a grating of 100 g/mm. (Color in print)
In the yellow-red band (560~800 nm) associated with NV centers, the spectra of all samples were similar in shape, with only intensity difference in the order of EBHT1 > EBHT3, EBHT2 > HT> AG. In the blue-green band (450~560 nm), the spectra became complex with the appearance of multiple emission lines associated with different types of nitrogen-related defects. Characteristic emission lines at 468 nm, 503 nm, 512 nm, and 533 nm could be identified. According to Zaitsev’s handbook [18], the emission line at 468 nm was assigned to nitrogen-related defect containing interstitial atoms; 503 nm was the well-known H3 center (NVN), which is a characteristic radiating center in diamonds; 512 nm was a defect containing B-type aggregate of nitrogen; and 533 nm was nitrogen-containing defects such as nitrogen-vacancy complexes. The intensity of these emission lines increased slightly after high-temperature annealing and further after EB irradiation. In the violet band (380~450 nm), new emission lines (389 nm, 442 nm) appeared in the EB irradiated samples especially EBHT1. The ZPL at 389 nm and its vibronic sidebands (399 nm, 410 nm, 421 nm, and 432 nm) were characteristic of irradiation damage produced in irradiated diamond. It was attributed to defects containing interstitial nitrogen or substitutional nitrogen bound to interstitial carbon; the ZPL at 442 nm resembled the line at 389 nm and was also associated with irradiation damage involving nitrogen and interstitial carbon. Overall, the CL intensities of both NV0 centers emission and nitrogen-related defect emissions were higher for the EBHT1 sample compared to the EBHT2 and EBHT3 samples.
[bookmark: _Hlk158045781]3.4. Discussion - the causes of spectral dip or emission peak
First, we discuss the formation mechanism of spectral dip occurred in CL spectra. The appearance of spectral dip in this study reminded us of the spectral hole burning phenomena reported in early literatures [41-46], in which burning-like holes were created in the absorption or excitation spectra due to absorption at a particular wavelength. It is noteworthy that the reported spectral hole burning phenomena were usually observed in the absorption/excitation spectra of photoluminescence experiments, while it was rarely reported in CL experiments. Early studies have shown that spectral hole burning was due to the splitting of excited state. In the case of NV- centers, it was interpreted as strain-induced splitting of 3A-3E transition [43]. As for the method of observing spectral hole burning, it is generally done under optical illumination using two lasers, one for burning and the other for detection. High resolution pump-probe lasers with ~MHz resolution were used to resolve the individual electronic transitions between different spin projections in the ground and excited states at low temperatures. However, at temperature above 40 K, these transitions were averaged out due to the dynamic Jahn-Teller effect [47]. In this study, the spectral dips were observed at 80 K and remained even at higher temperatures. The FWHM of the spectral dip is about 0.7~1 nm, which is larger than the reported linewidth of spectral hole burning. Therefore, we suspected that the formation mechanism of the spectral dip is different from that of the spectral hole burning. 
Previous PL studies have reported that in the emission spectra of NV0 centers there was a very small contribution from the NV- centers with ZPL at 637 nm probably due to absorption from the NV0 emission, and in addition an absorption dip at 725 nm was observed [48]. The formation of spectral dip in CL spectra may be caused by similar absorption. A possible model that explains the appearance of the spectral dip observed in this study is shown in Fig. 8. This model shows that the spectral dip appears because the sideband of the NV0 emission is absorbed by the NV- centers.
[image: ]Figure 8. Schematic diagram of the formation mechanism of spectral dip with respect to the concentration of NV- centers. When the concentration of NV- centers is high, the absorption of NV0 emission sideband by NV- centers becomes significant, and a spectral dip may be formed in the sideband due to the strong absorption near the ZPL wavelength (637 nm) of NV- centers.
Under electron excitation in CL experiments, the following electronic and optical transitions may occur: (1) transition from the NV0 ground state to the excited state; (2) relaxation of the NV0 excited state to the ground state via photon emission; (3) absorption of the NV0 emission sideband by the NV- centers; and (4) emission from the NV- centers. In EBHT samples, there is a large number of NV- centers that can effectively absorb the NV0 emission sideband; on the other hand, the ZPL emission of NV- centers is rather weak in CL measurements because that the NV- centers may be easily be converted into NV0 before emission. When the absorption is larger than the emission, a spectral dip may be formed. In the unirradiated samples (AG and HT), the concentrations of NV0 and NV- centers are two orders of magnitude lower. The sideband emission from NV0 centers is weak, while the absorption in the low concentration NV- centers is negligible and does not result in spectral dip.
The weak emission peak detected in the AG and HT samples could be attributed to the higher proportion of NV- centers and the negative charge state. The charge states of NV centers depended on the concentration ratio of NV centers ([NVT]) to the substituted nitrogen ([P1]). When the ratio [NVT]/[P1] was less than 0.2, the negative charge state of the NV centers is easier to maintain [40]. As shown in Table-II, the [NVT]/[P1] ratio was 0.005 in the AG and HT samples, so that the NV centers in these samples tended to remain in negative charge state. As a result, emission peak from the NV- centers can be detected in low-temperature and low-injection CL measurements due to the weakened ionization.
Next, we discuss the factors that influence the strength of spectral dip. The spectral dip was observed only in the EB irradiated samples suggesting that EB irradiation is an important factor contributing to spectral dip. Among the EB irradiated samples, the EBHT1 and EBHT2 samples with high NV- concentration more than 1.5 ppm showed stronger spectral dip than the EBHT3 sample with low concentration of 0.3 ppm. This further suggests that the concentration of NV- centers plays a decisive role in the appearance of spectral dip. It is worth noting that the spectral dip intensity is not simply proportional to the fluence of EB irradiation or the concentration of NV- centers. At the same EB irradiation fluence, the EBHT2 sample with a high [NV-] of 1.9 ppm, showed only half the spectral dip intensity of the EBHT1 sample, which has a relatively low [NV-] of 1.5 ppm. Therefore, there may be other factors besides the concentration of NV- centers, one of which is the concentration of substitutional nitrogen (i.e., P1 centers). Since the charge state of NV centers depend on the concentration of P1 centers, and the negative charge state of the NV centers can be maintained when [P1] is high. The ratio [NV-]/[P1] was 0.88 for EBHT1, 0.76 for EBHT2, and 0.11 for EBHT3. It is hypothesized that in the EBHT samples with high [NV-]/[P1] ratio, the emission from NV- centers is weaker probably due to the fast conversion of NV- to NV0. On the other hand, in the EBHT samples with low [NV-]/[P1] ratio, the negative charge state of NV- centers can be maintained, so the emission from the NV- centers still contributes. The emission intensity may compensate the absorption intensity. In this sense, the intensity of spectral dip is the result of the competition between absorption and emission of NV- centers.
Conclusions 
The optical properties of NV- centers in diamond samples undergone different post-treated conditions were examined by CL spectroscopy. The 637 nm ZPL of NV- centers was not detected in room temperature spectra, but could be detected at low temperatures (80 K) under weak excitation conditions. The emission peak of NV- centers was detected in the as-grown and high-temperature annealed diamond samples, in which the concentration of NV- centers was low. On the other hand, spectral dip at the ZPL of NV- centers occurred in the EB irradiated diamond samples, and this phenomenon was observed experimentally for the first-time in the CL method. The formation of spectral dip is probably due to the absorption of the NV0 emission sideband by the presence of high concentration of NV- centers. The strength of the spectral dip is affected by the concentrations of NV- centers ([NV-]) and the concentration ratio [NV-]/[P1], i.e., the higher the [NV-] and [NV-]/[P1] ratios, the more likely the strong spectral dip will form.
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