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This work proposed to change the structure of the sample susceptor of the microwave plasma chemical vapor depo-
sition (MPCVD) reaction chamber, that is, to introduce a small hole in the center of the susceptor to study its suppression
effect on the incorporation of residual nitrogen in the MPCVD diamond film. By using COMSOL multiphysics software
simulation, the plasma characteristics and the concentration of chemical reactants in the cylindrical cavity of MPCVD sys-
tem were studied, including electric field intensity, electron number density, electron temperature, the concentrations of
atomic hydrogen, methyl, and nitrogenous substances, etc. After introducing a small hole in the center of the molybdenum
support susceptor, we found that no significant changes were found in the center area of the plasma, but the electron state
in the plasma changed greatly on the surface above the susceptor. The electron number density was reduced by about 40%,
while the electron temperature was reduced by about 0.02 eV, and the concentration of atomic nitrogen was decreased by
about an order of magnitude. Moreover, we found that if a specific lower microwave input power is used, and a susceptor
structure without the small hole is introduced, the change results similar to those in the surface area of the susceptor will be
obtained, but the spatial distribution of electromagnetic field and reactant concentration will be changed.

Keywords: plasma simulation, diamond, microwave plasma chemical vapor deposition (MPCVD), residual

nitrogen
PACS: 81.05.ug, 81.15.Gh

1. Introduction

There are many kinds of impurities in natural diamond
and synthetic diamond, which have an important impact on
various physical properties of diamond. In the chemical vapor
deposition system, the presence of residual gas often pollutes
the surface of the vacuum chamber, resulting in the incorpo-
ration of impurities in the growth process of the sample. Ni-
trogen is the most common impurity in the synthesis of CVD
and HPHT diamond, and its existence affects the thermal con-
ductivity of diamond and produces various optical centers re-
sponsible for absorption. As a deep level donor impurity, it
has electrical activity and compensates for acceptor impurities
such as boron.!! If there is no special treatment, there will al-
ways be a certain amount of nitrogen doping in diamond sam-
ples. Many relevant reports have been given on the reasons for
the existence of residual nitrogen. Michael N. R. Ashford et
al. reported nitrogen pollution caused by incompleted vacuum
or air impurities in the source gas.'?! A. Tallaire ez al. believed
that the nitrogen impurities observed in the experiment come
from the remnant of previous experiments, less than 1 ppm.5!
A. P. Bolshakov et al. pointed out that chamber leakage is the
main source of nitrogen pollution in the system.*! In the pro-
cess of growing diamond films in microwave plasma chemical
vapor deposition (MPCVD) system, even a small amount of
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nitrogen will have an important impact on the quality of dia-
mond films. Therefore, the control of residual nitrogen doping
in diamond is the focus of current research. Some researchers
have proposed a variety of methods to suppress residual nitro-
gen doping in diamond films. T. Matsumoto et al. reduced the
residual nitrogen content by introducing oxygen into the reac-
tion process. ! J. Achard er al. reported that using higher sub-
strate temperature in the reaction process will help to suppress
residual nitrogen.[®! S. V. Nistor ef al. studied that increas-
ing the hydrogen flow rate can effectively reduce the residual
nitrogen content in diamond films. !}

2. Simulation and theoretical methods
2.1. Simulation modeling

The bet-down coupling cavity used in the experiment in
this article is approximately cylindrical as a whole. In order to
appropriately simplify the simulation process, we use COM-
SOL software suitable for simulating a two-dimensional ax-
isymmetric model to study the electric field and plasma dis-
charge characteristic parameter distribution during gas ioniza-
tion in the reaction chamber. The input microwave power
used in the simulation process is 3.8 kW, the working pres-
sure is 18 kPa, and the microwave frequency is 2.45 GHz. The
flow rates of hydrogen, methane, and nitrogen are 500 sccm,
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20 sccm, and 1 sccm, respectively. During the growth process,
pure hydrogen is firstly introduced into the reaction chamber,
and plasma is formed under the excitation of the input mi-
crowave source. After reaching a steady state, methane and ni-
trogen are introduced. The plasma environment will enhance
methane cracking, and the generated carbon atoms/ions will
be deposited on the substrate and complete the diamond film

growth.[16]
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Fig. 1. (a) The structure of MPCVD reaction chamber. (b) The top view of
the susceptor with (left)/without (right) the small hole. (c) Two-dimensional
grid model of the coupled waveguide and the discharge cavity. (d) The en-
larged view of the susceptor area without the small hole. (e) The enlarged
view of susceptor area with the small hole.

Figure 1 shows the simplified structure of the MPCVD
reaction chamber and its two-dimensional axisymmetric grid
model. Figure 1(a) shows the main structure of the MPCVD
reaction chamber corresponding to our experimental equip-
ment, HMPS-2050C microwave plasma CVD system. The
plasma intensity is high and concentrated on the sample stage
to avoid discharge in other areas of the cavity, which also im-
proves the plasma stability and the quality of the deposited
samples. Figure 1(b) compares the structural differences of
the susceptor with (left) and without (right) the small hole.
The diameter of the small hole is 2 mm and the square sample
groove (side length 4 mm) is set 5 mm away from the center

of the molybdenum support. Figures 1(c)-1(e) show the two-
dimensional axisymmetric grid model of coupling waveguide
and discharge cavity in MPCVD system, as well as the en-
larged grid view near molybdenum support, and the mesh is
divided into free triangles. In order to optimize the accuracy of
the simulation results, the rounded-corner structure is adopted
at the edges of molybdenum susceptor and column support.

2.2. Electromagnetic field theory and reaction equations

All properties of the plasma domain excited by the mi-
crowave source are highly related to the electromagnetic field,
and the electromagnetic field model used Maxwell’s equations
and frequency domain-transient solver to solve the microwave
field,

V-E=p/e, ey
V-B=0, @)
VxE=-0B/ot, 3)
Vx B = y(J+&dE/dr), “4)

where F is the electric field intensity vector, B is the magnetic
flux density, p is the charge density, & is the vacuum permit-
tivity, U is the vacuum permeability, J is the conduction cur-
rent density vector, and ¢ is the time. The simulation structure
of the reaction chamber is axisymmetric, so Maxwell’s equa-
tions are used to solve in r and z coordinate space, and the
origin of the space coordinates (r = 0, z = 0) is taken as the
center point of the small hole on the surface of the susceptor.

Due to the large number and complexity of chemical re-
actions involved in the diamond growth process, according to
the main chemical reactions in the diamond growth process re-
ported in relevant papers, we use COMSOL software to sim-
plify the modeling and calculation. The main chemical sub-
stances and chemical reactions used are shown in Tables 1 and
2.

Table 1. Electron excitation and ionization reactions used in the calculation
model of the reaction chamber.

Reactions Expression A b E Ref.
1 CH4+CH3+H 3.08x10%2  —6.09 4504 [15]
2 CH3;+H,~CH4+H  4.13x10* 250 394 [15]
3 N2(A3)+H&NHAN  1.2x10'2 0 3850  [12]

Table 2. Surface reactions of heavy substances used in the calculation model
of the reaction chamber.

Reactions Expression Threshold energy (eV)  Ref.
1 e+Hy—e+Hos 12.00 [8]
2 e+CHs—e+CHys 7.90 [13]
3 e+Ny—e+Nos 0.02 [10]
4 e+Ny—e+Na(A3) 6.17 [11]
5 e+Ny—e+N+N 13.00 [10]
6 e+Hy—e+H+H 10.05 [8]
7 e+Hy—e+e+HJ 15.42 (8]
8 e+Ny—e+e+NJ 15.60 [10]
9 e+CHy—e+e+CH; 12.90 [13]
10 e+CHz—e+e+CHY 10.05 [14]
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The reactions with the symbol “<>” are regarded as re-
versible, and those with the symbol “—” are regarded as irre-
versible. The forward rate coefficient k = AT” exp(—E /RT),
where the units are cm?, K, kJ, mol and s, and the reverse
rate coefficient is determined by the equilibrium constant.[!%]
Among them, Hjs, CHys and Njs are the corresponding ex-
cited states of the material, N»(A3) is the N, metastable state
(the lowest energy triplet state),!'*! and Hj, CH}, NJ and

CH;L are the corresponding material ion states.

3. Results and discussion

Figure 2 (including the partial enlarged views) shows the
comparison of the spatial distribution of the discharge charac-
teristic parameters of the reaction chamber: with (down) and
without (up) the small hole. It can be seen that the spatial
distribution of the main parameters (including electron num-
ber density, electron temperature, electric field intensity and
potential) are basically concentrated in the area above the sur-
face of the susceptor, but there is no significant difference in
the spatial distribution of discharge characteristic parameters
between the two susceptor structure models.

In order to compare the discharge plasma characteristics
of the two susceptor structures more clearly, we established
a Z-axis cross-section line at the center of the sample growth
groove (set the range of cross-section line coordinates: the R
axis is fixed at 5 mm, and the Z axis is from 0 to 15 cm), as
shown in Fig. 3. We can see that the discharge characteristic
parameters of the two models with and without the small hole
in the susceptor differ slightly in spatial distribution. How-
ever, near the surface of the molybdenum support on the sus-

ceptor, for the model with/without small hole, such as elec-
tron number density, electron temperature values have obvi-
ous differences, which are 5.75x10!3 m=3/9.32x10'3 m—3,
and 2.57 eV/2.59 eV, respectively. This means that after the
susceptor in the reaction chamber is introduced into the small
hole, the electron number density near the surface of the sus-
ceptor decreases by about 40% and the electron temperature
decreases by 0.02 eV (about 230 K).

Since our research focus is on the change of reactant
concentration distribution caused by the electromagnetic field
near the surface of the susceptor, firstly, we use the three-
dimensional structure to more intuitively study the electric
field distribution on the surface of the two susceptor. It can
be seen that there is a certain difference between the two cases
in the center of the susceptor, as shown in Fig. 4. Similar to
the Z-axis two-dimensional cross-section line adopted above,
we have established an R-axis two-dimensional cross-section
line (set the range of cross-section line coordinates: the Z axis
is fixed at 1.23 pum, which corresponds to the first data point
in the spatial electromagnetic field distribution; and the R axis
is from O to 1.5 cm) to study the changes of electromagnetic
field and the reactants concentration near the surface of the
susceptor.

Figure 5 shows the distribution of the electronic state and
the concentration of main reactants near the surface of the
susceptor of MPCVD reaction chamber with and without the
small hole. It can be seen that in the area where the small hole
is introduced, the values of these characteristic parameters will
increase first and then decrease rapidly, while in the central
area near the surface of the susceptor, the distribution of them
is relatively uniform. As can be seen from Figs. 5(a) and 5(b),

@) G © @
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Fig. 2. The two-dimensional spatial distribution of the discharge characteristic parameters in the reaction chamber with (down) and without
(up) the small hole and the partial enlarged view: (a) electron number density (1/m3); (b) electron temperature (eV); (c) electric field intensity

(V/m); and (d) potential (V).
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after the introduction of the small hole, the electron number
density and electron temperature near the surface of the sus-
ceptor are reduced by about 40% and 0.02 eV, respectively.
Figure 5(c) is a comparison of the distribution of atomic hy-
drogen concentration in the region of the surface of two sus-
ceptor structures. In the area near the center of the surface
of the susceptor, after introducing the small hole, the atomic
hydrogen concentration increased slightly. Because the cur-
rently generally accepted hydrogen desorption mechanism is
that hydrogen atoms in the gas phase and atoms on the dia-
mond surface form hydrogen molecules, 11 we believe that the
decrease of electron temperature and density reduces the con-
version of hydrogen atoms to hydrogen molecules, which will
cause a decrease in hydrogen desorption. Figure 5(d) shows
that the introduction of the small hole reduced the electron
number density and electron temperature, resulting in a slight
decrease in methyl concentration.

In order to study the change of nitrogen concentration in
the small hole introduced into the susceptor, we adopted and
simplified the reaction model of nitrogenous substances re-
ported by Truscott B S ez al."??1 The comparison of concen-
tration changes of nitrogenous substances in the surface area
of the susceptor is shown in Fig. 6. After the small hole is
introduced into the susceptor, the concentrations of N and NH
are reduced, especially the molar concentration of N decreases
from 3.04x 107 mol/m? to 7.59x 10~ mol/m?, that is, it de-
creased by an order of magnitude, and the molar concentration
of NH is reduced by about 10%. These mean that the intro-
duction of the small hole can effectively suppress the doping
of residual nitrogen into the diamond film.
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Fig. 6. The concentration distribution of nitrogenous substances near
the surface of the susceptor of MPCVD reaction chamber with and
without the small hole: (a) atomic nitrogen molar concentration; (b)
NH molar concentration.

At the same time, corresponding to the relevant experi-

ments in this paper, the electronic states and the concentration
of nitrogenous substances in MPCVD reaction chamber are
compared by using different microwave input power and reac-
tion chamber structure, that is, reducing the microwave input
power (2.9 kW) corresponds to the case that there is no small
hole in the susceptor of the reaction chamber (defined as Con-
dition 1), which is compared with the case with the small hole
corresponding to the microwave input power of 3.8 kW used
in the above content of this paper (defined as Condition 2), as
shown in Figs. 7 and 8. Figure 7 is a comparison of the elec-
tronic state results of the two simulation conditions. It can be
seen that there are obvious differences in the spatial distribu-
tion of electron number density under the two conditions, and
Condition 2 corresponds to a higher density of spatial electron
distribution.

(a) (b) 1015
I4
3
2
- |1
i 4

Fig. 7. Two dimensional spatial distribution and partial enlargement
view of electron number density corresponding to different reaction
chamber structures and microwave input power: (a) with the small hole-
3.8 kW; (b) without the small hole-2.9 kW.

X105

5
4
3
2
1

Figures 8(a) and 8(b) show the electronic state and ni-
trogenous substances concentration near the surface of the sus-
ceptor under the two simulated conditions. The electron num-
ber density and electron temperature also increased rapidly
near the area of the small hole, and then decreased gradually
in the central area of the susceptor away from the small hole.
Most importantly, there is little difference between the elec-
tron number density and electron temperature under the two
simulation conditions. While we used the above two simula-
tion conditions to study and compare the changes of N and
NH concentrations, as shown in Figs. 8(c) and 8(d). As can be
seen from Fig. 8(c), the N concentrations under the two sim-
ulation conditions are 7.58x10~% mol/m> (Condition 1) and
7.59% 1078 mol/m? (Condition 2), and we can say that the
difference between the two is very small; while the NH con-
centration difference between the two simulation conditions
shown in Fig. 8(d) is even smaller. This seems to mean that
the effect of the susceptor with the small hole on the growth
state of diamond is equivalent to using a susceptor without
the small hole and using lower input power (2.9 kW), but it
will also change the spatial state distribution of electromag-
netic field in the reaction chamber.
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Fig. 8. The distributions of electron number density and nitrogenous substances concentration near the surface of the susceptor corresponding
to different reaction chamber structures and microwave input power: (a) electron number density; (b) electron temperature; (c) atomic nitrogen

molar concentration; and (d) NH molar concentration.

4. Conclusion

In summary, we have used the COMSOL multiphysics
software to study the plasma properties and substances con-
centration changes after the molybdenum support susceptor
was introduced into the small hole in the MPCVD reaction
chamber. The results show that after the small hole are in-
troduced into the growth susceptor of the MPCVD reaction
chamber, the electron number density and electron tempera-
ture near the surface of the susceptor of the reaction cham-
ber decreased significantly; while the N concentration and NH
concentration decreased, which will reduce the nitrogen dop-
ing efficiency in the diamond film and cause the growth rate of
the film decreases (this corresponds to a decrease in electron
temperature and density). It is generally believed that dur-
ing the diamond growth process, high-energy electrons have
an important influence on the hydrogen desorption on the dia-
mond surface,'’2% and changes in electron temperature and
density have a great influence on the hydrogen coverage of
the growth surface. We believed that the decrease of electron
temperature and density reduced the conversion of hydrogen
atoms to hydrogen molecules, which caused a decrease in hy-
drogen desorption, then the growth-limiting kinetics changed
from mass transport to surface kinetics. In this case, the ni-
trogenous substance formed at the center of the plasma is not
easy to be incorporated into the diamond surface due to the
high hydrogen surface coverage.
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