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Plasma, with temperature peaking around 3000 °C, plays a significant role in Microwave Plasma Chemical
Vapor Deposition (MPCVD) for diamond production, while the radiative heat transfer process has not been
extensively studied. In this work, we apply the Spherical Harmonics method, specifically the P, approximation,
to solve the Radiative Transfer Equation within the MPCVD simulation framework. This approach is integrated
with the Maxwell’s equations, the electron number density equation, the plasma temperature equation, and

the solid temperature equation to obtain the temperature distribution of both plasma and diamond in a 3D
cylindrical chamber. Our results show that the diamond temperature reaches a maximum at the center and
decreases towards the edge, which aligns quantitatively with measurements from an infrared pyrometer. This
accurate prediction of plasma and diamond temperature provides a powerful tool for optimizing MPCVD
equipment and enhancing the production of large-size, high-quality diamonds or other products.

1. Introduction

Diamond is an excellent material for many engineering applications
due to its extraordinary properties, such as quantum computing [1,2],
detectors for high energy physics [3], biologically implantable electron-
ics [4], semiconductor [5], thermal management [6,7] and so on. The
Microwave Plasma Chemical Vapor Deposition (MPCVD) is the most
promising method for producing man-made diamond [8-10]. However,
large-size high-quality diamond is still unreachable and understanding
the basic physical process in MPCVD is urging.

In MPCVD, the microwave, generally in 2.45 GHz, is imported into
a resonant chamber and then concentrates in certain area, which can
stimulate the gas mixture (typically H, and CH, at subatmospheric
pressure) to generate plasma. Active carbon-containing groups in the
plasma deposit on a substrate to produce diamond. In the whole
process, plasma plays the key role since it, on the one hand, receives
microwave energy and on the other hand provides carbon sources for
the deposition. Previous experimental measurements demonstrate that
the maximum plasma temperature can reach up to 3000 °C and the
diamond temperature is typically around 1000 °C [9,11-14]. For such
high temperature, the radiative heat transfer process becomes impor-
tant. Besides, the surface reactions, whose rates depend on both the
plasma and diamond temperature, directly determine the deposition
rate [15,16]. Therefore, accurately predicting the plasma and diamond
temperature simultaneously is significant for optimizing MPCVD.
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Numerical simulation is a powerful tool because of MPCVD’s com-
plexity and high experimental cost. Fiiner and his coworkers did pi-
oneering work for MPCVD simulation, in which they assumed linear
relationship between the electric field amplitude and the electron
number density and successfully predicted the appearance of the pos-
sible secondary plasma for 2D axis-symmetric simulation in stationary
condition [17,18]. Further, they introduced density gradient driven dif-
fusion [19] and obtained more realistic result, which was followed by
many researchers for its simplicity [20,21]. Modification has been made
by cooperating the Arrhenius law and the Ohm’s law into this model
and can simulate spatial distribution of different active groups [22,23].
More detailed treatment of the chemical reactions was implemented
mainly in 2D case because of the computation cost [24]. However,
among all these simulations, they either ignored the plasma temper-
ature distribution calculation or simply imposed a predefined diamond
temperature value as the boundary condition [21,24-27]. Actually,
the solid, especially the diamond, is heated by the plasma through
thermal radiation and convection, and should be a posterior result, not
a predefined condition.

For more realistic simulation, it is necessary to consider the ra-
diative heat transfer process in spite of its complexity. Furthermore,
experimental measurement of the diamond temperature should be
provided for direct demonstration and comparison of the temperature
spatial distribution. In this work, we implement infrared pyrometer
measurement of the diamond temperature for MPCVD and simulate the
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temperature distribution, for the first time, by considering the radiative
heat transfer process.

2. Method and equations

The most difficult part lies in the radiative heat transfer simula-

tion, which needs to deal with the Radiative Transfer Equation (RTE)
in participating media [28]. RTE is a complex differential-integral
equation [28]:
dIn o . .
e Ky lpy = By ly + y /4” 1, (5,) ¢, (5..5) d2;, (@)
where I, is the radiation intensity in wavenumber #, I, is the black-
body’s radiation intensity, «, is the absorption coefficient, f, is the
extinction coefficient, oy, is the scattering coefficient and d<; is the
solid angle. ¢, is the scattering phase function, which describes the
probability of a ray from one direction, §;, being scattered into a
certain other direction, 5. To solve the RTE, lots of numerical meth-
ods have been developed, including Spherical Harmonics method (Py
approximation) [29], Discrete Ordinates method [30], Monte Carlo
method [31], integral equation method [32], ray tracing-node analyz-
ing method [33], Zonal method [28] and their combination [34,35].
Among them, the P, approximation, that is the simplest format of the
Spherical Harmonics method, works well when the temperature field
is known and is the easiest one to be implemented. In MPCVD, the
plasma energy is transmitted by the microwave and its temperature
can be obtained by properly modeling the microwave-plasma interac-
tion. Therefore, the P, approximation is the most suitable one, as a
first attempt, for cooperating the radiative heat transfer into MPCVD
simulation.

In the Spherical Harmonics method, the radiation intensity is ex-
panded by the two-dimensional generalized Fourier series [28]:
co !
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is the associated Legendre polynomials. When the upper limit of / is 1,
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is obtained by substituting this into Eq. (1) as [28]:
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where the Einstein summation rule is adopted and T, is the plasma

1 . . . .
temperature, Dp, = A B, o, k are the extinction coefficient, scat-
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tering coefficient and absorption coefficient integrated over wavenum-
ber respectively, A, is the linear-anisotropic scattering phase function
coefficient, and o is the Stefan-Boltzmann constant. G is the incident
radiation, which is defined as G (F) = [, T(7.5)d@. Eq. (3) is a
single elliptic second-order partial differential equation in incident
radiation, which is much easier to solve than Eq. (1), and therefore
is the most commonly adopted form for studying radiation. Besides,
it demonstrates acceptable precision compared with more complicated
forms, like P; approximation or higher order formats, especially for the
case when the temperature field is known [28].

By solving Eq. (3), the divergence of the radiation heat flux g, is
obtained as [28]:

—V~(7,=—V~(—DP1VG)=K<G—40T;>, (4

which behaves as a heat sink for plasma temperature equation. The
other heat source for plasma temperature is from the microwave-
plasma interaction. Regarding the plasma as a dielectric material [36],

2
the heat source term can be obtained by the Ohm’s law as & —Ze%e _
2 m, (v3+w2)
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|E|?, where n, is the electron number density, v, is the effective colli-
sion frequency of the electrons with other particles, w is the microwave
frequency, |E| is the electric field amplitude, e is the electron’s charge
and m, is the electron’s mass [37]. Therefore, the plasma temperature
equation is:
9 <_1 01) _L Pneve
0xy, 8 0x;, 2 m, (V2 + w?)
where 4, is the thermal conductivity of the plasma which is typi-
cally calculated by theoretically solving the electron Boltzmann equa-
tion [38].

The electric field amplitude is obtained by solving the Maxwell’s
equation in frequency domain [39]:

(i (7)) (s w) Eo ©

where p,, is the relative magnetic permeability of plasma, e, is the
relative electric permittivity of plasma and j is the imagination unit.
Hem and e, are assumed to be 1 for the gas in our present work. E
is the time-independent electric field magnitude. Here, the plasma is
equivalent to a dielectric, whose electric conductivity is7 related to the
electron number density and is expressed as o,y , = E;—EV” [371.
m(,(vg +w2>

The electron number density equation for plasma is obtained by
a simplified macroscopical model, sparing the effort of simulating the
complex chemical reactions [18,19,21]:
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where D, is the diffusion coefficient of electron, R; is the ionization
rate and R, is the recombination rate. This is a simplified model for
microwave plasma simulation. The left side of Eq. (7) is the diffusion
process driven by the density gradient and the right side of Eq. (7)
means the source term of electron, which is a balance between pro-
duction and loss of electron. Microscopically, the plasma is generated
from electron collisions, in which the free electrons in the gas mixture
obtain energy from the microwave and high-speed velocity electrons
collide with the gas molecules to generate more electrons and ions.
The production of electron is such process that an electron collides
with a neutral molecule or a charged ion to produce a secondary
electron. It is subsequently proportional to electron number density and
electron energy, where electron energy is gained from the electric field
and should be proportional to electric magnitude squared, which is
quantified as R, |E|*n,. On the other hand, an electron collides with
a charged ion and forms a new neutral molecule or a new charged
ion, which is called as the recombination process and causes the loss
of electron. The recombination process is quantitatively expressed as
R,n*. The balance of production and loss leads to the final state of
plasma [40].

The solid temperature equation is the heat equation without any
heat source:

JaT,
9 <—/1S ) =0, )
0x, 0x,

where 4 is the thermal conductivity of the solid and 7, is the solid
temperature.

The boundary conditions for the above equations are listed as
follows.

Ideal conductor wall for Eq. (6):

iy x E =0, )

where 7, is the normal vector for the wall. The microwave excitation is
imported from a microwave source and is realized by the S-parameters
calculation numerically [39].

Dirichlet boundary condition for the electron number density, Eq.
(7), is:

Ny =0. (10)
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Fig. 1. MPCVD apparatus and infrared pyrometer measurement.

This boundary condition is chosen because the MPCVD equipment is
linked with the ground and all the electrons are directed away to the
ground very quickly.

Third kind boundary condition for the radiation P, approximation,
Eq. (3), is [28]:

- 0G
—Hi) - (—Dma—)%) =40T4 - G, an

where T, is the wall temperature of the plasma region. The original
form of Eq. (11) is —zfeh’b . —D,,l%) = 40T% — G, where ¢ is the
wall emittance. We set ¢ to be 1, bec’éuse: the emittance of diamond
increases with temperature [41], in which the emittance is close to 1
when the wavelength is 5 pm and temperature is 350 °C. Therefore, the
emittance e is safe to be assumed as 1 since the diamond temperature is
larger than 700 °C in MPCVD and the wavelength range of our Infrared
Pyrometer is 4.8-5.2 pm.

Based on the boundary condition (11), radiation and convection
heat flux for the plasma temperature Eq. (5) is obtained as:
i - <_/1gzﬁ) =k (G-40T}) —h (T, — Ty,er) 12)

Xk

where h is the convective heat transfer coefficient, and T, ,,, is the
reference temperature which is assigned as 1000 K. Similarly, the
boundary condition for the solid temperature Eq. (8) is:

q o,
—Fi) - (—4 (3x,i> =x(G—40T4) —h (T, —T,,./). 13)
This boundary condition, Eq. (13), provides heat source for the solid
parts, especially heating the diamonds, which demonstrates the heating
effect by thermal radiation and convection.

The above equations are closed and we can solve them numerically.

3. Experimental and numerical set-up

Fig. 1 demonstrates the MPCVD apparatus and infrared pyrometer
for our present study. For the MPCVD, the microwave, with frequency
of 2.45 GHz and maximum power of 10 kW, is imported into a cylindri-
cal chamber through a BJ26 waveguide and an antenna. The adjusting
screws are used for controlling the reflecting microwave power in
actual production. The whole chamber is separated by a quartz glass
and the downside of the chamber is full of gas mixture, whose com-
ponents are H, and CH,, possibly with small addition of N,,0,, Ar.
The gas pressure is kept at 22 kPa as the growing condition. The seed
diamonds, generally in square form with 7 mm length, are put onto
the sample platform. The working principle of the Infrared Pyrometer
(IR) is that the thermal radiation is collected by the IR camera and it
is correlated to the target surface temperature by the Planck’s law. We
choose the working wavelength of the IR camera to be 4.8-5.2 pm. That

is because: the emittance of diamond increases with temperature [41],
in which the emittance is close to 1 when the wavelength is 5 pm and
temperature is 350 °C. Additionally, the plasma in MPCVD typically
emits radiation with wavelength smaller than 1 pm. Therefore, we
choose the IR camera with working wavelength 4.8-5.2 ym. Then, the
emittance is safe to be assumed as 1 since the diamond temperature
is larger than 700 °C in MPCVD, which is also self-consistent with
our numerical simulation as boundary condition (11). Meanwhile, the
plasma interference is very small for wavelength range of 4.8-5.2 pm.
The IR camera is calibrated standardly by measuring a known black-
boy temperature and its measurement range is 400-1100 °C. The IR
camera is placed near the view window for non-contact temperature
measurement of the diamonds and collects the infrared signal from the
chamber. The measured temperature distribution is displayed on the
computer screen.

From the actual apparatus, we can extract the inner structure for
numerical simulation, as Fig. 2 shows. The MPCVD chamber is sepa-
rated by a quartz glass and only the downside part contains the gas,
which is noted as the plasma region in Fig. 2. The largest radius in the
plasma region is 11 cm. The electric field, Eq. (6), is solved in the whole
domain, named as the electric region, and the microwave is ported in as
an excitation source, which is realized by the S-parameters calculation
numerically. In the plasma region, the electron number density Eq. (7),
the P, approximation Eq. (3) and the plasma temperature Eq. (5) are
solved. The solid temperature Eq. (8) is imposed on the platform and
the diamonds, noted as the solid region in Fig. 2. The corresponding
boundary conditions for the equations are demonstrated by different
dash lines. The inside of the stainless steel platform is the cooling water.
For simplicity, we do not simulate the water flow, but only impose con-
vective heat transfer boundary condition in this part. 34 diamonds are
placed on a molybdenum platform which precisely consists with actual
production process. By the way, this actual placement of diamonds is
the reason for conducting three-dimensional simulations.

4. Results and discussion
4.1. Infrared pyrometer result

The temperature profile obtained from the infrared pyrometer is
demonstrated in Fig. 3. The photo clearly displays the temperature
distribution of the diamonds is not uniform, with largest value of
1033.1 °C in center, as Fig. 3(a). The average temperature values for
each diamond are recorded and then plotted in 3D surface contour
as Fig. 3 (b). This measurement result strongly demonstrates that the
diamond temperatures are not equal. In previous simulation, the dia-
mond temperatures are assumed to be a constant value and a Dirichlet
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Fig. 2. Inner structure of the MPCVD for numerical simulation.
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boundary condition is imposed [21,24,25,27], which can simplify the
simulation but is non-physical. Actually, the diamond temperatures are
affected by the plasma’s temperature, through radiation and convection
heat transfer, and should be a posterior result, not a predetermined
condition. Besides, the diamond temperature directly influences the
deposition rate [15,16] and determines the quality of diamonds. This
non-uniform distribution should be avoided in actual production and
accurate prediction of this temperature distribution is important for
equipment design and optimization.

4.2. Simulation result

In our simulation, the diamond temperatures are not predefined.
Rather, we impose radiation and convection heat transfer boundary
condition for diamond surfaces, as Eq. (13). The parameter values for
our numerical simulation are listed in Table 1. The MPCVD plasma
is an optically thin medium and it is weakly scattering. We adopt
Finite Element Method (FEM) by COMSOL 6.1 to numerically solve the
equation set.

First, the mesh independence test is presented as Fig. 4. Seven
different unstructured meshes are generated with mesh number as
99502, 162228, 279698, 402428, 498992, 768635, 921 186. For
quantitative comparison, a 3D point, which is 20 mm above the center
of the platform, is monitored. Different variables, including the plasma
temperature 7,, electric field amplitude |E|, electron number density
n,, and incident radiation G are recorded. For unified display of results,
dimensionless variables, which are calculated by dividing the value
with the one of the finest mesh case 921186, are adopted. Fig. 4
illustrates that the differences decrease with the increase of the mesh

Temperature/°C
- 1025
i

(b)

Fig. 3. Infrared pyrometer measurement result: (a) Photo by the IR camera; (b) 3D surface plot of the measured temperature.

number and dimensionless variables values converge to 1 with small
oscillation. Based on Fig. 4, we choose the mesh number to be 921 186
and the results presented in Fig. 5 all adopt this mesh number.

Our simulation results are plotted in Fig. 5. The electric field ampli-
tude, in Fig. 5(a), demonstrates that the microwave is imported through
a waveguide and enters a resonant chamber, where the microwave
concentrates above the sample platform. This area of concentrated
electric field stimulates the generation of the plasma, as Fig. 5(b) shows.
Previous experimental results, which are obtained by Optical Emis-
sion Spectroscopy (OES) [42], millimeter-wave open resonator [43],
and Thomson scattering measurement [44], consistently demonstrate
that the maximum of the electron number density for typical MPCVD
is on the magnitude of 10'7 m™3. In our simulation, Fig. 5(b), the
maximum of the electron number density is also 10'7 m™3 and it
consists with the previous experiments. These electrons are accelerated
by the microwave and can heats the plasma through the Ohm’s law, by
considering the plasma as a dielectric medium [36,37]. On the other
hand, when the plasma temperature is high, the radiation becomes in-
creasingly important. Therefore, we incorporate the radiation into our
simulation, as Egs. (3) and (5), and the corresponding simulation results
are demonstrated as Fig. 5(c), (d), (e), (f) and (g). The maximum plasma
temperature is about 3700 K which is also consistent with previous
experimental measurems_nts [9,11-14]. The electrical conductivity is

e n,v,
emp me(vg+w2)
as the electron number density. The heat sink caused by radiation,
Eq. (4), is plotted as Fig. 5 (f), which is negative. Besides, this heat
sink is comparable with the total heat source in Eq. (5), expressed as

calculated as o, [37] and it exhibits similar distribution
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Fig. 4. Mesh independence test results. 7 different meshes are generated with mesh number as 99502, 162228, 279698, 402428, 498992, 768635, 921 186. A 3D point, which
is 20 mm above the center of the platform, is monitored. Different variables, including the plasma temperature T, electric field amplitude |E|, electron number density n,, and
incident radiation G are recorded and presented by dimensionless variables, which are calculated by dividing the value with the one of the finest mesh, 921 186.

Table 1
Parameter values in numerical simulation.
Parameter Value Comments
D, 0.2 m? 5! Theoretically estimated value for plasma temperature of
4000 K [38,45]
R, %1078 m™3 s7! Extrapolation of experimental data [46]
R; 3% 107 m™3 57! Estimation from experimental measurement of electron
number density [42]
P, 9000 W Microwave power in our own experiment
v, Ix 10" s7! Theoretical calculated value when electron energy is 1 eV
and gas density is 10** m~ [24]
Adiamond 200 W m~! K~! Interpolation of experimental data when temperature is
1300 K [47]
Aptasma 1.5Wm™!' K™! Theoretically estimated value for plasma temperature of
4000 K [38]
K 0.4 m™! Typical estimated absorption coefficient for MPCVD
plasma [28,48]
Rptasma 10 W m2 K™! Theoretically estimated value for plasma temperature of
4000 K [38]
Ayuter 150 W m™2 K~! Estimation for our experimental condition which is forced
convection but close to natural convection [49]
D, 0.01 m Calibrated value [28]
%mziﬁ |E) +« (G - 40T, g4), which demonstrates the necessity for is demonstrated in Fig. 5(i). For every single diamond, the measured
e e

considering radiative heat transfer in MPCVD simulation.

The diamonds temperature is finally obtained as Fig. 5(h). In our
simulation, we do not predefine the diamonds temperature, and the
diamonds are heated by the plasma through radiation and convec-
tion, as the boundary condition Eq. (13) demonstrates. Our simulation
results show that the diamonds temperature has largest value in the
central area and gradually decreases towards the edge. The maximum
simulation temperature is about 1000 °C, which quantitatively agrees
with the infrared pyrometer measurement result in Fig. 3. Due to this
non-uniform temperature distribution, the thermal management of the
MPCVD is important in actual manufacture and accurate prediction
of the temperature is extremely important for equipment design and
optimization. Our simulation framework provides a useful tool for
designing MPCVD apparatus.

Relative error 221"  100% between the infrared pyrometer

exp
measurement (7,,) and numerical simulation (T;,) in 3D surface plot

Xp

and simulated temperature are averaged and then plotted. The result
illustrates that the maximum relative temperature difference is about
—10%, which is generally acceptable for plasma simulation. Besides,
we adopt the P, approximation with effective parameters of plasma
in our simulation and higher order format, like P; approximation,
or more careful consideration of the radiation parameters might de-
crease the relative temperature difference. Furthermore, the plasma
environment affects the infrared pyrometer measurement and raises
measurement uncertainty, which also accounts for the Relative er-
ror. Still, the comparison validates our simulation, whose maximum
deviation from infrared pyrometer measurement is within 10%.

5. Conclusion

Our present work incorporates radiative heat transfer process in
MPCVD simulation, for the first time, with a simple P, approximation
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Fig. 5. Simulation results and comparison with experiment: (a) Electric field amplitude |E|; (b) Electron number density n,; (c) Plasma temperature T,; (d) Incident radiation G;

(e) Electrical conductivity o, ,; (f) Heat sink by radiation V - g,, Eq. (4) ; () Total heat source in Eq. (5), expressed as L _eneve

T,

Tym» Which is T, for the upper surface of all diamonds; (i) Relative error %T" % 100% between the infrared pyrometer measurement
-

of the Radiative Transfer Equation. By solving the Maxwell’s equa-
tions, the electron number density equation, the plasma temperature
equation, the P, approximation, and the solid temperature equation
with proper boundary conditions, we accurately predict the plasma and
diamond temperature simultaneously. Additionally, infrared pyrometer
measurements conducted during the actual production process visually
confirm the non-uniform distribution of diamond temperature, strongly
supporting our simulation results. This finding provides a powerful tool
for the design and optimization of MPCVD equipment and production
process.
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