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Effect of temperature and alloy-solvent content
on diamond crystallization in Mg-based
systems for HPHT method

Defect-impurity composition of diamond single crystals grown in
Mg—C and Fe-Mg—C systems depending on growth temperature and magnesium con-
tent at pressure 7.7 GPa and temperature 1700-2000°C was studied. It was
established that in Mg—C system an increase of the growth temperature leads to an
increase of the amount of uncompensated boron in crystals in ~ 3 times. In Fe—-Mg—C
system with an increase of the magnesium content in the growth medium up to
70 at % the concentration of boron in the grown crystals increases 1.5-2.6 times.
All these features can be explained by the change in the thermodynamic activity of the
main impurities in the diamond crystal lattice on crystallization front depending on the
composition of the growth system and the growing temperature.
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INTRODUCTION

The study of the diamond crystallization process in various
growth systems is of considerable interest in connection with the possibility of
obtaining more complete information about the mechanisms of diamond formation
and growth and the expansion of the possibilities for obtaining crystals with given
properties. The main growth method of diamond single crystals is growth under
high pressure and high temperature conditions [1-5]. As solvent alloys, elements
capable of dissolving carbon under conditions of high pressure and temperature
and providing the necessary supersaturation in diamond thermodynamic stability
region such as Fe, Ni, Co are usually used [5-10]. In recent decades considerable
attention has been paid to modeling the processes of natural diamond formation in
melts of carbonates, silicates, and sulfides [11-15]. Diamond crystallization in
single-component solvents Ge, Cu, Sb, Se, P, Mg which allows obtaining
diamonds with unique properties, for example, n-type conductivity, new optical
centers connected with germanium or copper, is also actively investigated [16-21].

Properties of crystals — their structural perfection, thermal conductivity,
electrical conductivity are determined by the presence and distribution of
impurities in diamond, primarily nitrogen and boron [22-26]. It is known that the
doping growth systems with boron leads to crystallization of type 115 diamonds
with semiconductor properties. Boron forms in the diamond lattice an acceptor
state (Ea=0.37eV) to produce p-type conductivity. Diamonds containing
uncompensated boron acceptors are rare in nature and typically has an
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To produce semiconductor diamond at high pressures and temperatures Fe—Al—
C or Co—Fe-Ti/Al-C systems with the addition of boron or boron-containing com-
ponents are usually used [27]. Boron concentrations as high as > 10 cm ™ are
reported for diamonds grown in these systems [27-29]. Type IIb diamonds have a
characteristic infrared absorption consisting of a series of relatively sharp zero-
phonon peaks at 2455, 2802 and 2928 cm ', which are due to bound-hole
transitions, a photoionization continuum, starting at around 3000 cmﬁl, and boron-
induced one-phonon absorption band peaking at 1290 cm™' [27].

In recent years attention has been paid to diamond crystallization in
magnesium-based systems [20, 30—33]. Resent studies shown a number of unique
features of diamonds grown in Mg-based systems such as high growth rate and
semiconductor properties. Linear growth rate of diamonds grown in Mg—C system
is 0.6-0.8 mm/h and weight rate is 24-36 mg/h, which exceeds the growth rates of
diamond single crystals in systems using transition metals in 810 times [20]. It
also was established that with increasing temperature from 1500 to 1900 °C,
diamond growth rate increased by almost three orders of magnitude, from 10 to
8.5 mm/h, respectively [31].

EXPERIMENT

Experiments on diamond crystallization were carried out in high-pressure
equipment of the “toroid” type in Mg-based systems (Mg—C, Fe-Mg—C) at 7.7 GPa
and 1700-2100 °C. Graphite GSM1, high-purity Mg and Fe with a fraction of 30—
40 um were used in the experiments. Graphite and metals were mixed, and then
mixed powder was pre-pressed into a disk. The Mg additives used in the
experiments in Fe-Mg—C system were 30, 50 and 70 wt %. The growing process
was carried out by the spontaneous crystallization method. The duration of the
experiments was 10—40 min. The pressure in the growth cell was determined from
the load characteristics constructed using fixed points of the electrical resistance of
Bi and Ta [34]. A PtRh30/PtRh6 thermocouple was used to measure temperature.
The accuracy values of the pressure and temperature measurement were +(0.2—
0.4) GPa and +(40-60) °C, respectively. The produced diamonds were studied
using optical and scanning electron microscopy. Spectroscopic characterization of
crystals was performed by means of infrared (IR) absorption. IR spectra were
recordered using a Nicolet 6700 Fourier transform infrared (FTIR) spectrometer
fitted with a Nicolet Continupm microscope.

RESULTS AND DISCUSSIONS

All of the studied diamonds grown in Mg—C and Fe-Mg—C systems show the
typical IR absorption bands arising from the electronic and phonon states related to
uncompensated B in FTIR absorption measurements, including peaks at 2455,
2802 cm (Fig. 1). The concentration of uncompensated B (By) was estimated by
the method developed by [26, 35] using equitation: By = 5,53- 104-12302, where B,
ppm; lgg, — integrated area measured under the 2802 cm ' B peak, cm 2. Another
method [36] uses the peak height of peak at 2800 cm '. Both methods yielded
similar results within the given errors [24].

In Mg—C system crystals with a size of 50 um—1 mm were obtained. The results
of the experiments in Mg—C system are summarized in Table 1. The characteristic
absorption bands for uncompensated boron impurity, described above, were ob-
served in the IR spectra of all diamond crystals grown in the Mg—C system. Rises
from 1.9 to 3.5 ppm of uncompensated boron concentration in colorless crystals of
cubic habit was observed. An increase of growth temperature leads to an increase
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of uncompensated boron impurity concentration in crystals from 1.9 to 6.4 ppm
(see Table 1); the crystals acquire a noticeable blue hue. For blue crystals, the con-
centration of uncompensated boron impurity rises to 3.6—6.4 ppm.

2810

2460

Relative absorbance, arb. units

3500 3000 2500 2000 1500 1000
Wavenumber, cm”'

Fig. 1. Typical FTIR absorption spectrum of diamond single crystal grown in Mg—C system (see

table 1, run 3).

Table 1. Experimental results of diamond growth in Mg—C system

Runs | Color | T, °C | Bo, ppm
1 colorless 1770 1.9
2 colorless 1829 2.8
3 colorless 1829 3.5
4 colorless 1829 3.1
5 light blue 1900 4.1
6 light blue 1900 3.6
7 blue 2000 4.99
8 blue 2000 6.4

The experiments on the growth of diamond crystals in the Mg—C system
showed that during spontaneous crystallization, an increase in the growth
temperature leads to an increase in the diffusion rate of boron atoms at the
crystallization front and, consequently, an increase in the amount of boron impurity
in the grown crystals; an increase in the growing temperature by 200 °C leads to an
increase in the amount of boron in crystals in ~ 3 times (Fig. 2) and the color
changes; the crystals are colorless at 1700—-1829 °C and turn light blue at 1900 °C
and blue at 2000 °C.

In Fe-Mg—C system diamond single crystals with a size from 200 um to 1 mm
were obtained. The results of the experiments in Fe-Mg—C system are summarized
in Table 2. In the area of manifestation of natural lattice vibrations, a system of
absorption bands is observed associated with uncompensated boron with
characteristic peaks at 2460, 2810 cm Depending on the magnesium content in
the growth system, a change in the concentration of boron impurities in the grown
crystals is observed (Table 2). The minimum boron concentration is observed in
crystals grown in the growth system with 30 at % Mg. With an increase of the
magnesium content in the growth medium up to 70 at % the concentration of boron

ISSN 0203-3119. Haomeepoi mamepianu, 2020, Ne 1 15



in the grown crystals increases 1.5-2.6 times. A further increase in the magnesium
content of the growth system to 100 % leads to an increase of the boron concentra-
tion in 1.5—4 times.

1 1 1
1800 1900 2000
Temperature, °C
Fig. 2. Dependence of uncompensated boron impurity concentration on the growth temperature
in diamond crystals obtained in Mg—C system.

Table 2. Experimental results of diamond growth in Fe—Mg—C system

Mg, at % By, ppm, at T, °C
1700 | 1800 | 1900 | 2000
30 0.72 0.60 0.39 0.76
50 1.05 0.91 0.70 1.19
70 131 1.16 0.99 1.63
100 1.93 2.81 4.15 6.25
7
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Fig. 3. Dependence of uncompensated boron impurity concentration on the Mg content in the
Fe-Mg—C system at 7= 1700 (m), 1800 (®), 1900 (A ), 2000 (V) °C.

It should be noted that in all experiments carried out in the Mg—C and Fe-Mg—
C growth systems exactly the same graphite was used as the carbon source in all
experiments, which contains about (1-4)- 10~ wt % of boron.
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All these features of the change in the defect-impurity composition of diamond
grown in Mg—C and Fe-Mg—C systems can be explained by the change in the
thermodynamic activity of the main impurities of carbon substitution in the crystal
lattice of diamond, nitrogen and boron, depending on the composition of the
growth system and the growing temperature. The main feature of the change in
thermodynamic activity is that boron, which enters as a small amount in the carbon
source (< 107 wt %) enters the crystal in significant quantities due to the increase
in its activity at the crystallization front.

CONCLUSIONS

In Mg-based systems type 116 diamonds crystallize without boron doping by
using the graphite source with a trace amount of boron (~ 10~ wt %).

In Mg—C system an increase in the growing temperature by 200 °C leads to an
increase in the amount of boron in crystals in ~ 3 times.

The concentration of uncompensated boron in crystals grown in Fe-Mg—C
system with an increase in the magnesium content from 30 to 70 at % increases in
~1.5-2.6 times.

Hocniooceno dehekmuo-0oMiKOBUIl CKIAO MOHOKPUCATIE anmasy, ompu-
manux 8 pocmogux cucmemax Mg—C ma Fe-Mg—C ¢ 3anesxcnocmi 6i0 memnepamypu eupousy-
eanms U emicmy maeniro npu mucky 7,7 I'lla i memnepamypi 1700-2000 °C. Bcmanogneno, wo 6
cucmemi Mg—C niosuwjenns memnepamypu UpoOuy8ants npusoOUns 00 3pOCMAHHA KibKOCMI
HecKomMnencoganozo bopy 6 kpucmanax 6 ~ 3 pasu. B cucmemi Fe-Mg—C 3 niosuwennsam emicmy
Maeuiio 8 pocmosomy cepedosuwyi 0o 70 % (am.) konyenmpayis 6opy 6 SUPOWEHUX KPUCMANAX
spocmae 6 1,5-2,6 pazu. Yci yi ocobaugocmi 3miHu OeeKmHO-00MIUKO8020 CKAAOY AIMA3Y
MOMCHA NOACHUMU 3MIHOI0 MEPMOOUHAMIUHOI AKMUBHOCME OCHOBHUX OOMIUWOK 3AMIUeHHA 8ye-
Jeyro 8 KpUCmaniunil Ipamyi aamazy, asomy i Oopy, 3a1exHCHO 8i0 CK1ady pocmosoi cucmemu i
memnepamypu 8UpOUYBaAHHSI.

Knrwouosi cnoea: sucoxuil muck, 6ucoka memnepamypa, aimas, picm
MOHOKpucmanis, cucmemu na ochosi Mg, oop.

Hcceneoosan 0epeKmHo-npumecHbvlii cocmag MOHOKPUCIANI08 AIMA3d, Bbi-
pawennvix 6 pocmosvix cucmemax Mg—C u Fe-Mg—C ¢ 3asucumocmu om memnepamypul 6bvi-
pawuganus u codepocanus maeuua npu oaerenuu 7,7 ITla u memnepamype 1700-2000 °C.
Yemanosneno, umo 6 cucmeme Mg—C nosvluieHue memnepamypol bIpawueanus npueoounm K
VBENUUEHU) KONUYeCMBA HECKOMNEHCUPO8ano20 bopa 6 Kpucmaniax 6 ~ 3 paza. B cucmeme Fe—
Mg—C ¢ nosviuienuem cooepaicanus mazHus 6 pocmosoii cpede 0o 70 % (am.) xonyenmpayus
6opa 6 kpucmannax eospacmaem 6 1,5-2,6 paza. Bce amu ocobennocmu usmenenus: 0eghpexmuo-
NPUMECHO20 COCIMABA ANMA3A MONCHO OOBACHUMb USMEHEHUEM MEPMOOUHAMUYECKOU AKMUBHO-
CMU OCHOBHBIX NpuMecell 3amewjeHus yenepood 8 KpUCMAIIU4eckoll peuemke aimasd, asoma u
bopa, 8 3a8UCUMOCIU O COCMABA POCIMOBOU CUCHIEMbL U MEMNEPANYpbl 6bIPAWUBAHUS.

Knrouesvie cnosa: svicokoe dasnenue, 8bicokas memnepamypda, aimas, pocm
MOHOKpUCIANNI08, cucmembl Ha ochoge Mg, bop.
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