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Diamond crystals were synthesized with different doping proportions of N-H-O at 5.5 GPa-7.1 GPa and 1370 °C-
1450 °C. With the increase in the N-H-O doping ratio, the crystal growth rate decreased, the temperature and pressure
conditions required for diamond nucleation became increasingly stringent, and the diamond crystallization process was
affected. [111] became the dominant plane of diamonds; surface morphology became block-like; and growth texture,
stacking faults, and etch pits increased. The diamond crystals had a two-dimensional growth habit. Increasing the doping
concentration also increased the amount of N that entered the diamond crystals as confirmed via Fourier transform infrared
spectroscopy. However, crystal quality gradually deteriorated as verified by the red-shifting of Raman peak positions and
the widening of the Raman full width at half maximum. With the increase in the doping ratio, the photoluminescence
property of the diamond crystals also drastically changed. The intensity of the N vacancy center of the diamond crystals
changed, and several Ni-related defect centers, such as the NE1 and NE3 centers, appeared. Diamond synthesis in N-H—
O-bearing fluid provides important information for deepening our understanding of the growth characteristics of diamonds
in complex systems and the formation mechanism of natural diamonds, which are almost always N-rich and full of various
defect centers. Meanwhile, this study proved that the type of defect centers in diamond crystals could be regulated by

controlling the N—-H-O impurity contents of the synthesis system.

Keywords: HPHT, N-H-O codoping, synthetic diamond, nitrogen concentration, defects in diamond

PACS: 81.05.ug, 07.35.+k, 74.62.Dh

1. Introduction

For thousands of years, only three kinds of pure C have
been known to mankind: diamonds,!!! amorphous C, and
graphite. Diamonds are extremely important functional ma-
terials with maximum Mohs hardness, ultrahigh thermal con-
ductivity, wide light transmission band, ultrawide forbidden
bandwidth, and acid and alkali corrosion resistance that are
due to their sp3 hybrid structure, short bonds, and the tetrahe-
dral arrangement of C atoms in their lattices. They are often
used in equipment for processing materials with high hard-
ness, semiconductor lasers, and high-power lasers.

Industrial diamond production is realized through the
high-temperature and high-pressure (HPHT) method to break
through the restrictions placed by the price and output of natu-
ral diamonds on their wide application. However, the origin of
natural diamonds remains unclear.?! A large number of stud-
ies have analyzed diamond deposits distributed worldwide,
providing important information on the temperature and pres-
sure conditions needed for diamond formation and growth. [*!
Diamonds, a metasomatic mineral, are formed during the mi-
gration of fluids and melts in the craton mantle.'* The com-
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position of the environment for the formation of natural di-
amonds is a perennial basic hot issue in the field of diamond
research. N, Si, Al, Ca, Mg, and Mn have been confirmed to be
common impurities in natural diamonds. However, transition
metals, such as Fe, Ni, Co, Mn, and related substances, have
been found in some ultra-deep diamonds. H, methane, and
water have been found to exist in the form of fluid inclusions

5-101 Tnitially, researchers agreed

in part of natural diamonds.!
that the molten fluid containing C-H-O is of great significance
to the formation of natural diamonds.!'!! Fourier transform
infrared spectroscopy (FTIR) and x-ray photoelectron spec-
troscopy (XPS) revealed that in diamonds, N is also an impor-
tant impurity that cannot be ignored. N atoms can replace C
atoms in the diamond lattice or exist in the diamond lattice in
the form of isolated or atomic pairs, which are of great impor-
tance for the color and properties of diamonds.!!"'?~14] There-
fore, C-N-H-O fluid has an important role in the growth of
natural diamonds.

Diamonds contain structural defects and impurity atoms;
under certain conditions, the combinations of impurities and
defects form color centers with different structures.!'>% The

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn
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types and contents of impurity elements, as well as the types of
color centers, obviously differ between synthetic and natural
diamonds.!!” Presently, the most studied color center is the N
vacancy (NV) and Si vacancy.!'8] Many complex color centers
related to Ni—N impurities have also been studied, such as Ni—
N centers (NE [1-8]).[1319-21] Color centers not only have an
important role in distinguishing natural diamonds from syn-
thetic diamonds, but they also possess important application
prospects in quantum information processing, spintronics, and
high-sensitivity electromagnetics.??! For example, some stud-
ies have shown that NV color centers with negative charges
have a special spin triplet state. Therefore, the NV color cen-
ters can be initialized, coherently manipulated with long phase
interference times, and read out by using optical means. A sin-
gle NV color center can realize high-sensitivity nanoscale and

(22231 Integrated op-

macroscopic physical quantity detection.
tics based on diamonds are being developed rapidly with the
help of NV color centers and will become increasingly widely
used and investigated in the future.>*]

In this study, N-H-O codoped diamonds were synthe-
sized through the HPHT method in a C-H-N-O doping sys-
tem. The regular changes in diamond growth conditions and
crystal surface morphology with the change in the N-H-O
content of the synthesis system were investigated. FTIR and
Raman spectroscopy were used to characterize the structural
composition of diamonds and the changes in the types and
contents of impurities in diamond crystals. Photolumines-
cence (PL) spectroscopy was utilized to characterize the lu-
minescent properties and color center of the crystals. Inves-
tigating the growth of diamonds in C—-H-N-O fluid provides
important information for deepening our understanding of the
growth characteristics of diamonds in complex systems and
the formation mechanism of natural diamonds. At the same
time, it provides a method and reference for the study of the
generation and control of defects in diamonds, which are valu-

able for the practical application of diamonds.

2. Synthesis and measurement
2.1. Synthesis

Diamond crystal synthesis was performed by using a do-
mestic high-voltage equipment with six sides (SPD-6 x 1200).
The experimental assembly is shown in Fig. 1. The diame-
ter of the synthesis chamber is 14 mm. In all experiments,
99.99 wt.% high-purity graphite was used as the C source,
and nicotinic acid (CqHgN,O) was used as the additive (pu-
rity > 99.5 wt.%) at the addition levels of 0.1 wt.%, 0.2 wt.%,
and 0.8 wt.%. The {111} crystal plane of the | mm seed crys-
tal was taken as the initial growth crystal plane. The weighed
CsHgN>O and high-purity graphite were uniformly mixed and
pressed into a columnar C source for later use. Diamond crys-

tals were grown through the temperature gradient method, and
the temperature of the synthesis chamber was calibrated by us-
ing a type b Pt-Rh thermocouple (Pt—-Rh30%/Pt—-Rh6%). Af-
ter the experiment, the obtained crystals were treated with hot
concentrated sulfuric acid and concentrated nitric acid at the
volume ratio of 3:1 to recover impurities outside the crystals.

(a) (b)
1«
W . . :
V‘ > 7
4 -
8

Fig. 1. Diamond sample assembly under HPHT conditions: 1: steel cap; 2:
ZrO, +MgO insulating material; 3: C source; 4: seed bed; 5: NaCl + ZrO,
sleeve; 6: graphite heater; 7: Fe—Ni alloy catalyst; 8: seed crystal and syn-
thesized diamond; 9: pyrophyllite and dolomite composite block.

2.2. Measurements

The diamond crystals were characterized by using an
optical microscope (OM), a scanning electron microscope
(SEM), FTIR, Raman spectroscopy (Raman), and XPS. FTIR
was performed using a VERTEX 70V vacuum micro-Fourier
infrared spectrometer over the range of 800 cm~!—4000 cm™!
with a spectral resolution of more than 0.4 cm™~!. The spectral
range was continuously adjustable. The Raman test was con-
ducted using a Renishaw inVia Raman spectrometer at room
temperature. The laser wavelength of the Raman test was
488 nm, the spectral range was 300 cm™!'—4000 cm~!, and
the spectral resolution exceeded 1 cm™'. The PL spectra were
collected at room temperature, and the wavelength of the ex-
citation laser was 488 nm.

3. Results and discussion

3.1. Morphological characterization of diamond crystals
grown with different doping ratios of N-H-O

Different proportions of C¢HsNO, (X;j refers to the dop-
ing percentage in mass percentage) were doped into the C
source, and Ib-type diamond crystals were synthesized at
5.8 GPa-7.1 GPa and 1370 °C-1480 °C. Table 1 summa-
rizes the C source conversion conditions and crystal morphol-
ogy. The OM photograph (Fig. 2) shows that under the un-
doped condition, the diamond single crystal synthesized by
CegHsNO; is bright yellow and the main crystal plane types
are {111} and {100}. When the doping ratio X; is gradually
increased, the yellow color of the diamond crystal gradually
deepens and finally turns green. When X; = 1.2%, the syn-
thesized crystal gradually changes from a bright yellow sin-
gle crystal into a black tower crystal (Table 1, Samples 1-5).
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When the doping ratio is further increased to X; = 1.6% (Sam-
ple 6), the C source cannot be completely converted. We fur-
ther increased the temperature of the synthesis chamber while
keeping the synthesis pressure unchanged. Under the syn-
thesis condition of X; = 1.2% (Samples 7 and 9), the crys-
tal structure gradually changes from tower-shaped to plate-
shaped (Fig. 2(f) and Fig. S1(a)) with certain lateral grafting
and numerous catalyst corrosion pits on its surface. Under the
doping condition of Xj = 1.6% (Sample 8), the crystal does
not grow when the temperature of the temperature synthesis

chamber is increased. When the pressure is raised to 7.1 GPa
again and the synthesis temperature is raised to 1390 °C, the
crystal grows again. The crystal structure is similar to that
grown when X; = 1.2% and is a tetrahedron with a pyramid
structure (Fig. S2(a), Sample 10). Under the same conditions,
when the doping ratio is 2.0% (Sample 11), the crystal growth
is completely blocked again. The need for high synthesis pres-
sure and temperature conditions for diamond nucleation and
growth indicates that with the increase in doping ratio, the V-
shaped region of diamond growth expands.

Table 1. Summary of synthesis conditions and experimental results.

Sample X; (wt.%) P (GPa) T (°C) Product Diamond crystal morphology and color
S1 0 5.8 1370 SCD cubic octahedron, {111} > {100}, bright yellow
S2 0.2 5.8 1370 SCD cubic octahedron, {111}, light yellow
S3 0.4 5.8 1370 SCD cubic octahedron, {111}, greenish yellow
S4 0.8 5.8 1370 SCD cubic octahedron, {111}, green
S5 1.2 5.8 1370 SCD pyramid tetrahedron, {111}, black
S6 1.6 5.8 1370 GR diamond seed crystal does not grow
S7 1.2 5.8 1400 BCD central cubic octahedral skeletal crystal, {111}, black
S8 1.6 5.8 1400 GR diamond not nucleated
S9 1.2 5.8 1430 BCD central cubic octahedral skeletal crystal, {111}, center yellow with black peripheries
S10 1.6 7.1 1390 BCD pyramid tetrahedron, {111}, black
S11 2.0 7.1 1390 GR non-nucleation of diamond
S12 0.8 7.1 1480 SCD cubic octahedron, {111}, black green

SX refers to the label of the sample; X; refers to the doping ratio of C¢HsNO; (wt.%) in the synthetic chamber. SCD: single crystal diamond;
BCD: blocked crystal diamond; GR: graphite. SCD: single crystal diamond; BCD: block crystal diamond; GR: graphite.

(b) ___

1 mm 1 mm 1 mm 1 mm

Fig. 2. Optical images of the diamond crystals synthesized by using Fe—Ni
catalysts with varied doping ratios: (a) 0%, S1; (b) 0.2%, S2; (c) 0.4%, S3;
(d) 0.8%, S4; (e) and (f) 1.2%, S5 and S7. S1-S5 were synthesized at 5.8 GPa
and 1370 °C, whereas S7 was synthesized at 5.8 GPa and 1400 °C. (g) refers
to S12, which was synthesized at 7.1 GPa and 1480 °C with the doping ratio
X; = 0.8%.

When the doping ratio X; is gradually increased, the tem-
perature and pressure conditions required for the growth of
diamond crystals gradually increase, and the crystal growth
rate is severely limited (Table 2 and Table S3). Under the
same growth time, the crystal geometry size gradually de-
creases with the increase in doping ratio, and although dia-
monds are nucleated in C sources, no diamond crystals grow
on the seed crystals. Table 2 and Table S3 summarize the
growth rates of diamonds under different synthetic conditions.
The growth habit and surface morphology of diamond crys-
tals also change regularly with the change in doping ratio.

When X; = 0, the dominant growth crystal faces of the dia-
mond crystal are mainly {111} and {100} crystal faces with
a small amount of {311} crystal faces. As the doping ratio is
increased gradually, the {100} and {311} crystal planes de-
crease gradually. When the doping ratio is increased to 1.2%,
the crystal is transformed into a tetrahedron with a pyramid
structure, and all crystal planes are {111} crystal planes.

Table 2. Growth rate and N concentration of diamond crystals synthesized
with C¢HgN, O in the Fe-Ni—C system.

Xi Growth rate Na Nc¢ Notal
Sample

(Wt.%) (mg/h) (ppm) (ppm) (ppm)

S1 0 2.23 20.19 154 174.18
S2 0.2 1.78 25.23 207.81 233.04
S3 04 1.63 39.99 293.52 333.50
S4 0.8 0.66 71.77 533.90 605.67
S7 1.2 0.79 70.89 705.63 776.52

N concentrations were calculated by using the formula in Table S1,
supporting information. N refers to the concentration of the A center
N (pair N atoms), and N refers to C-center N (isolated N atoms).

The crystal micromorphology reflects the crystal growth
environment. Therefore, SEM was applied to characterize
the crystal surface morphology that was influenced by the
change in X; (Fig. 3). As X is increased, the growth texture
on the crystal surface regularly evolves. If undoped, the dia-
mond crystal has a complete shape (Fig. 3(a)) and a clear edge

boundary, and the crystal surface is very regular and smooth
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with a few parallel growth stripes even if it is enlarged. When
X; = 1.2% or 1.6%, the upper surface of the diamond crys-
tal (Figs. 3(b) and S2b) has a growth layer section visible
to the naked eye, and the crystal boundary exhibits obvious
protrusions, gullies, and broken and incomplete growth. A
large number of step-like spiral growth steps on the crystal
surface show that the crystal grows along the two-dimensional
direction (Figs. 3, S1(b), and S2(b)). We speculate that these
changes are due to the increase in X; and that the introduction
of impurities, such as N, H, and O, into the growth chamber
has changed the growth characteristics of diamond crystals,
making the fine growth lines on the diamond surface gradu-
ally become clear and obvious and finally develop into growth
faults. 2]

10 pm
—

Fig. 3. SEM images of the diamond crystals grown with different doping
ratios in the synthesis chamber: (al) 0 wt.% (S1); (bl) 1.2 wt.% (S5); [(a2),
(a3)] partial magnification of (al); [(b2), (b3)] partial magnification of (b1).

3.2. Infrared spectroscopic characterization of crystals
grown with different doping ratios of N-H-O

Infrared spectroscopy is an effective method for detect-
ing impurity elements inside diamond crystals. Figures 4 and
5(a) show the infrared test results of diamonds synthesized
with different X; in the FeNi catalyst system. All crystals
were treated with hot concentrated sulfuric acid to remove Fe
and Ni impurities and a small amount of graphite from their
surfaces and then ultrasonically cleaned for 5 min in abso-
lute ethanol. All cleaned crystals were placed in an oven at
120 °C to remove the alcohol that may have adsorbed onto the
crystal’s surface. IR measurements were performed at room
temperature. Numerous strong infrared absorption peaks are
found in the infrared spectra of the synthesized diamond crys-
tals (Fig. 4(a)). Table S2 lists the functional groups and struc-
tures corresponding to the major peaks. The diamond crystals
synthesized with different doping ratios have strong infrared
absorption at 1130 cm~! and 1344 ¢cm™!, which are induced
by C-form N (single-substituted N atoms),!?%! whereas the in-
trinsic absorption peak at 1282 cm ™! related to A-form N (the
nearest adjacent pairs of N atoms in diamond lattice nodes)
is extremely weak,!!?” indicating that the impurity N in the
synthesized diamond crystal mainly exists in C form and the
content of A-form N is low. Additionally, no 1175 cm~! ab-
sorption peak related to B-form N (four N atoms surrounding
a vacancy) is observed in the infrared spectrum, indicating that

when the N element in the synthetic system is increased, impu-
rity atoms mainly exist in diamonds as substitutional C-form
N, and a few N atoms enter the diamonds in the form of di-
atomic N pair (A-form N).

Consistent with the conclusions of other related studies,
we found that the diamond crystals contain almost no B-form
N. However, when the synthesis pressure and temperature
are greatly increased, the form of N impurities in the crys-
tal changes considerably. If X;j = 0.8% (Fig. 4(c)) at 7.1 GPa
and 1480 °C, the infrared spectrum exhibits absorption peaks
at 1130 cm~! and 1344 cm™! that are related to C-form N
and an absorption peak at 1175 cm~! related to B-form N.[?8]
Generally, absorption peaks related to B-form N are rarely de-
tected in synthetic diamond samples, and B-form N is difficult
to obtain even after long annealing times. However, B-form
N is one of the common forms of N in natural diamonds. Ac-
cordingly, we speculated a scenario about natural Ia diamonds.
Some natural type-la diamonds may be formed in the mantle
at regions deeper than expected. This environment has consid-
erably high pressure and temperature conditions and is rich in
N, H, and O fluids. Under such a condition, B-form N could
form at the very beginning of diamond growth or go through a
relatively brief thermal geological process.

H and O also are common impurities in diamonds. Fig-
ure 4(b) shows the variation in the infrared spectrum of di-
amond crystals at 2500 cm~!-3000 cm~!.
conditions, the diamond crystal only has an infrared absorp-

Under undoped

tion peak at 2688 cm~! and no other obvious infrared charac-
teristic absorption. The diamond crystal synthesized by dop-
ing C¢HsNO; as an additive not only has characteristic in-
frared absorption at 2688 cm™! but also has obvious infrared
characteristic peaks at 2810 cm~!, 2850 cm™!, 2850 cm™!,
2920 cm~!, and 2960 cm~!.
2688 cm™! is the frequency-doubled infrared absorption at
1344 cm~! related to the C-form N in diamonds,?*! and the
infrared absorptions at 2810 cm~!, 2850 cm~!, 2850 cm ™!,
2920 cm~ !, and 2960 cm~! are attributed to different forms of
C-H bond stretching vibrations.[?8! Notably, the infrared ab-
sorption peaks at 2850 cm ™! and 2920 cm~! show an upward

The infrared absorption at

trend with the increase in doping ratio, indicating that addi-
tional H atoms have entered the diamonds (Fig. 4(b), Sam-
ples 1-4). Inversely, under heavy doping (Fig. 4(b), Sample 7;
X; = 1.2%), the absorption peaks at 2850 cm ™! and 2920 cm !
related to H considerably weaken, illustrating that the num-
ber of H atoms entering the crystals is reduced; this finding
is consistent with the previous experimentally observed phe-
nomenon for the addition of hydrazine organic compounds
into the NiMnCo catalyst system.*°! If N enters the diamond
lattice, then H is inhibited from entering the diamond lat-
tice. H and O in the synthesis system are prone to gener-
ating water.[3%3!1" Accordingly, the samples have absorption
peaks related to water at approximately 1530 cm™! (free wa-
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ter) and 1650 cm™! (crystallization water), indicating that the
crystal contains a small amount of molecular water. Given
that the synthesis chamber was dehydrated at high tempera-
tures before the experiment and all tested samples were dried
and dehydrated, the trace water in the synthetic environment

decomposition. Water molecules are often detected in natural
diamonds, which exhibit many characteristics in accordance
with those of crystals synthesized at extremely high pressures
and temperatures. This finding is of great value and signifi-
cance for understanding the formation mechanism of natural

should have originated from the water produced by organic ~ diamonds.
(a) (b) :E{ (c) S12
1130 — 33
— 5S4
— S7 2960

2850
2688 2960
VL

Absoraption (arb. units)

S1

1l 1 1l
1600 2300 3000

Wavenumber (cm™!)

1
900

1
3700

1
800 1200 1600

Wavenumber (cm™!)

oOF-=-=----

1 1
2690 2810

‘Wavenumber

293

(cm™1)

Fig. 4. (a) Infrared absorption spectra of the diamond crystals synthesized by using Fe—Ni catalysts with varied doping ratios; (b) enlarged view of
the infrared spectrum at approximately 2500 cm~'-3000 cm~'; (c) infrared absorption of S12.
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Fig. 5. (a) Concentration of A-form and C-form N in diamond crystals; (b) the growth rate of diamond crystals; (c) Raman peak position and Raman
half peak width of diamond. The specific sample number corresponds to Table 2, and the corresponding samples are S1 (0%), S2 (0.2%), S3 (0.4%),

S4 (0.8%), and S7 (1.2%).

3.3. Raman spectroscopic characterization of diamond

crystals grown with different doping ratios of N-H-O

Raman spectroscopy is an important means for character-
izing the lattice disorder and crystal quality of diamond crys-
tals. The Raman FWHM of diamond crystals indicates the
relative quality of the crystals. Figure 6 shows the Raman test
results of diamond crystals doped with different proportions of
CgHsNO;. Although all samples have the intrinsic diamond
peak at 1332 cm~!, the Raman peak intensity of the synthe-
sized diamond samples decreases with the increase in doping

ratio.

With the increase in doping ratio, the Raman peak of
the sample also shifts to the long wavelength region from
1332.9 cm ™! to 1331.5 cm ™, indicating that the diamond lat-
tice has gradually expanded. The Raman FWHM of the syn-
thesized diamond crystal is gradually widened from 5.25 cm™!
to 5.65 cm~! as the doping ratio is increased. The Raman
half-width reflects the crystallinity of the crystal, and a high
FWHM is indicative of the low crystallinity and crystalliza-

tion quality of diamonds.3?!
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Fig. 6. Raman shifts of the diamond crystals synthesized from the Fe-Ni—C
system with N-H-O.

Moreover, when X; = 1.2%, the synthesized diamond
crystal has the intrinsic Raman peak at 1331.5 cm~! and clear
Raman signals at 1418 cm™! and 1542 cm™!, among which
the natural vibration peak of the graphite with sp? hybrid struc-
ture is located at 1542 cm~'. These results indicate that the
peak is caused by the sp? hybrid C in the synthesized diamond
crystal.[331 When the N-H-O doping proportion is high, the
diamond crystals hybridize with the recrystallized graphite, re-
sulting in the Raman FWHM expansion and poor crystallinity
Remarkably, when X; = 1.2%, the synthe-
sized diamond crystal exhibits a Raman peak at approximately
1418 cm™!.
Raman peak is assigned to the fluorescence effect that is in-

of the crystal.
In accordance with the relevant literature, this

duced from the N inside diamond.?*! The diamonds contain
N, which results in local energy levels in the diamonds. There-
fore, when the diamonds are exposed to lasers, the electrons in
their outer layer undergo an electronic transition that is accom-
panied by the release of energy, resulting in fluorescence.

3.4. Photoinduced spectral analysis

PL technology is an effective method for characterizing
defects and optical centers in diamonds. Diamond color cen-
ters possess huge application value and prospects in the field
of quantum devices. The PL spectra of diamonds synthe-
sized with different doping ratios were collected, analyzed,
and summarized (Fig. 7). All PL tests were conducted at room
temperature. With the gradual increase in Xj, the PL spectra
of the samples change gradually and regularly. This change is
mainly reflected in the defect center type and its luminescence
intensity.

Undoped or slightly doped (X; = 0 wt.%, 0.2 wt.%,
0.4 wt.%) synthesized diamond samples were examined for
the presence of PL excitation at 522 nm (diamond Raman
line); 555 nm (Ni—N related), at which the specific structure
has not been determined and needs further investigation; and

—S1

Diamond Raman
522 nm -3
— S5

506 nm

Intensity (arb. units)

528 nm 575 nm
555 nm

500 550 600 650 700 750
Wavelength (nm)
Fig. 7. PL spectra of diamond crystals synthesized in the Fe-Ni—C system

with different doping ratios. The spectra were collected at 488 nm excitation
at room temperature.

637 nm (NV7).33361 A the doping ratio is increased, the lu-
minescence intensity of the 637 nm center gradually increases.
When X; is further increased to 0.8%, the luminescence inten-
sity of the 555 nm and 637 nm center increases drastically
and a subtle luminescence center emerges at 506 nm. When
X; = 1.2%, the PL property of the sample changes tremen-
dously; the 506 nm luminescent center is enhanced, and the
528 nm luminescent center, which is absent from other sam-
ples, appears. The 506 nm center is ascertained to result from
the NE1 (N-VNiV-N)37] center, whereas the 528 nm center
is related to NE3 (N-VNiV-N,). Interestingly, as the 528 nm
center emerges, the Ni—-N-related center at 555 nm is dramat-
ically weakened and even nearly vanishes. Additionally, the
568 nm and 575 nm luminescence centers corresponding to
the S1.1'71 and NVO centers, respectively, appear. Notably, the
intensity of the NV~ (637 nm) center is always higher than that
of NV? (575 nm). A previous study reached the opposite con-
clusion for high-purity diamonds synthesized through HPHT
(type IIa, in which the N concentration is less than 1 ppm): The
intensity of the NV center is considerably stronger than that
of the NV~ center. In high-purity type Ila diamonds, only a
few donor N atoms exist, resulting in vacancies that are mostly
electrically neutral. Consequently, the NV? center is more
likely to form and exhibit a higher intensity than the NV~ cen-
ter. By contrast, the opposite situation is observed for N-rich
diamonds because the high N concentration and abundant N
atoms result in most of the vacancies being negatively charged.
Therefore, the NV~ center is more inclined to form and exhibit
a higher intensity than the NV~ center. With the increase in Xj,
the luminescence intensity at the 555 nm center also increases
(X from 0 to 0.8%) likely because with the increase in doping
ratio, the numbers of N and Ni atoms entering the diamonds
increase, forming additional luminescence centers related to
the Ni-N structure. However, when X; is further increased to
1.2%, the 555 nm center dramatically decreases, whereas the
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506 nm (NE1, N-VNiV-N), 528 nm (NE3, N-VNiV-N3), and
575 nm (NV°) luminescence centers are abruptly enhanced.
We speculate that when X; = 1.2%, the quantity of Ni atoms
entering the diamonds drastically increases when Ni is com-
bined with the massive NV center, forming the NE1 center
that has a single Ni and two NV center structures and NE3
centers. XPS measurements (Table S4 and Fig. S3) indeed
confirmed that the number of Ni atoms entering the diamonds
has increased, further verifying the above conjecture.

4. Conclusion

In this study, the N-H-O codoped system was con-
structed by using C¢HgN,O as an additive, and diamond sin-
gle crystals containing N, H, and O atoms were successfully
synthesized by using the {111} crystal plane with the same
size as the initial growth plane. The experimental results
demonstrated that with the increase in the doping amount of
CsHgN,O, the V-shaped region of diamond crystal growth
gradually expanded and the growth rate of diamond crystals
decelerated. The color of the diamond crystals changed from
bright yellow to dark green and to black. The growth texture
on the diamond crystal surface became increasingly clear, and
corrosion pits, bulges, and spiral growth steps appeared on the
crystal surface. Infrared spectroscopy confirmed that as the
doping ratio increased, the N content in the crystal increased
markedly. Additionally, the heavily doped diamond crystals
grown under high temperatures and pressures contained B-
form N, which is very rare in common synthetic diamonds.
Infrared spectroscopy also illustrated that when the doping ra-
tio was gradually increased, H and O atoms in the diamond
crystals also changed. The Raman scattering spectroscopy of
diamond crystals gradually shifted to the long-wave direction,
reflecting that the internal stress in the crystals increased along
with the increase in doping ratio. The FWHM of the Raman
scattering peak also widened gradually, indicating that the lat-
tice became increasingly disordered. The PL property of dia-
monds was also affected by the doping ratio given that as the
doping ratio increased, the NV luminescence center gradually
increased. Particularly, the uncommon NEI1 and NE3 centers
were found at 506 nm and 528 nm, respectively.
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