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The synergistic influences of boron, oxygen, and titanium on growing large single-crystal diamonds are studied using
different concentrations of B,O3 in a solvent—carbon system under 5.5 GPa—5.7 GPa and 1300 °C-1500 °C. It is found
that the boron atoms are difficult to enter into the crystal when boron and oxygen impurities are doped using B, O3 without
the addition of Ti atoms. However, high boron content is achieved in the doped diamonds that were synthesized with the
addition of Ti. Additionally, boron—oxygen complexes are found on the surface of the crystal, and oxygen-related impurities
appear in the crystal interior when Ti atoms are added into the FeNi—C system. The results show that the introduction of
Ti atoms into the synthesis cavity can effectively control the number of boron atoms and the number of oxygen atoms in
the crystal. This has important scientific significance not only for understanding the synergistic influence of boron, oxygen,
and titanium atoms on the growth of diamond in the earth, but also for preparing the high-concentration boron or oxygen

containing semiconductor diamond technologies.

Keywords: high pressure and high temperature (HPHT), diamond, B,0O3, Ti
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1. Introduction

Diamond is a material with many excellent properties, in-
cluding mechanical, thermal, and optical properties, and also
has great potential application in the field of electricity.l!! Al-
though pure diamond is a good insulator, it can also have use-
ful electrical characteristics after having been doped with ap-
propriate element. Therefore, the research on the growth and
doping mechanism of semiconductor diamond is of great sig-
nificance in expanding its scientific application. In previous
researches of boron-doped diamond (BDD), most of studies
demonstrated that high pressure and high temperature (HPHT)
or chemical vapor deposition (CVD) method can be adopted,
adding boron atoms during diamond growth can make dia-
mond possess the p-type semiconductor conductivity, and the
synthesis of BDD electrodes on different substrates and shapes
can reach a promising developmental stage. >~

Compared with the research of BDD, the research of
boron and oxygen co-doped diamond is rare. In 2016, Xiao et
al. reported the phase diagram distribution of diamond crys-
tals into which B,O3 had been added and the effect of B,O3
addition on diamond growth and surface morphology. This
study focused on the doping of boron into crystals, and further
explored the oxygen from B,0O3. In 2017, our research group
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undertook the innovative development synthesis and charac-
terisation of HPHT large single-crystal diamonds under the
simultaneous influence of oxygen and hydrogen. The effect
of oxygen on the growth of the large-scale synthetic diamond
was studied and it was found that the oxygen caused the di-
amond surface defects to change markedly.!®! In 2018, Liu
et al. reported that the boron—oxygen complex defects (B3O
and B40O) in BDD surfaces (I um—1.5 pum) had low forma-
tion energy and shallow donor energy levels, which resulted in
the diamond displaying n-type semiconductor characteristics,
thus providing a new strategy for producing n-type diamond-
based devices.!”! In 2020, Prikhodko et al. reported the split-
ting of infrared absorption lines caused by the isotopic con-
tent of boron acceptors embedded in semiconducting diamond
by doping B,O3 at HPHT.!3! The existing consensus of dia-
mond manufacturers shows that oxygen in the synthesis cham-
ber is generally considered to be detrimental to the growth of
large-size high pure diamond, and it is commonly avoided as
much as possible.”l However, oxygen has been found to have
a significant influence on the performance of diamond semi-
conductors, changing it from p-type to n-type. In terms of a
breakthrough in the preparation of high-quality semiconductor
diamond, oxygen may be a key doping element. Therefore, it
is meaningful to study and characterise the effect of boron,

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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oxygen, and boron—-oxygen co-doping on diamond growth in
the preparation of high-quality semiconductor diamond, espe-
cially n-type diamond. Additionally, as one of the most abun-
dant elements on the earth, characterising the influence of oxy-
gen on diamond growth will increase the understanding of the
formation mechanism of oxygen-containing natural diamond,
which is also beneficial to the fields of geophysics and geol-
ogy.

Thus, in this work, an important element titanium element
is introduced into the synthesis cavity, which is in contrast
to the traditional research on boron—oxygen-doped diamond.
The B,0Os3 is added into an FeNi—C system and an FeNi-Ti—C
system to synthesise large single-crystal diamonds. The syn-
ergistic influences of boron, oxygen, and titanium on diamond
morphology, impurities, and the formation of boron—oxygen
complexes are investigated in detail. The role that titanium
plays in the growing of boron- or oxygen-doped diamond is
also explored.

2. Material and methods

The B,0O3-doped diamond synthesis experiments were
carried out, respectively, in an FeNi—C system and an FeNi—
Ti—C system by the temperature gradient method (TGM) at
high pressure and high temperature (HPHT) using a China-
type large volume cubic high-pressure apparatus (CHPA;
SPD-6 x 1400). The sample assembly is shown in Fig. 1.
The high-quality seed crystal used in the synthesis experiment
was 0.9 mm-1.0 mm in size, and the {111} plane of the seed
crystal was used as the crystal growth plane. The high-purity
graphite power (99.9 wt%) was used as the carbon source,
FeNi alloy was used as the growth solvent, high-purity tita-
nium (Ti) sheet (99.99 wt%) was added into the solvent and
high-purity boron oxide (B,03) powder (99.99 wt%) was used
as the additive.

The graphite and B,O3; powders at a specific propor-
tion were placed into a mixer and uniformly mixed. Follow-
ing mixing, the powder was pressed into bars in equal size,
which were then assembled in a synthetic cavity. Prior to
the synthesis experiment, to avoid influencing the experimen-
tal results by the moisture adsorbed by the sample assembly
materials, each sample assembly block was placed in a dry-
ing oven at 120 °C for one hour, then removed and placed
in the high-pressure apparatus for the synthesis experiment.
The synthesis conditions were as follows: pressures from
5.5 GPa-5.7 GPa and temperatures from 1300 °C-1500 °C. A
platinum-rhodium (Pt-30%RH/Pt-6%) thermocouple was used
to measure the temperature and its joint was near the crystal
sample. The experimental pressure was calibrated based on
the graphite—diamond phase transition.

After the experiment, the residual solvents on the sam-
ples were removed with HNOj3 and the graphite was removed

from the surface of the crystals by a hot mixed solution of
H,SO4 and HNO3 (3:1, v/v). Prior to being tested, the di-
amonds were ultrasonically rinsed with absolute alcohol for
30 min to remove the residual impurities from the diamond
surface. The synthetic diamonds were characterized by optical
microscopy (OM), x-ray photoelectron spectroscopy (XPS),
Fourier-transform infrared spectroscopy (FTIR), and Raman
spectroscopy (Raman). The FTIR was performed using a
VERTEX 70-V vacuum Fourier micro-infrared spectrometer
in a spectral range of 600 cm™!—4000 cm~! with a spectral
resolution of 2 cm~!. Raman spectrum was measured using
a Renishaw InVia Raman spectrometer at room temperature,
with an excitation curve wavelength of 532 nm and a spec-
tral resolution of 0.5 cm™! in a spectral range of 500 cm~!—
2100 cm ™.

Fig. 1. Sample assembly for diamond synthesised by HPHT. 1. steel
cap; 2. Al,O3 +MgO sleeve; 3. graphite heater; 4. dolomite pillar; 5.
carbon source; 6. metal catalyst; 7. seed crystal; 8. NaCl+ZrO; sleeve;
9. pyrophyllite; 10. Cu+Mo sheet.

3. Results and discussion
3.1. Effect of B,O3 on diamond growth conditions

Diamond crystals are synthesised with the addition of
B,03 into FeNi—C and FeNi-Ti—C systems under the HPHT
conditions of 5.5 GPa-5.7 GPa and 1300 °C-1500 °C. The
results are summarised in Table 1.

Figure 2 shows that the pressure (P) and temperature (7)
vary with B,Os3 content in the diamond synthesis process for
the two systems. It can be found that the P and T increase with
the augment of B,O3 content greatly. Specifically, the pres-
sure increases from 5.5 GPa to 5.7 GPa and the temperature
increases from 1300 °C to 1440 °C in FeNi-C system when
the BoO3 content increases from 0 to 6 wt%. Such a growth
trend also appears in the FeNi—Ti—C system. It can be noted
that the P and T required for crystal growth under the same
doping amount increase with the addition of Ti increasing.

Table 1 and figure 2 show that as the content of doped
B,03 increases, the conditions for synthesising the diamond
crystal increase in both the FeNi—C system and the FeNi—Ti—
C system. It is speculated that this is because when the B,O3
content increases, the metal catalyst activity is affected to dif-
ferent degrees and increased energy is required for the conver-
sion of graphite into diamond.!"*~13 Thus, the P-T conditions
for diamond synthesis increase.
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Table 1. Experimental results of diamond crystal synthesis with B,O3 added into FeNi—C and FeNi-Ti—C systems.

Run Ti B,03 (wt%) Pressure (GPa) Temperature (°C) Color Morphology

R-1 X 0 5.5 1300 light yellow hexa-octahedron

R-2 X 2 5.5 1390 yellow multiheaded-octahedral

R-3 X 4 5.5 1410 yellow cubic

R-4 X 6 5.6 1440 yellow cubic-octahedron

R-5 4 0 55 1360 colorless hexa-octahedron

R-6 Vv 2 5.5 1420 dark blue hexa-octahedron

R-7 Vv 4 5.6 1470 dark blue/black cubic-octahedron

R-8 4 6 5.7 1500 dark blue/black fragment

‘X’ refers to the absence of Ti, 4/’ to the presence of Ti.

- Pressure (a) —v¥— Pressure (b)
5.7F —# Temperature 1500 5.7t —m— Temperature /' 1500
= S u \ o
o} 11450 & A agment {1450 <
© 56 Z ¢ 5.6} 4 3
Z 1400 = =] 41400 =
] ) n —~
n o, n %]
2 . g £ &
& 1350 5 & 11350 2
5.5} 551w v &
411300 11300
0 2 4 6 0 2 4 6

Content of B2O3 additive (wt%)

Content of ByOj3 additive (wt%)

Fig. 2. Variations of pressure and temperature with B,O3 content for (a) FeNi—C system and (b) FeNi—Ti—C system.

3.2. Effect of B;O3 on diamond color and quality

Figure 3 shows optical images of the synthetic diamonds.
Figures 3(a)-3(d) show the optical images of crystal growth
with 0, 2, 4, and 6 wt% B,03 additive in the FeNi—C system,
respectively. Figures 3(e)-3(h) display the optical images of
crystal growth with 0, 2, 4, and 6 wt% B,0O3 additive in the
FeNi-Ti—C system, respectively.

It can be seen from Figs. 3(a)-3(d) that with B,O3 addi-
tion increasing, the shape and surface integrity of the crystal
grown in the FeNi—C system change from a complete and reg-
ular hexa-octahedron without doping to an octahedron with
irregular shape and defective surface, and the inclusion in the
crystal also increases markedly. However, the crystal color
does not change obviously and remains yellow.

0.5 mm

0.5 mm 0.5 mm

Fig. 3. Optical images of diamond crystals synthesised with B,O3 additive, showing [(a)-(d)] growth from FeNi-C system with 0, 2, 4, and
6 wt% B, 03 additive, respectively, and [(e)—(h)] growth from FeNi-Ti—C system with 0, 2, 4, and 6 wt% B, O3 additive, respectively.

When Ti is added to the solvent and thus forms a system,
the crystal changes from yellow color to almost no color at
0 wt% B,0O3 (Fig. 3(e)). When the content of B,Os3 increases
to 2 wt%, the crystal becomes dark blue and emits faint light
under the illumination of intense light. When the amount of

B,0s3 is more than 2 wt%, the crystal turns black and almost

completely opaque, and the crystal surface is still relatively
complete but large defects are found to exist at the bottom of
the crystal. At a B,Os3 content of 6 wt%, a complete diamond
crystal cannot be synthesised: only some fine and irregular
broken diamond crystals are obtained. From the crystal color

and quality, it can be seen that the crystal changes greatly after
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Ti has been added into the FeNi—C system: boron atoms read-
ily enter into the crystal in the presence of Ti in comparison
with the scenario in the absence of Ti.

3.3. Effect of B,O3 on infrared characterisation of dia-
mond

The FTIR is used to study the nitrogen content and in-
ternal chemical bond structure of the crystals prepared with
different BoOsdoping content. Figure 4(a) shows the IR spec-
tra of the crystals synthesised in the FeNi—C system, with
curves a—d corresponding to B,O3 doping content of 0, 2,
4, and 6 wt%, respectively. Figure 4(a) contains strong ab-
sorption peaks at 1130 cm ™! and 1344 cm™! in each spectral
curve, which are characteristic of diamond C-centre nitrogen
(isolated substitutional nitrogen atoms).!'"*! Additionally, no
boron-related peaks are observed.

According to previously reported equation,!'>!6! the ni-
trogen concentration in diamond is calculated, with the cal-
culated results having an uncertainty less than 5%.!'7! Fig-
ure 4(b) shows the nitrogen content of each crystal synthesised
in the FeNi—C system. It can be seen that with the B,O3 dop-
ing content gradually increasing, the nitrogen content in the
crystal hardly changes. Therefore, the addition of B,O3 into
the system does not significantly influence the nitrogen con-
centration in the diamond.

’é\ 1970 cm—! 2030 cm—! .
§ 1130 cm—! -—2160 cm™—
5 1344 cm~!
-
=
=}
o
g
o
-
o
n
0
<
1000 1500 2000 2500
Wavenumber (cm™1)
(b)
£ 500
a
2 391 391
2 400+ 369 362
o)
=
£ 300t
o
g
S 200
o
=
Z 100
0
0 2 4 6

B203 additive (Wt%)
Fig. 4. (a) Typical FTIR spectra (curve a: 0 wt%, curve b: 2 wt%, curve c:
4 wt%, and curve d: 6 wt% B,0O3 additive) and (b) nitrogen content of dia-
mond crystals synthesised in FeNi—C system.

Figure 5 shows the IR spectra of the crystals synthesised
in the FeNi-Ti—-C system, with B»O3 doping content of 0,

2, 4, and 6 wt% corresponding to curves e—h, respectively.
There is no nitrogen peak in any of the samples after Ti atoms
have been added into the solvent, which means that the ni-
trogen content in these crystals is less than 1 ppm; Ti atoms

(18] The absorption peaks appear-

act as a nitrogen acceptor.
ing at 2460 cm~! and 2800 cm™! are related to boron and can
be attributed to the electronic transition from the ground state
to the first and second excited state of neutral boron acceptor,
respectively;[!°2!] there are two weak boron peaks in the sam-
ples without BO3 doping (Fig. 5(e)). This is caused by the
low level of boron impurities in the carbon source.!'®?1 With
B,03 content being 2 wt%, the 2460-cm~! and 2800-cm™!
absorption peaks are found to turn significantly more intense
and sharper. At the same time, a new absorption peak appear-
ing at 1290 cm~! is observed (Fig. 5(f)), which indicates the
presence of uncompensated boron in the diamond structure.
The appearance of these peaks proves that boron atoms en-
ter into the diamond after Ti atoms have been added into the
system. At 4-wt% B,0s, only a strong peak at 1290 cm™!
is present, which corresponds to a single phonon absorption
peak of boron impurity in diamond.?>>#! As this is related to
the vibration energy of boron atom impurities in the crystal, it
indicates that there exist many boron impurities in the crystal
at this doping content. When the doping content of BoO3 in the
system is increased to 6 wt% (Fig. 5(h)), the starting point of
photoionization continuation shifts toward the low wavenum-

25.26] Therefore, the boron content in the

ber (low energy ).
crystal gradually increases with the augment of B,O3 doping

content.

2160 cm~! 2460 cm™! }
2800 cm™
—1
19290 em-1 2030 cm ./
1970 cm !

Absorption (arb. units)

1000 1500 2000 2500 3000 3500
Wavenumber (cm~1)

Fig. 5. Typical FTIR spectra of diamond crystals synthesised in FeNi—Ti—C
system with B,O3 content of curve e: 0 wt%, curve f: 2 wt%, curve g:
4 wt%, and curve h: 6 wt%.

In summary, the IR spectra show that when Ti atoms are
added into the metal catalyst system, not only can the nitro-
gen atoms in the cavity be removed, but also the boron source
in B,Os3 is released and doped into the diamond crystal, thus

realizing the growth of diamond with a high concentration.
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3.4. Effect of B,O3; on Raman characterisation of diamond

Raman spectrum is used to characterise the internal resid-
ual stress and chemical structure of the synthesised crystals.
Curves a—d in Fig. 6(a) correspond to B,O3 doping content
of 0, 2, 4, and 6 wt% in the FeNi—C system and curves e—
h in Fig. 6(b) correspond to BoO3; doping content of 0, 2, 4,
and 6 wt% respectively in the FeNi-Ti—C system. It can be
seen from Fig. 6 that each of all samples shows a strong and
narrow characteristic diamond peak (close to 1332 cm™~!) and
no extra peaks, indicating that the synthesised diamond crys-
tals have all a single sp> structure, which also proves that the
synthesised diamond crystals are all of high quality.?”l Ad-
ditionally, the full width at half maximum (FWHM) shows a
narrowing trend, and the position of the Raman peak does not
change significantly in Fig. 6(a), indicating that the quality of
the diamond is less affected by B,Oszdoping in the FeNi—C

system.
z FWHM (cm~1)
() El a:5.295
& b: 5.005
. 5 ¢ 4.918
f2 g d:4.698
= g
. 11331.25 cm—l=—| = :
2 1310 1330 1350
3 Raman shift (cm™!)
> -1
£11331.43 cm™t=+——
wn
a c
3]
= | 1331.62 cm~l=——
b
1331.31 cm—!
a
1200 1300 1400 1500
Raman shift (cm~1)
(b) B
z 2 a2 oo
= % 471 em—1
:j = 4.98 (‘,m"&'zﬂ em™!
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g 11332.01 cm™! =——
< f
= |1330.52 em1 «—\ g
1330.28 cm—! <—JL h

1300 1400 1500

Raman shift (cm~1)

1200

Fig. 6. Raman spectra of synthesized diamond crystals, showing curves
a—d growth in FeNi—C system with 0, 2, 4, and 6 wt% B,O3 content,
respectively, and curves e—h growth in FeNi-Ti—C system with 0, 2, 4,
and 6 wt% B,O3 content, respectively.

In contrast, as can be seen from Fig. 6(b), as the BoO3
doping content increases in the FeNi—Ti—C system the position
of the Raman peak is gradually redshifted from 1332.26 cm™!
when the doping content is 0 wt% to 1330.28 cm~! when the
doping content is 6 wt%. Additionally, the the FWHM grad-
ually shifts from 4.62 cm™! to 4.98 cm™! at 0 wt% to 6 wt%

B,O3 content, respectively. This indicates that as the doping
content increases, more and more boron or oxygen impuri-
ties enter into the diamond lattice, thus resulting in a regular
decrease in crystallinity, an increase in internal stress and a
deterioration in quality.

Boron impurities in diamond crystals result in the expan-
sion of the diamond lattice. Therefore, as the concentration
of boron impurities in the crystal increases, the internal stress
change leads the Raman peak of diamond to shift toward lower

wavenumbers.

3.5. Effect of B»O3 on XPS characterisation of diamond

The XPS is used to study the bonding on the surface and
the bonding inside the crystal doped with 4-wt% B,Os in the
FeNi-Ti—C system. The test is divided into two parts. First,
the crystal surface is characterised after it has been cleaned.
Second, the crystal is cut by laser parallel to and 0.80 mm
away from the {111} diamond surface and analysed by XPS
at 50 nm away from the cut surface. The results are shown in
Fig. 7.

E\ C 1s :”_-.? (b) . O 1s

g g £

3 5

e 4

— —

& =

> =

+~ +

‘B B

=] =]

3] 5]

E B0 | % '
283 285 287 533

Binding enerey (eV) Binding enerey (eV)

EN IO Cis | | (@) w O=C Ols

“le 5 \

e 2 s

] ‘B

2 o=c | §

287 528 530 532 534 536
Binding enerey (eV)

"283 285
Binding enerey (eV)

Fig. 7. XPS spectra of [(a), (b)] crystal surface and [(c), (d)] crystal interior
for diamonds obtained in FeNi—Ti—C system with 4-wt% B,z additive.
Figures 7(a) and 7(b) show the spectra of the diamond sur-
face, and figures 7(c) and 7(d) show the interior of the diamond
after having been cut. The peaks at 285.4 eV and 532.6 eV
in Figs. 7(a) and 7(b) correspond to C—B—O and B-O bonds,

28.29] These results indicate that the boron atoms

respectively. !
on the surface of diamond formed B—O complexes with oxy-
gen atoms. Additionally, the carbon atoms are bonded to oxy-
gen atoms at 287.3 eV and 531.4 eV as shown in Figs. 7(c) and
7(d),3%31 indicating that the oxygen atoms successfully enter
into the diamond lattice, with 4.0-wt% B,O3 content added
into the FeNi-Ti—C system. However, there is no peak cor-
responding to the boron—oxygen combination in Fig. 7(c) nor
in Fig. 7(d), showing that the concentration of boron—oxygen
complexes in the crystal is lower than on the crystal surface.
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It is speculated that this is due to the low boron atom con-
centration and oxygen atom concentration and the mismatch
between their atom radii in diamond.

3.6. Mode of action of titanium in growth chamber

Two experiments are performed to explore the mecha-
nism of boron entering into the diamond crystals in the FeNi—
C and FeNi-Ti—C systems. Graphite (Gr) power and Ti pow-
der are mixed uniformly with BoO3s powder, with both the
mass ratio between Gr and B,O3 and the mass ratio between
Ti and B,0O3 being 1:3, respectively, placed in a tube furnace
and maintained at 1400 °C for 1 h under a vacuum argon at-
mosphere. The obtained samples are characterized by Raman
spectroscopy and compared with those from pure B,O3 and
pure boron powder as control groups, and their results are
shown in Fig. 8.

— Ti4+B203
. GI‘—'-BgOg
’K? /TIBQ —_— Bon
o —— Boron
5
e}
—
]
~ Graphite
wn
= H
=
M
400 800 1200 1600

Raman shift (cm~1!)

Fig. 8. Raman spectra of boron, BO3, Gr+B,03, and Ti+B,0s3.

From Fig. 8§, it can be seen that there is no boron-related
peak when B,O3 powder was mixed with graphite. However,
according to previous research, B,O3 will react with carbon
to produce carbon oxide (CO,) and boron. 32331 The carbon
oxide will poison the metal catalyst, so the P-T conditions
for crystal growth will increase in Fig. 2(a). The absence of
a boron-related peak in Fig. 8 is because so few boron atoms
are generated that they cannot be detected. Another experi-
mental results show that there exist strong peaks of TiO, and
TiB,, and it can be seen from Fig. 7(b) that the Ti—O bond is
also reflected in the XPS spectrum at 530.8 e V.34 Because the
experiments are all carried out under vacuum, it is speculated
that the oxygen in TiO, come from B,03,33 and the TiB, is
produced by the reaction between Ti and boron, and its oc-
currence also attests that boron is partially decomposed in the
cavity. To sum up, Ti and B,O3 can undergo substitution to
generate elemental boron and oxygen, then boron atoms enter
into the crystal when the growth chamber is oxygen-enriched.

4. Conclusions

In this work, large single-crystal diamonds are syn-
thesised by adding different concentrations of B,O3 into a

solvent—carbon system. The results show that with B,O3 con-
tent increasing, the carbon oxide and oxygen in the growth
chamber increase P and 7. The B,O3 does not affect the ni-
trogen content in the diamond and no obvious boron atoms
enter into the crystal when there are no Ti atoms in the cav-
ity. By adding Ti into the FeNi—C system, the boron source in
B»03 is released. As the B>O3 concentration increases a large
number of boron atoms enter into the diamond and the color of
the crystal changes from almost no color to black color. Fur-
thermore, the boron—oxygen complexes are found to be on the
surface of the crystal, and the oxygen-containing bonds also
appear in the diamond. These results show that this method
can be used to synthesise diamond with boron—oxygen com-
posite defects, and that elemental oxygen in B,O3 can suc-
cessfully enter into the diamond lattice.

The experimental results indicate that Ti reacted with
B,03 to form boron and oxygen, creating an oxygen-rich
environment in the synthesis chamber and producing boron-
containing diamond.
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