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Abstract

Microwave plasma chemical vapor deposition (MPCVD) is one of the most promising methods
for producing single-crystal diamond (SCD), which is acclaimed as the ‘ultimate
semiconductor’ material. However, high-quality large-size SCD is still lacking. Previous
research asserts the dominance of the electric field and ignores the influence of the flow. In the
present work, an analysis of the orders of magnitude is conducted on the fluid description of the
plasma to obtain simplified governing equations based on the typical working parameters of the
MPCVD. Our theoretical derivation concludes that the spatial distribution of the neutral radical

is determined not only by the density gradient but also by the viscous interaction with the
neutral gas flow. For verification, the set of governing equations, encompassing Maxwell’s
equations, electron and neutral radical number density equations, and laminar Navier—Stokes
equations, is numerically solved. The simulation results reveal that the non-uniformity of the
spatial distribution of the neutral radical increases with the difference of the inlet velocity,
corroborating our theoretical analyses. This finding provides a novel regulatory approach for
producing high-quality large-size SCD and can possibly be extended to other CVD processes

for controlling product quality.

Keywords: diamond, microwave plasma chemical vapor deposition, neutral radical,

viscous effect, spatial distribution

1. Introduction

Single-crystal diamond (SCD) exhibits exceptional properties,
boasting unparalleled thermal conductivity, hole mobility, and
bandgap width when compared to single-crystal silicon, sil-
icon carbide, gallium nitride, and gallium arsenide (Neves and
Nazaré 2001). Consequently, it stands as a highly promising
candidate for the semiconductor industry, and is well recog-
nized as the ‘ultimate semiconductor’ material. However, the
efficient manufacture of high-quality large-size SCD remains a
formidable challenge. Presently, microwave plasma chemical

* Author to whom any correspondence should be addressed.

vapor deposition (MPCVD) (Kamo et al 1988) is emerging
as the mainstream and most promising technique for depos-
iting SCD compared with the high-temperature high-pressure
method (Bundy er al 1955, Gong et al 2024).

In MPCVD, the microwave is directed into a resonant
chamber, which contains H,—CH, gas mixture with a pressure
of about 10* Pa, possibly adding Ar, N,, O,, or other minor
components. The microwave is concentrated on the chamber
and accelerates free electrons, leading to the excitation of the
gas through collisions. This microwave-excited plasma is in
non-equilibrium, characterized by electron temperatures typ-
ically around 10*K (Narishige er al 2000, Hassouni et al 2010,
Derkaoui et al 2014), significantly exceeding the ion and gas
temperatures, which are typically around 103 K (Gicquel et al
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1994, Hassouni et al 1999a, 2010). Generally, the ionization
degree is low, at about 107° (Gicquel et al 1994, Derkaoui
et al 2014), and the electron number density is on the mag-
nitude of 10'” m~3 (Grotjohn ez al 2000, Narishige et al 2000,
Hassouni et al 2010, Derkaoui et al 2014). The excited carbon-
containing groups facilitate SCD growth, and the mechanism
for deposition can possibly be phenomenally described by the
Goodwin model (Goodwin 1993a, 1993b), in which the neut-
ral radicals, including CH3 and H, play a key role. To date,
the largest SCD deposited by MPCVD is only about 4 inches
(Schreck et al 2017). A deeper understanding of physics in
MPCVD is imperative for further advancement of SCD.
Most preceding studies of MPCVD devices have predom-
inantly relied on numerical simulations of plasmas using mac-
roscopical models, which overlook the influence of fluid flow.
The electric field stands as the foundational energy source
for the entire system, obtainable through numerically solv-
ing Maxwell’s equations, which is regarded as the determ-
ining factor in device optimization even in recent years (An
et al 2015, Vikharev et al 2018). Subsequent fields, encom-
passing density, temperature, and flow, are intricately linked
to the electromagnetic field (Hagelaar et al 2004). The gas
pressure in MPCVD is about 10* Pa, which is beyond the cap-
ability of the particle-in-cell/Monte-Carlo method, prompting
researchers to turn to the fluid description of plasma (Alves
et al 2018). The pioneering endeavor in simulating MPCVD,
in which the electromagnetic field and electron number density
are simultaneously calculated in a simplified form, dates back
about three decades to the work of Fiiner et al (1995, 1999).
The authors assumed that the local electron number density is
linearly related to the local electric magnitude. Even though
the coupled mechanism is overly simplified, they successfully
predicted the existence of a secondary plasma ball for 2D
axis-symmetric simulation in stationary conditions, which has
practical meaning for actual deposition. After this, the model
was further developed y introducing gradient-driven diffusion
(Pleuler et al 2002), which has been adopted by many follow-
ing researchers (Li et al 2011, 2020, Su et al 2014, An et al
2015, Wang et al 2019, Zhai et al 2024) because of its easy
implementation. However, this model is limited to providing
information solely on the electric and electron number dens-
ity fields. In further advancements, other researchers (Yamada
etal 2007, 2011, 2015) incorporated the Arrhenius law and the
Ohmic law into the original model and, in this way, the density
field for other ions, atoms, molecules, and active groups could
be obtained along with the temperature field. Constrained by
the detailed analysis ability of reactions and limited comput-
ing resources, they only consider limited types of reactions
and fit them by effective parameters to save the effort of solv-
ing any energy equations. Careful and thorough study of the
reactions for H,—CHy mixture in MPCVD was implemented
using the collisional-radiation model by Hassouni et al (1999a,
1999b, 2010) with a different numerical framework. They dis-
tinguished transitional, rotational, and vibrational modes of
polyatomic molecules, respectively, and solved three addi-
tional energy equations for pure H, in 2D axis-symmetric

simulations (Hassouni et al 1999a) and for H,—CH,4 mixture
in the 1D case (Hassouni et al 2010) without fluid flow. It
should be noted that they further developed their model to
discuss the buoyancy effect on the formation of a secondary
plasma ball in the 2D axis-symmetric case (Prasanna et al
2016, 2017), in which the reactor was assumed to have no
inlets or outlets. Other strategies have been developed in the
past decade, including simulating the plasma ball and neigh-
boring region rather than the whole chamber in the 2D case to
reduce the simulation cost (Mankelevich et al 2008, Ashfold
and Mankelevich 2022, 2023), and assuming the plasma ball
to be a uniform heat source in the 3D case using commercial
software to spare the effort of calculating chemical reactions
(Mesbahi et al 2013).

Physically speaking, electrons have high velocity and min-
imal mass, rendering them unaffected, while the ion and neut-
ral radical velocity is comparable with that of the neutral gas
and would be significantly influenced by the neutral gas flow.
This is intuitively straightforward, but the underlying mechan-
ism is currently not clear. Some recent experiments reveal that
the asymmetric gas inlet velocity (Wang et al 2020) and differ-
ent gas inlet arrangements (Teng et al 2023, Zhao et al 2023)
can cause 3D non-uniformity of the spatial distribution of ion
and neutral radicals and even accelerate the deposition rate in
MPCVD. These experimental observations provide a poten-
tial regulatory method for actual production and need to be
theoretically explained for better usage. To uncover the phys-
ical mechanism it is necessary to respectively describe ions
and neutral gas flow, and to properly propose their coupling
mechanism.

2. Physical and mathematical models

The Boltzmann equation is a kinetic and statistical descrip-
tion of the weakly-ionized plasma (Kremer 2010, Alves et al
2018), which provides a parallel approach for treating elec-
trons, ions, and molecules. Adopting the two-term approx-
imation method, the electron transport properties and rate
coefficients can be theoretically calculated (Hagelaar and
Pitchford 2005). It is also possible to obtain the transport coef-
ficients by the Chapman—Enskog method (Boulos et al 2023).
Despite these achievements, it is technically impossible to
solve the Boltzmann equation in 3D space, and therefore the
fluid description of plasma by finding the momentum for the
Boltzmann equation is adopted for studying the spatial dis-
tribution of plasma at high pressure. Physically speaking, the
Boltzmann equation is more fundamental and we resort to it to
uncover the unknown mechanism of flow influence on plasma
spatial distribution.

2.1 Fluid descriptions of plasma

The starting point is the Boltzmann equation, which is a com-
plex differential-integral equation that describes the evolution
of different particles. By integrating the Boltzmann equation in



J. Phys. D: Appl. Phys. 58 (2025) 165204

Z Tian et al

Table 1. Typical substances in the H>—CH4 mixture plasma used in MPCVD.

Particle Magnitude of Typical chemical

type number density substances Subscript Comment

Electron ~10"7 m~3 e e Experimental value range from
(Derkaoui ef al 2014, Narishige et al
2000, Grotjohn et al 2000). Affected by
microwave power and gas pressure.

Ion ~10"7 m™3 HY,H ,HS,HY, i Assumed to be the same as 7.

CHY

Neutral ~ 10 m~3 H, H n Value taken from (Hassouni ef al 1999b,

radical 2010) when electron energy is 1 eV and
total gas density is 10** m~>.

Gas mixture  ~ 10* m™3 H,, CH4 g Total gas density is 104 m’3, for the gas

pressure of 10* Pa.

velocity space (Bhatnagar et al 1954, Kremer 2010, Loureiro
and Amorim 2016, Alves et al 2018), the zeroth momentum
for the Boltzmann equation is the continuity equation and the
first momentum is the momentum equation:

Ong 0 (naltar)
oy Stk _ s, 1
ot Oxy, M
0 (nauak) auozk apk
maT + naMollaj—F— O, 87):, —enyEy
= —MaNoqUakVa, (2)

where the particle « € {e,i,n,g} for electron, ion, neutral rad-
ical, and gas mixture, respectively, m,, is the particle mass, n,
is the particle number density, u. is the particle mean velo-
city in direction &, S, is the source term, which includes the
generation and loss of the particle «, Ej is the electric field
magnitude, and v, is the collision frequency. pj is the pres-
sure tensor and can be expressed as pjx = pdi; + p i), in which
dy; is the Kronecker delta function and p;y is the off-diagonal
component of the pressure tensor, which demonstrates the vis-
cous effect. The Lorentz force is expressed as eEy, for electrons
and ions, where E, is the electric field magnitude, in which we
only consider ions with unit charge for simplicity. The typical
substances in the H,—~CH4 mixture plasma used in MPCVD
are demonstrated in table 1. The ionization degree is low, gen-
erally smaller than 10~ (Gicquel et al 1994, Derkaoui et al
2014), and the neutral radicals are denser than the electrons
and ions since there are additional thermal chemical reactions
for neutral radical production. Therefore, physically, the gas
mixture can be regarded as a background gas whose number
density remains constant, where the electrons, ions, and neut-
ral radicals are dilute.

For MPCVD, the electron, ion, neutral radical, and gas
mixture are in non-equilibrium, where the electron velocity
is much higher than that of the others. This indicates that
the viscous force exerted on the electron, which is the off-
diagonal part of the pressure tensor pjx, can be omitted, as prior
researchers did (Hassouni et al 2010, Prasanna ef al 2016). The

ion velocity is of a comparable magnitude to that of neutral
gas, but the ion is accompanied by a direct current component
to maintain the quasi-neutrality of the plasma. In microwave
discharge, this can be imposed by the ambipolar diffusion, and
the ion is mainly influenced by the electron. However, the neut-
ral radical is barely affected by the electric field since it has no
charge. Consequently, the viscous force is retained for neutral
radicals and omitted for electrons and ions in our study:

ko T gﬁe for electron
8pjk an,k :
DL Tla)q forion  (3)

8)6‘ 2
] O uy
ko Ty Bx + bn Ox;0x;°

for neutral radical

where T, T;, T, are the electron, ion, and neutral radical tem-
perature, and ky is the Boltzmann constant. Shortly speaking,
equation (3) is our key contribution and demonstrates that in
our present work, the electrons and ions are treated as inviscid
fluids, while the neutral radical is regarded as a viscid fluid.
The following part will show how this can lead to an influen-
cing effect.

In summary, the momentum equations for the electron, ion,
and neutral radical are

0 (neer) Oy one

Me o + nemeuejaixj + kaea—Xk
+ NeMeVelley + encEy = 0, “4)
ml% +nim1u,j% + ki T; g + mimiviuy + eni Ey =0,
(@)
0 (nnltnk) Ouy, on,
mn% + g MipUnj—— o, —|—ka T ™
2
+n s ax]ax] + Ry Vyling = 0. (6)

The gas mixture is hardly influenced by other dilute sub-
stances because of the very low ionization degree, and can
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Figure 1. The 3D geometry of the MPCVD chamber in the present study and corresponding mesh. (a) 3D geometry. The quartz glass

separates the upper and lower side, which can be transmitted by microwave
grids in 3D form. (d) A sectional drawing of the mesh.

therefore be fully described by the steady-state incompress-
ible Navier—Stokes equations:

3ugk 8ugk
P a— 7
ot Oxi 0 ™
Dug Ouge _ Op Pug ®)

Pegr TP g T T Moo

(b)
The constants are k, = 1.38 x 1072JK™", m. = 0.91 x
1073%g, and e = 1.60 x 10~ '°C. We briefly summarize the
assumptions we are currently adopting and will use in the fol-
lowing parts:

c
(a) The temperature distribution is assumed to be spatially ©
constant. This is because the gas mixture inlet velocity that
we consider is small, and can hardly influence the temper-
ature distribution. Therefore, the temperature distribution

and cannot pass gas. (b) The simulated domains. (c) Structured

should always be axis-symmetric for our considered axis-
symmetric chamber in figure 1, which barely has a chance
to cause any asymmetric result. Based on this, we assume
the temperature to be spatially constant, to save us time
solving the temperature equation. Moreover, this assump-
tion can guarantee us to adopt the incompressible Navier—
Stokes equations for the gas mixture, which can also save
the computational cost;

We focus on microwave discharge operating at a high
gas pressure, at a magnitude of 0.1 atmospheric pressure.
Volumetric generation and recombination are dominant
mechanisms. Hence, we assume that the generation is pro-
portional to the electric field energy and that the recombin-
ation is related to the number density.

We do not consider specific chemical reactions in our
present work due to their time-consuming calculation. We
assume that the mixture is composed of electrons, ions,
neutral radicals, and original neutral gas, but cannot tell
each component apart.
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This set of equations is too complex to directly solve.
Fortunately, they can be simplified by considering the different
magnitudes of each term. In the next subsection, we conduct
an analysis of the order of magnitude on each term of
equations (1), (4)—(6) to simplify them.

2.2. Analysis of order of magnitude

The analysis of the order of magnitude is a powerful tool for
simplifying complex governing equations based on a physical
understanding of the specific process, which is generally adop-
ted for analyzing the Navier—Stokes equations in fluid mech-
anics. In the present work, the fluid description of the plasma
and its equation set, including equations (1), (4)—(6), is too
complex to be fully solved numerically. Therefore, the ana-
lysis of the order of magnitude is conducted to simplify them.
First, we nondimensionalize equations (4)—(6) by choosing

- Ne —  Uek =~ T. . x . t
Ne = ,Mek—77Te—7,Xj:*,t:*
) Ueo Teo L fo
-~ n — ux ~ Ti ~ E
n=—up=—,Ti=—E=— 9
nio Uio Tio X0
~ Nn — Unk —~— T,
ny = yUnk = 7an - ’
n0 n0 TnO

where parameters with the tilde above are nondimensional-
ized. Parameters with the subscript O are the characteristic
quantities, whose magnitudes are estimated as the maximum
values of the corresponding parameters by the general condi-
tions in MPCVD and listed in table 2.

The nondimensionalized form of equation (4) by dividing
TeoMeVeoUeo 15

Uy ~ ~ Olley
— Nellgj a

1 O (neuer)

. ko Teo 7 one
tove Ot

e A~
MeVeolteoL ~ OX;

Ve()L

. eEyn .~
+ neller + 7neEk =0.
MelteoVen

(10)

The magnitudes of each term are O( IOL)N
O(M)

O(1), O()~0(107), O(h)~0(107),
O( ke o) ~ O(1), respectively, by taking the magnitudes
in table 2. Based on these orders of magnitude, equation (10)
can be separated as

and

O1): %+neuek+nea 0, (11)
O |~ O
O (e) .neueja—Nj Te@Tﬁ =0, (12)

where €. < 1 is a small amount that is estimated to be
1073. The dimensional form of equation (11) is m, St d("e”e* ) 4
NeMeVelley + ene.Ery =0, which is the local momentum
equation for electrons and has the same form as in Hassouni
et al (1999b, 2010). In the steady state, without the time
dependence, equation (11) means that the microwave energy
is transferred to electrons by high-frequency collisions, which

are characterized by the collision frequency v, and are a very
fast process. Equation (12) describes the diffusion process,
driven by the density gradient, and this is a much slower
process.

Similarly, for convenient comparison of orders of mag-
nitude with equation (10), nondimensionalizing equation (5)
by dividing neomeVeoUeo Obtains

koTio = On
mil/iui()L 18567(

uio ~ ~ Oy

1 O(mitty) | wio o - Ol
LY Ox;

tol; ot

RioMiVioltio (
NeoMeVeolUeO

+nittik + 13)

eEkO ~
I’liEk) = O,
milioVi

where O(ﬁ)wo(l), 0(%)NO(1079L O(
O(1), O(ta) ~

nigm; ;L2 O( ) and O By )

Mmiltip Vi

ko Tio )N
miviuioL

~ O(10%), respect-
ively. The term ng"O n,Ek in equation (13) corresponds to
the electric force exerted upon the ion, and its magnitude is
much larger than others. This induces discharge separation,
but the electron balances it to maintain the quasi-neutrality
of the plasma, which will be properly modeled as ambi-
polar diffusion inthe following parts. The other term is the
convective term, %rﬁ@%, which is so small that it can
be omitted since the ion velocity is very low. Therefore,
these two terms are disregarded from equation (13). Since

O ) ~ O(107%) ~ O(e,), we can acquire
0 (niu ~ Onj
O(ee) (81; lk) 8,\],1 +n1u1k - O (14)

For the steady state, equation (14) means the driving force

for ions is the density gradient 7; g)'(' , which is balanced by the
collision term 7;uj.
Following the same process, nondimensionalizing

equation (6) by dividing negm.Veotteo Obtains

NypoMin VnoUno 1 5’(’1~nb7n/k) Uno ~~a’//‘;17<

—_— T i

NeoMeVeoUe0 Toln ot nL aj
Molpltnol ~ OXp  nuomgpl? (9x]8 ;

(15)
where O(:-) ~ O(1), O(24) ~ O(107%), O(5eler) ~
o(1), and O(nOmVLZ)NO(l)’ respectively.  Since

(%)Nouo ) O(e.), we acquire
O (Mg ~8nn Py,
() =7 TThog T ogor k=0 (16)

For the steady state, equation (16) means the driving force

for the neutral radical is the density gradient T, g’?i‘ which is

8 Unk

balanced by the collision term 7,1y and viscous term Teoe-
2




J. Phys. D: Appl. Phys. 58 (2025) 165204

Z Tian et al

Table 2. Estimation of the magnitudes of characteristic quantities.

Parameter ~ Unit Characteristic Magnitude Comment

T. K Teo ~10* Electron temperature measured in experiment,
magnitude in 1 eV (Narishige et al 2000, Yamada et al
2007).

Ue ms! Ue ~ 103 Estimated as kpTe0/2 = meugo/Z.

e m~3 neo ~ 10" Experimental value range from (Grotjohn et al 2000,
Narishige et al 2000, Derkaoui er al 2014). Affected by
microwave power and gas pressure.

Ve s7! / ~ 100 Theoretical calculated value from (Hassouni ef al
2010) when electron energy is 1 eV and total gas
density is 10** m 3.

Ey V-m™' E ~10° Numerical value by solving the Maxwell’s equations
from (Wang et al 2020) and our own result in figure 4.

T; K Tio ~10° Experimental and numerical value from (Gicquel et al
1994, 1996, Hassouni et al 1999a, 2010)

U; ms! Ui ~ 107! Estimated by the inlet rate ~100 SCCM through a
pipeline with diameter of 3 mm

ni m—3 nio ~ 10" Assumed to be the same as 7.

Vi s7! / ~ 10" Assumed to be the same as veo.

Tn K Two ~10° Assumed to be the same as Tjg.

Un ms™! Uno ~ 107! Estimated by the inlet rate ~100 SCCM through a
pipeline with diameter of 3 mm

n m~? Mo ~ 10% Value taken from (Hassouni ef al 1999b, 2010) when
electron energy is 1 eV and total gas density is
10% m~3.

Vn g1 / ~ 108 Estimated by n;0,vy, where n; is total gas number
density 10%4 m’3, o, is total collision cross-section
10" m?, and vy, is thermal velocity of gas 10° ms™".

Un Pa-s 1no ~ 1073 Theoretical calculated value from (Boulos ef al 2023).

t S to ~ 10710 Estimated as the reciprocal of v¢g.

X m L ~1072 Dimension of the resonant chamber.

Returning to the dimensional form, for the steady state,
equations (12), (14), and (16) are on the same order of mag-
nitude and their expressions are

Oug one
o G kT =0, ()
87[1
ko Ti=— + nimiviuy =0, (18)
8xk
on P
kanaixz + Mnﬁanx] + nnmnugunk = O (19)

The steady-state continuity equations for the electron, ion
and neutral radical are listed as

Olnees) _,. 20)
8xk

8 (niuik) _

o =S 1)

Q) _ g, (22)
axk

where S, S;, S, are the source terms for the electron, ion, and
neutral radical, and they can generally assumed to be related

to the electron number density, respectively. We take S, as an
example. It is a balance between two parts: the generation term
G. and the loss term L. by collision processes (Lieberman and
Lichtenberg 1994). G, stands for a physical process such that
an electron collides with a neutral molecule or a charged ion to
produce a secondary electron. It is subsequently proportional
to the electron number density and electron energy, where the
electron energy is gained from the electric field and should be
proportional to the electric magnitude squared. Therefore, the
generation term is expressed as G, = R;E’n., where R; is gen-
erally called the ionization coefficient. On the other hand, the
loss term means an electron collides with a charged ion and
forms a new neutral molecule or a new charged ion, which is
called a recombination process. That is to say that L. is pro-
portional to the electron number density times the ion num-
ber density, and can be expressed as L. = R,,nen; ang,
where R,, is the recombination coefficient and n. = n; for
charge balance. That means S, = G, — L. = RiE*n. — R,n>.
Similarly, the source term for ions is S; = G; — L; = RiE*n. —
ang. It is reasonable to assume that the neutral radical gen-
eration and loss are proportional to S.. For simplicity, we
assume S, = S, = R;E’n; — R,,n? for the proportionality factor
being one.
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2.3. Simplified governing equations

Combining equations (17) and (20), the governing equation for
the electron number density can be given in a common Poisson
equation form as

3 (D ane) — RiEzne o ern‘%’ (23)

O\ O

ko Te
e, Oley

Upp % Ox;

where D, = is defined as the diffusion coefficient

of the electron. Similarly, we can combine equation (18)
with (21) and obtain

0 on;
(Di ") = RiE?ne — Ry,

— 24
axk axk ( )

where D; = % is the diffusion coefficient of the ion.

Considering the ambipolar diffusion to keep the quasi-
neutrality of the plasma, the ambipolar diffusion coeffi-
cient D, = D; (1 + %) is adopted to substitute D.,D; in
equations (23) and (24):

0 on,

—(-D,=—= | = RiE?*n. — R,1* 25
8xk( 8)61() & Tle ( )
6 8711 2 2
—(-D = RE*n. — R, 1. 2
Oxy ( “8xk> & e (26)

In this way, the ion distribution is the same as the elec-
tron, which guarantees the quasi-neutrality of the plasma and
spares the effort of solving the Poisson equation. Combining
equations (19) and (22), we acquire

0 ony 0Pty 2 2
— | —Dp— — =RE‘n. — R,n 27
8)(?]( ( n axk Tn 8)(7]' (3xj i e vrite s ( )
where D,, = ,ﬁ:ﬁ, is the diffusion coefficient of the neutral rad-
ical. v, = m”; has a unit of m—!, which means the number

of collisions f)er meter, and depicts the intensity of the vis-
cous dissipation in space. It is worth mentioning that the above
diffusion coefficient should be effective because of the nature
of the multi-component mixture. We note that the expressions
for D, and D, contain the corresponding collision frequencies,
which are mostly determined by the collision with the gas mix-
ture since the gas mixture has the largest number density, as
shown in table 1. Therefore, the above diffusion coefficients
are chosen based on the number density of the gas mixture.

The corresponding boundary conditions for equations (25),
27), (7), and (8) are

”le‘wa]] =0, (28)
nn'wall =0, 29)
Mg|wall =0, (30)
g ;1o = Uin; (31)

p‘outlet = Pg, (32)

where u;, is the inlet velocity of the neutral gas, and P, is the
chamber pressure, where equation (32) means the outlet flow
is fully developed. The velocity of the neutral radical u, is
regarded as the same as the gas mixture velocity u, because the
neutral radical has no charge and is not influenced by the elec-
tric field. The boundary conditions, equations (28) and (29),
are chosen because the MPCVD equipment is linked with the
ground and all the electrons are directed away to the ground
very quickly. In addition to these equations, the electric field
is obtained by numerically solving Maxwell’s equations.

In the present work, we do not consider the heterogen-
eous surface reactions occurring in the diamond surfaces. This
means that the solid boundary in the diamond is spatially con-
stant. In actual physical processes, especially in the case of
diamond deposition, competitive growth of graphite and dia-
mond occurs at the surface, and etching processes including H
atoms are necessary to suppress the graphite phase and allow
the diamond phase to grow during the deposition process.

3. Results and discussion

3.1 Solvers and geometry

To properly solve the above equations, we adopt COMSOL
6.1, a widely accepted finite element method (FEM) solver for
multi-physics problems. The Maxwell equations are combined
and expressed in frequency form:

2

V[t (9 E)] o+ v e B
o (33)

where w is the microwave frequency, ., is the relative mag-
netic permeability of plasma, e, is the relative electric per-

mittivity of plasma, and j is the imagination unit. E is the
time-independent electric field magnitude. Here, the plasma
is equivalent to a dielectric, whose electric conductivity is
related to the electron number density, and is expressed as

% (Hagelaar et al 2004). The boundary con-
dition for equation (33) is the perfect electric conductor. The
microwave energy is imported by the S-parameter calcula-
tion numerically. The governing equations for the electron
and neutral radical number density, equations (25) and (27),
are implemented by the coefficient form PDE interface in the
mathematics module. The governing equations for the neutral
gas flow, equations (7) and (8), are solved by the laminar flow
module.

The geometry that we simulate is shown in figure 1, which
is an efficient and compact CVD system in actual produc-
tion. The microwave is imported from the downside. Passing
in order a waveguide, BJ26, an antenna, and a quartz glass,
the microwave is directed into the gas chamber, where the gas
mixture, mainly H,/CHy, enters from the upside through four
gas inlets. The diamond seed crystal is placed onto a molyb-
denum plate. The molybdenum plate is cylindrical with a dia-
meter of 80 mm and a height of 8 mm. Previous research

Oem,p =
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(2)

“Main inlet

(b)

Figure 2. (a) Gas inlet apparatus with grids for inlet velocity determination. One single main inlet bifurcates into four inlets after an
annulus, and therefore the four inlet velocities differentiate from each other. (b) Velocity vector plot to demonstrate the velocity distribution.

Table 3. Inlet velocity results for the following case setup.

Case 1 Case?2 Case3 Case4

Main inlet (m s~ 1) 0.11  0.18 027 0.36
Inlet 1 (ms™!) 006 0.12 019 025
Inlets2and 3 (ms~!) 001 002 003 0.05
Inlet4 (ms™") 0.003 0.01 001 0.02

(Cuenca et al 2022) has demonstrated that this molybdenum
plate has little effect on the resonant frequency of the whole
chamber. In our study, the Poisson-type equation and the
Navier—Stokes equations are solved in a coupled manner,
which generally require high-quality mesh for numerical con-
vergence and are out of the capability of unstructured grids.
Therefore, the structured grids are chosen for the present study
and obtained in high quality using ICEM software, as shown in
figures 1(c) and (d). A high-performance computer is adopted
for simulation due to its large computation cost, with 64 cores
in 2.0 GHz and 512 GB total memory. The typical simulation
time is several hours for a single case in our present work.

3.2. Validation

First, the wvalidation of the flow simulation and grid-
independence test are presented. There are four neutral gas
inlets in our simulation domain, which are noted as inlets 1,
2, 3, 4 as figure 2 shows, and which have different velocity.
In the actual experiment, the gases H, and CHy are pre-mixed
and then injected through a single pipeline, which is the main
inlet shown in figure 2(a) and has a diameter of 3 mm. After the
main inlet, the gas is directed into a circulation loop and sub-
sequently enters the gas chamber through the four inlets, which
are inlets 1, 2, 3, 4 with diameter 3 mm and use the same nota-
tion as in figure 1. This apparatus is simulated to obtain the dif-
ferent velocities for the four inlets, where the boundary condi-
tions are set such that the main inlet is the velocity inlet and the
inlets 1, 2, 3, 4 are pressure outlets. We consider four cases, in
which the main inlet velocity is set as 0.11 m s71,0.18 ms™ 1,
027 m s~!, and 0.36 m s ! respectively, and the four inlet
velocity results are shown in table 3. The results demonstrate

that the velocities of the four separate inlets have large differ-
ences due to the annulus inlet design, and these results are used
for the subsequent simulation of flow in the chamber.

The flow field results obtained by FEM for the four different
cases, defined in table 3, are compared with ANSYS Fluent,
a finite volume method (FVM) solver, which is generally
believed to be the most accurate for fluid flow simulation and
adopted as the benchmark for our FEM flow simulation. For
FEM and FVM, a grid-independence test is conducted. The
same structured mesh shown in figure 1 is used and we change
the number of the grids to 320 744, 444 400, 577 016, and
738 528, respectively. The simulation results show that there
is no change in the flow fieldsafter the mesh number is larger
than 577 016 for both FEM and FVM. As a result, all sub-
sequent simulations adopt the grid number as 577 016. The
comparison of velocity contours between FVM and FEM is
demonstrated in figure 3. The velocity contours are plotted in
the same colormap range and the FVM and FEM results for
the corresponding cases depict almost the same velocity field.
For a detailed comparison, the velocity magnitudes are plotted
on a monitoring line, which is 3 mm above the molybdenum
plate and is symmetric about the central axis of the apparatus
with 60 mm in length, as shown in figure 3. We demonstrate
that the FEM results for low velocity in cases 1 and 2 are
consistent with the FVM results and deviate with the increase
in inlet velocity, while they can still capture the flow profile
with reasonable tolerance for cases 3 and 4. Typically, FVM
has higher accuracy. These comparisons show that FEM can
accurately obtain the flow field for low inlet velocity, but it
is not suitable for simulating higher velocity. For higher velo-
city, the quality of the mesh needs further improvement and the
mesh number should increase, which may even require local
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Figure 3. The flow fields for four different cases: (a) FVM results; (b) FEM results. (¢) Comparison of magnitude of velocity between FVM
and FEM for a monitoring line. The line is symmetric about the central axis of the apparatus, which is 3 mm above the molybdenum plate

and 60 mm in length.

mesh refinement and will be beyond the computational cap-
ability after coupling other fields with the flow field. Due to
this, for our present study, we do not calculate higher velo-
city except for the current four cases and adopt FEM for sub-
sequent simulation since the FEM solver can handle multi-

physics simulation.

After validation of the velocity calculation, multi-physics
simulations are conducted. Solving equations (33), (25), (27),
(7), and (8) together, the contours for electric field mag-
nitude and electron number density, both in 3D multi-slice
and 2D slice, are depicted in figure 4, and the corresponding

parameter values are given in table 4. The electric field is



J. Phys. D: Appl. Phys. 58 (2025) 165204

Z Tian et al

Vim
x10*

A
A

(a) Electric field amplitude

(b) Electron number density

1m’
x10"7
1

0.9
0.8
@
0.6
0.5

0.4
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Figure 4. Simulation results. (a) The electric field amplitude in 3D multi-slice and 2D slice. (b) The electron number density. (c)
Time-averaged Poynting vector (in arrow) + electron number density (in contours of multi-slice), with plasma (left) and without plasma

(right).

concentrated above the molybdenum plate in the gas chamber
and excites the plasma ball. The key value is the maximum
of the electron number density, which can be quantitatively
compared with experimental measurements. The different

experimental results, which are obtained by optical emis-
sion spectroscopy (OES) (Derkaoui et al 2014), millimeter-
wave open resonator (Grotjohn et al 2000), and Thomson
scattering measurement (Narishige et al 2000), consistently
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Table 4. Values of parameters used in numerical simulation.

Parameter Value References

w 2.45 GHz \

Mem 0 \

€em 1 \

D, 0.2 m%s ™! Estimated value based on
theoretical value from BOLSIG+
(Hagelaar and Pitchford 2005)

Ry: 1x 107 m—3s~! Estimated value based on
experimental measurement in
(Glosik et al 2003)

R; 2x 107 m3s~! Experimental measurement in
(Derkaoui et al 2014)

Piy 5800 W Experimental setup in (Wang et al
2020) for the same geometry

Py 13000 Pa Experimental setup in (Wang ef al

2020) for the same geometry

demonstrate that the maximum of the electron number dens-
ity is on the magnitude of 10'” m~>. Our simulation result
in figure 4(b) presents the maximum electron number dens-
ity to be 10'7 m~3, which agrees with experimental measure-
ments. It is worth mentioning that the corresponding value of
the ionization coefficient, R;, is also consistent with experi-
mental observations (Derkaoui ef al 2014). To further illustrate
the effect of the plasma on the electric field, the time-averaged
Poynting vector, which represents the electromagnetic energy
flow, is plotted with and without plasma in figure 4(c). With
plasma, the energy flows into the plasma in a highly orderly
manner, while the energy flow has no single flow direction
without the plasma.

3.83. Viscous effect

Finally, the neutral radical number density results are presen-
ted in figure 5. The parameters for neutral radical number
density simulation are calibrated as D, =0. 17 m?>s~! and
7 =5 x 10" m~!. The contours of the neutral radical num-
ber density for the four cases in figure 5(a) clearly demonstrate
non-uniformity with the increase in inlet velocity. For better
illustration, the ratios between the electron and neutral radical
number density on a monitoring line, which is 3 mm above the
molybdenum plate with 40 mm in length and symmetric about
the central axis of the apparatus, are plotted in figure 5(b). The
results show that the maximum ratio rises from 1.5 for case
1 to about 3.6 for case 4. This proves that the non-uniformity
of the neutral radical number density strengthens with the inlet
velocity. The deposition rate mainly relies on the excited neut-
ral radical and this non-uniformity therefore has a significant
influence on the deposited crystal. For qualitative comparison,
we plot the experiment results from the literature (Wang et al
2020) in figure 5(c). In the literature, they measure the intens-
ity ratio between the atomic hydrogen line H, at 656.5 nm
and the C2 swan at 516.5 nm based on the OES measurement,
and also the average growth rate of diamond. Generally, the

intensity of H,, is proportional to the electron density, and C2
is one of the most common neutral radicals in the plasma. In
the simulation, the geometry and input parameters are the same
as the ones in the experiment. Figure 5(c) demonstrates the
same trend as in our simulations. Therefore, this consistency
qualitatively validates our simulation results and theoretical
analysis. Nonetheless, we do not plot our simulation results
and the experimental results in the same figure because they
only match with each other qualitatively. One possible reason
for this may be that other neutral radicals except C2, like CHy,
can exist in the plasma phase. For quantitative comparison, we
need to consider the complete plasma reactions and surface
reactions in our future work.

Our findings provide a novel insight into how neutral rad-
ical spatial distribution is influenced by the neutral gas flow,
and into the regulation of MPCVD and possibly other CVD
methods. On the one hand, this phenomenon should be prohib-
ited since it causes a non-uniform deposition rate and increases
the risk of breakage. On the other hand, it also implies an
approach for controlling the distributions of neutral radicals
in the plasma and thus a novel mechanism for improving
the size and quality of deposited diamonds. Previous studies
have illustrated experimentally that the flow rate affects the
deposition rate (Ralchenko et al 1999) and product proper-
ties (Woehrl and Buck 2011, Liu et al 2016, Fauzi et al 2018,
Emelyanov et al 2022) without changing the gas inlet design.
Moreover, recent experimental observations (Wang et al 2020,
Teng et al 2023, Zhao et al 2023) have demonstrated that
the deposition rate is accelerated by only designing the gas
inlet. The gas outlet design can also affect the n-type-doped
efficiency of diamond using MPCVD (Ohtani et al 2014).
These experiments are inspiring but lack a physical explana-
tion. Qualitatively, our simulation results adopt the same geo-
metry as in Wang et al (2020) and exhibit the same trend
compared with experimental measurements in the same study.
Our present work offers a mechanistic interpretation of such
phenomena.
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Figure 5. Simulation results and comparison with experimental measurement result from literature (Wang et a/ 2020). In the simulation, the
geometry and input parameters are the same as those in the experiment. (a) Simulation results: contours of neutral radical number density;
(b) Simulation results: the ratio between electron and neutral radical number density on the monitoring line, which is 3 mm above the
molybdenum plate with 40 mm in length and symmetric about the central axis of the apparatus; (c) Experimental results (Wang et al 2020)
in double-Y axis plot: the black line is the intensity ratio between the atomic hydrogen line H, at 656.5 nm and the C2 swan at 516.5 nm
based on OES measurement, and the red line is the average growth rate of diamond measured in actual production (Wang et al 2020).
Generally, the intensity of H,, is proportional to the electron density and C2 is one of the common neutral radicals in the plasma.

4. Conclusion

In this work, we demonstrate that the spatial distribution of the
neutral radical can be strongly affected by its viscous interac-
tion with the neutral gas flow, and how an asymmetric inlet
design can lead to non-uniformity of the neutral radical dis-
tribution. This mechanism is uncovered by deeply exploring
the Boltzmann equation. By finding the momentum of the
Boltzmann equation, the physical meaning of each term is
clearly illustrated, by which the viscous term of the neutral
radical is retained because the electron velocity is much higher
than that of the neutral radical. After carefully analyzing the
order of magnitude of different terms, simplified governing
equations for the electron and neutral radical number dens-
ity are obtained. It is worth noting that our derived electron
number density equation has the same form as previous stud-
ies. Subsequently, solving the governing equations, includ-
ing the Maxwell equations, the electron and neutral radical

number density equations, and the laminar Navier Stokes
equations, validates our theoretical analysis, and this numer-
ical tool provides a means for new apparatus design. Our simu-
lation results are qualitatively consistent with the experimental
results from the literature, and our findings indicate that the gas
inlet design of the MPCVD equipment is an important factor to
consider, which was generally overlooked in previous designs
of MPCVD. Our present work is the first attempt, as far as
we know, to simulate the MPCVD process in the 3D case,
to demonstrate the importance of the flow field. To achieve
the goal of 3D simulation, we introduce some assumptions
and simplifications to make the computational cost afford-
able. Nonetheless, our result uncovers the mechanism of the
flow field influence on the MPCVD and is instructive qualitat-
ively because we point out that the flow field can be properly
designed to optimize the MPCVD. Furthermore, this mech-
anism could probably be extended to explain the phenomena
related to gas flow in other CVD methods quantitatively.
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