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PHOTOLUMINESCENCE SPECTRA OF THE 580-nm CENTER
IN IRRADIATED DIAMONDS

A. A. Khomich,** R. A. Khmelnitskii,” O. N. Poklonskaya,* UDC 535.37;548.736.15
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The formation mechanisms of the zero-phonon line optical center at 580 nm (H19 center) in photoluminescence
spectra of irradiated natural diamonds and those deposited from the vapor phase were studied after their high-
temperature vacuum annealing. The photoluminescence band intensity of the H19 center was shown to increase
exponentially as the annealing temperature increased. Temperature dependences of photoluminescence spectra and
local mechanical stress effects on the position and full width at half-height of the 580-nm zero-phonon line optical
peak led to the conclusion that the H19 optical center was a complex intrinsic vacancy defect.
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Introduction. Diamond materials with room-temperature photoactive centers have bright and stable
photoluminescence (PL) with high quantum efficiency and narrow lines. This in combination with chemical and radiation
resistance and a lack of cytotoxicity makes diamond an attractive material for quantum optics and biomarkers [1, 2]. Several
new centers giving narrow PL lines in various visible and IR spectral regions were studied in detail because diamond was
promising for designing single-photon emitters [3]. Impurities typically have very low equilibrium solubilities and diffusion
coefficients in diamond. Therefore, it seemed natural already long ago to use ion implantation as an alternate method for
doping diamond. Ion implantation and irradiation by electrons or neutrons followed by thermal annealing are standard
procedures for creating most photoactive (optical) centers in diamond [4]. New optical centers are continually sought
and their spectral properties are studied for photonics applications despite the fact that several hundred optical centers are
already known in diamond [5].

A band with a zero-phonon line (ZPL) at 580 nm (2.137 eV) and distinct vibronic structure on the phonon tail that
were not previously observed in diamond PL spectra were detected in PL spectra of natural diamond and those from chemical
vapor deposition (CVD) implanted with D-ions and vacuum annealed at 1000—1650°C (for 1 h at each temperature) [6]. This
same band with a ZPL at 580 nm was observed in PL spectra of natural and CVD diamonds implanted with H-ions [7] or
irradiated with fast reactor neutrons [8] after high-temperature annealing. It is noteworthy that this band did not appear in the
optical absorption spectrum. It strengthened smoothly as the annealing temperature was increased. The annealing parameters
did not correlate with the N and Si concentration and speciation in diamond or with the contents of starting or implanted H/D.
A classification for the optical centers in diamond, including radiation-induced ones, was proposed [9]. In particular, centers
formed by heat treatment after irradiation were designated H (heat treatment), from H1 to H18 [10]. The optical center at
580 nm with a ZPL was called H19 according to this classification [11].

A band of similar spectral position and shape was observed in electroluminescence spectra of diamond irradiated
by a focused beam of C*" ions (6 MeV Kkinetic energy) and annealed at 1000°C [12], where it was erroneously interpreted
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as a mixed band of an NV-center that is usually found at 575 nm. The high sensitivity of the band intensity at 580 nm to
the applied electric field could be useful for applications as sensors [12]. Later, researchers hypothesized that the band with
a ZPL (580 nm) in PL and electroluminescence spectra [13] was due to the center observed previously [14, 15]. Several
optical centers with a ZPL, most of which are still unidentified, were detected in those studies in PL spectra of diamond after
room-temperature irradiation with electrons [electron kinetic energy 300 keV, dose (1-20)- 10'° cm'2]. An optical center with
a ZPL at 580 nm was observed among these optical centers. However, its phonon structure was completely different. The
center itself was interstitial in nature and fully annealed already at 500°C [14, 15].

The present work studied the conditions and formation mechanisms of H19 centers (ZPL at 580 nm) in natural and
CVD diamonds resulting from irradiation followed by high-temperature annealing. The temperature dependences of the
parameters and the impact of mechanical stresses on the PL band associated with this center were studied.

Experimental. Polished plates of natural diamond single crystals of types Ila and IaA and polycrystalline
CVD diamonds ~500 um thick that were grown in an RF plasma in H,—~CH,4 mixtures were studied. The concentration of
solitary N substituted into CVD diamond was determined by the literature method [16] as 10'7-3-10'8 em™3. Implantation
of D" and H* ions used energies <350 keV on a High Voltage Engineering Europe ion accelerator. Six implantation areas
(0.7 x 1.5 mm, dose from 2- 10'6 to 1.2-10'7 cm'z) separated by areas of undamaged diamond were formed on each plate of
natural and CVD diamond. Another group of natural and CVD diamonds was irradiated in the water channel of an [IVV-2M
nuclear reactor in a fast neutron beam of ~10'4 cm -5 ™! (neutron kinetic energy >0.1 MeV, flux from 2-1 0%t02-10% cm‘z) [17].
Implanted (irradiated) samples were vacuum annealed in a graphite furnace (residual gas pressure 1 mPa) sequentially at
T, = 200-1650°C (60 min at fixed temperature). Samples were etched with hot H;SO,4 + K,Cr,07 solution at ~180°C to
remove the thin surface layer of graphite formed after high-temperature vacuum annealing. PL. and Raman spectra were
measured on LABRAM HR800, Nanofinder HE, Bruker Senterra Raman, and Renishaw’s in Via Reflex spectrometers with
laser excitation at Ay =473, 488, and 532 nm at room temperature (300 K). Separate measurements were made at 80 K and in
the range 300 < 7'< 800 K. A Linkam TS1500 temperature accessory was used to measure PL spectra at elevated temperatures.

Results and Discussion. PL spectra with annealing at T, > 1600°C. Figure 1a shows PL spectra of natural and
synthetic diamonds irradiated by fast neutrons or implanted with hydrogen isotopes after annealing at 7, > 1630°C. All
spectra showed a doublet at 580 and 598 nm and a structured phonon tail, the peak positions of which were insensitive to the
method of diamond radiation damage and the impurity content. Extensive radiation damage and high-temperature annealing
were necessary conditions for forming H19 centers (ZPL 580 nm) in the diamonds. The short-wavelength part of the spectrum
had a diamond Raman band (vg = 1332 cm_l) and an H3 center PL band (band of phonon repetitions with a maximum near
525 nm; two N atoms separated by a 2NV vacancy [8]). The intensity of the H3 band was determined by the number of
2NV centers and the PL spectra excitation wavelength (Fig. 1a). The excitation efficiency of the 580-nm center (H19)
increased by ~3 times on going from A, =473 to 488 nm according to the intensity ratio of the PL bands and diamond /z(Dia)
peak in Raman spectra; on going from 488 to 532 nm, by another ~2.5 times. This was characteristic of the PL excitation
spectrum of this center.

Other bands besides the doublet at 580 and 598 nm and the structured phonon tail were recorded in PL spectra of
irradiated diamonds. Thus, the CVD diamond film was enriched in Si atoms because it was deposited onto a Si substrate.
Therefore, all PL spectra of CVD diamonds contained a band near 738 nm for a Si vacancy (SiV) [10, 18]. The PL spectrum
taken from the fine-grained nucleated (substrate) side of a CVD diamond plate had an SiV band that was 2-3 orders of
magnitude greater than that from the growth side because Si migrated from the substrate to the plasma only in the early
growth stage [19]. Spectra of diamonds implanted with hydrogen isotopes (Fig. 1a, spectra 2 and 3) contained sets of narrow
red bands at 720-780 nm with varying intensities along the implantation area [6] and a narrow strong band at 511 nm that is
usually observed for pure type IIa diamond after implantation of hydrogen or carbon ions and annealing at T, > 1000°C [20].
The description of these is beyond the scope of the present work. A continuous graphitized layer formed in the area with the
most radiation damage for diamond implanted with hydrogen isotopes at doses >8-10'6 cm™ followed by high-temperature
annealing [21]. As a result, PL spectra 2 and 3 (Fig. 1a) exhibited interference with a period corresponding to the depth of
this layer (~1.9 pm).

Photochromism is characteristic of many optical centers in diamond [22, 23]. Spectra of diamonds irradiated by
neutrons and annealed at T, = 1680°C with strong PL lines at 580 nm changed shape at excitation beam (Ao, = 532 nm)
powers from 0.1 to 20 mW. Also, several Raman bands characteristic of natural diamond and CVD diamond with extensive
radiation damage were recorded in the short-wavelength part of the spectrum [17]. Their spectral positions changed in concert
with the excitation wavelength (Fig. 1b, range 490—525 nm).
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Fig. 1. Photoluminescence spectra of natural diamond irradiated by neutron flux
1:10%° cm™ and annealed at 1630°C for 1 h (1) and at 1665°C (5) (a) and CVD-diamonds
[H-ion unplantatlon flux 8-10'% cm™ and annealing at 1660°C (2); D-ion unplantatlon flux
12:10'7 cm™ after annealing at 1660°C (3); irradiated by neutron flux 2-10'° cm™ and
annealed at 1680°C (4); irradiated by neutron flux 2:10%° cm™ and annealed at 1680°C (6)];
Aex =473 (1, 2), 488 (3, 4, 6), and 532 nm (5) (a) and CVD-diamond irradiated by neutron
flux 2:10%° cm2 and annealed at T, = 1080 (1), 1300 (2), 1465 (3), 1550 (4), 1610 (5),
and 1680°C (6); Aex = 488 nm from the growth side at room temperature; in the inset,
semilogarithmic plot of H19 center integrated intensity /jy19 (ZPL 580 nm) normalized to
the integrated intensity of diamond Raman line /g(Dia) vs. inverse annealing temperature.

Impact of annealing temperature on PL spectra. Figure 1b shows the impact of annealing temperature on the
PL spectrum of diamond irradiated by fast neutrons. The band with a ZPL at 580 nm appeared in spectra of radiation-
damaged diamond after annealing at T, = 1250—1300°C (Fig. 1b). A broad band B with a maximum near 770 nm dominated
in PL spectra of irradiated diamond at lower annealing temperatures [20]. The annealing temperature 7, was the main factor
affecting the band intensity and width. The full width at half-height (') of the H19 center decreased from 7—8 to 2-3 nm
and its intensity increased rapidly as T, increased (Fig. 1b). PL spectra also recorded a band near 738 nm for an SiV center
[10, 18] and bands with maxima at ~558 and 566 nm (Fig. 1a).

The activation energy Eyj9 for the increase of integrated intensity /ij;9 of an H19 center (ZPL at 580 nm) of
CVD diamond irradiated by neutron fluxes 2-10'° and 2:10%° cm™ relative to that of the diamond peak Ig(Dia) in Raman
spectra as a function of annealing temperature T, was Ejj9= 1.7+ 0.1 eV (Fig. 1b, inset). It should be recalled that the intensity
Ir(Dia) of the diamond Raman band itself decreased during annealing of radiation-damaged diamond, i.e., the actual activation
energy for the intensity increase of the PL band at 580 nm (H19) was slightly greater. This quantity was comparable to the
activation energy for vacancy migration in diamond (2.12 eV for diamond irradiated by high-energy ions [24]; up to 2.3 eV
for migration of a neutrally charged vacancy in perfect natural diamonds of types Ia, Ib, and Ila [25]).

Impact of stresses in diamond on PL of the H19 center. Splitting of the ZPL at 580 nm into at least two components was
observed in several PL spectra of a polycrystalline CVD diamond implanted with D-ions (doses from 8:10'°t0 12:10'° cm‘z)
and annealed at 1650—1680°C (Fig. 2a). Confocal measurements (exciting laser diameter ~1 pum) showed that this splitting
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Fig. 2. Dependence of positions of maxima for split ZPL H19 center components in
CVD-dlamond implanted with D-ions at a dose of 8- 10'® cm™ and vacuum annealed at

= 1640°C on local mechanical stress ¢ determined from the splitting of the diamond
Raman peak; in the inset, PL spectra at sample points with the minimal (1) and maximal
splitting (2) of the H19 center ZPL; dashed lines are two deconvoluted ZPL components;
Aex = 532 nm from the sample growth side.

was most evident in individual CVD crystallites near intercrystallite boundaries. The diamond peak in Raman spectra split
and shifted simultaneously, indicating that the sample had high local mechanical stresses. Local stresses determined using
the literature method [26] varied strongly through the sample and reached ¢ = 3.5 GPa at separate points. Figure 2 shows
a plot based on >40 measurements in various surface sections of a CVD diamond plate. It is noteworthy that intrinsic stresses
typically vary over space in polycrystalline diamond films, even untreated ones, and can reach ~9 GPa by concentrating near
grain boundaries [27]. Graphitization of intercrystallite boundaries in CVD diamonds during high-temperature annealing
could be yet another source of stress [28, 29]. Annealing polycrystalline CVD diamonds at 7, > 1300°C is known to break
C-H bonds and transform defect diamond into amorphous carbon and turbostratic graphite [28]. This is associated with
a sharp increase of the light absorption coefficient [28, 29] while retaining the same thermal conductivity [19] and elastic
properties [29] of annealed CVD diamond. Graphitization was greatest near intercrystallite boundaries where bound hydrogen
was concentrated in CVD diamonds. In turn, high local mechanical stress fields formed in annealed CVD diamonds because
diamond and graphite have different specific densities. Radiation damage increased the temperature at which graphitization
of the CVD intercrystallite boundaries started because hydrogen atoms redistributed throughout the whole sample [30].

Figure 2 (inset) shows the deconvoluted PL band of the H19 center as two Lorentzian components with, as a rule,
a stronger long-wavelength component. The short-wavelength component shifted by up to 2.5 nm (9 meV). The diamond
peak (near 573 nm) in the Raman spectrum was noticeably weakened relative to the ZPL of the H19 center for sample
sections with high mechanical stresses. The positions of the maxima from the split PL maximum of the H19 center were
approximated well by linear functions of the local mechanical stress determined from Raman spectra.

Impact of measurement temperatures on HI19 center PL. The ZPL at 580 nm of the H19 center shifted to longer
wavelengths and broadened as the temperature increased. The low-temperature position of the H19 center ZPL was determined
from PL spectra at 80 K. According to the classical model of impurity centers in a solid [31], the shift AE(T) of the ZPL
maximum with energy Ey;9(7) due to the increased lattice constant and electron-phonon interaction (EPI) caused by heating
diamond is proportional to T 4, where T 'is the absolute temperature. The expression AE(T) = Ey19(80) — Eg19(T) = al? + bT4,
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Fig. 3. PL spectra of CVD-diamond irradiated by neutron flux 2-10"° cm™ and annealed
at T, = 1700°C recorded at T = 20 (1), 100 (2), 200 (3), 300 (4), 400 (5), and 500°C (6);
Aex = 473 nm from the growth side (a) and temperature dependences of the ratio of integrated
intensities of the H19 center ZPL at temperature 7 and at 80 K normalized to the integrated
intensity of diamond line Iz(Dia) in Raman spectra [Ay19(T)/Ax19(80)] at the corresponding
temperatures (1), full widths at half-height I'yy19 (2), and shifts AAg19 (3); AH19(80) =579 nm.

which also considers softening of chemical bonds in the center excited electronic state, must be used to describe the functions
in Fig. 3 [32]. The best agreement for the spectra in Fig. 3, for which the ZPL maximum shifted by 15 meV in the range
30-300°C, was obtained for a = 4.5-108 eV/K? and b = 4-10"'* eV/K* (Fig. 3b). The quantity AE for the H19 center was
half that for an NV~ center [33]. The temperature dependence of the full width at half-height I'j;9 for the H19 center obeyed
the expression I'yjjg(nm) = 3.7 + 265108 13 (Fig. 3b). The ratio of integrated intensities Ag19(7") of the H19 center in the
PL spectrum Iij19(T) and diamond line Iz(Dia; T) in the Raman spectrum at temperature T was defined as Ay19(T)/Ax19(80)
=[1 + 850 exp (—Edp/kBT)]'l, where Ap19(80) = Iyy19(80)/Ir(Dia; 80) = 7.5 is the ratio of the H19 center ZPL integrated
intensity in the PL spectrum to that of the diamond line in the Raman spectrum at 80 K; Egp, activation energy for thermal
quenching of the ZPL center; and kg, Boltzmann's constant. The activation energy for thermal quenching of the integrated
intensity of the H19 center ZPL was Eg, =210 meV for CVD diamond irradiated by neutron flux 2- 10'° cm™ and annealed
at T, = 1700°C (Fig. 3b).

Vacancy defects in covalent crystals loosen the lattice. Conversely, interstitial defects strengthen the force constants
of vibrational modes [10]. Therefore, large EPI is observed at vacancy defects and small EPI at interstitial ones. Thus, vacancy
defects have larger deformation softness S, = (g YA hwq )/AP and thermal softness S; = (hw Y 'AT(T)/AT, where Ry
and I' are the ZPL maximum energy and full width at half-height; A( i ), the shift or splitting of the ZPL by uniaxial
pressure AP; and AI'(T), change of I" with temperature. The quantities S, and S; of the optical center must be compared with
those for the ideal crystal lattice. They can be estimated from the dependences of the band gap (diamond energy gap) on
temperature and pressure and were 2-10™ 12ev/Pa and -54-107eV/K according to the literature [34]. Hence S, and S; for the
ideal diamond crystal structure are 0.36- 1072 pa~! and 1107 K. The values were S, =2.2- 1072 pa~! and S;=2.1107K!
for the data shown in Figs. 2 and 3. The high Sj, and S; values allow the H19 center to be considered a soft vacancy defect.
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Fig. 4. Photoluminescence spectra of CVD-diamonds irradiated by neutron fluxes 2-10"°
(1)and 2- 10%° cm™2 (2) and annealed at 1680°C; Raman spectra of CVD-diamond irradiated
by neutron flux 2- 10'° cm 2 and annealed at 1375 (3) and 1555°C (4); the starting point of
spectra 3 and 4 was the position of the H19 center ZPL in spectra 1 and 2; Aex = 473 (1)
and 488 nm (2-4).

Features of the H19 center phonon tail. One method of studying optical centers and crystal-lattice dynamics uses
the phonon tail structure from the corresponding ZPL in absorption and PL spectra. Differences between the ZPL spectral
position and features on the phonon tail correspond to either vibrational frequencies at Brillouin-zone critical points or so-
called local modes of impurity atoms forming the center [35]. Figure 4 shows PL spectra of CVD diamonds irradiated by
fast-neutron fluxes 2-10'° and 2-10%° cm™ for Aex =473 and 488 nm.

Features with shifts of 27.5 (a), 63.5 (b), 92 (¢), 126 (d), 157 (), and 174 meV (f) were observed on the H19 center
phonon tail. These features were clearly resolved in spectra of the studied natural and CVD diamonds after high-temperature
annealing and rapid growth of H19 center PL intensity (Fig. 1b). Their relative intensities were practically independent
of the PL excitation wavelength and the diamond impurity profile, in particular, on the intensity of the H3 center phonon
repetition band with a maximum near 520 nm and a PL band with a maximum at 738 nm from a SiV’ center (Figs. 1a and 4).
The strongest band b on the H19 center phonon tail was shifted relative to the ZPL by 63.5 meV whereas the minimal phonon
frequency in diamond at a Brillouin-zone special point (Z4-phonon at point L, (111)) is 71 meV [10]. The spectral positions of
features d and e in PL spectra of the H19 center (Fig. 4) agreed well with those in spectra of diamond density of phonon states
[10, 36], which was not valid for several other features designated in Fig. 4. The features on the center phonon tail cannot be
attributed to local vibrational modes of impurity atoms because the impurity profile of radiation damaged diamond was not
related to the shape and strength of the H19 center PL band [35]. PL spectra were also missing a local mode at 38—40 meV
that was characteristic of diamond centers with a solitary vacancy in their structure [10] (Figs. 1, 2, and 4).

A comparison of Raman and PL spectra showed that all features on the H19 center phonon tail correlated with Raman
maxima (Fig. 4b, spectra 3 and 4) at 220, 260, 335, 500, 528, 693, 755, 1009, 1237, 1385, and 1412 cm™' (27.5, 32.1,48.3, 62,
65.3, 85.9,93.6, 124.7, 139, 171.6, and 175 meV, respectively). This set of bands in diamond Raman spectra was proposed to
result from high levels of radiation damage. High-temperature annealing restored only partially the diamond crystal structure
[6, 11]. Amorphized regions in which the phonon correlation length was ~1 nm, i.e., only three diamond-lattice lengths, the
cubic modification could not be fully restored. Regions with high linear defect concentrations [37] or (under the influence of
powerful laser radiation) other noncubic modifications of sp3—C were formed [38]. This possible interpretation of the local
mode peaks on the 580-nm ZPL phonon band was supported by the fact that H19 centers were observed simultaneously
with the characteristic features in Raman spectra 3 and 4 (Fig. 4) in diamonds irradiated with neutrons [17, 39] or implanted
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with ions [39] at doses close to the graphitization level. Also, the band structure in the region of H19 center phonon repetitions
allows other interpretations. The H19 center may have two ZPLs (580 and 598 nm), which is characteristic of several other
diamond optical centers, e.g., those formed by implantation of Xe (ZPL 794 and 811 nm [40]) or He ions (ZPL 536.5 and
560.5 nm [41]).

Spectra in Figs. 1, 3, and 4 show also two narrow (I' = 3—4 nm) PL maxima at 558 and 566 nm with intensities an
order of magnitude less than that of the 580-nm ZPL. Previously, diamond PL maxima with similar spectral positions and
I' values were observed [42] although their nature was not discussed. The intensity ratio of the maxima at 558 and 580 nm
changed not only from sample to sample but also within individual crystallites (grains) in polycrystalline CVD diamonds
irradiated by fast neutrons. The intensities of the ZPL maxima at 566 and 580 nm were correlated, which could indicate that
the centers had similar natures.

On the nature of H19 centers in diamond. The H19 optical center (ZPL 580 nm) was observed only after high-
temperature annealing and only in diamonds irradiated with high doses of light particles, e.g., hydrogen isotopes and
neutrons. Irradiation with light particles causes less radiation damage due to secondary collisions of ejected C atoms, more
point defects, and fewer collision cascades leading to the formation of disordered regions. It could be proposed that the
H19 center formed during the reaction of simple point defects. The rate of such reactions depended linearly on the initial
defect concentration. Therefore, H19 centers were observed only at high irradiation doses. High annealing temperatures are
known to be required to form complex defects in diamond [10]. One method for annealing vacancies in diamond is to form
multivacancy complexes starting with divacancies. Thermally activated vacancies can diffuse in diamond to form chains and
loops of different lengths.

The formation of H19 centers was not affected by the content and speciation of N and Si impurities or the content
of initial or implanted hydrogen because the center characteristics were independent of implanted hydrogen isotopes. Also,
centers were observed in neutron-irradiated crystals and in natural diamond. The thermal and deformation softness of the
H19 center indicated that it originated in a vacancy. This suggested that the H19 optical center was a complex intrinsic
vacancy defect. The intensities of peaks at 335, 1385, and 1412 cm™! increased simultaneously with the strengthening of
the 580-nm band in PL and Raman spectra of diamonds irradiated by fast neutrons (Fig. 4). This could indicate that
the H19 center contained a C=C group.

Low-temperature piezospectroscopic measurements of PL spectra and ESR signal anisotropy of multivacancy centers
should also be investigated to elucidate the details of the H19 optical center structure and symmetry [43].

Conclusions. PL spectra of natural and CVD diamonds irradiated by fast neutrons or implanted with hydrogen
isotopes and annealed at high temperatures showed a ZPL at 580 nm and a structured phonon tail (H19 optical center). The
strength and behavior of this band after annealing did not correlate with the concentration and speciation of N and Si in the
studied diamonds or with the content of initial or implanted H/D. The activation energy for formation of the H19 center
was >1.7 eV. The deformation and thermal softness of the H19 center were determined from the temperature dependence
of PL spectra and the impact of local mechanical stresses on the shape of the peak with a ZPL at 580 mm. A possible
interpretation of the features on the H19 center phonon tail was proposed. The relationship of the H19 center and associated
maxima at 558 and 566 nm was discussed. The results confirmed that the H19 optical center in radiation-damaged and
high-temperature annealed diamonds was a complex intrinsic vacancy defect.
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