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Diamond with silicon vacancies has an important role as a promising single-photon source applicable in the quantum
information field. However, in a microwave plasma chemical vapor deposition (MPCVD) system, due to the presence of
unintentional silicon doping sources such as quartz windows, the behavior of silicon vacancy formation in silicon-doped
diamond is complex. In this work, the underlying mechanism of formation of silicon vacancies by unintentional silicon
doping in diamond is investigated from the perspective of growing surface kinetics in a two-gas-flow MPCVD system. This
system is equipped with a novel susceptor geometry designed to deliver an additional gas flow directly onto the substrate
surface. Increasing the concentration of growth doping substances on the substrate surface thereby enhances the efficiency
of silicon vacancy formation in diamond. At the same time, by changing the substrate deposition angle the distribution of
gas and plasma on the substrate surface is changed, thereby regulating the concentration and distribution of silicon vacancies
formed by unintentional silicon doping. Experimental and computational results demonstrate that the difference in silicon
vacancies formed by unintentional silicon doping in diamond depends on the substances present on the substrate surface

and the distribution of plasma.

Keywords: diamond, silicon vacancy, doping mechanism, unintentional doping
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1. Introduction

There are currently known to be more than one hun-
dred types of vacancy defects in diamond.!'! The silicon
vacancy (SiV) in diamond, a color center structure formed
by a silicon atom combined with two vacancies, has gar-
nered significant attention in recent years as an ideal single-
photon source for quantum sensing and quantum commu-
nication applications.[>>! This is attributed to the fact that
70% of its energy is concentrated at the zero-phonon line of
738 nm,!®7! and it exhibits characteristics such as a narrow
spectral width, high photon polarization and a short excitation
lifetime.!®! In comparison, the nitrogen vacancy (NV) center
has a zero-phonon line luminescence spectrum that is approx-
imately 100 nm wide, whereas the SiV center exhibits a much
narrower zero-phonon line spectrum of about 5 nm. As a re-
sult, the SiV center is better suited for applications in the field
of sensing and measurement. [10:11]

Diamond materials containing SiVs can be prepared by
ion implantation or chemical vapor deposition (CVD).[7:12-14]
The latter is considered more promising due to its non-
destructive nature and depth-selective capability.!'>! In the
process of depositing diamond using a microwave plasma
CVD (MPCVD) system, SiVs can be formed by adding a solid

silicon source or a gaseous silicon source such as silane.[!6:17]
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However, the controllability and repeatability of the properties
of SiVs prepared using either silane or solid silicon sources

18191 The doping behavior of silicon in

remain challenging.!
MPCVD is complex, and the doping concentration of silicon
is influenced by artificial silicon sources introduced in the de-
position process.?%2!] Meanwhile, unintentional silicon dop-
ing is always present. For example, the introduction of silicon
dioxide from the quartz windows of the system can lead to un-
intentional incorporation of silicon, but this issue has received
less attention.>?] Moreover, the growth and doping efficiency
of diamond are affected by the gas flow distribution in the de-
position system. At present, most studies focus on the influ-
ence of gas flow velocity on growth and doping but overlook
the effects of gas flow input mode and substrate deposition
angle.?>24! Therefore, it is of great significance to study the
doping mechanism of SiVs in diamond and improve the SiV
doping concentration in diamond to improve the sensitivity of
the SiV color center applied to sensor measurement.

In this work, the single-gas input mode of a MPCVD
system is modified. By implementing a two-gas-flow mode,
the doping gas is delivered directly to the substrate surface
to study the influence of the gas delivery mode on the unin-
tentional silicon doping concentration in diamond. Simultane-
ously, by changing the substrate angle, the influence of surface
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plasma distribution on the unintentional silicon doping con-
centration is investigated. Furthermore, to study the doping
mechanism, we employ FLUENT and COMSOL numerical
simulation software to analyze the gas flow distribution within
the chamber under different gas delivery modes and the plasma
distribution on the surface of the diamond substrate placed at
different angles.

2. Experimental details

Diamond epitaxial films with SiVs were grown on (100)-
oriented Ib type CVD diamond single-crystal substrates with
dimensions of 3 mmx3 mmx1 mm. The substrate was
double-side polished and then treated with a mixed solution
of sulfuric acid and nitric acid in a 1:1 ratio at 290 °C. Sub-
sequently, it was rinsed with acetone, ethanol and deionized
water, and finally dried using nitrogen gas before deposition.
Figures S1 and S2 present the photoluminescence (PL) spec-
tra and x-ray diffraction (XRD) characterization results for the
substrate surface and side surface, respectively. The PL results
indicate the presence of NVs in the diamond single-crystal

substrates used in this study, although their concentration is
relatively low as evidenced by the PL signal intensity being
significantly weaker than that of the diamond Raman peak.
The XRD results reveal that both the front and side surfaces of
the sample exhibit XRD peaks at 119.6°, suggesting that the
crystal orientation of both surfaces is (100). %!

A schematic diagram of the MPCVD system adopted in
this experiment is shown in Fig. 1(a), with gas inlets located
at both the top and bottom of the chamber. To explore the in-
fluence of gas flow mode on unintentional silicon doping, two
configurations of gas input modes were employed, as shown
in Fig. 1(b): in configuration (I) all gases flow from an annu-
lar pipe with holes at the top of the chamber (single-gas-flow
mode) and in configuration (II) the growth gas flows from the
pipe at the top of the chamber, while the doping gas flows from
the pipe in the central part of the sample holder (two-gas-flow
mode). Based on this two-gas-flow mode, we further investi-
gated the impact of the placement angle of the diamond single-
crystal substrate on the doping efficiency. The substrate was
deposited at angles of 0°, 30°, 45° and 90° at the same position
on the molybdenum substrate, as shown in Fig. 1(c).

(a) Quartz window (b)
<— Gas inlet (top) Ha&CH4&N; H,
0° /O
CH &Ny
+«—+— Plasma
e amss————————— Susceptor

= | Gas inlet (bottom) (c) H, H, H,
— Support : 30 : 45 @ Mso"
_‘_’/ _‘_’/ _A_/
Gas outlet CH4&NZ CH4&N2 CH4&N2

Fig. 1. (a) Schematic diagram of MPCVD chamber. (b) Two paths for the gas entering the chamber. (c) Schematic diagram of samples placed

at different angles of the substrate under the two-gas-flow mode.

Research indicates that substituted nitrogen atoms in di-
amond increase the adsorption and desorption rates of hydro-
gen atoms on the diamond surface and promote the formation
of SiVs.[2627] Therefore, in this work, nitrogen is added dur-
ing the experiments to investigate the influence of gas flow
modes on unintentional silicon doping. Both the single-gas
mode and the two-gas mode adopted the same growth condi-
tions. The types of growth gases, flow rates, pressure and tem-
perature in the chamber were all kept the same. The growth
gases were Hy, CHy and Nj, with flow rates of 500 sccm,
10 sccm and 2 sccm, respectively. The pressure in the chamber
was 13000 Pa, the microwave power was 3200 W, the growth

temperature was 950 °C and the deposition time was 1 h.

The growth temperature was monitored using an infrared laser
thermometer with a laser spot size of 2 mmx2 mm. During the
growth process, the laser spot was adjusted to be centered on
the substrate to ensure consistent temperature measurements.
In the single-gas-flow mode, all the gases (Hy, CH4 and Nj)
were introduced from the top of the chamber. In the two-gas-
flow mode, Hy was introduced from the top of the chamber
while CH4 and N, were introduced from the bottom of the
molybdenum holder.

The optical properties of the samples were characterized
by PL and micro-Raman scattering spectra using a Horiba JY
HR-800 system at room temperature. The PL spectra and Ra-

man spectra were excited by a 514 nm laser with a power of
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10 mW. The samples were characterized by an X’Pert Pro
MPD x-ray diffractometer to evaluate their crystal structure.
To explore the internal mechanism of the effects of the single-
gas-flow mode, the two-gas-flow mode and the substrates
placed at different angles on the unintentional silicon doping
efficiency in the MPCVD system, ANSYS FLUENT software
and COMSOL Multiphysics® were used to conduct numeri-
cal simulation analysis of the gas flow and plasma distribution
near the substrate. The plasma distribution inside the MPCVD
discharge chamber was simulated using COMSOL. Since the
MPCVD system used for deposition and growth in this work is
cylindrical, a two-dimensional axisymmetric model was estab-
lished to simplify the simulation process. The models and re-
action equations used in COMSOL can be found in supporting
file S3. The geometric models of the MPCVD chamber, the
support rod and the susceptor for computational fluid dynam-
ics simulation were created using the Design Modeler module
in the ANSYS software. In the design of the model, a two-
dimensional structure was adopted to simplify the calculation
model.

3. Results and discussion

The PL spectra of the top and side surfaces of samples de-
posited under the single-gas-flow mode and the two-gas-flow
mode are shown in Figs. 2(a) and 2(b). Schematic diagrams
of the top and side surfaces of the sample can be found in
Fig. S4(c) in the supporting information. The intensity of the
PL spectra was normalized by the Raman peak at 551 nm. %3]
The peaks at 575 nm and 637 nm are the characteristic peaks
of NV? and NV~ in diamond, and 738 nm is the characteristic
peak of SiV~.[2%301 The NV? and NV~ centers are concen-
trated on the top surface of the sample, while the SiV™ centers
are concentrated on the side surface of the sample.?®! Tt is
worth noting that when comparing the single-gas-flow mode
and the two-gas-flow mode there are significant differences in
the formation of NVs and SiVs in the deposited diamond films.
In the two-gas-flow mode, both the top and side surfaces of the
sample exhibit a relatively high doping concentration. In the
PL spectra of the top surfaces, the intensities of NV? and NV~
are both twice as high in the two-gas-flow mode. In contrast,
in the PL spectra of the side surfaces, the intensity of SiV™
is 25 times higher in the two-gas-flow mode. The intensity of
SiV~ is 124 times that of the Raman peak under the two-gas-
flow mode, which is close to the result obtained by Agafonov
et al.B!

The Raman spectra of the epitaxially grown samples un-
der two-gas-flow and single-gas-flow modes are shown in
Fig. S5. A distinct diamond characteristic peak at 1332 cm™!
is exhibited by both the top and side surfaces of the samples
in their Raman spectra, while a weak graphite characteristic

peak at 1550 cm™! is shown by the side surfaces.’?! The re-
sults indicate that the crystalline quality of the surfaces of the
samples grown under both single-gas-flow and two-gas-flow
modes is higher than that of the side surfaces. This is be-
cause the etching ability for non-diamond phases is weakened
by the lower plasma intensity on the side surfaces, leading to
the growth of graphite phases, whereas the formation of non-
diamond phases is inhibited by the higher plasma intensity on
the surfaces.
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Fig. 2. (a) The PL spectra at room temperature of the deposited di-
amond surface under the single-gas-flow mode and the two-gas-flow
mode. (b) The PL spectra at room temperature of the side surface of the
deposited diamond under the single-gas-flow mode and the two-gas-
flow mode.

Furthermore, we characterized the XRD patterns of the
top and side surfaces of samples under single-gas-flow and
two-gas-flow modes, as shown in Fig. S9. The results in-
dicate that both the top and side surfaces of samples grown
under the two modes only exhibit signal peaks at 119.6°, sug-
gesting that the as-grown samples are single-crystal diamonds.
The full width at half maximum (FWHM) of the XRD rocking
curves shows that the FWHM of the top surfaces is signifi-
cantly smaller than that of the side surfaces, implying that the
crystalline quality of the side surfaces is poorer than that of the
top surfaces. This is consistent with the results of Raman spec-

118102-3


https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae07aa
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae07aa
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae07aa
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae07aa
https://cpb.iphy.ac.cn/EN/10.1088/1674-1056/ae07aa

Chin. Phys. B 34, 118102 (2025)

troscopy, which may be caused by trace amounts of graphite
in the films.

In Fig. 2, NVs are doped on the top surface of the sub-
strate while SiVs are mainly doped on the side surfaces of the
substrate. In fact, the formation of NV and SiV centers is re-
lated to the hydrogen plasma distribution on the top surface
and the sidewall of the substrate. Figures S4(a) and S4(b) in
the supporting information show the hydrogen plasma profile
on the top surface and side surface for the single-flow configu-
ration by COMSOL. As can be seen, the hydrogen plasma on
the top surface is around 10~'2, but 108 for the side surface.
Therefore in Fig. 2, because the hydrogen plasma intensity de-
termines the incorporation of NV centers, the NV concentra-
tion is much higher on the top surface than on the side and vice
versa for SiVs.

Regions with high hydrogen plasma concentrations ex-
hibit a more pronounced hydrogen etching effect, which
can hinder both the growth and doping of diamond. First-
principles calculations indicate that the formation energy of
NVs is lower than that of SiVs.[?633] Consequently, under
identical hydrogen plasma etching conditions, NV centers are
more likely to form than SiV centers. In other words, com-
pared with SiV centers, NV centers are more prone to accu-
mulate in regions with a high hydrogen plasma concentration
while SiV centers migrate to areas with a low hydrogen plasma
concentration. Compared with the single-gas-flow mode, the
concentration of gases involved in doping and growth on the
substrate surface is higher in the two-gas-flow mode, which
results in higher doping efficiency. Therefore, the doping con-
centrations of SiV and NV centers are higher in the two-gas-
flow mode.

This suggests that the two-gas-flow mode is more favor-
able for improving doping efficiency in diamond films. In
the two-gas-flow mode, methane and nitrogen are introduced
through small apertures beneath the susceptor to reach the
substrate surface, while hydrogen is injected from the top
of the chamber to generate plasma. This process confines
methyl radicals and atomic nitrogen species near the susceptor,
leading to an increased presence of active diamond precursor
groups on the substrate surface. Additionally, atomic nitrogen
enhances the dissociation of reactive gases, thereby improving
the doping efficiency for SiVs and NVs within the diamond
film. The growth rates of diamond films under single-gas-flow
and two-gas-flow modes also confirm this view. The growth
rate of the front surface of the sample was 12 um-h~! under
the single-gas-flow mode while under the two-gas-flow mode
it was 56 um-h~!, indicating that the growth substances on the
substrate surface were significantly increased under the two-
gas-flow mode and thus significantly increasing the growth
rate of the sample.

The formation of NV centers originates from nitrogen in

the growth gas. However, during the growth process, no gas
or solid substance containing silicon is intentionally added to
the chamber. During the diamond deposition process using an
MPCVD system, the plasma etches the quartz glass located
at the top of the chamber. The silica from the quartz glass
is subsequently transported into the deposition region through
plasma decomposition, where it participates in the deposition
growth process, leading to the formation of SiVs and resulting
in unintentional silicon doping. Therefore, the silicon form-
ing SiV~ comes from the quartz windows in the chamber. An
image of the etched quartz window after disassembly of the
MPCVD system is shown in Fig. S6, confirming the origin of
the doped silicon.

To investigate the influence of the substrate angle on unin-
tentional silicon doping, the substrate was placed at the same
position on the molybdenum holder at 30°, 45° and 90° re-
spectively for deposition doping under the two-gas-flow mode.
When the substrate is placed at 90°, the 3 mmx 1 mm surface
is in contact with the Mo susceptor, and the substrate may be
blown down due to disturbance of the gas flow. To prevent the
substrate from being blown over, we placed it in a groove with
a height of 1.2 mm, with the substrate close to the groove wall.
A schematic diagram can be found in Fig. S7 in the supporting
information. Figures 3(a), 3(b) and 3(c), respectively, show the
distributions of the PL spectra at room temperature along the
central axis of the samples grown with the substrates placed at
30°, 45° and 90°, varying with position from the bottom to the
top. The axis curve length is defined in Fig. S8 in the support-
ing information. For the substrate placed at 90°, no diamond
was deposited from the bottom up to 1200 um. Therefore,
the PL was measured starting from 1200 pm for the substrate
placed at 90°. See Fig. S7 in the supporting information for a
schematic of the 90° substrate.

All the PL spectral distribution diagrams varying with po-
sition are normalized by the 551 nm Raman peak. The results
for the three different angles show consistent trends. From
the bottom (near the molybdenum holder) to the top (far from
the molybdenum holder), the spectral intensity of NVs grad-
ually increases, while the spectral intensity of SiVs gradually
decreases, exhibiting a gradient distribution with position.

Figures 3(d), 3(e) and 3(f), respectively, show distribu-
tion diagrams of the intensities of NV®, NV~ and SiV~ along
the vertical position. As shown in the figure, the intensity of
NV shows almost no significant change from the bottom to
the top and oscillates near the horizontal line. This indicates
that the angle at which the substrate is placed has a weak corre-
lation with the formation of NV? in nitrogen-doped diamond.
A high concentration of nitrogen atoms favors the provision of
electrons to NVs, thereby forming NV—.3*1 Compared with
NV~, NV? is less affected by the concentration of nitrogen
atoms. Our previous study showed that the plasma concentra-
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tion of nitrogen atoms gradually increased from the bottom to
the top of the substrate, so the gradually increasing number of
nitrogen atoms provided electrons to form NV~ and had little
effect on NV?.21 The intensity of NV~ gradually increases
from the bottom to the top, while SiV™ exhibits the opposite
trend, gradually decreasing from the bottom to the top. These
results confirm that there is a competitive relationship between
the formation of NVs and SiVs in the vertical direction during
the growth of doped diamond.

From the comparison of the results for PL spectral inten-
sity of substrates placed at three different angles, the maxi-
mum PL spectral intensity of SiV™ in the diamond film grown
on the substrate placed at 45° is four times that of the sub-
strate placed at 30° and twice that of the substrate placed at
90° (as shown by the blue curves in Figs. 3(d)-3(f)), indicat-

ing that the SiV™ content in the diamond film grown on the
substrate placed at 45° is the highest. Correspondingly, the
maximum intensities of NV~ for the substrates placed at 30°
and 90° are equivalent, while the maximum intensity of NV~
for the substrate placed at 45° is 1.5 times that of the maxi-
mum intensities of NV~ for the substrates placed at 30° and
90° (as shown by the red curves in Figs. 3(d)-3(f)). From
a comparison of the doping area results for SiVs formed by
silicon doping in the PL spectra of substrates placed at three
different angles, the doping area of SiV™ in the diamond film
grown on the substrate placed at 45° is also the largest, at about
2250 umx3000 pwm, which is about 1.5 times that of the sub-
strates placed at 30° and 90° (as shown by the blue curves in

Figs. 3(d)-3(f)).
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Fig. 3. The distributions of the PL spectra at room temperature along the central axis for growth samples placed at (a) 30°, (b) 45°, and (c) 90°.
The distributions of PL spectral intensities of samples placed at (d) 30°, (e) 45°, and (f) 90° for NVO, NV~ and SiV~ with position variations.

The above results indicate that the angle at which the
substrate is placed has a significant impact on the formation
of SiV™ in unintentionally silicon-doped diamonds growth by
MPCVD. In MPCVD, the distribution of the plasma exhibits a
tip effect, where the plasma tends to accumulate near the sharp
edges or tips of the substrate. The placement angle of the sub-
strate significantly influences the tip-focused accumulation of
the plasma. >3] When the substrate is placed at 45°, the doping
concentration and doping area of SiV~ are significantly in-
creased. The heating of the substrate in MPCVD primarily re-
lies on the effect of plasma. The distance between the substrate
and the plasma affects the substrate surface temperature: the
closer the substrate is to the plasma, the higher the surface tem-
perature. Different placement angles of the substrate change
the distance between the substrate and the plasma, thereby in-

fluencing the plasma distribution. Variations in plasma distri-

bution lead to differences in the temperature across the sub-
strate surface.**! Due to the close contact between the sub-
strate and the water-cooled holder, the effect of water cooling
on the substrate is uniform, so the influence of water-cooling
temperature on the plasma distribution can be ignored. When
the plasma accumulates at the tip, the distribution of plasma
concentration on the substrate surface differs depending on the
placement angle, and the formation of SiV and NV centers
is selectively influenced by the plasma temperature, resulting
in the disparity in the concentration distribution of SiVs and
NVs.

To investigate the mechanism between the gas flow pat-
terns, substrate placement angle and SiV™ and NV doping ef-
ficiency, numerical simulations of the gas flow distribution in
the reaction chamber under both the two-gas-flow and single-
gas-flow patterns were conducted using ANSYS FLUENT
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software. Figure 4(a) shows a schematic diagram of the in-
ternal model of the two-dimensional MPCVD reaction cham-
ber. The reaction chamber consists of support rods, molyb-
denum substrate holders, gas inlets located at the top of the
reaction chamber, gas inlets located at the bottom of the re-
action chamber and gas outlets located at the bottom of the
reaction chamber. Figure 4(b) shows the grid division of the
two-dimensional model of the substrate support area in the
MPCYVD simulation reaction chamber.

Figure 5 shows the numerical simulation of the mo-
lar concentration of Hp, CHs and N, on the sample sur-
face varying with the position of the sample surface under
the single-gas-flow mode and the two-gas-flow mode. Fig-
ures 5(a), 5(b) and 5(c) present the numerical simulation of
the molar concentrations of Hy, CH4 and N; on a horizon-
tally placed substrate surface as a function of position under
the single-gas-flow mode. The concentration of H, on the
substrate surface is about 0.04 kmol-m—3, the concentration
of CHy is 1 x 107* kmol-m—3 and the concentration of Nj
is 1 x 107> kmol-m—3. Under the single-gas-flow mode, the

3.0

molar concentrations of Hy, CH4 and N, on the substrate sur-
face are uniformly distributed and show no significant varia-
tion with position. Figures 5(d), 5(e) and 5(f) show the numer-
ical simulation of the molar concentrations of Hy, CH4 and N,
on the horizontally placed substrate surface varying with the
position of the sample surface under the two-gas-flow mode.
Under the two-gas-flow mode, the distributions of Hy, CH4
and N> on the substrate surface exhibit a gradient distribution.

(a) s

& =208 mm

287 mm

4.5 mm% ——

12.5 mm’ |

115 mm

$=73.75 mm

Fig. 4. (a) Schematic diagram and dimensions of the two-dimensional simu-
lation chamber of the MPCVD. (b) Grid generation for the substrate support
region in a two-dimensional model of the MPCVD simulation reactor.
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Fig. 5. The distributions of (a) H, (b) CH4 and (c) N, molar concentrations with position on the sample surface under the single-gas-flow
mode. The distributions of (d) Hp, (¢) CH4 and (f) N, molar concentrations with position on the sample surface under the two-gas-flow mode.

As shown in Fig. 5(d), the H, concentration on the side
of the substrate surface close to the bottom inlet hole is lower
than that on the side far from the bottom inlet hole. The hydro-
gen concentration at the lowest point is about 0.24 kmol-m—3,
and the hydrogen concentration at the highest point is about
0.32 kmol-m—3. Due to the convective influence of the CHa
and N, introduced from the bottom inlet hole, the concen-
trations of CH4 and N, exhibit the opposite trend to the H»
concentration. The maximum concentrations of CH4 and
N> on the substrate surface are about 0.015 kmol-m—3 and
0.0017 kmol-m~3, respectively, and the minimum concentra-
tions are 0.008 kmol-m~3 and 0.0009 kmol-m~3, respectively.

Compared with the single-gas-flow mode, the molar concen-

trations of CHy and N; on the substrate surface in the two-
gas-flow mode are one order of magnitude higher, while the
concentration of Hy remains at the same order of magnitude.
The computational results align with our experimental find-
ings, indicating that in the two-gas-flow mode, methane and
nitrogen are localized on the support surface. This localiza-
tion enhances the concentration of active methyl radicals and
nitrogen atom groups near the substrate, thereby improving
doping and deposition efficiency.

The plasma electron temperatures on the substrate sur-
face at 30°, 45° and 90°, simulated by COMSOL are shown in
Figs. 6(a), 6(b) and 6(c). The simulation results indicate that
the electron temperature of the plasma on the substrate sur-
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face gradually increases from the bottom to the top of the sub-
strate. For the substrate placed at 30°, the interval where the
electron temperature is lower than 2.7 eV is 1500 um. For the
substrate placed at 45°, the interval where the electron tem-
perature is lower than 2.7 eV is 2000 um. For the substrate
placed at 90°, the interval where the electron temperature is
lower than 2.7 eV is also 1500 pwm, which is consistent with
the interval for the formation of SiV™ in Fig. 3. A high elec-
tron temperature indicates a high concentration of hydrogen
plasma, and a higher concentration of hydrogen plasma results

in a stronger etching effect. The varying etching strength of
hydrogen plasma leads to different distributions of SiVs and
NVs during doping. First-principles calculations show that
the formation energy of NVs in diamond is lower than that
of SiVs, which means that NVs are more likely to form under
the same etching conditions. Therefore, NVs tend to accumu-
late in areas with high electron temperature while SiVs tend
to accumulate in areas with low electron temperature. This is

consistent with the experimental results shown in Fig. 3.

Curve length (m)

Curve length (m)

S 3.8 > 6.0 S

2 Sal@ ] % 5sf® % 40f(©

> 3.4 —— Electron temperature o 5.0f Electron temperature \; 3.5F—=— Electron tempera?/
. i —

% 3.2f 5 i'g 2 30 27ev

s s 4 £ 257

g 3.0f g 3.5} < S0l

g 2.8} 276V el g 3.0} 2.7ev g

2 96l —— £ 2.5} g Lo5p

g L £ 2.0} = 101

2 24r 2 15} 2 osf

8 2.21 . . R 8 1.0L— " L n B3] 0 L . . L

= 0 0.001 0.002 0.003 RH 0 0.001 0.002 0.003 % 0 0.0010 0.0020

Curve length (m)

Fig. 6. The distribution of plasma electron temperature varying with the position on the substrate surface of samples placed at 30°, 45° and 90°.

4. Conclusion

In summary, we have designed a novel two-gas-flow
mode in a MPCVD system which can directly deliver gases
to the substrate surface and increase the dopant concentration
on the substrate surface. Compared with the single-gas mode,
in the two-gas-flow mode substances such as methane and ni-
trogen are directly transported from the small holes at the bot-
tom of the susceptor to the substrate surface and localized on
the substrate surface, thereby increasing the doping concen-
trations of NVs and SiVs in the sample. Furthermore, the
influence of substrate angle on unintentional silicon and ni-
trogen doping, leading to the formation of SiVs and N'Vs, was
studied in the two-gas-flow mode. Different substrate place-
ment angles affect the distribution of plasma on the substrate
surface. The formation of NVs and SiVs varies with the elec-
tron temperature distribution. NVs tend to form in regions on
the substrate with high electron temperature, while the forma-
tion of SiVs exhibits the opposite trend. At a substrate place-
ment of 45°, unintentional silicon doping demonstrates bet-
ter doping efficiency and a large doping area compared with
other substrate angles. This work provides a new approach for
MPCVD systems to control unintentional silicon doping and
offers a novel method for improving the doping efficiency of
substances in MPCVD systems.
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