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Abstract

:

We investigated the IR absorption spectra of CVD diamond damaged by fast neutrons (>0.1 MeV) with high fluences ranging from 1 × 1018 to 2 × 1019 cm−2 and annealed at temperatures of 200 °C to 1680 °C. After annealing above 1000 °C, the formation of “amber-centers” (ACs), associated with multivacancy clusters, is detected as deduced from the appearance of a strong absorption line at 4100 cm−1. Moreover, the concentration of the ACs in the irradiated diamond can be an order of magnitude higher than that observed previously in the darkest brown natural diamonds. A number of other absorption lines, including the H1b center at 4936 cm−1 (0.612 eV) and new lines at ~5700 cm−1 (0.706 eV) and 9320 cm−1 (1.155 eV) not reported before in the literature, are observed, and their intensity evolutions at annealing temperatures are documented. At the highest fluences, all the lines show reduced intensities and broadening and spectral shifts due to a very high defect concentration and partial amorphization. The obtained experimental data can be used for the analysis of defect generation, transformations and healing in irradiated synthetic and natural diamonds.
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1. Introduction


Diamond is a crystal with a very dense cubic lattice and extremely strong interatomic covalent bonds, which give it remarkable properties that are attractive for many applications in optics, electronics and mechanics. Particularly, this structure is the reason for the high radiation hardness of diamond, making it an excellent material for ionizing radiation detectors [1]. As the equilibrium solubility of impurities and their diffusion in diamond are very low, ion implantation has been used for doping for a long time [2]. Particularly, ion implantation is a common technique for the production of specific optically active defects and single photon emitters and for applications in electronics, photonics, quantum cryptography and biosensors [3,4]. Ion implantation allows the realization of a wide range of radiation damage, however, only within a shallow subsurface layer. The concentration of implantation-induced defects has quite a nonuniform spatial profile and may vary by orders of magnitude over the depth that hinders the study of the radiation damage’s nature, especially using optical spectroscopy methods, which inevitably have to analyze the material structure averaged over layers with different defect abundance.



In contrast, irradiation using fast neutrons allows similar levels of radiation damage to be achieved but uniformly over the crystal volume. As Raman spectroscopy analysis shows [5,6], the types of defects induced by ion implantation and neutron irradiation followed by high-temperature annealing are practically identical. As a consequence of a great variety of radiation-induced defects, not all of them have been comprehensively studied experimentally and theoretically up to now. Knowledge of the formation, modification and structure of the radiation defects is important for the assessment of the stability of diamond radiation detectors [7,8,9,10], first-order phase transition diamond–graphite under radiation damage, and diamond treatment (modification of color) in jewelry. Of special interest are defects both in untreated and irradiated diamonds, which show features in optical absorption and luminescence spectra.



Neutron collisions with carbon atoms create Frenkel pairs, and the displaced atom occupies an interstitial position, leaving a vacancy in the lattice site. Irradiation promotes the diffusion of the interstitial atoms, so a part of the closely positioned vacancies and interstitials recombine [11,12]. Depending on the radiation damage type and impurity abundance, this effect reduces the vacancy concentration by 20–60% [13,14], while a different fate awaits the vacancies in close proximity to the impurity atoms, primarily nitrogen. Nitrogen association with vacancy is energetically favorable [15], especially in the case of the C-defect, dispersed, single, substitutional atom N, characteristic of synthetic diamonds. As a result, the well-known defect NV has neutral and negatively charged states NV0 and NV− with zero-phonon lines (ZPLs) at 575 and 637 nm, respectively [16].



When the concentration of radiation-induced vacancies exceeds that of the N defects (it is this case we consider in the present work), another channel for vacancy annealing can be realized, namely aggregation in multivacancy complexes, whose properties are insufficiently studied far [17]. The presence of vacancy clusters along deformation-induced dislocations in diamonds was observed using transmission electron microscopy [18]; however, the structure of vacancy aggregates is difficult or even impossible to disclose using transmission electron microscopy [19]. The most reliable data on the vacancy complexes in diamond were obtained using positron annihilation spectroscopy (PAS), which uses a monochromatic positron beam directed on the specimen under study, where the positrons are thermalized and recombine with electrons. Using the PAS technique, it was established that the brown color in natural diamonds is due to multivacancy clusters [18,20,21]. The detailed classification of brown diamonds with a non-deformation-related and deformation-related color is given in [22,23], respectively. Most natural diamonds with a deformation-related brown color contain the so-called amber centers (ACs), which appear in the IR spectra as a ZPL near 4100 cm−1. Various ACs were found to be closely related defects, most likely involving multiple vacancies and nitrogen [23]. The term amber centers is also used to describe a series of broad bands related to diamonds with brown coloration and/or colored graining between approximately 3450 and 6000 cm−1 and structures that extend to approximately 10,500 cm−1, with the most prominent feature in the 4050–4200 cm−1 range [23,24]. Dangling bonds from sp2-bonded carbon on the inner walls of the cluster produce the necessary continuum of levels within the band gap [23]. The ACs produce absorption caused by electronic transitions—hence not vibrational absorptions—which exhibit their ZPLs with corresponding phonon side-bands.



There is a consensus that the majority of those lines originate from a variety of multivacancy complexes with or without impurities, such as nitrogen. The ACs in brown diamonds are unstable thermally and annealed during high-pressure, high-temperature (HPHT) treatments (T > 1800 °C and 6 GPa) [25]. This is believed to prevent the brown center formation in the extreme conditions of the Earth’s upper mantle [26]. Nevertheless, the destruction of ACs by HPHT treatment is unexplained at this time [27]. The AC defect was suggested to relate to A-defects in diamonds, but no linear correlation between ACs and the aggregation state and total nitrogen content was found [24]. It is assumed that the source of the generation of multivacancy centers in natural diamonds is plastic deformation, which creates high densities of dislocations and vacancies [19]. Plastic deformation can occur in nature under the effect of dynamic processes, followed by the disintegration of the deep-seated rocks and transportation of diamonds to the Earth’s surface by kimberlite magmas [28].



The absorption coefficients of AC bands commonly do not exceed a few tenths of cm−1 [23,24,25,29], which causes difficulties in the optical absorption measurement in thin layers. An additional problem is the inhomogeneous color of natural diamonds, as well as the sectorial distribution of impurities and defects over their volume [30,31,32,33]. This makes it much more difficult to establish a correspondence between the structure and properties of brown natural diamonds. Note that in CVD diamonds, in contrast to natural diamonds, nitrogen is present only in the form of single atoms in the substitution position and is distributed almost uniformly over the volume of the crystals.



One of most comprehensive studies of the optical properties of natural diamonds with ACs was performed in [23], where several hundred brown diamonds were measured, and the effects of annealing were described. It was suggested that ACs can be formed via radiation damage followed by annealing. However, due to the relatively low neutron fluence used (2 × 1017 cm−2), the amplitudes of radiation-induced AC absorption lines were rather low at a few hundredths of cm−1.



IR spectroscopy is a powerful technique to study radiative defects in neutron- and electron-irradiated diamonds, as the defects are uniformly distributed in the bulk. Radiation damage effects on the one-phonon absorption band [34,35,36,37,38] and hydrogen- [31,35,39] and nitrogen-related [35,37,38,40,41] local vibrational modes are among the most studied.



Here, we investigated IR spectra for diamond subjected to neutron irradiation at high doses, which is rarely explored (we can mention only [38] that deals with similar damage levels). We prepared samples with high AC concentrations using high-dose fast neutron irradiation, investigated the AC evolution upon annealing using IR spectroscopy, and studied the structural defect transformation in partially disordered diamond.




2. Materials and Methods


Translucent polycrystalline diamond films of thickness > 0.55 mm were grown on Si substrates of 57 mm in diameter using a microwave plasma CVD system (5 kW, 2.45 GHz) with methane–hydrogen mixtures [42]. The average grain size was 50–70 µm, as seen on growth surface [42]. CVD diamond as a burgeoning multifunctional material with tailored quality and characteristics fulfills the multifield application prospects with appropriate choice in terms of cost and quality [43]. Free-standing films were obtained using chemical removal of the substrate, cut with a laser to 5 × 3 mm2 chips, and mechanically polished on both sides.



Irradiation was carried out in the wet channel of the IVV-2M research nuclear reactor using fast neutrons (flux of 1014 cm−2 s−1, energies of over 0.1 MeV) to fluences of 1 × 1018 to 2 × 1019 cm−2, keeping the specimen temperature at 50 ± 10 °C [44].



We note that the fluences were 5, 15, 50 and 100 times higher compared to recent work on brown diamonds by Hainschwang et al. [23]; however, they were below critical fluence, after which annealing does not restore the diamond structure. It is known [44,45] that diamonds irradiated using fast neutrons with fluence as high as 5 × 1020 cm−2 still preserve their crystal lattice, are highly damaged, and restore the diamond peak in Raman spectrum after annealing.



The irradiated samples were annealed in steps in a vacuum oven with graphite walls to temperatures up to 1680 °C. Then, they were etched in acid mixture H2SO4 + K2Cr2O7 at 180 °C to remove graphitic contamination, which might appear on the external surface of the samples in course of the heat treatment.



After each annealing step, FT-IR spectra were recorded at room temperature with PerkinElmer Spectrum 100 FT-IR spectrometer (Waltham, MA, USA) in the spectral range of 400–7800 cm−1 and with Bruker 70v FT-IR spectrometer (Bruker Optik GmbH, Ettlingen, Germany) in a wider range of 370–25,000 cm−1. Raman and photoluminescence spectra were measured using Horiba Jobin Yvon Lab-RAM HR spectrometer (Lille, France) with excitation wavelength of 473 nm and resolution of 0.5 cm−1. The optical absorption spectra in the visible range were taken using Specord M400 (Carl Zeiss Industrielle Messtechnik GmbH, Jena, Germany) instrument. The samples after irradiation were opaque. The high-temperature annealing changed their color to dark-brown. Concentration of substitutional nitrogen in the samples before neutron irradiation was evaluated from UV-visible absorption spectra according to procedure described elsewhere [46]. The bounded hydrogen (CHx groups) concentration was determined from IR absorption spectra [39]. The properties of four investigated samples are summarized in Table 1. The index of the sample label indicates the value of respective fluence. The specimens D1, D3 and D20 were cut from the same mother wafer, while the specimen D10 was cut from another diamond wafer of a similar quality.




3. Results and Discussion


Diamond is transparent from UV to far IR spectral range. The only absorption bands in defect-free diamond are weak bands (absorption coefficient α below 14 cm−1) of two-phonon and three-phonon absorption in the range of 1400 to 4000 cm−1 [16]. The presence of impurities and defects lifts the restriction on one-phonon absorption with a band in the range of 400 to 1350 cm−1. Electron or neutron irradiation results in the formation of single defects or aggregates in the bulk [1,12,13,14,15,16]. Interestingly, the changes in the crystal structure with fluence are not monotonous. Upon low-radiation-induced damage, single vacancies and interstitials form, with the appearance of features, such as GR1, ND1 and 3H [16,40,41,47] in the optical spectra. In contrast, after electron irradiation with energies above 160 keV and fluences above 1.3 × 1020 cm−2, many lines, due to defect complexes, including being bounded to impurities, are observed in the photoluminescence (PL) spectra [48]. The nature of many of those centers is not elucidated [16,49]. For a comparable irradiation time, neutrons can result in a much higher damage level, even in diamond amorphization. The irradiated diamond loses transparency, and the PL yield reduces by orders of magnitude, making the PL and optical absorption spectroscopy in the visible range inefficient. In contrast, in Raman spectroscopy, the signal originates in thin subsurface layers, and their structure can be analyzed even in opaque samples. As we showed previously [6], trends in Raman spectra evolution with neutron fluence change at a threshold fluence of about 1 × 1019 cm−2 when the diamond peak no longer appears as a single distinct line but merges with a broad low-frequency band originating from a phonon confinement effect [50,51,52]. Similar observations were reported for Raman spectra in ion-implanted diamonds with dose increases [5,6,53,54]. Similar trends with neutron fluence could be expected for IR absorption spectra evolution, with specific changes around the critical fluence. Therefore, here, we investigated two specimens n-irradiated at moderate fluences of F = 1 × 1018 and F = 3 × 1018 cm−2 (samples D1 and D3) and two specimens irradiated at high fluences of 1 × 1019 and 2 × 1019 cm−2 (samples D10 and D20.).



3.1. Moderate Fluences (1 × 1018 and 3 × 1018 cm−2)


Figure 1 displays how the optical transmission spectrum evolves with annealing temperature Tan for the samples D1 and D3, which became opaque in the visible range after irradiation but partially transparent in the IR range. Particularly, for the sample D3, the transmission at 10,000 cm−1 (λ = 1000 nm) was 0.015% immediately after irradiation, and it increased to 0.035% after annealing at 200 °C (Figure 1b), corresponding to the absorption coefficients of 200 and 150 cm−1, respectively.



After low-temperature annealing (Tan < 300 °C), the transmission spectra in the high-frequency range (with respect to the two-phonon band) have a monotonous shape without the appearance of ZPLs, while at low frequencies, they dominate the one-phonon absorption band and narrow local vibrational modes in the range of 1350–2000 °C [16,40]. The transmission for sample D3 after annealing at 300 °C and below remains lower than for sample D1 over the entire spectrum. Further annealing at Tan > 800–900°C results in improving the transmission primarily due to the reduction in the structureless monotonic absorption component. For instance, the transmission for sample D1 at λ > 600 nm (16,000 cm−1) is more than 10% after annealing at Tan ≥ 880 °C (Figure 1a).



Additional absorption bands in the range of 4000–12,000 cm−1 appear after heating to 300 °C and above, with the most prominent ones at 3100, 5900 and 9300 cm−1. The intensities of those three lines significantly reduce after annealing at 900–1000 °C, and simultaneously, a distinct band at 4100 cm−1 and a composite band at 7000–8500 cm−1 appear. For the sample D3, the 4100 cm−1 band magnitude exceeds that for the two-phonon band (Figure 1b). Based on the 4100 cm−1 band position, shape and evolution with annealing, it can be associated with AC defects [23,24,25,26,27,28,29,30,31,32,33,55]. In the virgin unirradiated samples, CHx bands (2800–3000 cm−1) of the bonded hydrogen, presumably located at the grain boundaries, are detected (see bottom spectrum in Figure 1a), as well as a structureless absorption due to the inclusion of amorphous carbon. The absorption coefficient α was calculated ignoring the effect of radiation-induced swelling [56,57,58], and the sample thickness was assumed to be equal to that of the virgin plate. The baseline in the IR absorption spectrum for each sample was determined by consideration of the changes in the spectrum after each run was performed with temperature steps of 50–100 °C.



The evolution of IR absorption spectra for samples D1 and D3 with annealing temperature are shown in Figure 2. The spectra exhibit a large number of lines, with positions shown by vertical lines. For sample D1, the following lines after the annealing are seen: 3100, 4100, 4650, 4925, 5700, 5900, 6420, 7420, 7880, 8495 cm−1 and band 9300 cm−1, while for sample D3, the lines are 3110, 4100, 4650, 5700, 7420, 7880, 8865 and band 9300 cm−1. Several lines in Figure 2 (their positions are marked by blue color) have not been observed in diamond before.



Intensive broad bands at 3100 cm−1 (0.384 eV) and 5700 cm−1 (0.707 eV) form after 300 °C annealing and strengthen with the temperature increase, reaching a maximum at 650–750 °C and disappearing at around 1050–1100 °C. The width of these two bands noticeably increases with fluence. A broad absorption band with a maximum of about 3100 cm−1 (Figure 2) was previously observed in heavily irradiated and annealed type IaA and type IaB natural diamonds [59], in which the position of the maximum of this band (3094–3110 cm−1) was specimen-dependent. In Ref. [59], the broad band at 3100 cm−1 was reported to appear immediately after irradiation and anneals out at 1000 °C. The 9300 cm−1 band is first detected at 300 °C, increases in intensity to its maximum (35 cm−1 for sample D1) at 550 °C, then decreases starting from about 900 °C, and eventually anneals out at 1150–1200 °C. Trends for other weaker lines can also be seen in Figure 2. The line at 4650 cm−1 (0.576 eV) appears at Tan = 500–550 °C, continues to increase at higher Tan, reaches a maximum at 670–850 °C, and disappears after annealing at 1050–1100 °C. The weak absorption at 8865 cm−1 (1.099 eV) in the spectrum for sample D3 (Figure 2b) appears at 700 °C and anneals out at 1050 °C. In general, the sets of the lines in samples D1 and D3 reveal a similarity; however, the intensities and FWHM of these lines vs. those of Tan may be slightly different.



The changes in the IR absorption spectra after annealing at temperatures above 1000 °C for samples D1 and D3 are shown in Figure 3a,b, respectively. The AC 4100 cm−1 absorption coefficient reaches α = 15 cm−1 for sample D3, which is an order of magnitude higher compared to that for the maximum AC absorption reported for natural diamonds [23,24,25,26,27,28,29,30,31,32,33]. The AC absorption for sample D1 is about three times lower than for D3; this ratio roughly corresponds with the neutron fluence ratio. As the temperature increases, the position of the 4100 cm−1 band for D1 shifts from 4075 cm−1 to 4101 cm−1 after annealing at 1480 °C and further to 4120 cm−1 after heating to 1590 °C. Furthermore, for sample D3, the AC band shifts from 4073 cm−1 to 4100 cm−1 after annealing at 1450 °C.



The 9300 cm−1 band, another strong feature in the spectrum (Figure 3b), also demonstrates the annealing-induced blue shift from 9277 to 9318 cm−1 (Figure 2b). We note that a number of lines, with some of them being rather intensive, are detected in the spectra in the range of 7000 to 9000 cm−1 (as indicated in Figure 3a,b); however, we were not able to reveal meaningful trends in the intensity ratio between them or with respect to the 4100 and 9300 cm−1 bands with the annealing temperature.



3.1.1. 4100 cm−1 Band


The position of the 4100 cm−1 band associated with ACs varies with the annealing temperature as shown in Figure 4. The band maximum shifts to higher frequencies, which is better seen for sample D1 in Figure 4a. This shift seems to be too large (e.g., 26 and 11 cm−1 for samples D1 and D3 treated at 1480 °C and 1450 °C, correspondingly) to be caused by compressive stress, which does not exceed 2 GPa according to the Raman spectra analysis of the diamond peak position for sample D3 (not shown here). Alternatively, we estimated an even lower stress value from the shift of the two-phonon absorption band in the IR spectra of 1.0 and 0.5 cm−1 for D1 after annealing at 1200 and 1500 °C, respectively, which corresponds to the stress of ~1 GPa according to [60].



We deconvoluted the complex 4100 cm−1 band to components using Lorenzian profiles and derived two main lines peaking at 4065 cm−1 (0.504 eV) and 4112 cm−1 (0.510 eV) with FWHM of 65–70 and 100–110 cm−1, respectively. The high-frequency shift in the 4100 cm−1 band position with Tan occurs due to the relative amplification of the 4112 cm−1 component. These two components are well-known for diamonds with ACs [23,24,25,26,27,28,29,30,31,32,33].



The variations in the 4065 and 4112 cm−1 line positions with Tan for samples D1 and D3 are shown in more detail in Figure 5a. The 4112 cm−1 line enhances monotonically with Tan approaching saturation around 1400 °C. A decrease in the 4065 cm−1 line intensity above 1400 °C is in agreement with the literature data on the high-temperature annealing of natural diamond with ACs [23]. The 4065 cm−1 AC is clearly the least stable of all the ACs, so this line is considered to be a precursor of other ACs [33].



The AC of the 4100 cm−1 band for sample D1 after annealing at 1545 and 1590 °C also contains a third component peaked at 4165 cm−1 (Figure 3a and Figure 4a), as found from the band deconvolution. The component of 4165 cm−1 (0.516 eV) is ascribed [23] to the AC, which includes A-centers in its structure. Synchronously with the 4165 cm−1 line, a band at 4936 cm−1 enhances with Tan (Figure 4a), which has FWHM of ~30 cm−1 and absorption of α ≈ 0.7 cm−1 after annealing at 1590 °C. The 4936 cm−1 (0.612 eV) band is caused by the H1b center, which is characteristic for diamonds with A-centers (two nitrogen atoms in neighboring sites in the diamond lattice) [61]. The H1b center has monoclinic-I symmetry, and it is characterized by a very weak vibronic side-band (S~0.1) [59,61].



The H1b center is believed to be formed by trapping the 2.086 eV (595 nm) center on the A-aggregate of nitrogen [16]. The 2.086 eV (595 nm) center relates to a (nitrogen and vacancy) defect and anneals out at temperatures of 1000 to 1100 °C [62]. According to [23], the H1b defects are standalone defects that consist of multiple vacancies and nitrogen, and they are—in the case of brown diamonds—a side product of the AC transformation of the 4063 cm−1 ACs into 4167 or 4111 cm−1 ACs. Our results (Figure 5a) are consistent with the model proposed in [23]. Note that the formation of H1b centers occurs simultaneously with the aggregation of single nitrogen into A-centers and the formation of H3 centers instead of NV0 centers in the PL spectra (Figure 5b).



The dynamics of the PL spectra of D1 with annealing (Figure 5b) confirm the formation of A-centers: the emission intensity of neutral nitrogen vacancy NV0 with a ZPL at 575 nm decreases, while the intensity of the H3 center (two nitrogen atoms coupled to a vacancy) with a ZPL at 503 nm increases, indicating nitrogen aggregation. In addition to the 4165 and 4941 cm−1 bands, there are other spectral features, such as the 4670 cm−1 (0.579 eV) band appearing at Tan = 1590 °C (Figure 4a); with similar trends with annealing, they appear synchronously with A-center formation. In this spectral range in natural diamond with a deformation-related color, a band at 4673 cm−1 is known, which was associated with ACs at 4165 cm−1 [23]. For sample D1, we observe the appearance and enhancement of the 7350 cm−1 (0.911 eV) band, again synchronously with A-center formation.




3.1.2. 9300 cm−1 Band


The frequency shift of the 9300 cm−1 band with the annealing temperature indicates the composite structure of the band. Figure 6 shows the shape of this band at different Tan (the spectra normalized to unity intensity) for samples D1 and D3. Assuming the 9320 cm−1 (1.155 eV) band is one of the components, as known from the literature [63,64,65], we deconvoluted the 9300 cm−1 band on two lines with Lorenzian profiles and determined the second line with a ZPL at 9320 cm−1. The interplay between the relative intensities of the components results in the observed shift of the integrated 9300 cm−1 band.



The shift of the band maximum from 9280 to 9318 cm−1 (Figure 6b) is accompanied by changes in the high-frequency region, which might be phonon bands of 9280 and 9320 cm−1 ZPLs: 575 cm−1 phonon for the 9280 cm−1 (1.150 eV) band and 350 and 1005 cm−1 phonons for the 9320 cm−1 (1.155 eV) band (phonon frequencies are counted from ZPL positions). The frequencies of 1005 and 575 cm−1 in diamond coincide with LA and TA phonons in point L of the Brillouin zone, respectively [16].



The 9280 cm−1 (1.150 eV) band was observed earlier in the absorption spectra of diamonds irradiated using MeV electrons [63], fast neutrons [64] and helium ion-implanted diamond [65]. It was suggested [16] that this band is caused by multivacancy complexes, possibly including impurity nitrogen atoms [65]. Here, we observed the 9280 cm−1 band appearance after heating to 200 °C, and then it reaches a maximum at about 600 °C and vanishes at Tan > 1000°C. Possibly, the 9280 cm−1 center contains C=C groups, which, according to the Raman spectroscopy, annealed out at similar temperatures [66].




3.1.3. Defect Structure upon Moderate Radiation Damage


The electron irradiation of diamond with energies Eth < E < 2Eth, (Eth—threshold energy of displacement of a carbon atom) creates not more than one Frenkel pair per incident electron [48], where Eth ≈ 160 keV upon irradiation in a nonchanneling direction. This case is the most “clean” radiation damage with a simple defect structure, without amorphization regions or displacement spikes. Nevertheless, the PL spectra of such irradiated crystals reveal numerous optically active centers with narrow ZPLs; most of them still are not identified [67] in spite of the breadth of experience in diamond studies [16,49]. This diversity is considered to be due to the diffusion and reactions of the defects [12], especially in the case of high defect concentrations. Interstitials can be removed by annealing at about 400 °C [53]. It was found [68] that by annealing at 600 °C, single vacancies migrate and form divacancies, which anneal out at 800 °C, producing a series of electron paramagnetic resonance (EPR) active centers. Interstitials and vacancies have a tendency to aggregate into clusters to reduce their free energy. Various types of vacancy chains and clusters with different degrees of stability are produced by irradiation followed by annealing via the removal of atoms from the diamond lattice [69]. Eight EPR defects labelled O1, R5, R6, R7, R8, R9, R10 and R11 were detected after annealing between 700 and 1400 °C [70,71,72]. These centers are attributed to the 〈110〉-oriented multivacancy chains. The centers R7, R7a and R8 were tentatively associated with closed structures of eleven, nine and thirteen vacancies, respectively [71]. The concentration of the n-vacancy chains rapidly decreases with n [71]. At 1150 °C, all of these vacancy chains anneal out producing more stable vacancy clusters [71]. Until recent times, it remained unclear what happens to the vacancy clusters upon further temperature elevation. Here, observations of the absorption band around 4100 cm−1 in IR spectra on neutron-irradiated diamond (fluences (1 ÷ 3) × 1018 cm−2) after annealing at Tan > 1000 °C indicate the formation of ACs, namely large spherical aggregates consisting of 40 to 60 vacancies [20,21], either with nitrogen atoms (in presence of ZPLs at 4112 and 4165 cm−1) or without nitrogen atoms involved (ZPL at 4065 cm−1) [23]. An absorption band in the range of 7000–9000 cm−1 (Figure 3) is characteristic for the darkest brown natural diamonds, which have an absorption coefficient up to 0.7 cm−1 [23] (note that sample D3 shows several times higher absorption of that band).



The irradiation of synthetic and natural diamonds leads to the formation of several hundred different optically active defects, including intrinsic and impurity-related, point and extended ones [5,6,16,34,36,39,40,48,54,59,66]. In this regard, it is not surprising that, along with a group of AC bands near 4100 cm−1, other ZPLs are observed in the IR absorption spectra in a higher frequency range. It is important to note that the set of ZPL bands for samples D1 (Figure 2a and Figure 3a) and D3 (Figure 2b and Figure 3b) is approximately the same; however, their ratio and, to a lesser extent, the temperature dependences of the intensity bands differ. Based on the analysis of the IR spectra of natural diamonds, the absorption bands at 5875, 7265 and 9325 cm−1 are thought to be associated with ACs; the latter manifests itself by the 4112 cm−1 band (Table 2 in [23]). In addition, the 5920 cm−1 band was reported in the first publication on ACs [24]. Here, we observe (Figure 2 and Figure 3) the same lines at 5900, 7250 and 9320 cm−1 (0.731, 0.899 and 1.155 eV); however, one of them (9320 cm−1) shows a temperature dependence different from that for multivacancy AC complexes. The 4355 cm−1 band (4350 cm−1 (0.539 eV) in our spectra) was previously observed for annealed natural diamonds, which initially presented ACs; it changed synchronously with the 4065 cm−1 line [33]. However, most of the bands labelled in Figure 2 and Figure 3 have not been reported before [16,49].



A comparison of the temperature and fluence effects on the bands labelled in Figure 2 with the behavior of two major bands associated with ACs (Figure 4a) indicates that the former probably originated from centers different from the 4112 and 4065 cm−1 ones. We suppose that some of the observed bands are caused by other vacancy clusters of their precursors.



The annealing of ACs in natural diamonds requires high-pressure and high-temperature treatment at temperatures typically ranging from 2000 to 2500 °C and pressures between 55 and 85 kbar [23]. The specifics of such high-temperature annealing of brown CVD diamonds in graphite-stable and diamond-stable conditions is discussed in [73]. Accordingly, at least the same conditions are necessary for annealing ACs in diamonds irradiated using fast neutrons.





3.2. High Fluences (1 × 1019 and 2 × 1019 cm−2)


Figure 7 displays the panoramic transmission spectra for samples D10 and D 20 irradiated with high fluences of 1 × 1019 and 2 × 1019 cm−2, respectively. Such treatment is known to result in diamond amorphization [6]. The samples remained partially transparent only in the narrow spectral range of 1400–1700 cm−1 due to the significant enhancement of one-phonon absorption at a 400–1400 cm−1 range. The two-phonon absorption band broadens and practically is not seen at low annealing temperatures. The absorption at higher frequencies does not show the specific narrow lines observed for the low-fluence samples D1 and D3 (Figure 1, Figure 2 and Figure 3). With an increase in annealing temperature, the samples D10 and D20 become transparent in the range up to 10,000–11,000 cm−1, the intensity of the one-phonon absorption band reduces, and the shape of the two-phonon band partially restores (Figure 7).



The transmission spectra for D10 and D30 measured after annealing at not more than 700–800 °C show a clear maximum in the range of 3500–5000 cm−1, which shifts to shorter wavelengths upon further Tan increase (Figure 7). This shape of optical spectra for semiconducting crystals is characteristic of a transition defect (impurity), namely a valence or conductivity band for centers with low activation energy [74]. The formation of conductive layers with activation energy Ea of a few tenths of eV in irradiation-damaged (ion-implanted) diamonds was previously reported [75,76,77,78]. These values for Ea are in agreement with the spectra shape of our samples D10 and D20. The shift of the transmission spectra to longer wavelengths at high fluences corresponds to the formation of the defect (impurity) band within the band gap with an increase in the electrically active defects with low activation energy. This effect is well-known for boron-doped diamond (boron is an acceptor with Ea = 0.37 eV) [79].



Figure 8 shows how the absorption spectra for samples D10 and D20 vary with the annealing temperature. A band is present, which appears and shifts from 5970 to 5800 cm−1 after annealing between 1150 and 1550 °C. In contrast to samples D1 and D3, this band annealed out at 1550 °C. The bands at 7100 cm−1 (0.880 eV) (Figure 8a) and the broad band at 3900 cm−1 (0.483 eV) (Figure 8b) have not been reported before, to the best of our knowledge. We pay attention to the relative low absorption values for the observed bands in spectra for the heavily damaged samples D10 and D20; they are an order of magnitude lower compared to the moderate fluence-irradiated samples D1 and D3 (compared with Figure 2 and Figure 3). We suggest this is due to the amorphization effect in the former case [6], accompanied by a change in vacancy diffusion upon further annealing.



Other features in the IR spectra are related to bonded hydrogen. A transformation of the CHx band with Tan can be seen in Figure 8b. After annealing at temperatures not higher than 1200 °C, this band is structureless, but with a further increase in the annealing temperature, at least 15 relatively narrow bands of a Lorentzian shape in the range of 2800–3050 cm−1 are recorded due to the stretching vibrations of hydrogen chemically associated with various defects of radiation origin [39]. It was shown earlier [39] that neutrons act on grain boundaries in diamond, dislodging hydrogen into the grain bulk for distances of the order of a few micrometers. The changes in valence vibration of CHx groups in as-grown and neutron-irradiated CVD diamond were studied in detail elsewhere [39,80]. Finally, an absorption minimum between 3750 and 4000 cm−1 (Figure 8b) can be related to the effect of radiation damage on three-phonon absorption in diamond.



Figure 9 presents the evolution of absorption spectra with Tan for samples D10 and D20 in a spectral range where AC bands are detected. The weak band at 4160 cm−1 (0.516 eV) is close to the 4165 cm−1 band observed for sample D1 after annealing above 1500 °C (Figure 4a and Figure 5a). This band is usually associated with ACs incorporating two neighboring substitutional nitrogen atoms [23]. Broad low-intensity bands in the spectral range characteristic of ACs [24] with maxima at 3910 cm−1 (0.485 eV) and 4910 cm−1 (0.609 eV), which appear in the IR spectra of samples D10 and D20 in different annealing temperature ranges (Figure 9), were not previously observed in the spectra of diamonds. A further study is required for neutron-irradiated diamonds with highly pure crystals and, for comparison, samples with quantified nitrogen impurity.





4. Conclusions


We used IR absorption spectroscopy to study the formation and modification of defects in CVD diamond irradiated using fast neutrons with moderate to high fluence in the range of 1 × 1018 to 2 × 1019 cm−2 and annealed at temperatures of up to 1680 °C. The advantage of IR spectroscopy in comparison with optical studies in the visible range is the ability to analyze the structures even of visually opaque diamonds strongly damaged by radiation. It is found that after annealing above 1000 °C, so-called amber centers, associated with multivacancy complexes, form, as evidenced by the appearance of absorption bands at 4100 and 5900 cm−1 and a group of lines in the range of 7000 to 9000 cm−1 in the spectra. The measured annealing temperature dependences of the detected bands are similar to those known amber centers in brown natural diamonds with deformation-related color centers, which are considered to consist of spherical vacancy aggregates (40–60 vacancies). Contrary to widespread opinion about ACs as indicators of the natural origin of diamonds to discriminate them from synthetic crystals, we observed in irradiated CVD diamonds ACs with concentration of an order of magnitude higher than that in the darkest brown natural diamond. It should be noted that other absorption bands that are not characteristic of natural diamonds are also present in irradiated CVD diamonds, which makes it possible to differentiate between natural and CVD diamonds.



In addition, after annealing below 1000 °C, a series of absorption bands were detected at 3100, 5700, 9280 and 9320 cm−1; two of them, the 5700 cm−1 and 9320 cm−1 bands, are reported here for irradiated diamond for the first time. From the temperature dependence of the characteristic AC band at 4100 cm−1, it is shown the band is a superposition of, at least, three components at 4065, 4112 and 4165 cm−1. Some new bands, which appeared after the highest temperature annealing above 1500 °C, are ascribed to the aggregation of nitrogen atoms, while several spectral features, which appeared at intermediate annealing (700–1400 °C), are presumably associated with ACs or could be AC precursors. At the highest fluences (~1019 cm−2), all absorption lines in the IR spectra show reduced intensities, broadening and spectral shifts ascribed to a very high defect concentration and partial amorphization, which affect the vacancies’ diffusion and aggregation. Our findings are important for the understanding of defect formation, transformation and healing in diamonds (for example, radiation detectors) subjected to high radiation doses.
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Figure 1. Transformations of IR transmittance spectra vs. annealing temperature for samples D1 irradiated with neutrons with fluence F = 1 × 1018 cm−2 (a) and D3 with F = 3 × 1018 cm−2 (b). 
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Figure 2. Transformations of IR spectra of irradiated samples D1 (F = 1×1018 cm−2) (a) and D3 (F = 3 × 1018 cm−2) (b) with annealing temperatures. The intrinsic two- and three-phonon diamond absorption is subtracted. For clarity, the spectra are shifted vertically relative to each other. Positions of peaks in cm−1 are shown above the top spectrum, the black numbers refer to the lines reported in other works, and blue numbers indicate new lines not observed previously. 
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Figure 3. Transformations of IR spectra of irradiated samples D1 (F = 1 × 1018 cm−2) (a) and D3 (F = 3 × 1018 cm−2) (b) with annealing temperature. The intrinsic two- and three-phonon diamond absorption is subtracted. For clarity, the spectra are shifted vertically relative to each other. Annealing temperatures are color-coded on panels on the right. Positions of peaks in cm−1 are shown above the top spectrum, the black numbers refer to the lines reported in other works, and blue numbers indicate new lines not observed previously. 
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Figure 4. A detailed view of amber center band in the IR spectra for crystals D1 (a) and D3 (b) at various annealing temperatures. The “4100 cm−1” band magnitude is normalized to unity. For clarity, the spectra are shifted vertically. 
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Figure 5. (a) Evolution of intensities of 4112 cm−1 band (diamond and circles, curves 1 and 3) and 4065 cm−1 band (triangle down and triangle top, curves 2 and 4) with annealing temperature in IR absorption spectra for sample D1 (curves 2 and 4) and sample D3 (curves 1 and 3). Intensity of 4165 cm−1 band for sample D1 (stars, curve 5). (b) Normalized to Raman band PL spectra for sample D1 vs. Tan. The spectra were recorded with excitation at 473. Positions of H3 and NV0 ZPL are shown by vertical dashed lines. 
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Figure 6. IR absorption spectra around 9300 cm−1 band for samples D1 (a) and D3 (b) at different annealing temperatures. The band magnitude is normalized to unity. The spectra are shifted vertically for clarity. 
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Figure 7. Transformations of IR transmittance spectra vs. annealing temperature for samples D10 irradiated with neutrons with fluence F = 1 × 1019 cm−2 (a) and D20 with F= 2 × 1019 cm−2 (b). 
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Figure 8. Transformations of IR absorption spectra with annealing temperature for irradiated samples D10 (F = 1 × 1019 cm−2) (a) and D20 (F = 2 × 1019 cm−2) (b). The intrinsic two- and three-phonon absorption is subtracted. For clarity, the spectra are shifted vertically. 
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Figure 9. Absorption spectra of irradiated samples D10 (a) and D20 (b) at different annealing temperatures in the spectral range where ACs are seen. The spectra are shifted vertically for clarity. 
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Table 1. Neutron fluence, thickness and concentrations of substitutional nitrogen Nc and C-H bonds in the samples studied.






Table 1. Neutron fluence, thickness and concentrations of substitutional nitrogen Nc and C-H bonds in the samples studied.





	Sample
	Fluence, cm−2
	Thickness, mm
	NC, cm−3
	C-H, cm−3





	D1
	1 × 1018
	0.47
	1.0 × 1018
	1.6 × 1020



	D3
	3 × 1018
	0.47
	1.0 × 1018
	1.3 × 1020



	D10
	10 × 1018
	0.51
	0.3 × 1018
	0.4 × 1020



	D20
	20 × 1018
	0.49
	0.9 × 1018
	0.7 × 1020
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