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Abstract

The paper provides the information on the effects of rapid (1 minute) high pressure high
temperature (RHPHT) annealing of synthetic Ib-type diamond plates at temperatures (1900 °C,
2100 °C, 2300 °C, 2500 °C, 2700 °C) and pressure of 8 GPa. The studies were carried out using
the visual analysis, absorption and Raman spectroscopy, photoluminescence and
cathodoluminescence. During RHPHT annealing the diamond plates in a high-pressure container
were rapidly heated/cooled at a very non-uniform temperature and pressure distribution. All this
caused the inhomogeneous plastic deformation of diamond plates. The plastic deformation of
diamonds during RHPHT annealing was a powerful “generator” of vacancies. The electron
transfer from individual atoms of substituting nitrogen to nitrogen-vacancy centers switched
these centers to a negatively charged state. Another accompanying RHPHT annealing process
was the diffusion of nitrogen atoms with the formation of it’s simple aggregates — H3 defects (at
2300°C). At higher RHPHT annealing temperatures more complex aggregates containing three
nitrogen atoms — N3 defects — were generated. RHPHT annealing led to the formation of
identical nitrogen — vacancy defects, as did quasi stationary HPHT annealing, but the number of
these defects was significantly greater after RHPHT annealing.



Introduction

The heat treatment (annealing) is a common method of controlling diamond properties.
Since a diamond at normal pressure is a metastable phase of carbon, it undergoes spontaneous
graphitization when heated. Conventionally, the low-temperature annealing in which intrinsic
interstitials, vacancies, and hydrogen become movable, can be carried out at normal pressure and
without graphitization in the nitrogen or inert gas atmosphere. The generation of color centers in
irradiated diamonds [1-3] or the hydrogen diffusion [4] are common examples of such annealing.
Modern advances in diamonds annealing technology without pressure allow it to be carried out
at high temperatures (low pressure high temperature - LPHT annealing) when impurity nitrogen
atoms become mobile [5-9]. The graphitization by LPHT annealing in pure hydrogen atmosphere
[7, 10] or in vacuum [11] is significantly suppressed. It is impossible to completely get rid of
graphitization despite the significant success of LPHT annealing technology.

To minimize the graphitization the high-temperature diamond annealing is preferably
carried out under a pressure stabilizing the diamond phase. The high pressure high temperature
(HPHT) annealing in diamond synthesis plants is a typical example of such treatment [12]. The
pressure and temperature ranges at HPHT annealing is 5-7 GPa and 1800-2500° C, respectively.
The time for temperature setting in BARS-type devices [13-14] designed for the synthesis of
large diamond crystals is about 60 minutes, the annealing duration is from a few minutes to
several hours, the cooling time to 600-500°C is about 20 minutes. The structural and impurity
transformations in synthetic diamonds during HPHT annealing go towards the generation of
material similar to natural diamonds. With the account of all advantages of such HPHT
annealing, its practical implementation requires expensive equipment and qualified maintenance
personnel.

At the same time, HPHT annealing can be performed at a lower cost in high-pressure
devices designed for the synthesis of diamond powders [15]. The duration of the heat treatment
in the powder synthesis apparatus is comparable to the heating time to a high temperature and is
tens of seconds. Using the terminology from silicon-based microelectronics technology we
called this treatment rapid high pressure high temperature (RHPHT) annealing. Although the
effect of such annealing on diamonds has hardly been studied, it is clear that the samples to be
heated will be under very non-equilibrium conditions.

The research results for the defective conversions in RHPHT-treated synthetic Ib-type
HPHT diamonds are given below.

Sample preparation and annealing

The plates made of single crystals of Ib-type diamond synthesized at Adamasinvest LLC,
Belarus (Almazot trademark) were subjected to rapid thermal annealing. Diamonds were
synthesized by the temperature gradient method in C-Fe-Ni melt at temperatures 1470-1500°C
and pressure 5.4-5.0 GPa within 70-76 hours [16-17]. The experimental plates were cut along the
plane (100) parallel to the base from three crystals grown under the same conditions. A
photograph of one of the crystals weighing 1.6 carats is shown in Figure 1. Dashed lines in
Figure 1 show the region of the crystal from which the plates were cut. The thickness of the
plates was 350-500 pum after the double-sided mechanical polishing. Five rectangular plates with
a diagonal size not more than 5 mm were selected for the experiment. The size limitation of the
plates was set by the annealing container diameter.



Figure 1 — Photograph of a standard Almazot crystal; experimental plates were cut from the part
of the crystal indicated by dashed lines

The diamond plates prepared in this way were annealed at SSPA SPMRC of NAS of
Belarus in high-pressure apparatuses with toroid carbide matrices. This type of apparatus is
commonly used for the synthesis of diamond and boron nitride micropowders [15]. A high
pressure lithographic container with a diamond plate therein was installed in the carbide matrix.
Figure 2 shows the arrangement of the diamond plate (1) in the center of the container (2) of the
operating volume 222 mm?3 and a diameter 5.8 mm. A fine boron nitride powder (3) with a grain
size less than 10 um was used to create a quasi-hydrostatic pressure distribution in the working
volume of the container. The pressure calibration was carried out at the room temperature by
phase transitions of solid solutions of zinc and cadmium sulphides and selenides CdS (2.4 GPa),
Zno.05Cdo.gsS (3.5 GPa), ZnoosCdoosS (5.3 GPa), CdSe (2.5 GPa), Znoo7Cdo.gsSe (3.3 GPa),
Zno13Cdog7rSe (4.1 GPa), Zno.CdosSe (4.6 GPa), Zno3Cdo7Se (5.6 GPa). Temperature
calibration was carried out at a pressure of 8 GPa using a platinum-platinum-rhodium (Pt-Pt /
10% Rh) thermocouple, a graphite-diamond (2600 °C) phase transition, and by the melting
points of molybdenum (2700 °C) and iron (1800 °C). The container was heated by electric
current passing through cylindrical graphite heater (4) simultaneously with the load application.
Diamond plates were annealed at different temperatures (1900°C, 2100°C, 2300°C, 2500°C,
2700°C) and the same pressure - 8 GPa for a minute.

1 — diamond plate;
2 — lithographic stone container casing;
3 — pressure transmitting medium (boron nitride powder);
4 — cylindrical graphite heater.
Figure 2 — Layout of the diamond plate in a high-pressure container at RHPHT annealing

The time of heating to the preset temperature was 60 seconds. On the annealing
completion, the pressure was maintained for a cell cooling to the room temperature, which was
about 60 seconds.



Research methods

A 12* magnification optical microscope was used for the visual analysis and
photographing of diamond plates. The plates were photographed on a white background lighted
by daylight and ultraviolet (UV) light from a 337-nm laser on a black non-luminescent
background. The photographing on a black background lighted by UV light of the plates allowed
the visualization of photoluminescence (PL) centers distribution. The birefringence photos were
taken in transmitted white light when diamond plates were placed between two crossed
polarizers.

The ultraviolet-visible (UV) absorption was measured using a Cary 300 Bio dispersion
spectrometer. The measurements were carried out at room temperature in a wavelength range of
200-900 nm with a pitch of 0.2 nm. The diameter of the diaphragm limiting the measurement
area was 0.8 mm.

The absorption of samples in the visible and near infrared (IR) regions of the spectrum
cooled to a temperature of T = 80 K was measured by a laboratory apparatus with a spectral
resolution of 0.4 nm. The light passed through the sample was recorded by a silicon
photodetector. The spectral range of measurements was 360-1000 nm. The diameter of the area-
limiting diaphragm was 0.8 mm.

The absorption in IR spectrum range was recorded by Vertex 70 Fourier-transform IR
spectrometer. The measurements were carried out at room temperature with a resolution of 0.5
cm? in the wave number range from 400 to 4000 cm™ and an average of 60 independent
spectrum scans. The diaphragm 1.1 mm in diameter limiting the measurement area was placed
directly on the sample surface. The absorption spectra normalization was carried out related to
the intrinsic absorption of the diamond lattice, which was (4.6 = 0.3) cm™ at 2560 and 2430 cm*
or (12.8 £0.3) cm™ at 2030 and 1970 cm™ [18]. The absorption coefficients of the main nitrogen
centers were detected by decomposing of the measured spectra into three components associated
with the absorption by C-defects (single substituting nitrogen atoms in a neutral charge state),
N*-defects (positively charged single substituting nitrogen atoms) and A-defects (nearest
adjacent pairs of nitrogen atoms in diamond lattice nodes).

The concentration of C-defects was calculated by the absorption at 1130 cm™ using the
ratio [19]:

Nc [ppm] = 25- 01130 [cm™?] (1),
where o130 is the absorption coefficient at 1130 cm™,

The concentration of N*-defects associated with absorption at 1332 cm™ was calculated
by formula from [20]:

Nn* [ppm] = 5.5 aa332 [cm™] (2),
where ous3 is the absorption coefficient at 1332 cm™.

The concentration of A-defects was calculated according to the absorption at a wave
number of 1280 cm™ [21]:

Na [ppm] = 16.5- 0280 [cm™] (3),
where o280 is the absorption coefficient at 1280 cm™,

Raman and PL spectra were measured at the room temperature using a NanoFinder High
End spectrometer (LOTIS TII Tokyo Instruments) combined with a three-dimensional scanning
confocal microscope. Solid state lasers with a wavelength of 355 nm, 473 nm, 532 nm, and 785
nm were used for excitation. The laser radiation was focused on the surface of the samples with a
100* objective to the spot about 1 um in diameter. The power of exciting Raman laser radiation
varied from 60 pW to 20 mW. Raman spectra were recorded according to the backscattering



pattern of a silicon CCD matrix cooled to -59°C. The spectral resolution was about 0.25 cm™
when the main Raman line was recorded with a high resolution. The general Raman/PL spectra
were recorded with a resolution of no less than 3 cm™. The signal accumulation time ranged
from 1to 120 s.

The measurements of cathodoluminescence (CL) spectra of liquid nitrogen cooled
samples were carried out using a laboratory device with a spectral resolution of 0.2 nm and a
photomultiplier as a photodetector [22]. The spectral range of measurements was 360-900 nm.
The luminescence was excited by an electron beam focused on the sample surface to a spot about
1 mm in diameter. All measurements were performed under the same excitation and recording
conditions.

Results and discussion

Visual analysis

Table 1 shows photographs of Almazot plates before and after annealing. Annealed plates
were etched for 5 minutes in a potassium dichromate boiling solution in sulfuric acid before
photographing to remove the surface graphitized layer. As shown in photographs given in Table
1 the original Almazot plates are non-uniformly colored in yellow. The cubic growth sectors that
are clearly seen in the central part of plates No. 4102-5, No. 4102-4, and No. 2669-5 are almost
colorless or colored in light yellow. The octahedral growth sectors at the plate periphery are
colored in yellow. The yellow intensity of synthetic HPHT Ib-type diamonds is determined
generally by the C-defect absorption value [1, 23-25]. The darker yellow corresponds to a higher
concentration of C-defects. The standard concentration of C defects in yellow Almazot diamonds
is 100-200 ppm [17].

Table 1 Photos of Almazot plates before and after RHPHT annealing

Plate No., before RHPHT annealing after RHPHT annealing

annealing

temperature daylight UV lighting daylight birefringence

4102-5, !
1900°C |

4102-4, il
2100°C

2669-5,
2300°C |




4094-5,
2500°C

4094-4,
2700°C

The green PL related to Ni-containing defects [10, 25-30] was observed in the central
part of the plates under ultraviolet illumination. The green PL is localized in octahedral growth
sectors bordering the cubic sector in the central part of plates No. 4102-5, No. 4102-4, and No.
2669-5. The cubic growth sector was either absent or had a small size in plates No. 4094-5 and
No. 4094-4. The green PL in these plates is mainly localized near the edges of the octahedral
growth sectors. PL had the maximum intensity at the edge between growth sectors in all plates.
PL intensity abruptly disappeared in the cubic growth sectors, while it gradually declined in the
octahedral sectors. Such distribution of PL intensity reflected effective nickel capture by
intersector edges and octahedral growth sectors and the low efficiency of nickel capture by cubic
sectors during synthesis [10, 28-29].

The color of the cubic growth sectors practically did not change, and the octahedral
sectors became light yellow after RHPHT annealing. The edge between the cubic and octahedral
sectors was marked more clearly. The surface of plates annealed at temperatures above 2300°C
became matte greatly diffusing the visible light. The cracks occurred in plates No. 2669-5 and
No. 4094-5 annealed at 2300°C and 2500°C, respectively, and plate No. 4102-4 collapsed. The
cracks were formed in plane (110) and did not spread further than the middle of the plates. Thus,
the relative shift of different parts of the plates during RHPHT annealing was insignificant. The
destruction of plate No. 4102-4 was mainly caused by its large size and possible contact with the
walls of the high pressure container during RHPHT annealing. Note the significant surface
graphitization of plate No. 4094-4 after annealing at 2700°C. It seems that the pressure generated
by the plant during RHPHT annealing at 2700°C was insufficient to stabilize the diamond phase.

The green PL region a little spread to the octahedral growth sectors (the corresponding
photographs are not shown in Table 1) after RHPHT annealing and occupied a large area. The
spread of green PL was related to the generation of additional nickel-containing centers during
annealing [10]. The green PL was absent in cubic growth sectors, as before RHPHT annealing.

The cross-polarization microscopy was used to reveal stresses. The dark field condition
was achieved by two cross-polarizers. The deviation from the dark field condition arising due to
the birefringence gave the optical contrast. Due to the varying of birefringence with stress, we
could identify its distribution. The photographs in Table 1 in “crossed polarizers” made it
possible to visualize the stress distribution in diamond plates after RHPHT annealing. The
birefringence was not observed before RHPHT annealing and at annealing temperatures not
higher than 1900°C (see photo of plate No. 4102-5). As can be seen from the photo of plate No.
4102-4, the stressed areas appeared after RHPHT annealing at 2100°C as large bright spots near




the edge of the cubic and octahedral growth sectors. The intensity of the transmitted light
indicated that the stress amount in this plate decreased towards the periphery of the octahedral
sectors. The pattern of stress distribution at higher temperatures was formed by alternating light
and dark stripes directed from the center of the plate to its periphery (see photo No. 2669-5 and
No. 4094-5). The increase of RHPHT annealing temperature to 2300°C and 2500°C was
accompanied by the reduction of the stress strips size with the simultaneous increase of their
quantity per area unit. The size of the stressed strips increased and their density decreased after
the maximum temperature of RHPHT annealing (see photo No. 4094-4).

The birefringence in diamonds was observed after the plastic deformation caused by the
graphitization during the elastic deformation near inclusions, dislocations, grain edges, and edges
of growth sectors [31-34]. The possible cause of stress generation in our case was the plastic
deformation of the plates during RHPHT annealing. It is obvious that the pressure was not
hydrostatic, but was heterogeneously distributed during RHPHT annealing. This is evidenced by
the cracks in the plates appeared after the annealing at temperatures of 2300°C and 2500°C. The
inhomogeneous pressure distribution during RHPHT annealing caused the plastic deformation
and stress in the plates manifested in the birefringence pattern and in the spectral shift of the
CRC main line.

Raman scattering

Figure 3a (using the example of plate No. 2669-5) shows standard Raman spectra of
Almazot from cubic and octahedral growth sectors before RHPHT annealing. The spectra were
measured at room temperature. The spectra contained a very intense narrow line (R) at 1332 cm™
of the single-phonon light scattering in diamond and pronounced double-phonon scattering band
(R2) in the range of 2200 to 2660 cm™ before RHPHT annealing. There were no signs of
graphite phase in the Raman spectra [35]. The spectrum from the octahedral sector contained a
line at 800 cm™ (491 nm) that is most likely related to luminescence. The spectral position of the
Raman main line was at 1332.15 cm™ before RHPHT annealing. Its full width at half maximum
(FWHM) was 1.63 cm™ in the cubic growth sector with about 10 ppm of the nitrogen
concentration and 1.75 cm™ in the octahedral sectors with about 180 ppm of the nitrogen
concentration. The Raman main line width in structurally perfect nitrogen-free Ila-type
diamonds was about 1.6 cm™ [36-39]. Therefore, the pre-annealing expansion of line 1332 cm™
with respect to lla-type diamonds for plate No. 2669-5 was related to the higher nitrogen
concentration, as [37, 39].
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Figure 3 — Raman spectra of Almazot (a) from the cubic and octahedral sectors before RHPHT
annealing, (b) integral intensity; (c) FWHM, and (d) the spectral position of 1332 cm™ line vs.
temperature RHPHT annealing. The dashed line shows the parameters of 1332 cm™ line in
nitrogen-free areas of the plates before RHPHT annealing

The Raman intensity decreased and intense PL appeared after RHPHT annealing. The
laser excitation with a wavelength of 785 nm was used to suppress PL.

Figures 3b, 3c, 3d show the changes in the Raman main line parameters after RHPHT
annealing. Raman spectra were recorded at the excitation of randomly selected areas on the
surface of plates in cubic and octahedral growth sectors. As you can see, 1332 cm™ line widened
and in most cases shifted to smaller wave numbers, its integral intensity decreased monotonically
with the increase in RHPHT annealing temperature. The significant variation in the spectral
position and 1332 cm™ line width within the plate was observed in both cubic and octahedral
growth sectors.

The shift and broadening of the main Raman scattering line was caused by the plastic
deformation of diamond during RHPHT annealing and the stresses related to the deformation. As
can be seen from the birefringence photographs in Table 1, the diamond plates were locally
stressed after RHPHT annealing. The density of the stressed regions in the plates increased with
increase of RHPHT annealing temperature. The shift in the spectral position of the main Raman
scattering line of diamonds is linearly related to elastic stresses [40-43]. The shift to lower
values of the wave number corresponded to the expansion of the diamond crystal lattice, while
the shift to the higher wave numbers corresponded to its compression. We estimated the value of
elastic stresses ¢ in direction <001> using the expression given in [43]:

6 =0.49-[GPa/cm™]-Av [cm™] (4),
where Av is the difference between the spectral position of 1332 cm™ line before and after
RHPHT annealing. Taking into account the above expression, the elastic stress value between
the most compressed and stretched regions of the plate was about 0.43 GPa after RHPHT
annealing at a temperature of 2.300°C.

Absorption
Visible-near IR range

The absorption spectra of Almazot octahedral growth sectors in the visible spectral range
are shown in Figure 4. Almazot plates absorbed intensively the radiation with wavelengths less



than 500 nm. Such absorption shown as an example in Fig. 4a is typical for synthetic HPHT
diamonds containing C-defects and determined their yellow color [1, 13, 23-24]. The absorption
maximum of C-defects was at 270 nm [2, 23]. The samples were almost non-transparent at the
absorption maximum, and the spectra contained only the long wavelength absorption edge of C-
defects starting from 500 nm [13] at C-defects concentration more than 50 ppm.
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Figure 4 — Absorption spectra of octahedral growth sectors in Almazot plates: a) — at room
temperature before and after RHPHT annealing at T = 2500°C, b) — at liquid nitrogen
temperature after RHPHT annealing. The inset in Fig. 4a shows a part of the spectrum in the
vicinity of the NV -center

The surface of the diamond plates became matte and the absorption spectra shifted along
the ordinate axis to larger values by approximately 4-7 cm™ due to light scattering after RHPHT
annealing (see Fig. 4a). The line at 638 nm appeared at the spectra of absorption by octahedral
growth sectors starting from 2100°C temperature (see the inset in Fig. 4a). The absorption at 638
nm in cubic growth sectors and in the central luminescent areas of the plates was practically
absent. Such distribution of 638 nm centers is typical for synthetic HPHT Ib-type diamonds [44]
in which they were formed mainly in (111) growth sectors and were almost absent in (100)
sectors.

638 nm center (NV -center) was related to the nitrogen-vacancy complex in the negative
charge state [45]. This center is typical for all nitrogen-containing diamonds, especially intense
in Ib-type diamonds where the C-form of nitrogen prevails. NV -center in Ib-type diamonds is
formed after any type of irradiation and subsequent annealing at vacancy migration temperatures
(46-47). The formation of NV -centers was also observed after the plastic deformation of
diamonds and high-temperature annealing under pressure [48]. The ratio [20] between
concentrations (cm™) of 638 nm centers and the integrated absorption of their respective zero-
phonon lines (in meV cm™) for measurements at 80 K is determined as follows:

Nnv' [cm] = 8.9-10%lg3s [meV-cm™] (5),
where le3g IS the area under NV -center line in the absorption spectra presented in units of
[meV-cm™].

The transformation of the absorption spectra with increase of RHPHT annealing
temperature of diamond plates is shown in Figure 4b. To obtain more distinct structure of the
spectra and to extract the concentration of NV -centers the diamond plates were cooled to the
temperature of liquid nitrogen during absorption measurements. As can be seen from Figure 4b



additional absorption lines appeared at 870 nm and 986 nm in the spectra along with the line of
638 nm after RHPHT annealing at 2300°C. The width, integrated intensity of 638 nm, 870 nm,
986 nm lines, and the concentration of NV -centers calculated using expression (5) are shown in
Table 2. The intensity of all lines increased due to RHPHT annealing temperature.

Table 2 — Some characteristics of absorption by defective centers after RHPHT annealing

RHPHT annealing FWHM, meV / integrated intensity, meV-cm™ / concentration, cm
temperature, °C 638 nm (NV") 870 nm 986 nm (H2)
1900 - - -

2100 5.80/0.20/1.76e15 - -

2300 7.67/6.21/5.47¢16 6.87/0.39 4.90/1.67
2500 10.39/17.39/1.53el7 8.68/4.39 8.92/29.44
2700 6.90/23.90/2.10e17 4.76 1 8.38 4.88 /65.14

The 986 nm center (H2 center) is an A-defect that has captured the vacancy in the
negative charge state forming a structure of (NVN)™ type - a pair of substituting nitrogen atoms
separated by a negatively charged vacancy [45, 49, 50]. A negative vacancy charge is obtained
by capturing a weakly bound electron from closely spaced nitrogen atoms in the C-form [2, 49,
51]. The line at 870 nm is generated due to the interaction of H2-center with its own local
vibrations with the energy of about 167 meV according to [50]. The formation of H2-centers is
the firm evidence of the nitrogen aggregation during RHPHT annealing. The increase in the
absorption intensity at 986 nm simultaneously with the increase in RHPHT annealing
temperature indicates the increase in the aggregated nitrogen concentration.

It should be noted that absorption spectroscopy methods did not reveal nitrogen-vacancy
centers in the neutral charge state after RHPHT annealing, such as H3 at 503 nm (NVN)° and at
575 nm (NV°). This is possible if the concentration of C-defects significantly exceeds the
concentration of all nitrogen-vacancy centers corresponding to our case. In fact, the usual
concentration of C-defects in Almazot yellow crystals was about 100-200 ppm [7, 16, 17] and
the concentration of NV-centers, for example, was about 1 ppm (see Table 2).

IR range

Figure 5 shows the absorption spectra in the IR spectral range before and after RHPHT
annealing, for example, at a temperature of 2700°C. The measurements were carried out in the
central part of the plate (Figure 5a) and on the periphery of the plate in the octahedral growth
sector (Figure 5b). The similar measurements were performed for all plates.
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Figure 5 — Absorption spectra in the IR spectral range before and after RHPHT annealing: a) —
in the central part of the plate, b) — the octahedral growth sector at the periphery of the plate

The structure of the IR absorption spectra in the central part of the plates before RHPHT
annealing was almost the same for all samples. The absorption by the simplest aggregates - the
A-form of nitrogen at 1280 cm, related to the oscillations of two nearest nitrogen atoms at the
diamond lattice nodes, prevailed. The nitrogen concentration in the A-form for the spectrum of
sample 4094-4 shown in Figure 5a was about 125 ppm. The absorption of single isolated
nitrogen atoms at the lattice nodes (C-form of nitrogen) at 1130 and 1345 cm™ corresponded to a
concentration of about 38 ppm. The absorption related to the ionized C-form of nitrogen, N* was
about 10 ppm. As shown in Figure 5a, the absorption spectrum for the central part of the plate
practically did not change after RHPHT annealing at 2700°C. The absence of changes was due to
the fact that a significant part of nitrogen in the central area of the plates has been already
aggregated during the synthesis [7, 10, 29, 52]. The additional short-term RHPHT annealing did
not lead to the noticeable additional nitrogen aggregation in these areas even at 2700°C. Only a
slight increase in absorption by N* form of nitrogen can be noted. This increase can be either due
to the formation of additional nitrogen-nickel centers or mismatch of the IR probing areas before
and after annealing.

In contrast, the spectra from octahedral growth sectors at the plate periphery changed
after RHPHT annealing due to the aggregation of nitrogen from C- to A-form [7, 10, 53-55].
The nitrogen concentration calculated from the absorption spectra for the peripheral areas of the
plates is shown in Table 3. As shown in Figure 5b, the nitrogen in the octahedral sectors of the
plates was mainly in C-form at the concentration of about 169 ppm before RHPHT annealing.
The absorption of C-form decreased to 139 ppm after RHPHT annealing at 2700°C. In contrast,
the absorption of A-form nitrogen increased from 8 to 36 ppm after RHPHT annealing. The
concentration of N* nitrogen form also increased slightly from 3 to 5 ppm.

Table 3. The approximate nitrogen concentration in the octahedral growth sectors at the
periphery of the plates before and after RHPHT annealing

Temperature, |Nitrogen concentration before—after RHPHT annealing, ppm (+/- 5%)
°C C-form N*-form A-form C+N*+A
1900 121 — 118 8—6 35— 30 164 — 154
2100 115 — 130 97 36 — 35 160 — 172




2300 173 > 174 2—-4 958 184 — 186
2500 167 — 163 359 46 174 — 178
2700 169 — 139 355 8 — 36 180 — 180

As can be seen from Table 3, the detectable nitrogen aggregation in IR absorption was
observed at RHPHT annealing temperatures equal to 2500°C and above. The absorption spectra
structure did not change practically after RHPHT annealing at lower temperatures. It should be
noted that the IR absorption spectra did not contain any features of the second stage of nitrogen
aggregation related to the generation of B defects.

Cathodoluminescence

The CL spectra of diamond plates before and after RHPHT annealing are shown in
Figure 6. The spectra were recorded during the excitation of octahedral growth sectors. CL
spectra structure before RHPHT annealing was typical for synthetic Ib-type diamonds grown
from iron-nickel melt [22, 45, 47, 56-58]. The spectra were dominated by the intense zero-
phonon line (ZPL) related to the nickel at 484 nm and a wide electron-phonon band with a
maximum of about 540 nm. The low-intensity Ni center was also observed - doublet at 884 nm.
Both centers had a simple atomic structure and contained one Ni atom according to [59-60].
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Figure 6 — CL spectra of diamond plates before and after RHPHT annealing recorded during
the excitation of the octahedral growth sectors. The spectra are shifted along the ordinate for
clarity.

The intensity of the 484 nm center almost did not change after RHPHT annealing at
1900°C — 2100°C. The center at 884 nm was not detected after an annealing temperature of 1900
°C. ZPL at 575 nm appeared in the CL spectra related to the nitrogen-vacancy center in a neutral
charging state (NV°) [45] starting from 2100°C. The formation of NVO-centers was observed
after the plastic diamond deformation and high-temperature annealing under pressure [48, 61].
The intensity of the 484 nm nickel center decreased significantly after annealing at 2300°C. It
was no longer dominant. The line at 503 nm appeared in the CL spectra along with the increase



in the intensity of the NVP-center. The structure of the 503 nm center (H3-center) includes two
nitrogen atoms and a vacancy [45]. The registration of the H3-center in the CL spectra indicates
the formation of the simplest nitrogen aggregates in the form of two atoms at the nearest adjacent
nodes of the diamond lattice. The further increase in the RHPHT annealing temperature to
2500°C caused the annealing of the 484 nm center, the increase in the intensity of the NV and
H3-centers, and the appearance of the low intensity line at 537 nm. The 537 nm center in the CL
spectra appeared simultaneously with the H3-center [47]. There is an opinion [45] that the 537
nm center is a phonon repetition of 503 nm ZPL arising from the interaction of the electronic
transition with 160 meV phonon. The 415 nm line corresponding to the N3-center appeared in
the CL spectra at 2700°C. The structure of the N3-center includes 3 nitrogen atoms and a
vacancy [45]. The formation of the N3-center after RHPHT annealing at 2700°C indicates the
deeper aggregation of nitrogen corresponding to B-form.

Collins and Robertson [62] estimated the internal stresses ratio to the width of the 575 nm
zero-phonon line measured at 77 K using the simple expression:

o = Ws7s/ 10- (6),
where o is the stress value in GPa and W is FWHM line in meV. The application of this ratio to
FWHM values of the 575 nm line extracted from Figure 6 showed that diamond plates contained
significant internal stresses varying from about 0.27 GPa to 0.71 GPa after RHPHT annealing at
temperatures above 2100°C. This stress values obtained from ZPL width equal to 575 nm are
comparable to that obtained from the spectral shift of 1332 cm™ Raman line.

Photoluminescence

The PL spectra of diamond plates shown in Figure 7 were recorded at room temperature
after RHPHT annealing and supplemented the results of the CL study. The PL spectra had the
same structure and practically did not differ from those shown in Figure 7 for the RHPHT
annealing temperature of 1900°C prior to annealing. The spectra contained a wide FL band with
a maximum of about 530 nm along with the narrow R and 2R lines from the Raman spectra. The
average PL intensity was approximately 10 calculations per second. The subsequent RHPHT
annealing at higher temperatures caused the significant increase in PL intensity. 575 nm and 638
nm lines related to nitrogen vacancy centers appeared in the PL spectra starting from 2100°C.
The 638 nm line is related to the nitrogen-vacancy center in the negatively charged state [45] that
was not excited during CL studies. As shown in Figure 7, 575 nm centers were formed
predominantly in the central areas of the plates in the cubic growth sectors, and 638 nm centers
were formed on the periphery of the plates in the octahedral sectors [44]. As in CL studies, the
503 nm line appeared in the PL spectra indicating the nitrogen aggregation after RHPHT
annealing at 2300°C. Its intensity, as well as the intensity of 575 nm and 638 nm lines, changed
with the increase in RHPHT annealing temperature. It should be noted that RHPHT annealing of
Almazot in the quasi-stationary mode at the pressure of 5.2 GPa and temperature of 1870°C
within 4 hours regularly carried out by the authors (see, for example, [10]) did not cause such
intense luminescence.
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Figure 7 —PL spectra of diamond plates after RHPHT annealing: (a) — in the cubic growth
sectors in the central areas of plates, (b) — in the octahedral growth sectors at the periphery of
plates; the wavelength of the exciting irradiation is equal to 487 nm

The lines at 729 nm, 749 nm, 776 nm, and 805 nm from the central luminescent area of
4094-4 plate were present in the PL spectra even before annealing. These lines were observed in
the PL spectra of synthetic HPHT diamonds grown from nickel-containing carbon solvents [45].
Therefore, their connection with nickel is most likely.

Our observations of changes in Almazot synthetic diamonds after RHPHT annealing
correlate with the known information about the formation of nitrogen-vacancy centers in Ib-type
diamonds during HPHT annealing. Almazot crystals contained the nitrogen admixture mainly in
the C-form after the synthesis. The nitrogen content was higher in octahedral growth sectors than
in cubic one. The nitrogen share was in the form of the simplest aggregates - in the A-form in the
central part of the crystals near the seed. The aggregated nitrogen fraction in the central part of
the crystals depended on the temperature and synthesis duration.

It is known that the high-temperature annealing under pressure caused the plastic
deformation of the diamond [63-64] to some extent. The authors of [64—-65] observed noticeable
manifestations of the plastic deformation at temperatures of 1000°C and higher. The diamond
was plastically deformed due to partial graphitization [66] or due to stresses relaxation at the
edges of growth sectors [32] even under the hydrostatic pressure distribution during the high-
temperature annealing. The plastic deformation was accompanied by the formation of
dislocations [48] and the generation of vacancies [67-68].

It is obvious that the rapid heating/cooling of the diamond plates in the high pressure
container took place under conditions of a very inhomogeneous temperature and pressure
distribution during RHPHT annealing. All this caused the inhomogeneous plastic deformation of
the diamond plates. The consequences of the plastic deformation after RHPHT annealing were
preserved in the form of stresses “imprinted” in the topogram of the diamond plates
birefringence and manifested in the expansion of Raman, absorption, and luminescence lines. As
follows from the Raman spectra, the stresses were both compressing and expanding the diamond
crystal lattice. The latter prevailed.

The plastic deformation of diamonds during RHPHT annealing was a powerful
“generator” of vacancies that participated in the “construction” of nitrogen-vacancy defects. The
RHPHT annealed plates could be easily deformed with the increase in temperature, more
vacancies were generated, and they were more mobile. The mobile vacancies were captured by



nitrogen atoms and formed nitrogen-vacancy centers. The electron transfer from individual
substituting nitrogen atoms to nitrogen-vacancy centers stimulated by the annealing switched
some of these centers to the negatively charged state [2, 49, 51].

The distribution of nitrogen vacancy centers in different growth sectors generally
corresponded to the distribution of nitrogen impurities. More of them were generated in the
octahedral growth sectors with a higher nitrogen concentration during RHPHT annealing. The
vast majority of nitrogen-vacancy centers (clearly visible from the absorption spectra) captured
electrons from the substituting nitrogen atoms and became negatively charged.

Another process accompanying RHPHT annealing was the diffusion of nitrogen atoms
with the generation of its aggregates. The manifestation of the nitrogen aggregation was detected
after RHPHT annealing at 2300°C as a result of H2- and H3 defects formation. The
concentration of these defects increased at higher RHPHT annealing temperatures, more
complex aggregates containing three nitrogen atoms - N3 defects were formed. The sequence of
nitrogen-vacancy defects formation with the increase in RHPHT annealing temperature (from
simple to more complex) is the same as in quasi-stationary annealing. Qualitatively, RHPHT
annealing led to the formation of identical nitrogen-vacancy defects, as well as quasi-stationary
HPHT annealing. However, the number of these defects was significantly greater after RHPHT
annealing. This difference was due to the higher concentration of vacancies formed under
RHPHT annealing.

The difference between RHPHT and quasi-stationary HPHT annealing was that the
aggregation was carried out along with the simultaneous generation of a large number of
vacancies during RHPHT annealing. It is known that vacancies [6, 55, 69] or interstitial sites
[70] created by the preliminary electron irradiation in diamonds accelerated the nitrogen
aggregation. Therefore, the expectation of the accelerated nitrogen aggregation in diamonds is
fully justified during RHPHT annealing. (The issue of the accelerated nitrogen aggregation in
diamonds caused by the plastic deformation of their own defects was not considered in this
study.)

The new effect of RHPHT annealing is to increase the luminescence efficiency in
diamonds. It can be useful for some practical applications, for example, generation of
scintillators [71] and fluorescent markers [9, 72-73].

Conclusions

We perform detailed study of the Ib type diamond plates after rapid annealing in the high-
pressure chamber. A part of the results related to the absorption and Raman/luminescence
spectroscopy are reported in this communication. Based on these results we made a conclusion
that diamond plates were plastic deformed during RHPHT annealing under the influence of non-
uniform pressure and temperature distribution. The plastic deformation generated many
vacancies, which, being mobile at RHPHT annealing temperatures, formed nitrogen-vacancy
defects and accelerated nitrogen aggregation.
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