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SPECIAL TOPIC — Structures and properties of materials under high pressure
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To enhance boron doping efficiency and reduce metal impurities in diamonds, selecting an appropriate metal solvent
is essential for producing p-type diamonds using the high-pressure high-temperature (HPHT) method. This paper presents
a detailed study of the properties and characteristics of boron-doped diamond (BDD) single crystals grown using FeNi
and FeCo solvents through the HPHT method. The results indicate that, with the same TiB, addition ratio, BDD crystals
grown using FeCo solvent have a higher concentration of uncompensated boron ions, resulting in improved boron doping
efficiency. Additionally, by growing BDD in the same synthesis environment (FeCo-3 wt% TiB;) using (111) and (100)
seed crystals as growth surfaces, it was found that the boron content in the crystal grown from the (100) seed crystal
was higher than that in the crystal grown from the (111) seed crystal. Additionally, the crystals grown with the FeCo
solvent contained fewer metal elements (Fe and Co) compared to those produced with the FeNi solvent (Fe and Ni), which
supported the growth of high-quality BDD single crystals. This indicated that the choice of growth planes significantly
influences the incorporation of boron in diamonds. Our findings hold significant research value for the development of
high-quality p-type diamond semiconductors using the HPHT method.

Keywords: boron doping, diamond single crystal, high-pressure high-temperature (HPHT), metal solvent

PACS: 81.05.ug, 74.62.Dh, 61.72.S—, 67.80.dj
DOI: 10.1088/1674-1056/adfb55

1. Introduction

Diamond is a highly functional material known for
its remarkable properties, including exceptional hardness,!!]
superior thermal conductivity,’?! a wide bandgap,’*! and
high carrier mobility.[* Tt also has excellent electrical in-
sulation properties,®! optical transmittance,[®! and chemical
stability.[”] These characteristics contribute to diamond’s rep-
utation in the semiconductor!®! industry, where it is val-
ued for its ability to perform effectively under extreme con-
ditions.  Specifically, diamond is used in the manufac-
ture of high-power electronic devices!® and high-temperature
electronics,®! where it maintains stable performance even at
elevated temperatures.

Introducing a specific concentration of boron impurities
into diamond can impart p-type semiconductor properties. 1]
This modification plays a crucial role in enhancing the ap-
plication of diamonds in electronic components. However,
despite its potential, large-scale production and application
of boron-doped diamond (BDD) face several challenges and

limitations.!"'!) The crystal defects introduced during boron

fCorresponding author. E-mail: chenlc@zzu.edu.cn
fCorresponding author. E-mail: fangchao1989@zzu.edu.cn
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doping can result in high bulk resistivity, low carrier con-
centration, and reduced mobility.“z] Currently, chemical va-
por deposition (CVD) and high-pressure high-temperature
(HPHT) methods are primarily used to produce BDD.[!3] Re-
cent research on p-type semiconductor diamonds, both do-
mestically and internationally, has focused mainly on the
production of boron-doped films.!'#! These p-type diamond
films are synthesized using CVD, with boron serving as an
additive, '] and they have been successfully applied in vari-
ous applications. Microwave plasma chemical vapor deposi-
tion (MPCVD) technology has emerged as a leading method
for preparing single-crystal diamonds. Its advantages include
minimal pollution from microwave energy and the use of
pure gas raw materials, making it one of the most promis-
ing techniques for producing large, high-quality single-crystal

diamonds.!'6-17

I Despite its advantages, the application of
MPCVD for single-crystal diamond production is limited by
its low growth rate (approximately 10 pm/h)!'®8 and high de-
fect density (ranging from 10° to 107 cm~2).11%20] These fac-
tors significantly hinder its widespread use in various applica-

tions. Relative to the CVD method, the HPHT technique of-
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fers a faster growth rate and lower costs for producing single-
crystal diamonds, enabling mass industrial production. Addi-
tionally, one of its key advantages is the relatively low defect
density of diamonds synthesized using HPHT (ranging from
103 to 105 cm™2), which theoretically allows for the produc-
tion of defect-free single-crystal diamonds.?!! Currently, the
primary challenges in the HPHT synthesis of BDD are achiev-
ing a uniform distribution of boron within the crystal'??! and
managing the effects of metal impurities. Synthesizing high-
quality single-crystal BDD using the HPHT method for func-
tional applications has become a critical scientific challenge
that researchers, both domestically and internationally, are ea-
ger to address.

BDD can be synthesized using two HPHT systems, one
using metal-containing solvents and another using metal-free
solvents. In metal-free solvent systems, graphite-boron com-
posite (GBC) or boron carbide (B4C) can be employed as pre-
cursors for synthesis, but this method requires higher pres-
sure and temperature conditions (usually P > 8 GPa, T >
2000 °C),1?>>1 and the products are usually small-sized di-
amonds or polycrystalline diamonds. In contrast, the use of
transition metal solvents such as iron (Fe), nickel (Ni), man-
ganese (Mn), and cobalt (Co) can significantly reduce the syn-
thesis conditions (P = 5-6 GPa, T = 1200-1400 °C).1*! It
has been shown that these transition metals have a specific
chemical affinity with boron, and this interaction can directly
affect the doping efficiency of boron in diamond lattices un-
der HPHT conditions.*”?8] To prepare large BDD single crys-
tals, FeNi and FeCo alloy solvents are usually used for long-
term growth. However, the boron doping efficiency and the
presence of metal impurities in BDD single crystals synthe-
sized using these two alloy catalysts remain unclear. To re-
duce metal impurities in diamond and effectively dope it with
boron, we investigated the influence of FeNi and FeCo alloy
catalysts on boron doping of diamond. In addition, due to the
crystal plane selectivity of boron entering diamond, different
growth regions have different boron doping concentrations, re-
sulting in different distributions of boron impurities in single-
crystal diamond.!'3?°1 Therefore, we chose the (111) growth
region to compare the boron doping. At the same time, (100)
and (111) seed planes were used to synthesize BDD, with the
(111) plane serving as the primary plane, and the boron con-
tent in its growth region was compared. Our work is of great
significance for improving the performance of large, single-
crystal BDD and semiconductor applications.

2. Experimental details

In this study, we synthesized single-crystal BDD using
the temperature gradient method in a cubic multi-anvil press
(SPD-6 x 1400) at a pressure of 5.4 GPa and a temperature

of 1290-1330 °C. FesgNigy and FeggCoyg served as metal sol-
vents. Figure 1 is a schematic diagram of the assembly of the
synthetic diamond crystals. In that experiment, high-purity
phosphorus flake graphite (99.99 wt%) was used as the car-
bon source, and high-purity TiB, (99.99 wt%) served as the
additive. Graphite and titanium boride (TiB,) powder were
uniformly blended in various weight ratios and subsequently
compacted into a carbon source. The compacted carbon source
was placed into the synthetic cavity. The (111) and (100)
planes of a high-quality seed crystal, approximately 1 mm in
size, were chosen as the growth surfaces for the diamond. Be-
fore the synthesis experiments, the sample assembly blocks
were placed in a drying oven at 120 °C for 30 min to eliminate
the influence of water adsorbed on the assembly materials on
the experimental results. The temperature at the center of the
heater was calibrated using a double platinum-rhodium (Pt-
30% Rh/Pt-6% Rh) thermocouple based on the relation be-
tween input power and temperature. The synthetic pressure
was calibrated using the calibration curves of oil pressure and
chamber pressure based on the high-pressure phase transition
points of bismuth (Bi), barium (Ba), and thallium (T1).

1) —1—

(3) (2)

(5) (4)

(7) (6)

(4) g (8)

9) (10)
(11) (4)
(11) (12)

Fig. 1. Assembly for boron-doped diamond synthesis. (1) Pyrophyllite
pressure medium. (2) Copper disk. (3) Graphite disk. (4) Al,O3 +
MgO disk. (5) Graphite heater. (6) NaCl + ZrO; sleeve. (7) Carbon
source. (8) Metal solvent. (9) Diamond sample (grown in the experi-
ments). (10) Seed crystal. (11) Dolomite. (12) Steel cap.

The morphology of the diamond samples was examined
using a Leica M205¢ microscope. At the same time, their in-
frared absorption spectra were recorded with a Bruker Vertex
70 V Fourier transform infrared (FTIR) spectrometer, cover-
ing a range of 400-4000 cm~! with a resolution of 2 cm~.
The test mode was set to transmission. To ensure reliable
results, a potassium bromide substrate was used as the mea-
surement background. Crystals with high boron concentration
and low light transmittance were cut into 0.2 mm-thick sheets
using Sanyi green laser diamond cutting equipment (model
SY-CVDI1E, laser wavelength 532 nm). The recrystallized
graphite produced during the cutting process was then treated
with a 3:1 ratio of concentrated sulfuric acid and concen-
trated nitric acid to obtain clean BDD sheets for FTIR test-
ing. The distribution of elements in the diamond was ana-
lyzed using a JSM-IT200 (A) scanning electron microscope.

X-ray photoelectron spectroscopy (XPS) was used to analyze
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the doping and bonding of impurity elements within the crys-
tal. That analysis was done using a Thermo Fisher Scientific
ESCALAB 250Xi instrument, which operated at a pressure of
1 x 10~ bar and a resolution of 0.1 eV.

3. Results and discussion
3.1. Effect of solvent growth surface on boron doping

3.1.1. Effect of solvent on boron doping (FeCo and
FeNi)

The (111) crystal plane of the diamonds obtained from
the comparison experiments of FeCo and FeNi solvent was
selected for analysis. Table 1 shows the data for eight crystals
measured in the experiment. Figure 2 shows optical images
of diamonds grown under various solvents and various addi-
tive ratios of TiB,. At a TiB, additive concentration of 2 wt%,

the crystals had a yellowish color and moderate light transmit-
tance. As the additive ratio increased to 3 wt%, the crystals
darkened in color, having yellow-green hues. Some areas ap-
peared even darker, likely due to uneven boron doping. The
diamonds synthesized with the FeCo solvent at those two ad-
ditive ratios were slightly darker in color compared to those
produced using the FeNi solvent. When the TiB, additive ratio
increased to 4 wt%, the crystals turned entirely black. It was
evident that as the additive ratio increased, the crystal color
gradually darkened and light transmittance decreased, which
could be attributed to the rising boron content. Although low-
doped crystals exhibited some light transmittance, diamonds
grown under the FeCo solvent were darker in color. It could
be initially inferred that the boron content in crystals synthe-
sized using the FeCo solvent was higher at the same additive
ratio.

Table 1. Crystals corresponding to various proportions of TiB, addition in FeCo—C and FeNi—C systems.

Additive ratio Crystal Nitrogen Nitrogen ion
Crystal No. Solvent .
(wt% TiBy) color content (ppm) content (ppm)
A FeCo 2 yellow 97 22
b FeCo 3 yellow-blue 9 31
c FeCo 4 black - -
d FeCo 5 black - -
e FeNi 2 yellow 124 28
f FeNi 3 yellow-blue 75 53
g FeNi 4 black (blue) - -
h FeNi 5 black - -

mm
—

1 mm
—

Fig. 2. Optical images of crystals synthesized by adding different con-
centrations of TiB; under FeCo—C and FeNi-C systems. (a) FeCo-
2 wt% TiB,. (b) FeCo-3 wt% TiB,. (c) FeCo-4 wt% TiB5. (d) FeCo-
5 wt% TiB,. (e) FeNi-2 wt% TiB,. (f) FeNi-3 wt% TiB,. (g) FeNi-
4 wt% TiB;. (h) FeNi-5 wt% TiB,.

To further assess the boron content, we conducted FTIR
spectrometer testing on eight diamonds. Due to the different
boron concentrations in the (100) and (111) growth regions,
we selected the (111) growth region of the sampled as the re-
gion for FTIR spectroscopy testing. A minimum of five mea-
surements were taken for each diamond, from which three rep-
resentative points were selected for analysis. The FTIR spec-
tra of diamonds synthesized with TiB, additions of 2 wt%
and 3 wt% using two solvents, along with their correspond-
ing test points, are shown in Fig. 3. The peak at 1290 cm™!
(D' center)*Y was the result of infrared absorption induced
by boron-related impurities in the diamond. The peaks at

2460 cm~! and 2800 cm~! were attributed to the first and
second excited states of electronic transitions at the acceptor
energy level, respectively.

At a TiB; content of 2 wt%, the crystals grown un-
der both solvents had distinct diamond characteristic peaks at
1970 cm~!, 2030 cm™~!, and 2160 cm~!. With the increase in
B concentration, the characteristic peak of boron became in-
creasingly obvious, overshadowing the characteristic peak of
diamond. Therefore, when the boron concentration reached
a certain height, the diamond peak was not obvious. 3!l Fig-
ure 3(a) shows the FTIR absorption curve of the crystal grown
using the FeCo solvent. The N* correlation peak at 1332 cm™!
is relatively weak, whereas a single-phonon absorption peak of
boron is present at 1290 cm™!. Also, boron-related peaks ap-
pear at 2460 cm~! and 2800 cm~!. That occurred due to the
presence of excess boron acceptors remaining after the com-
pensation of boron and nitrogen. The test points indicated in
the optical diagram, along with their corresponding FTIR ab-
sorption curves, show that boron peaks varied at different posi-
tions within the same diamond. The boron peaks at 2460 cm™!
for point 3 in Fig. 3(a) are weaker than those at points 1 and 2,
and the peaks at 2800 cm ™! are nearly absent. The optical dia-
gram of the diamond shows that the colors at points 1 and 2 are
darker than at point 3. In Fig. 3(b), the FTIR absorption curve
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of the diamond synthesized using the FeNi solvent displays
no neutral boron-related peaks at 2460 cm~! and 2800 cm™';
only the N-related peak at 1332 cm™! is present. That phe-
nomenon was attributed to the compensatory interaction be-
tween boron and nitrogen, which facilitated the formation of
N+.132] That suggested that the diamond contained negligible

tors were compensated by nitrogen. Adding 2 wt% TiB, intro-
duced two impurities, nitrogen and boron, in the BDD grown
using two solvents. Nitrogen acted as a donor impurity, sup-
plying electrons to the acceptor impurity boron and transform-
ing into N*. That phenomenon is known as the compensation
effect, where donor and acceptor impurities neutralize each

electrically neutral boron impurities, because all boron accep-  other.
3.0 - 2.0 -
(a) D,_'lamond 2460 2800 (b) D,m,ld
2.5 \ M 16
g 2.0F =)
Q . o
2 ' £ 12
g 1.5 113 1290 , ! 5
8 ! ro[208
< 1.0} ! ro=
I I \
0.5 : : 0.4 :
I 1 \
PR 1 1 I. ! L1 | 1 1 1
0 1000 1500 2000 2500 3000 0 1000 1500 2000 2500 3000
Wavenumber (cm™1) Wavenumber (cm™1)
(c) 2 (d) 2800
C .
0.8f Diamond 2460 1 3.5t Diamond 2460 1
g 0.6} , = 2.8t
2 I 2 |
=2
2 | £21 ! !
Q 0.41 i 2 \ :
Q
= | =14 : N
0.2 : | ! b
| . 0.7 ! b
: : 1 [ : :
1 1 1 i1 1 1 1 1 1 1
977000 1500 2000 2500 3000 © 1000 1500 2000 2500 _ 3000

Wavenumber (cm~1!)

Wavenumber (cm~1)

Fig. 3. FTIR spectra of corresponding points of 2 wt% and 3 wt% TiB, addition crystals under FeCo and FeNi solvents. (a) 2 wt% TiB,-FeCo.

(b) 2 wt% TiB;-FeNi. (c) 3 wt% TiB,-FeCo. (d) 3 wt% TiB,-FeNi.

When the proportion of TiB; additive increased to 3 wt%,
the characteristic peak of boron became more obvious, and
the characteristic peak of diamond appeared less obvious. As
shown in Fig. 3(c), the crystal synthesized under FeCo solvent
completely lost its N* peak at 1332 cm™!, and the diamond
characteristic peak also appeared less conspicuous. In com-
parison to the 2 wt% addition crystal shown in Fig. 3(a), the
boron peak at 1290 cm™! in the crystal shown in Fig. 3(c) is
significantly intensified, whereas the boron peak at 2460 cm ™!
is less pronounced. That observation indicated that boron con-
centration increased with a higher additive ratio. Figure 3(d)
shows that the FTIR spectra of the crystals synthesized under
the FeNi solvent at the three marked positions are quite simi-
lar. In contrast, the FTIR spectra of crystals synthesized under
FeNi solvent under the same conditions at three labelled posi-
tions are very similar (Fig. 3(d)), with crystals showing a weak
boron peak at 1290 cm ™! and a strong N* peak at 1332 cm ™.
That was because there was not enough B in the crystal to form
a peak at 1290 cm~ !, so most of the B combined with N to
form a N* peak at 1332 cm™~!. That indicated that when 3 wt%
TiB, was added, the boron content in the crystals grown with
the FeNi solvent was significantly lower than that in the FeCo

solvent. At a low additive concentration of 2—-3 wt% TiB,, the
N ions in the BDD grown using the FeNi solvent were sig-
nificantly more abundant than those in diamonds produced by
the FeCo solvent. That suggested that the FeCo solvent was
more effective for achieving efficient boron doping.

1.0 @ 2.0 )
a
1
- 0.8 1290 1 L 1.6 1290 §
el | i : 2
2 O.Gﬂ/\,\z £12 ;
= = ' 3
Zo 4M % 0.8 i
Q 1 3] Y )
< A < !
0.2 ' 0.4 '
1 1

0 1000 1500 2000 2500 3000
Wavenumber (cm~1)

0 1000 1500 2000 2500 3000
Wavenumber (cm™1)

0.8

0.5 (c) (d) 1990 1
g04f 1290 | §06 b
203 ' £ : 2
5 . ; 2 §0~4W
é” 0.2 . 2 " 3
. : 2 I
0 i 0 !

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

1000 1500 2000 2500 3000
Wavenumber (cm~1)

Fig. 4. FTIR spectra of corresponding points of 4 wt% and 5 wt% TiB, addi-
tion crystals under FeCo and FeNi solvent. (a) 4 wt% TiB,-FeCo. (b) 4 wt%
TiB,-FeNi. (¢) 5 wt% TiB,-FeCo. (d) 5 wt% TiB,-FeNi.

118101-4



Chin. Phys. B 34, 118101 (2025)

As the boron doping level increased, the light transmit-
tance of the crystal declined. In our testing, we used diamond-
cut sheets. Figure 4 shows the sheet diagram and the re-
sults of the FTIR absorption spectra. The FTIR absorption
spectra obtained from diamond flakes showed that when the
TiB, addition exceeded 4 wt%, the N-related peaks in dia-
monds from both the FeCo and FeNi solvents disappeared
completely, leaving only the B-related peaks. That indicated
that the nitrogen content in the diamonds vanished once a cer-
tain doping concentration was reached for both solvents. At
a TiB, addition level of 4 wt%, both crystals grown in the
FeCo solvent (Fig. 4(a)) and those grown in the FeNi sol-
vent (Fig. 4(b)) had pronounced boron peaks at 1290 cm™.
The crystal shown in Fig. 4(a) had a strong absorption peak
at 2460 cm~!, whereas the crystal in Fig. 4(b) lacked mea-
surable peaks at both 2460 cm~! and 2800 cm~!. That dif-
ference further indicated that the diamond grown under the
FeCo solvent contained a higher concentration of boron. At
a TiB, additive ratio of 5 wt%, the FTIR absorption spec-
trum of diamond grown under the FeCo solvent (Fig. 4(c))
had strong boron peaks at 1290 cm~! in addition to curves
2 and 3, particularly noted at point 1. The FTIR absorption
curve has a diagonal trend, indicating an excessive concentra-
tion of boron. Unlike the BDD grown under the FeNi solvent
(Fig. 4(d)), which did not have a similar diagonal trend, the
absorption characteristics resemble those at points 2 and 3 of
the diamond grown in the FeCo solvent (Fig. 4(c)). Notably,
the boron peak in Fig. 4(c) is stronger than that in Fig. 4(d).
To achieve a more accurate measurement of boron content, we
calculated the boron concentration using the absorption coeffi-
cient of the single-phonon absorption peak at 1290 cm~!. The
equation is

[B] ~ 1.67 x 10" aty290, (1)

where [B] is the boron impurity concentration in units of cm 3,
and 299 is the absorption coefficient of the monophonon ab-
sorption peak. The uncertainty associated with this equation is
+20%.133-341 To facilitate a clearer comparison of boron dop-
ing across different solvents, we uniformly selected the darker
color regions to assess boron content. A histogram was then
created to visually compare the boron concentration between
the two solvents as the TiB, additive ratio increased (Fig. 5).
More information on boron content is shown in Table S1 of
the supplementary material. The FTIR spectrum effectively
indicated changes in boron concentration within the diamond.
Although the method for calculating boron concentration from
the spectrum had a significant margin of error, it still enabled
comparisons of boron levels or provided an estimated concen-
tration range. The results indicated that the boron concen-
tration in diamonds grown in the FeCo solvent was generally
higher than in the FeNi solvent, showing consistent variations.
According to previous reports, the different boron doping lev-
els in diamond might be due to the interaction between metal

elements (Co, Ni) and B during the synthesis process, result-
ing in different abilities to form boron compounds, leading to
differences in boron content in the diamond.2%%7]

49

[SA]
[en]

N
o

29

(&) w
o [e)

-3
Boron content (10'7 cm )
=
o

Fig. 5. Boron concentration in diamond synthesized by adding TiB, to
FeCo and FeNi solvents.

3.1.2. Effect of growth surface on boron doping

Furthermore, in the same experiment, we synthesized
crystals using the (111) and (100) seed planes as their respec-
tive growth planes. Figure 6 is a perspective view of two crys-
tals grown under the same higher temperature and pressure
conditions. It is known that with an increase in temperature,
the growth rate of the diamond (100) crystal plane gradually
accelerates, whereas that of the (111) crystal plane gradually
slows, which is consistent with the principle of “slow surface
exposure and fast surface immersion” of the Bravais law in
crystal growth.3>! Because the experimental synthesis condi-
tions were in the high-temperature region, the diamonds grown
using both (100) and (111) seed planes had well-developed
(111) surfaces. We conducted infrared testing on the (111)
growth regions of those two crystals.

(a) (111) Growth zone (b) (111) Growth zone

Test zone

Fig. 6. (a) Three-dimensional schematic of crystals grown using the
(100) seed plane at high temperature. (b) Three-dimensional schematic
of crystals grown using the (111) seed plane at high temperature.

There might have been temperature differences at differ-
ent positions within the same synthesis chamber. *% We used
the finite element method to simulate the temperature and con-
vection fields of FeCo solvent under diamond synthesis pres-
sure and temperature conditions. The simulation results are
shown in Figs. 7(b) and 7(c), indicating that the solvent had
completely axisymmetric temperature and convection fields.
To avoid the influence of temperature on the boron content in
the crystal, we arranged the two seed crystals symmetrically
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along the central axis of the solvent to ensure that the tem-
perature conditions for the growth of the two diamond crys-
tals were the same. Figure 7(d) is a schematic diagram of the
seed crystal arrangement and diamond growth. We observed
that the crystals grown in the subsequent experiment, despite
being subjected to the same P-T conditions, TiB;, addition
amount, and solvent, had differences. Figures 7(e) and 7(f)
show optical images of crystals obtained from various seed
growth surfaces in the same experiment using an FeCo sol-
vent addition with 3 wt% TiB,. The crystal grown from the
(111) seed appears yellow, whereas the crystal grown from the
(100) seed appears clearly black. The color difference was
due to the varying doping levels of boron. To further inves-
tigate the incorporation of boron into diamond, we conducted

(a)

FTIR tests on both crystals. As shown in (111)-1 and (111)-
2 in Fig. 7(g), the FTIR absorption curves of the crystal have
a prominent diamond absorption peak alongside a N* peak
at 1332 cm™ L. Additionally, the boron peak at 1290 cm™!
is less pronounced, likely due to compensation by nitrogen.

~1and

Furthermore, boron peaks are also shown at 2460 cm
2800 cm™'. In the crystal grown from the (100) seed crystal,
in contrast, the diamond characteristic peak is very weak and
almost invisible relative to the boron peak. Instead, there is a
distinct single-phonon absorption peak for boron impurity at
1290 cm~!, along with the first excited state of the acceptor

1

level observed at 2460 cm™". This phenomenon can be at-

tributed to the higher boron content in the crystals shown in
Fig. 7(f).

12901308300 (3 a3 950 o GT 319 300 | 402

()

@

/(111)(100),
| @ I |

Absorption

(111) (100)

% 10-5 m/s

08T {289 0% 960 520\ 0% 60 (20 (P

Diamond
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1500 2000 2
Wavenumber (cm™1)

1000

00

Fig. 7. (a) The 1/4 FeCo solvent geometric model. (b) Simulation result of temperature and convection fields. (c) Simulation result of the
FeCo solvent. (d) Schematic diagram of seed crystal and crystal growth. (e) (111) crystal optical diagram. (f) (100) crystal optical pattern.

(g) Infrared absorption spectra of (111) and (100) crystals.

Table 1. Experimental conditions and results of FeCo-3 wt% TiB, addition (111) and (100) crystals.

(111) growth zone
Crystal No. Seed plane Color Morphology Nitrogen Nitrogen ion Boron
content (ppm) content (ppm) content (10'7 cm=3)
D-1 (111) yellow plate crystal 91 30 7
D-2 (100) yellow-blue tower crystal - - 30

Similar to our earlier comparison of the FeCo and FeNi
solvents, we estimated the boron concentration in this group
of diamond crystals. Results are shown in Table 2. The calcu-
lation shows that the boron content of the (111) crystals grown
using the (100) seed plane was higher. The calculation results
of boron content with 2 wt%, 4 wt%, and 5 wt% TiB, addition

ratios also obtained consistent conclusions. See the supple-
mentary material for more details (Fig. S1, Table S2). That
finding did not contradict previous studies, which indicated
that the boron content in the (111) crystal plane is higher than
in the (100) plane at the same additive ratio. In this experi-
ment, the crystal grown from the (100) seed consisted primar-
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ily of the (111) plane and was classified as a high-temperature
crystal. It might be inferred that the boron content in dia-
monds grown from different seed crystals in the same experi-

ment might vary.

3.2. Effect of solvent on incorporation of metal impurities
3.2.1. Metal impurity speciation (XPS)

Additionally, to analyze the types of impurity elements
and their bonding modes in BDD grown with two metals,
we conducted high-resolution XPS spectral tests on C, Fe,
Ni, and Co in the diamonds. To ensure the accuracy of our
experimental data and minimize the effect of surface impuri-
ties, we laser-cut the sample into a single wafer and selected

an area free from inclusions for testing. Figure 8 shows a
high-resolution XPS scan of (111) and (100) crystal additions
with 4 wt% TiB, under two solvents. The C 1s energy levels
for all four crystals had three secondary peaks at 284.5 eV,
285.8 eV, and 288.2 eV, corresponding to sp> C-C, sp® C—
C, and C-O bonds, respectively.’’1 The secondary peaks
associated with the sp> C—C bonds progressively increased
from crystal 8-(a) to crystal 8-(d). Among the four crystals,
crystal 8-(a) had the strongest Fe 2p energy level, whereas the
Fe 2p energy levels for crystals 8-(b) and 8-(c) were weaker,
each containing six secondary peaks. In addition to the satel-
lite peaks, the secondary peaks at 707.3 eV and 720.6 eV were

(al) C 1s (af\) Fe 2p Fe .2[)3/2 (%E)
/U? wn wn
’5 E Fe 2py/2 E
= =] 3 =t
& o) o)
5 8 &
-a () 12}
=i =i
3 g 2
i = ! =
= 1 1 1 1 A " i i L 1 i e 1
292 290 288 286 284 282 280 736 728 720 712 704 880 872 864 856

Binding energy (eV)
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—~
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Fig. 8. XPS spectra of BDD grown with two different solvents with 4 wt% TiB,. (a) FeNi-(100). (b) FeNi-(111). (c) FeCo-(100). (d) FeCo-(111).
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associated with Fe>* ions. The Fe 2p secondary peaks ap-
peared primarily at 710.6 eV and 724.1 eV, corresponding to
Fe 2p3/, and Fe 2p, /, respectively, which were related to Fe3t
ions.[***3! The high-resolution Fe 2p energy level of crystal
8-(d) showed no distinct bonding modes. Additionally, the Fe
2p energy level in the FeCo solvent was lower than that in
the FeNi solvent. Among the crystals grown using the FeNi
solvent, the Ni 2p secondary peaks in crystal 8-(a) appeared
primarily at 873 eV and 856 eV, corresponding to Ni 2p;;
and Ni 2ps 5, respectively.[*!4+46] Fitting analysis showed a
total of six secondary peaks. In addition to the satellite peaks,
the secondary peaks at 853.4 eV and 868.2 eV were linked to
NiO, whereas the peaks at 855.8 eV and 874 eV corresponded
to Ni(OH),. Notably, no Ni 2p levels were detected in crystal
8-(b). Similarly, in the FeCo solvent, no Co 2p energy levels
were observed in either crystal 8-(c) or crystal 8-(d). The XPS
data indicated that Fe and Ni impurity atoms in BDD synthe-
sized with the FeNi solvent were incorporated into the crystal
more readily. In contrast, BDD synthesized using the FeCo
solvent contained lower levels of Fe impurities, and no Co
impurities were detected. Based on the energy dispersive x-
ray spectroscopy (EDS) spectrum, we concluded that the FeCo
solvent was more suitable for growing BDD single crystals.

3.2.2. Metal impurity concentration (energy dispersive
x-ray spectroscopy)

To investigate the entry and distribution of metal impuri-
ties in the diamonds, we selected areas free from metal inclu-
sions for EDS scans on 4 wt% TiB;-addition (100) and (111)
crystals across two solvents. We then analyzed the elemental
distribution within the diamond flakes (Fig. 9). After scanning
the (100) crystal (a) and (111) crystal (b) of the FeNi solvent,
we observed that, in addition to the predominant distribu-
tion of C, small amounts of Fe and Ni were also present. In
comparison to Fe, Ni is incorporated more readily into BDD.
However, neither Fe nor Co was detected in the FeCo solvent,

Fig. 9. SEM image and energy dispersive x-ray spectroscopy elemental
mappings of 4 wt% TiB, addition crystals under FeCo and FeNi solvents.
(a) FeNi-(100). (b) FeNi-(111). (c) FeCo-(100). (d) FeCo-(111).

regardless of whether the (100) or (111) seed crystal was used.
That indicated that crystals in the FeNi solvent were more sus-
ceptible to metal impurities. In contrast, those in the FeCo sol-
vent tended to be purer, facilitating the growth of high-quality
BDD single crystals.

4. Conclusion

In summary, our results indicated that at the same TiB;
additive ratio, boron-doped diamonds grown on (100) and
(111) diamond seeds using the FeCo solvent system had con-
sistently higher boron doping concentrations than those using
the FeNi solvent system. That difference might have been re-
lated to factors such as the solubility and activity of boron in
FeCo alloys, interfacial properties, or solvent stability. Sys-
tematic investigation of the effects of solvent composition gra-
dients will be the focus of future work.

Additionally, our findings showed that the boron con-
tent in the (111) growth zone in diamonds varied when syn-
thesized using different seed growth planes, even under the
same growth pressure, temperature, and time. Additionally,
the crystals grown with FeCo solvent had fewer metal im-
purities, demonstrating superior effectiveness in impurity re-
moval. The FeCo solvent effectively doped boron, establish-
ing a strong foundation for the subsequent production of high-
Our research
findings are significant for selecting solvents and seed growth

quality BDD single-crystal semiconductors.

planes in the preparation of p-type diamond semiconductors
using the HPHT method.
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