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High-Pressure Synthesis of Boron-Doped Ultrasmall
Diamonds from an Organic Compound

Evgeny A. Ekimov, Oleg S. Kudryavtsev, Andrey A. Khomich, Oleg I. Lebedev,

Tatiana A. Dolenko, and Igor I. Vlasov*

A new wave of interest in diamond as a high-tech material
comes from the discovery of the remarkable spin, luminescent,
and conductive properties of doped diamond. Long-living spin
states of point defect related to nitrogen impurity in diamond
have been revealed.!! This property offers the prospect of con-
structing quantum information bits based on nitrogen-related
defects in diamond and its application as an information car-
rier in spintronics, quantum computing, and quantum crypto-
graphy.?l The high emission rate, stability, and high quantum
yield of luminescence inherent in a number of impurity defects
(color centers) in diamond allowed us to reliably detect emis-
sions from a laser-stimulated single defect in a diamond at
room temperature.?l This property makes the diamond a prom-
ising material for the construction of highly efficient and rela-
tively simple single-photon sources. Recently superconductivity,
a property unexpected for wide bandgap semiconductors, was
found in diamond heavily doped with boron.[** The new spin,
fluorescent, and conductive properties were discovered first in
bulk diamond doped with certain impurity atoms. Currently,
these properties are actively introduced into nanocrystalline
diamonds to significantly empower their use. Nanomagnetom-
eters, conducting biosensors, and single-photon emitters are
already implemented thanks to diamond nanoparticles doped
with nitrogen, boron, and silicon.*®”] However, the transition
to the nanoscale level is challenging because of the lack of high
structural quality of nanodiamonds (NDs) and methods for
their controllable doping.

Common methods for the direct synthesis of nanodiamonds,
such as detonation®? laser ablation,l'% and others, are based
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on dynamic synthesis which happens in a short time (millisec-
onds and less) under strongly nonequilibrium and poorly con-
trolled temperature and pressure, which determine the struc-
tural form and solubility of impurity defects in diamond.'!12]
There is limited information in literature on application of the
high pressure-high temperature (HPHT) technique, in which
diamond synthesis is realized under controllable pressure and
temperature, for the direct synthesis of nanodiamond from
hydrocarbons. Note that the pioneer of diamond synthesis
from hydrocarbons at high pressures is R. H. Wentorf who
reported in his seminal paper!!¥] the production of unusually
“soft” (“not scratching the glass”) diamond. Broad X-ray diffrac-
tion lines indicated the formation of nanocrystalline diamond.
Later, Onodera et al.' have shown that nanodiamond can be
obtained at lower pressures and temperatures than those used
by Wentorf. Undoped nanodiamonds were obtained at a pres-
sure of 8 GPa and temperatures of 1100-1600 K from cam-
phene (CyoHye). According to transmission electron micros-
copy (TEM) analysis the elementary crystallite size was less
than 10 nm, but they were coagulated. The coagulation yielded
flat platelets larger than 100 pm across. We also note the
recent work on synthesis of diamond nanocrystals with a size
of a few nanometers in the C-N system (under C;N, decom-
position).l’>) The presence of nitrogen impurity in those ND
was not reported. At the same time, the very high pressure
(15-25 GPa) of the synthesis and the small size of the platinum
capsule used for the sample production exclude the practical
significance of this method for the ND synthesis. Recently, the
preparation of heterogeneous size diamond particles (including
nanoscaled) doped with silicon during their synthesis from
mixtures of hydrocarbon and fluorocarbon compounds was
also reported.') In general, the use of mixtures of reactants for
the synthesis of small diamonds cannot provide the required
uniformity in diamond doping level and crystal size.

Until now, an indirect approach, such as top-down is used for
the production of doped ND. It consists of mechanical grinding
of doped bulk diamond obtained by such methods as static syn-
thesis as chemical vapour deposition (CVD) and HPHT.7-20]
This approach is a multistage and extremely labor-intensive. It
is accompanied by sample contamination from milling beads
and by surface graphitization.?”) The resulting product is
grinding diamond nanoparticles with a polydisperse size distri-
bution and splinter shape. The yield of small nanoparticles is
extremely low. For nitrogen-doped nanodiamond the smallest
size of 10 nm was still provided,!'”! for boron-doped — 30 nm.[2%!

In the present work, we propose the direct synthesis of
doped nanodiamond based on HPHT treatment of a one-com-
ponent precursor containing the dopant atom(s). The synthesis
was implemented to obtain heavily boron-doped nanodiamond
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Figure 1. Structure of 9BBN molecule: The spatial arrangement of carbon
atoms in 9BBN molecules resembles the structure of diamond.

(BDND) of smallest size. The production of ND particles doped
with nitrogen, silicon, and other atoms by direct HPHT syn-
thesis is in progress.

The HPHT synthesis was carried out from the organo-
boron compound 9-borabicyclo[3,3,1] nonane dimer (9BBN),
Cy6H30B; (Figure 1), at a pressure of 8-9 GPa in a tempera-
ture range of 1200-2000 K (see the Experimental Section and
Figure S1, Supporting Information, for details). The tempera-
ture of 1550 K was found to be the lowest at which three peaks
of diamond phase, attributed to reflections from diamond lat-
tice planes with indexes of (111), (220), and (311), are reliably
detected in the X-ray diffraction pattern of the synthesized
products (Figure 2). The diamond crystallite size calculated
by Selyakov—Scherrer’s formula is about 6 nm. Increase of
the synthesis temperature results in an increase of the size of
diamond crystallites (inset of Figure 2). At the synthesis tem-
perature of 1950 K typical crystallite sizes reach 200-300 nm
(Figure S2, Supporting Information). Along with diamond a
graphite phase, decreasing in amount with temperature, is also
detected in the samples. In addition, boron carbide becomes
detectable in the sample synthesized at 1950 K (Figure 2).
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Figure 2. XRD analysis of NDs: Diffraction patterns of the samples syn-
thesized at 1550 K, 1650 K, and 1950 K. D: diamond, G: graphite, and *:
boron carbide (B,C). Inset: Dependence of the diamond crystallite size
on HPHT synthesis temperature.
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Figure 3. a) Bright field low-magnification TEM image of as-grown
“1550 K” sample, diamond particles are marked with thick arrows and
graphite nanostructures with thin arrows; b) ED ring pattern, two distin-
guished rings correspond to reflections from (111) and (220) diamond
planes; and c,d) bright field high-resolution TEM image of diamond
nanoparticles viewed along [110] zone axis. The particles in (c) have a
truncated octahedral shape with mainly {111} surface plane, and {100}-
type truncation.

Further characterization of the produced material was mostly
focused on the smallest NDs obtained at 1550 K.

To identify the structure and morphology of the as-produced
“1550 K” ND particles, they were analyzed by TEM. Bright field
low-magnification TEM image of as-grown “1550 K” showed
diamond particles (dark contrast) and formless graphite nano-
structures (gray contrast), all diamond particles were below
10 nm in size (Figure 3a). The corresponding ring electron dif-
fraction (ED) pattern (Figure 3b) confirms diamond structure
of the particles with most pronounced reflections from (111)
and (220) diamond lattice planes. It is apparent from the large
number of high-resolution TEM (HRTEM) images taken, that
the particles are highly crystalline and, in contrast to the deto-
nation NDs,?!l are free of multiple twinning. HRTEM images
of individual diamond particles are shown in Figure 3c,d. The
particle displayed in Figure 3c shows a shape close to truncated
octahedral faceting by {111} and {100} planes, whereas the par-
ticle in Figure 3d is close to spherical.

To evaluate the size distribution of the “1550 K” ND particles
they were purified with acids, dispersed in water, and then ana-
lyzed by the dynamic light scattering (DLS) method. Note that
ND particles are easily dispersed in water after their purifica-
tion, forming bluish colloidal solution (Figure 4 inset). The DLS
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Figure 4. DLS analysis of smallest ND: Particle size distribution of
“1550 K” sample suspension after purification. Inset: Bluish colloidal
solution of purified “1550 K” sample.

analysis has shown monodisperse size distribution near 7 nm
(Figure 4) for a majority of the particles (86% of the sample
volume). We relate the small amount (14%) of larger (10-50 nm)
diamond particles to still nonuniform synthesis conditions
within the capsule volume or/and to small particle aggregates.

To determine the boron incorporation efficiency into the dia-
mond lattice the Raman analysis was applied to the purified
“1550 K” and untreated “1950 K” samples. The Raman spectra of
the “1550 K” diamond powder dried from the water suspension
and untreated “1950 K” diamond powder were characteristic
for a heavily boron-doped diamond (Figure 5a). The diamond
line belonging to the zone-center phonon mode is shifted from
1332 cm™! (observed for undoped diamond) down to 1310 cm™™.
There is an empirical relation between the diamond line shift
and the concentration of substitutional boron atoms in the dia-
mond lattice??l which allows us to estimate the boron concentra-
tion in “1550 K” diamond at the level of 1 at%. In the “1950 K”
sample, a similar substitutional boron concentration of 1 at%
was determined through the value of the lattice constant (see the
Supporting Information). The lines of both spectra positioned
below 1300 cm™ are ascribed to vibration modes of C and B
in diamond lattice.?’! The positions of these lines are different
in two shown spectra, probably, due to the size confinement
effect, manifested in the smallest diamond particles.?*! This is
a subject for further investigation of the produced material. The
weak line at 1600 cm™! indicates that sp?-bonded carbon was
not completely removed from the “1550 K” sample during its
acid purification. Excellent reproducibility of the Raman spectra
measured in different point of the “1550 K” diamond powder
reveals homogeneous distribution of the boron within the dia-
mond nanoparticles of the whole sample. The presence of boron
atoms in the starting material at a molecular level facilitates the
uniform doping of diamond with boron.

The photoluminescence (PL) spectrum of the “1550 K”
sample shows an intense broad line centered around 550 nm
(Figure 4b), which is a fingerprint of any ultrasmall nanodia-
mond powder. This PL band is observed in detonation, mete-
oritic, milled HPHT NDs and relates to structural defects of the
diamond surface.?>>?”] The line becomes especially pronounced
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Figure 5. Raman and PL analysis of NDs: a) Raman and b) PL spectra of

“1550 K” and “1950 K” samples. Raman spectrum of “1550 K” is shown
after PL background subtraction.

in NDs with sizes of below 10 nm, for which the ratio of sur-
face/volume carbon atoms is essential. In contrast to “1550 K”
sample, no PL emission was observed from large particles of
“1950 K” sample, which is typical for B-doped bulk diamond.
Based on the obtained results we conclude that a key point
of the direct synthesis of doped nanodiamond is the use of
one-component organic compound containing hydrocarbon in
sp® configuration and dopant atoms. It is known that the pres-
sure of about 11 GPa is borderline, when graphite and other
carbon materials undergo the direct conversion to diamond.
At lower pressures (we operated at 8-9 GPa) the diamond
formation is possible if one reduces the potential barrier of
the carbon transformation. This can be achieved by using a
starting material close to the structure of the diamond. In
this regard, the carbon skeleton of molecules 9BBN is essen-
tially a ready building block of the diamond lattice (Figure 1).
Probably, hydrogen is also an important element of the ND
synthesis, which stabilizes carbon in sp* configuration. The
presence of boron atoms in the carbon cycle directly facili-
tates the doping of diamond with boron. Increasing the size
of diamond crystals with synthesis temperature is consistent
with the concept of the nucleation and growth of crystals: at
low temperatures the process of homogeneous nucleation of
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diamond prevails, while crystal growth dominates at higher
temperature.

Here, the ability to control the size of diamond crystals in the
range 7-200 nm, varying the synthesis temperature was dem-
onstrated. The next step in developing B-doped ND synthesis
will be to learn how to control the concentration of boron in
this material. This can be obtained by changing the synthesis
conditions, such as pressure, and by changing the relative con-
tent of boron in the precursor.

In conclusion, we have found a direct route for the produc-
tion of doped nanodiamond with variable size down to less than
10 nm. It consists in the HPHT treatment of an sp*-configured
organic compound containing dopant, and allows producing
relatively large amount (100 mg per 5 min cycle) of doped
nanodiamond which makes this material easily accessible for
nanotechnological applications. In an exemplary implementa-
tion of the new route, diamond nanoparticles with a size below
10 nm, containing a high concentration of substitutional boron
(=1%), have been produced by HPHT treatment of 9BBN mole-
cules. The material is well powdered and easily dispersed in
water, forming the utmost stable water suspension. Heavily
BDND is of great interest for fundamental science. As it is
well known, heavily boron-doped diamond becomes supercon-
ducting at liquid helium temperatures with electrons forming
Cooper pairs with calculated size (the coherence length) of
about 10 nm. Studying the conducting properties of the heavily
BDND of different sizes, offers a unique opportunity to retrieve
the coherence length of a Cooper pair in diamond experimen-
tally. Prospective nanotechnological applications of BDND
powder are foreseen in the use of this material as a support
for various catalysts®®! as a conductive ink in screen-printed
technologies,/?’l among others. Our finding opens a new era of
direct production of nanodiamond with particle size and impu-
rity content on demand.

Experimental Section

To create high pressures and temperatures, an apparatus of uniaxial
compression and the high-pressure chamber of “toroid-15" type were
used. The 9BBN compound (white crystals with melting point 426-428 K,
98% Aldrich Chem. Co.) in the form of pressed cylindrical pellets of 5 mm
diameter and a height of 4 mm was encapsulated in Ti. The capsules
were placed into a container made of ZrO, and CaCO;. Pressing into
the cylindrical pellet, placing the pellet into the synthesis cell and
transportation of the synthesis cell to the high-pressure facility were
performed in the atmosphere of dried argon of high purity (99.998%).
The temperature (up to 1630 K) in the experiment was monitored using
a chromel-alumel thermocouple junction which was placed on the wall
of the capsule, in the middle of its height. The synthesis was performed
at 8-9 GPa in temperatures range of 900-2000 K. The exposure time at
constant parameters of synthesis was 60 s.

X-ray diffraction patterns were recorded with a powder diffractometer
STADI MP (Stoe) using monochromatic Cu Ka1 radiation.

As-produced ND powder was purified with a mixture of concentrated
nitric/sulfuric (1:3) acids for 2 h. Then the acids were substituted
with doubly distilled water by 11 washing/centrifugation (LMC-3000,
BioSan) cycles (15-30 min, 1700 g). The particle sizes of the ND water
suspension were measured by dynamic light scattering (DLS; ALV-CGS
5000/6010).

HRTEM and ED analysis were performed on nanodiamond powder
dispersed on a carbon grid using a JEM ARM200F probe and image
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aberration corrected microscope operated at 200 kV and equipped with
CENTURIO EDX detector.

Raman and photoluminescence spectra of the nanodiamond
powder were recorded at room temperature using a LABRAM HR800
spectrometer equipped with the diode-pumped solid-state laser Ciel-
473 (Laser Quantum) for Raman and luminescence excitation. The laser
beam (power, 0.1 mW; wavelength, 473 nm) was focused in a 2 pm
spot on the surface of the ND powder dried from the water solution
on an Si substrate. The spectrometer was operated in a confocal mode;
a backscattering geometry was used for the Raman and PL spectra
recording.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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