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Bulk samples (with volumes up to ~ 7.5 mm?) of boron-doped diamonds (BDD) were synthesized
by means of direct reaction between boron carbide and graphite in a multianvil apparatus at high
pressures and high temperatures (HPHT). X-ray diffraction data revealed the presence in BDD of
a very small amount of a highly boron-enriched phase (BsoC>) and traces of the B13C, used as an
initial material. The absence of BsgC, in the product of treatment of pure B13C, under the same
HPHT conditions suggests that boron-rich carbides exsolute from diamond on quenching leading to
boron depletion of the diamond matrix. These observations imply that boron solubility in diamond
increases at high pressure and high temperature. This result may have important implications for the
understanding of the mechanism of boron incorporation into diamond at HPHT synthesis and for the

interpretation of the data on superconductivity of polycrystalline BDD.
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Introduction

Increasing interest in studies of doped diamonds
is caused by the drastic influence of dopants on
their physical properties, in particular, on the metal-
insulator transition [1]. Artificially diamond can be
doped using a few methods: doping during growth (by
high-pressure / high-temperature (HPHT) methods or
chemical vapor deposition (CVD) technique); doping
by ion implantation or doping by thermal diffusion [2].
lon implantation is problematic because of the ther-
mal instability of diamond, in a process where high
annealing temperatures (above 1700 °C) are needed af-
ter implantation to get rid of the damage and to acti-
vate the implanted ions (i. e. to move those to substitu-
tional sites). Diffusion processes are slow, so only very
thin layers with high resistance have been produced us-
ing the thermal diffusion method [2]. Doping methods
during crystal growth are most promising. The HPHT
technique has an advantage due to the high speed of
the process and a possibility to produce bulk homoge-
neous samples through the control of the components
in the initial mixture.

Diamond doping with As, P and other atoms has
been reported [3-5], but the small boron atom, which
can be incorporated with high reproducibility and in
high enough concentration to be useful for electronic
devices, remains the only efficient dopant atom in bulk
diamond [2]. Polycrystalline HPHT boron doped dia-
mond attracts special attention due to the discovery of
superconductivity [6] and the necessity to investigate
and explain this physical phenomenon more deeply.
However, little is known about the mechanism and the
upper limit of doping achievable by this technique.

The purpose of the present study is to synthesize
boron-doped polycrystalline diamonds using a multi-
anvil apparatus at various PT conditions and carefully
investigate their phase composition and structure in or-
der to shed light on the mechanism of boron incorpo-
ration into diamond.

Experimental Section

As starting materials in different experiments we used
graphite (99.99%, Goodfellow Inc.) and B13C, (99.99%,
Goodfellow Inc.). The pure powders (B13Co+C-graphite)
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Fig. 1. The sample assembly for HPHT synthesis using a
multianvil apparatus.

were mixed in a ratio C:B = 13:1 (~ 7 at. % B) for the
BDD synthesis. Pure B13C, was also treated under the same
PT conditions as for the BDD synthesis.

HPHT experiments were conducted in a pressure range
from 9 to 20 GPa at temperatures 2500 — 2700 K using a two-
stage 6-8 type large-volume multianvil system with a Zwick
5000 tons press described elsewhere [7]. The sample assem-
bly [8,9] (Fig. 1) consisted of a MgO (+5 wt. % Cr,03)
octahedron with 18 mm edge length containing a LaCrOz
heater. The octahedron was compressed using 54 mm tung-
sten carbide anvils with a truncation edge length of 11 mm
and pyrophyllite gaskets. The sample was placed into a h-
BN capsule of a cylindrical shape with a sample chamber
of 2 mm in diameter and 3 mm height. The sample temper-
ature was monitored by a W3%Re-W25%Re thermocouple
located axially with respect to the heater and with a junction
close to the h-BN capsule, without corrections for the pres-
sure effect on the thermocouple’s emf. The sample pressure
at high temperatures as a function of hydraulic oil pressure
was calibrated using the P/T diagrams [7] of MgSiO3 and
Mg,SiO4. The pressure and temperature uncertainties were
estimated to be 1 GPa and 50 K, respectively. Samples were
gradually compressed to the desired pressure at ambient tem-
perature, and then the temperature was stepwise increased
(with a heating rate of about 100 K min~1) up to the desired
value. Duration of heating was three to six minutes in differ-
ent runs. The samples were quenched by switching off the
power and then slowly decompressed. Samples came out as
well-sintered cylinders of a black shining material in a c-BN
capsule (h-BN transformed to the cubic phase at high pres-
sure and high temperature) of about 1.8 mm in diameter and
3 mm in height.

Quenched samples were studied by X-ray powder diffrac-
tion using a high-brilliance FRD RIGAKU diffractometer
[10] (MoK, radiation, 60 mA, 55 kV, APEX CCD area
detector) installed at the Bayerisches Geoinstitut and syn-
chrotron radiation facilities at ESRF (ID30, with X-ray con-
stant wavelength of 0.3738 A in angle-dispersive mode). Ra-
man spectra were collected using the Raman spectrometers
XY Dilor, operating with a 514 nm laser, and LabRam, oper-
ating with a 632 nm incident laser.

The chemical composition and texture of the samples
were studied using a LEO-1530 scanning electron micro-
scope (SEM) and a PHILIPS CM20 FEG analytical trans-
mission electron microscope (ATEM), operating at 200 kV
equipped with a Gatan 666 PEELS system. For quantitative
chemical microprobe analysis a Jeol (JXA-8200) WD/ED
combined microanalizer with a beam of 2—3 um operating
at an accelerating voltage of 20 keV and a beam current of
50 nA was used. Quantitative analysis for 3 elements was
carried out using WDX. Analyzing crystals used for B, C,
and N were LDEB, LDE2, and LDEL1, respectively. Counting
time was 10 s. Reference standards were supplied by Jeol:
boron nitride BN (99.999% purity from Fulmer Research)
and glassy carbon (> 99.99% purity from Alfa).

Results and Discussion

The resolution of the energy-dispersive detector of
the LEO-1530 scanning electron microscope is not suf-
ficient for quantitative chemical analysis of B-C com-
pounds. However, the presence of only two elements in
all samples, carbon and boron, was confirmed. Quan-
titative microprobe analysis of the materials is difficult
because of the rough surface of the hard samples [8, 9].
Across small well-polished areas (about 300 um in di-
ameter) we found homogeneous distribution of carbon
and boron with the following average content of the el-
ements: C 97.4(1.5) at.%; B 2.6(0.6) at.% for the sam-
ple synthesized at 20 GPa and 2700 K (76 points, max-
imum deviation of the sum of boron and carbon from
100% is less than 2%); C 98.2(1.8) at.%; B 1.8(0.9)
at.% (69 points) for the sample synthesized at 9 GPa
and 2600 K. The boron content in the sample synthe-
sized at 20 GPa is close to the value reported by Eki-
mov et al. [6] for samples synthesized at 8—9 GPa.

Our sample, synthesized at the same PT conditions
as those in [6], contains less boron. We would like
to underline here that this is just a total amount of
boron in the sample. The data provide no information
about its location in diamond and/or impurities. This
is a common problem of all methods applied to de-
termine the boron content in BDD (secondary mass
spectroscopy (SIMS) [11]; infrared transmission spec-
troscopy [12]; microprobe analysis [9]), which give the
boron content in a limited volume of a sample (we
would call it “bulk” boron content), and say nothing
about the true boron location, in diamond (substitu-
tional or interstitial) or in extra phases. Taking into
account that conventional X-ray techniques do not al-
low determining the presence of impurities in very low
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Fig. 2. Raman spectra of the boron doped diamond samples
synthesised at different PT conditions in comparison with

the Raman spectrum of undoped diamond and B;C samples
treated at 20 GPa and 2700 K.

concentrations, one cannot really judge which factors
influence the unit cell parameters of BDD. This can ex-
plain why the attempts to quantify the “lattice parame-
ter value — boron content” dependence [11, 12], which
we have already discussed in [9], are inconsistent.

The present work provides a good illustration for
this statement. Both studied samples have Raman spec-
tra typical for BDD [13,14] with concentrations of
boron higher than ~ 3 x 1022 cm~—2 (0.17 at.%) (Fig. 2).
The Raman spectra of the samples synthesized at
9 GPa and 20 GPa are dominated by the phonon modes
at 495, 998, 1220, 1303 cm ! and 496, 998, 1223,
1312 cm~1, respectively. In [15] “a sample-average
Debye temperature ©p = 1440 K, which is about 23%
smaller than the Debye temperature of undoped dia-
mond” (cited from [15]) was calculated for a BDD
sample using experimental data on specific heat mea-
surements. The authors [15] claimed that this 23% dif-
ference in the Debye temperature indicates lattice vi-
brations softening in response to doped holes. If so, the
Raman line of BDD should move towards lower values
with respect to the position of the characteristic dia-
mond Raman line (1332 cm—1) with increasing boron
concentration. However, the line at ~ 1303 cm ~* of the
lower pressure sample (9 GPa, with lower boron con-

D 220

Fig. 3. Parts of the 2D diffraction images of the sample re-
covered after an experiment at 20 GPa and 2700 K obtained
after (a) 30 s and (b) 1800 s exposure. D denote diamond
diffraction lines; B13C, and BsoC, denote diffraction lines
of extra boron-rich phases.

tent) moved to the opposite direction (~ 1312 cm 1)
expected from the apparent higher boron concentration
(measured on microprobe) for the 20 GPa sample. A
maximal 2.5% shift of the BDD line with respect to the
1332 cm~! undoped diamond line also does not corre-
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Fig. 4. (a) Synchrotron X-ray diffraction pattern of the sam-
ple synthesized at 20 GPa. (b) The enlarged area between
4 and 10 degrees 2@ with reflections of boron-rich phases
(Bs5oC2 and B13C») clearly visible.

late with the 23% decrease of the Debye temperature
reported in [15].

The lattice parameters 3.57740(16) A and
3.57250(31) A for 9 GPa and 20 GPa samples,
respectively, are larger than that of pure diamond
(3.5667 A, JCPDS No. 6-0675) in agreement with
literature data [11,12,16] for BDD, but they also do
not correlate with the apparent boron content in the
samples.

Fig. 3 shows the diffraction patterns of the sample
recovered after the experiment at 20 GPa and 2700 K.
Only diamond lines are present in Fig. 3a, which shows
a diffraction pattern obtained after 30 s exposure. How-
ever, the increase of the exposure time to 1800 s re-
vealed the presence of extra reflections (Fig. 3b). Syn-
chrotron X-ray data confirmed the presence of impu-
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Fig. 5. (a) A bright field TEM image of a region containing
boron doped diamond and B4C. (b) A selected area electron
diffraction pattern of B4C with (101) hex-twinning and stak-
ing faults, which confirms the presence of this carbide in the
BDD samples.

rities (Fig. 4) and allowed us to identify them as the
boron-rich carbides B5oC, and B13C, (the latter was
used as a source of boron in the BDD synthesis). B5C»
was found long ago [17] and pyrolytically synthesized
in a reproducible manner [18,19] (ICSD #9734), but it
has not been reported so far as a product of HP syn-
thesis. Boron carbide (B13C») is a nonstoichiometric
compound. Its carbon content can vary from 9.88 to
23.4 at.% [20]. EELS analysis gave us the boron car-
bide’s chemical composition corresponding to the for-
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mula Bs26C. The whole series of nonstoichiometric
boron carbides is usually denoted by the formula B 4C
used for simplicity in the figures.

In the samples synthesised at lower pressure, the
same impurities were found with the only difference
that reflections of B13C, were clearly observed in
the X-ray diffraction patterns even after a very short
exposure and despite the lower total boron content
shown by microprobe data for this sample. TEM im-
ages and selected area electron diffraction patterns
(Fig. 5) confirmed the presence of Bi3C; in the
samples.

These observations raise the question about the
mechanism of the formation of boron-rich phases as
impurities in BDD. To clarify this point we subjected
pure B13C; to the HPHT treatment under the same con-
ditions as those applied for BDD synthesis. We did not
observe any changes or any presence of extra phases
in B13C, [10] after HPHT treatment. This means that

BsoC, does not form directly from B13C,. Boron from
B13C, is likely to be first incorporated into diamond
during transformation of carbon to diamond at high
pressures and temperatures. Thus, the possible mech-
anism of formation of boron-rich phases may be their
exsolution from the BDD matrix on quenching with si-
multaneous depletion of the matrix of boron. However,
the reason for spontaneous boron segregation still re-
mains unclear.

In this context it seems noteworthy that knowledge
of the true phase composition of polycrystalline sam-
ples of BDD is very important both for a target syn-
thesis of BDD with a certain level of doping, and for a
correct interpretation of the properties of the products
including the superconductivity phenomenon.
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