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 A B S T R A C T

Microwave Plasma Chemical Vapor Deposition (MPCVD) has emerged as a prominent technique for advanced 
material synthesis, particularly diamond growth, characterized by inherently complex multiphysical phenom-
ena. At moderate gas pressures (on the magnitude of 0.1 atmospheric pressure), flow effects play a substantial 
role in MPCVD reactors. However, most previous studies choose to neglect these flow characteristics due to 
huge computational challenges in multiphysical modeling. Empirical evidence has demonstrated that strategic 
modifications to fluid inlet configurations may enhance diamond deposition rates by an order of magnitude, 
yet the underlying mechanisms remain inadequately understood. This study implements a comprehensive 
multiphysical modeling framework incorporating coupled electromagnetic field, plasma field, flow field, and 
temperature field. Special attention is given to plasma characterization as a multi-component system requiring 
rigorous treatment through Maxwell–Stefan diffusion theory. However, previous theoretical analysis reveals 
a critical limitation in conventional Maxwell–Stefan implementations, which is the inherent assumption of 
inviscid flow. This contradicts the viscous nature of MPCVD operational environments, as evidenced by our 
simulation results, demonstrating the necessity of viscous diffusion integration in heavy species transport to 
achieve experimental consistency. The inclusion of viscous diffusion mechanisms reveals enhanced hydrogen 
atom concentration near substrate apertures through inlet-induced flow modifications. This concentration 
enhancement directly correlates with improved deposition rates as per the Goodwin–Harris model. Our findings 
establish that viscous diffusion constitutes a previously overlooked yet critical transport mechanism in MPCVD 
reactors, complementing conventional mass diffusion and convective transport. This revelation provides new 
fundamental insights into diamond deposition mechanisms and proposes a novel process optimization paradigm 
through transport manipulation.
1. Introduction

Microwave Plasma Chemical Vapor Deposition (MPCVD) has es-
tablished itself as a preeminent technique for synthesizing advanced 
functional materials, particularly diamond and graphene. Diamond 
emerges as the most strategically significant material in this context due 
to its exceptional combination of bulk properties: supreme mechanical 
hardness, wide bandgap width, exceptional charge carrier mobility, and 
unmatched thermal conductivity. These extraordinary attributes collec-
tively position diamond as the ‘‘ultimate semiconductor’’ material, with 
our study specifically focusing on its synthesis via MPCVD technology.

The seminal achievement of diamond synthesis using MPCVD dates 
back to the 1980s [1]. Over subsequent decades, MPCVD has evolved 
into the dominant methodology for producing large-scale, high-purity 
diamond, surpassing conventional High Pressure High Temperature 
(HPHT) approaches in both quality and scalability. Contemporary 
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MPCVD systems exhibit diverse reactor configurations when classified 
according to chamber geometry, including cylindrical [2], quartz bell-
jar [3], ellipsoidal [2], butterfly [4], and multi-slot designs [5,6]. 
Parallel advancements in process optimization have been achieved 
through innovations in growth parameter control [7,8]. Nevertheless, 
a persistent challenge remains — current MPCVD technology yields di-
amond wafers with maximum diameters constrained to approximately 
10 cm, significantly below the dimensional requirements for practical 
semiconductor device fabrication. This critical limitation underscores 
the need for fundamental advances in plasma physics understand-
ing and multiphysical process optimization to enable next-generation 
diamond synthesis breakthroughs.

The scientific framework for understanding MPCVD centers on two 
fundamental challenges: (i) identifying critical species governing dia-
mond growth and (ii) elucidating dominant transport mechanisms for 
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these species. While the precursor gas mixture (typically H2 and CH4) 
appears chemically simple, plasma dissociation generates a complex 
array of reactive intermediates through electron-impact and thermal 
reactions, often numbering in the hundreds. This chemical complex-
ity necessitates rigorous discrimination of kinetically relevant species. 
Hydrogen atoms were first established as pivotal growth mediators 
through parallel discoveries by U.S. and Soviet researchers [9–13]. 
The Goodwin–Harris model [14,15] formalized this understanding by 
reducing diamond deposition to five dominant surface reactions, ex-
pressing growth rates as an explicit function of hydrogen atom con-
centration. Experimental validation across diverse conditions [16] has 
solidified consensus on hydrogen’s mechanistic primacy. While hy-
drogen’s role as a growth precursor is undisputed, the interplay of 
competing transport mechanisms remains inadequately resolved. This 
ambiguity hinders predictive control over deposition uniformity at 
industrial scales.

MPCVD reactor constitutes a quintessential multiphysics system 
involving electromagnetic fields, plasma dynamics, thermal transport, 
and fluid mechanics coupled. Species transports within this environ-
ment is governed by synergistic interactions between these physical do-
mains. A critical scientific challenge arises from the inherent invisibility 
of species-specific transport phenomena and the practical impossibility 
of direct experimental observation. Recent advances in multiphysical 
simulations have partially mitigated this limitation, enabling detailed 
visualization of species distributions [2,16–24]. Of particular signifi-
cance is the substantial influence of flow dynamics on plasma behavior 
under the characteristic pressure regime of MPCVD (∼ 104 Pa). Emerg-
ing computational studies [25–27] have begun elucidating this interac-
tion through conventional Advection–Diffusion–Reaction (ADR) formu-
lations for heavy species transport. However, experimental anomalies 
reported by Zhao et al. [28,29] challenge this paradigm: introducing 
a secondary substrate-centered gas inlet (10 SCCM CH4) while main-
taining primary H2 flow (500 SCCM) through the upper chamber en-
hances deposition rates by an order of magnitude. The Goodwin–Harris 
model attributes this enhancement to elevated hydrogen atom density 
near the substrate surface, implying modified transport physics. This 
phenomenon defies ADR-based predictions, as the minimal CH4 flow 
through the auxiliary inlet cannot account for observed plasma mod-
ifications under conventional transport assumptions. The discrepancy 
reveals fundamental limitations in current theoretical frameworks, sug-
gesting the existence of unaccounted transport mechanisms governing 
plasma-phase species redistribution.

To address this discrepancy, a rigorous re-examination of the
Advection–Diffusion–Reaction (ADR) framework is essential. From a 
fundamental perspective, the H2-CH4 plasma constitutes a multi-
component gas mixture whose diffusion dynamics are theoretically 
governed by the Maxwell–Stefan model. This framework, which con-
stitutes a generalized formulation extending the Fick’s law, derives 
rigorously from three distinct theoretical foundations: hydrodynamic 
principles [30], kinetic gas theory [31], and nonequilibrium thermo-
dynamics [32]. However, as critically noted by Lam [33], the standard 
Maxwell–Stefan derivation inherently assumes inviscid flow conditions 
— a simplification incompatible with viscous transport phenomena 
prevalent in MPCVD environments. For viscous flow regimes, the 
model requires augmentation through an additional term accounting 
for viscous momentum transfer during inter-species interactions [33]. 
In this study, we implement a modified Maxwell–Stefan formulation 
incorporating viscous diffusion effects within a fully-coupled multi-
physical modeling framework. This advancement enables resolution 
of previously intractable experimental anomalies, particularly those 
involving localized flow perturbations with disproportionate impacts 
on deposition kinetics.
2 
Fig. 1. Multiphysics simulation framework.

2. Method and equations

The multiphysical modeling framework adopted in this work is 
demonstrated as Fig.  1. Electromagnetic field, plasma field, tempera-
ture field, and flow field are fully coupled, among which some physical 
parameters are transferred self-consistently. In the following part, how 
these four fields are simulated and the definitions of the transferred 
parameters are introduced in sequence.

2.1. Electromagnetic field

First of all, in MPCVD, the microwave provides energy input for 
the whole system. To obtain the electromagnetic field, the Maxwell’s 
equations need to be solved: 
⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

∇ × 𝐻⃗ = 𝜎𝑒𝑚𝐸⃗ +
𝜕
(

𝜀𝑒𝑚𝐸⃗
)

𝜕𝑡 ,

∇ × 𝐸⃗ = −
𝜕
(

𝜇𝑒𝑚𝐻⃗
)

𝜕𝑡 ,

∇ ⋅
(

𝜀𝑒𝑚𝐸⃗
)

= −𝑒
∑

𝛼 𝑍𝛼𝑛𝛼 ,

∇ ⋅
(

𝜇𝑒𝑚𝐻⃗
)

= 0,

(1)

where 𝐸⃗ is electric field vector, 𝐻⃗ is magnetic field vector, 𝜀𝑒𝑚 is the 
permittivity, 𝜇𝑒𝑚 is the permeability, 𝜎𝑒𝑚 is the electrical conductivity, 
𝑒 is the charge of an electron, and ∑𝛼 𝑍𝛼𝑛𝛼 represents the sum of the 
charges of all cations, anions, and electrons. This equation set can be 
re-arranged into frequency domain form, or Helmholtz equation, as: 
∇ ×

(

𝜇−1
𝑟

(

∇ × ̃⃗𝐸
))

+
(

𝑗𝑤𝜎plasma −𝑤2𝜀𝑟
) ̃⃗𝐸 = 0, (2)

where ̃⃗𝐸 is the amplitude of electric field, 𝑗 is the imaginary unit, 𝜀𝑟
is the relative permittivity, 𝜇𝑟 is the relative permeability and 𝑤 is the 
microwave frequency, 𝑤 = 2.45 GHz in the present work. 𝜎plasma is the 
conductivity of the plasma, whose expression is [34]: 

𝜎plasma =
𝑒2𝑛𝑒

𝑚𝑒
(

𝜈𝑒 + 𝑗𝑤
) , (3)

where 𝑛𝑒 is the number density of electron, 𝑚𝑒 is the electron mass, 
and 𝜈𝑒 is the effective collision frequency of electron. The boundary 
condition for Eq.  (2) is ideal conductor wall, 𝑛𝑏× ̃⃗𝐸 = 0, where 𝑛𝑏 is the 
normal vector for the wall.

The input microwave energy can heat the plasma through the 
Ohmic heating: 

𝑄plasma =
1
2
Re

[

𝜎plasma𝐸⃗ ⋅ 𝐸⃗∗
]

=
𝑒2𝑛𝑒𝜈𝑒

|

|

|

𝐸⃗|

|

|

2

2𝑚𝑒
(

𝜈2𝑒 +𝑤2
) , (4)

where the symbol Re means taking the real part, and 𝐸⃗∗ is the conju-
gate vector of the electric field. Eq. (4) acts as the source term in the 
following heat transfer equation for the plasma temperature.
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Furthermore, to maintain the quasi-neutrality of the plasma, the 
Poisson’s equation is involved: 

−∇ ⋅ 𝜀𝑒𝑚∇𝑉 = 𝑒

(

∑

𝑘
𝑍𝑘𝑛𝑘 − 𝑛𝑒

)

, (5)

where 𝑉  is the electric potential. The boundary condition for this 
Poisson’s equation is 𝑉 = 0, which means that the walls are treated 
as ground.

2.2. Plasma field

After this, the plasma field needs to be simulated. The calculation 
of the plasma field includes two main parts: the electron transport and 
the heavy species transport.

2.2.1. Electron transport
For the electron transport, the drift–diffusion equations [35] should 

be adopted: 
⎧
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⎪

⎪
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)

,

(6)

where 𝛤e is the electron flux vector, 𝑅e is electron rate expression, 𝜇e
is the electron mobility, 𝐷⃗e is the electron diffusivity, 𝑛𝜖 is the electron 
energy density, 𝛤𝜖 is the electron energy density flux vector, 𝑆en is the 
energy loss/gain due to inelastic collisions, 𝑄 is an external heat source, 
𝑄gen is a generalized heat source, 𝜇𝜖 is the electron energy mobility, 
and 𝐷⃗𝜖 is the electron energy diffusivity. 𝑢𝑔 is the mass averaged fluid 
velocity vector which is calculated as 𝑢𝑔 =

∑

𝑘 𝜌𝑘𝑢𝑘
∑

𝑘 𝜌𝑘
. The electron rate 

expression and inelastic energy loss/gain are calculated as: 

𝑅𝑒 =
𝑀
∑

1
𝑥𝑗𝑘𝑗𝑁𝑛𝑛𝑒, (7)

𝑆𝑒𝑛 =
𝑃
∑

1
𝑥𝑗𝑘𝑗𝑁𝑛𝑛𝑒𝛥𝜀𝑗 , (8)

where 𝑥𝑗 is the mole fraction of the target species for reaction 𝑗, 𝑘𝑗
is the rate coefficient for reaction 𝑗, 𝑁𝑛 is the total neutral number 
density, 𝑀 is the total number of the electron impact reactions, 𝛥𝜀𝑗
is the energy loss from reaction 𝑗, and 𝑃  is the total number of the 
inelastic reactions. The rate coefficient is calculated as: 

𝑘𝑗 =

√

2𝑒
𝑚𝑒 ∫

∞

0
𝜀𝜎𝑗 (𝜀) 𝑓 (𝜀) d𝜀, (9)

where 𝜀 is the electron energy, 𝜎𝑗 (𝜀) is the collision cross section 
for reaction 𝑗, and 𝑓 (𝜀) is the Electron Energy Distribution Function 
(EEDF). The generalized EEDF is: 
𝑓 (𝜀) = 𝑔𝜑−3∕2𝛽1 exp

(

−
(

𝜀𝛽2∕𝜑
)𝑔) , (10)

where 𝛽1 = 𝛤 (5∕ (2 𝑔))3∕2 𝛤 (3∕ (2 𝑔))−5∕2, 𝛽2 = 𝛤 (5∕ (2 𝑔))𝛤 (3∕
(2 𝑔))−1, 𝛤  is the Gamma function, and 𝑔 is a constant, 1 ⩽ 𝑔 ⩽ 2. 
When 𝑔 = 1, Eq.  (10) stands for the Maxwellian EEDF. Therefore, the 
electron temperature 𝑇𝑒 and the mean electron energy 𝜀̄ is obtained 
as: 𝑇𝑒 = 2𝜀̄∕3, 𝜀̄ = 𝑛𝜀∕𝑛𝑒. The boundary conditions for Eqs. (6) are 
𝑛𝑏 ⋅ 𝛤e = 1

2𝑣e,th𝑛e, 𝑛𝑏 ⋅ 𝛤𝜖 = 5
6𝑣e,th𝑛𝜖 , where 𝑣e,th is the electron thermal 

velocity, whose expression is 𝑣e,th =
√

8𝑘𝑏𝑇e
𝜋𝑚e

.
The above electron transport equations requires data input, that 

is the electron impact cross section. In the present work, we only 
consider hydrogen molecules, due to the fact that in the gas mixture of 
MPCVD, the volume ratio of the hydrogen molecules is over 90% and 
hydrogen molecules are capable of representing the overall behavior of 
3 
Table 1
Electron impact reactions.
 Reaction Formula Type  
 R1 e + H => e + H Elastic  
 R2 e + H => e + H∗ Excitation  
 R3 e + H => e + Hn2 Excitation  
 R4 e + H => e + Hn3 Excitation  
 R5 e + H => 2e + H+ Ionization  
 R6 e + H2 => e + H2 Elastic  
 R7 e + H2 => e + H2(v = 1) Vibrational excitation  
 R8 e + H2 => e + H2(v = 2) Vibrational excitation  
 R9 e + H2 => e + H2(v = 3) Vibrational excitation  
 R10 e + H2 => e + H + Hn2 Dissociative excitation 
 R11 e + H2 => e + H + Hn3 Dissociative excitation 
 R12 e + H2 => e + H + H Dissociation  
 R13 e + H2 => 2e + H+

2 Ionization  
 R14 e + H2 => 2e + H + H+ Ionization  
 R15 e + H+

3 => 3H Recombination  
 R16 e + H+

3 => H2 + Hn2 Recombination  
 R17 e + H+

2 => H + Hn2 Recombination  
 R18 e + H+

2 => H + Hn3 Recombination  

Fig. 2. Electron impact reactions cross section.

Table 2
Arrhenius form reaction.
 Reaction Formula Reaction rate (m3 s−1 mol−1) 
 R19 e + H+ => Hn2 1.81 × 104(𝑇plasma∕1[K])−0.5  
 R20 e + H+ => Hn3 1.81 × 104(𝑇plasma∕1[K])−0.5  
 R21 H2 + Hn2 => e + H+

3 6.02 × 106(𝑇plasma∕1[K])0.5  
 R22 H2 + Hn3 => e + H+

3 6.02 × 106(𝑇plasma∕1[K])0.5  
 R23 H2 + H+ => H + H+

3 1.26 × 109  
 R24 H2 + H2 => 2H + H2 2.23 × 108 ⋅ 𝑒−48 300[K]∕𝑇plasma  
 R25 2H + H2 => H2 + H2 3.02 × 108(300[K]∕𝑇plasma)  
 R26 H2 + H => 3H 2.23 × 108 ⋅ 𝑒−48 300[K]∕𝑇plasma  
 R27 3H => H2 + H 3.02 × 108(300[K]∕𝑇plasma)  

the plasma [16,20]. Because methane and related carbon chemistry are 
not included, the model neglects methane depletion and the subsequent 
formation of higher hydrocarbons. For hydrogen plasma, 8 kinds of 
species, including e, H2, H, Hn2 (the excited state of hydrogen atom 
corresponding to the level n = 2), Hn3 (the excited state of hydrogen 
atom corresponding to the level n = 3), H+, H+

2 , H+
3  and 27 reactions are 

included, as listed in Tables  1 and 2. The electron impact reactions cross 
sections are plotted out in Fig.  2. This reaction set is consistent with 
previous studies [16,20] and the data for these reactions are from [36–
41]. Additionally, the EEDF is assumed to be Maxwellian EEDF and 
the Local Energy Approximation is adopted. Electron temperature is 
obtained from the electron energy equation.
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Table 3
Surface reactions.
 Reaction Formula Reaction sticking coefficient 
 S1 H => 0.5H2 0.02  
 S2 Hn2 => H 1  
 S3 Hn3 => H 1  
 S4 H+ => H 1  
 S5 H+

2 => H2 1  
 S6 H+

3 => H + H2 1  

2.2.2. Heavy species transport
The heavy species (except for the electron e) transport is the most 

concerned in this work. Traditionally, the Advection–Diffusion–Reaction
(ADR) equation is adopted in previous numerical work [4,19,25–27], 
whose form is: 
𝜕𝑛𝑘
𝜕𝑡

+ ∇ ⋅
(

𝑛𝑘𝑢𝑔
)

+ ∇ ⋅
(

−𝐷𝑘,𝑚∇𝑛𝑘
)

= 𝑅𝑘, (11)

where 𝑛𝑘 is the number density of species 𝑘, 𝐷𝑘,𝑚 is the mixture 
averaged diffusion coefficient of species 𝑘, and 𝑅𝑘 is the rate expression 
for species 𝑘. Eq. (11) is derived by combining the mass conservation 
law and the Maxwell–Stefan model, which constitutes a generalized for-
mulation extending the Fick’s law. Here, we demonstrate the derivation 
process because it is directly related to the novelty of the present work. 
The mass conservation is expressed as: 
𝜕𝑛𝑘
𝜕𝑡

+ ∇ ⋅
(

𝑛𝑘𝑢𝑘
)

= 𝑅𝑘, (12)

where 𝑢𝑘 is the velocity of species 𝑘. 𝑢𝑘 can be decomposed as 𝑢𝑘 =
𝑢𝑔 + 𝑢𝑑 , where 𝑢𝑑 is the diffusion velocity of species 𝑘. This diffusion 
velocity can be assumed to be linearly related to its concentration 
gradient, which is specifically the Maxwell–Stefan model: 
𝑢𝑑 = −𝐷𝑘,𝑚∇𝑛𝑘. (13)

Substituting Eq. (13) and ⃗𝑢𝑘 = 𝑢𝑔+𝑢𝑑 into Eq. (12), the traditional ADR 
Eq. (11) can be derived.

One important thing to be discussed is the assumptions of the 
Maxwell–Stefan model. Actually, the Maxwell–Stefan model for multi-
component diffusion can be theoretically deduced from macroscopic 
hydrodynamic equations [30], kinetic gas theory [31], or thermody-
namics [32] independently. These derivations have pointed out that 
the dynamics of the gas mixture had been assumed to be inviscid. If 
this inviscid assumption is to be relaxed, an additional term needs to 
be added to the classical law [33]: 
𝑢𝑑 = −𝐷𝑘∇𝑛𝑘 − 𝛾𝑘∇2𝑢𝑔 , (14)

where 𝛾𝑘 = 𝜇𝑘
𝑚𝑘𝜈𝑘

 stands for the number of collisions per meter. 𝜇𝑘, 𝑚𝑘, 
and 𝜈𝑘 are the dynamic viscosity, mass, and effective collision rate of 
species 𝑘. Eq. (14) accounts for the viscous diffusion in the viscous 
flow. While Fickian diffusion arises from molecular thermal motion, 
the viscous diffusion term represents the entrainment of radicals by 
externally imposed pressure/velocity gradients, including inlet and 
outlet effects; it is applied to all heavy species, and ion-slip is negligible 
under present conditions. Quantitative comparison between these two 
terms, mass diffusion and viscous diffusion, can be performed as: 


(

𝛾𝑘∇2𝑢𝑔
)


(

𝐷𝑘,𝑚∇𝑛𝑘
) ∼

𝜇𝑘
𝑚𝑘𝜈𝑘

𝑈
𝐿2

𝐷𝑘,𝑚
𝑁
𝐿

∼
𝜇𝑘

𝜌𝑘𝐷𝑘,𝑚

1∕𝜈𝑘
𝐿∕𝑈

= Sc
Da

, (15)

where Sc and Da are the dimensionless numbers, Schmidt number 
and Damköhler number respectively, which govern the key transport 
mechanisms in MPCVD reactors, defined respectively as: Sc = 𝜇𝑘

𝜌𝑘𝐷𝑘,𝑚

and Da = 𝐿∕𝑈
1∕𝜈𝑘

. Sc stands for the ratio of viscous diffusion rate and mass 
diffusion rate. Da represents the ratio between the flow timescale and 
the reaction timescale. Considering hydrogen atoms in MPCVD systems 
as a representative case, characteristic values of these parameters reveal 
4 
critical insights. Da typically exceeds unity across most reactor do-
mains, though reduced values emerge near inlet/outlet regions due to 
(i) enhanced characteristic velocities and (ii) suppressed reaction rates 
under these boundary flow conditions. For multi-component diffusion, 
Sc would also much larger than 1, due to hydrogen’s exceptionally 
low mass density combined with comparable magnitudes of 𝜇𝑘 and 
𝐷𝑘,𝑚 — a consequence of their shared 

√

𝑇  temperature dependence. 
This scaling analysis demonstrates that viscous diffusion effects attain 
comparable significance to mass diffusion in the MPCVD environments, 
necessitating their inclusion in transport models. Our numerical simu-
lations confirm elevated Sc / Da ratios (>1) near flow boundaries, as 
shown in subsequent sections. To address these physics, we implement 
a modified formulation (14) describing viscous-mass coupled diffusion, 
which when integrated into the continuity Eq. (12) yields: 
𝜕𝑛𝑘
𝜕𝑡

+ ∇ ⋅
(

𝑛𝑘𝑢𝑔
)

+ ∇ ⋅
(

−𝐷𝑘,𝑚∇𝑛𝑘 − 𝛾𝑘∇2𝑢𝑔
)

= 𝑅𝑘. (16)

Eq.  (16) incorporates the viscous diffusion into the traditional ADR 
equation. In the following simulation, H2, H, Hn2, Hn3, H+, H+

2 , and 
H+
3  are solved with Eq. (16), and the Poisson’s equation is solved 

to maintain overall charge neutrality. A set of surface reactions in 
Table  3 are implemented as the boundary conditions for describing the 
loss/gain of these heavy species on the walls.

2.3. Flow field

In MPCVD reactors, the temperature can be as high as 3000 K and 
there also exists lots of reactions, which cause density variation. There-
fore, although the flow velocity is much smaller than sonic velocity, 
the compressible Navier–Stokes equations are adopted to capture the 
density fluctuation [42]: 
𝜕𝜌𝑔
𝜕𝑡

+ ∇ ⋅
(

𝜌𝑔𝑢𝑔
)

= 0, (17)

𝜌𝑔
𝜕𝑢𝑔
𝜕𝑡

+ 𝜌𝑔𝑢𝑔 ⋅∇𝑢𝑔 = −∇𝑝+∇ ⋅
(

𝜇
(

∇𝑢𝑔 +
(

∇𝑢𝑔
)𝑇

)

− 2
3
𝜇
(

∇ ⋅ 𝑢𝑔
)

𝐼
)

+𝐹 ,

(18)

where 𝜌𝑔 , 𝜇, and 𝑢𝑔 are the mass density, dynamic viscosity, and 
velocity of the gas mixture, 𝐹  is the external force which is 0 in this 
work which means the gravity force is not included. Non-slip boundary 
conditions are applied for Eqs. (17) and (18).

2.4. Temperature field

The heat transfer equation is solved [42]: 

𝜌𝑔𝐶𝑝
𝜕𝑇plasma

𝜕𝑡
+ 𝜌𝑔𝐶𝑝𝑢𝑔 ⋅ ∇𝑇plasma = 𝜅 ⋅ ∇𝑇plasma +𝑄plasma, (19)

where 𝐶𝑝 is the specific heat capacity at constant pressure, 𝑇plasma is 
the plasma temperature, 𝜅 is the thermal conductivity, and 𝑄plasma is 
calculated from Eq.  (4). The boundary conditions for Eq.  (19) are: the 
substrate temperature is kept at 1200 K and all other walls are assigned 
by convective heat transfer condition with heat transfer coefficient of 
200 W∕(m2 K) and external temperature as 300 K. That is because: (i) 
1200 K is a typical diamond growth temperature [16,20]; (ii) all other 
walls are cooled by circulating water.

All the equations and boundary conditions are implemented in the 
COMSOL Multiphysics, a commercial computational platform based on 
the Finite Element method. The simulation domain is 2D axisymmetric 
structure. It takes approximately 30 min to complete one case com-
putation by using a computer with i7-12700F CPU and 32 GB RAM. 
Transient simulations are advanced from 0 s to 100 s; the upper limit 
is sufficient for the solution to reach steady state. Adequate mesh 
refinement in the plasma region is applied to guarantee convergence.
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Fig. 3. Benchmark geometry and simulation results for hydrogen only in 
500 W and 25000 Pa: (a) geometry, similar as in [16,20]; (b) electric field; 
(c) electron number density; (d) electron temperature; (e) plasma temperature. 
This simulation does not include the flow field.

3. Code verification and benchmarks

To validate our computational framework, we reproduce seminal 
contributions in MPCVD modeling by Hassouni et al. [20] and Hassouni 
et al. [16], selected for their widespread adoption in the field and 
availability of experimental validation data. A geometrically equivalent 
reactor configuration, as Fig.  3(a) shows, was implemented, with simu-
lations performed at 500 W power and 25,000 Pa pressure. The radius 
of the substrate area is 25 mm. First of all, the mesh independence 
is implemented and the results are demonstrated in Appendix  B. As 
shown in Fig.  3(b)–(e), the spatial distributions of plasma properties 
exhibit qualitative consistency with reference results [16,20] in both 
morphology and relative intensity.

For quantitative validation, Fig.  4 compares key metrics across four 
operational conditions: 600 W, 2500 Pa; 1000 W 5200 Pa; 1500 W, 
8400 Pa; 2000 W, 11000 Pa, respectively. Our simulated maximum 
plasma temperatures and hydrogen atomic mole fractions (solid mark-
ers) fall within the range bounded by prior computational results and 
experimental measurements from [20]. The small discrepancy most 
likely arises from two sources: (i) the reaction set employed here is 
both a simplification of the real chemistry and differs slightly from that 
used by Hassouni et al. [20]; (ii) the actual reactor is three-dimensional, 
whereas our model is axisymmetric, so three-dimensional effects in-
evitably introduce additional deviations. This multi-fidelity agreement 
confirms our framework’s capability to capture the essential physics in 
MPCVD. Notably, these validation cases intentionally exclude flow field 
effects to isolate plasma-specific behavior, consistent with the baseline 
assumptions of the referenced studies. Subsequent sections introduce 
viscous flow coupling to address unresolved transport anomalies.

4. Results and discussion

Following rigorous code validation, we investigate flow-plasma cou-
pling effects through parametric studies of inlet velocity and geometric 
configurations.

4.1. Influence of high velocity

The interplay between elevated flow velocities and plasma dynamics 
has been theoretically predicted [14] and computationally demon-
strated [25–27]. To systematically characterize this relationship, five 
flow regimes were simulated with inlet mass flow rates spanning 
5 
Fig. 4. Quantitative comparisons with results in [20]. The working conditions 
for the four cases are: 600 W, 2500 Pa; 1000 W 5200 Pa; 1500 W, 8400 Pa; 
2000 W, 11000 Pa. These simulation do not include the flow field.

400–10000 SCCM, as Fig.  5 demonstrates. Velocity streamlines, hy-
drogen atom number density, and plasma temperature distributions 
were analyzed using the conventional Advection–Diffusion–Reaction 
formulation (Eq. (11)) to maintain methodological consistency with 
prior studies [25–27]. Key observations include: (i) flow transition: 
vortex formation initiates at 2000 SCCM, becoming pronounced above 
4500 SCCM ; (ii) plasma suppression: increased advection reduces 
hydrogen atom density and lowers peak plasma temperatures across 
the parameter space; (iii) threshold behavior: significant velocity effects 
emerge only above 2000 SCCM. These results align with Goodwin’s 
theory [14], where enhanced flow rates accelerate species removal 
from the deposition zone. However, under standard MPCVD operating 
conditions (<1000 SCCM), velocity magnitudes remain insufficient to 
perturb plasma distributions. This explains why conventional ADR 
models suffice for typical flow regimes while failing under auxiliary 
inlet configurations that induce localized high-velocity anomalies.

4.2. Influence of inlet design

Except for high velocity effect, some experimental measurements 
have demonstrated that by only changing the inlet design, the deposi-
tion process can be strongly affected. This experimental phenomenon 
cannot be explained by the high velocity influence since the inlet flow 
rate is kept at about 500 SCCM in the experiment, far away from 
2000 SCCM as has been discussed in Fig.  5. To uncover the underlying 
mechanism, Eq.  (16) is incorporated into the simulation. The following 
part will present the main simulation results.

Fig.  6 presents our cylindrical reactor geometry, replicating the 
experimental configuration of Zhao et al. [29] for direct comparability. 
The substrate radius is 50 mm. The simulation results, including the 
electric field, the electron number density, the electron temperature, 
and the plasma temperature, vividly prove that this MPCVD apparatus 
works well. Then, four different inlets are designed, as shown in Fig. 
6. In these four cases, the flow inlet 1 and the outlet are kept as the 
same. Besides, the flow inlet 1 is above the platform and its flow rate 
is kept at 500 SCCM, which is also the same as the experiment in the 
paper [29]. An additional inlet, gas inlet 2, is added in the center of 
the platform and this is also similar as the experimental design in the 
paper [29]. The flow rates of gas inlet 2, Qs, are designed as 0, 10, 
20, and 30 SCCM respectively. Fig.  6 demonstrates the flow field in 
contour and the flow streamline by using the radial velocity and the 
axial velocity in arrow. With the increase of Qs, the velocity near the 
platform surface increases.
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Fig. 5. Influence of high velocity. Five cases with different inlet flow rates are simulated: 400, 2000, 4500, 7000, 10000 SCCM, respectively. The flow velocity, 
number density of hydrogen atom, and plasma temperature are plotted with velocity streamline.
Fig. 6. Simulation geometry and flow designs: (a) basic geometry; (b) simulation results for hydrogen in 500 W and 5000 Pa without flow field, (b1)–(b4) are 
electric field, electron number density, electron temperature, and plasma temperature, respectively; (c) flow designs: the rate of gas inlet 1 in the upper side is 
kept at 500 SCCM and only the rate of the gas inlet 2 in the center of the platform is changed. Four different cases are designed, in which Qs is 0, 10, 20, 30 
SCCM. The velocity magnitude is presented in contour and the velocity streamline, which is plotted by using the radial and axial velocity, is demonstrated in 
arrows.
Fig.  7 demonstrates the spatial distribution of hydrogen atom with-
out and with viscous diffusion for the designed four cases. In Fig.  7, 
the contour is the number density of hydrogen atom and the arrow is 
the velocity streamline, which is plotted by using the radial and axial 
velocity. The upper row in Fig.  7 is the results without viscous effect, 
by Eq.  (11), which presents that there is no difference for the four cases. 
That means the traditional ADR equation is not capable of grasping 
experimental measurements in the paper [29]. On the contrary, if the 
viscous diffusion is taken into consideration, by adopting Eq. (16), the 
simulation results (the lower panels in Fig.  7) show that the number 
density of the hydrogen atom near the platform hole increases with the 
flow rate Qs. In the referenced experiments [29] methane and nitrogen 
are supplied through the susceptor, whereas hydrogen is introduced 
on the top. During the tens of hours required for diamond growth, 
6 
the reactor is continuously purged, so the background methane and ni-
trogen concentrations become spatially uniform before any significant 
deposition occurs. Under these conditions any local rise in hydrocarbon 
precursors is governed by transport and not by fresh gas injection. 
Fig.  7 supports this view: removing viscous diffusion eliminates the 
radial peak in H-atom density. Because the same transport mechanism 
(viscous diffusion + convection) governs all neutral species, the absence 
of a small amount of methane and nitrogen injected from the substrate 
center does not invalidate the conclusion that viscous diffusion is 
responsible for the observed radial enhancement of the growth rate.

To quantitatively illustrate the simulation results, two monitoring 
lines are chosen: a horizontal one on the surface and a vertical one 
in the symmetrical axis, as shown in Fig.  8. For the vertical line, the 
axial position 0 means the platform surface. It shows that when Qs 
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Fig. 7. Spatial distributions of hydrogen atom without and with viscous effect for the four different cases. The number density of hydrogen atom is presented in 
contour and the velocity streamline, by plotting the radial and axial velocity, is in arrows.
Fig. 8. Number density of hydrogen atom on two monitoring lines: a horizontal one on the surface and a vertical one in the symmetrical axis.
is 0 SCCM, which equals that there is no platform hole, the number 
density of hydrogen atom is non-monotonic with one local peak. After 
the introduction of the platform hole, the other three cases present two 
local peaks, with an additional one near the surface. For the horizontal 
monitoring line, it shows that the hydrogen atom increases with the 
flow rate of the platform hole. According to the Goodwin–Harris model, 
the focusing of hydrogen atom near the substrate surface directly 
contribute to the increase of the deposition rate. In other words, these 
7 
simulation results proves that the increases of the deposition rate in the 
experiments [29] should be caused by the viscous momentum transfer.

4.3. Mechanistic analysis

The physical origin of observed deposition enhancements is quan-
tified through dimensionless analysis in Fig.  9. As derived in formula 
(15), the relative significance of viscous versus mass diffusion is gov-
erned by the ratio Sc/Da, where Sc = 𝜇𝑘  is the Schmidt number 
𝜌𝑘𝐷𝑘,𝑚
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Fig. 9. Spatial distributions of Sc/Da, Eq. (15), and streamline by using (−𝛾𝑘∇2𝑢𝑟,−𝛾𝑘∇2𝑢𝑧
)

, where 𝑢𝑟 is the radial velocity and 𝑢𝑧 is the axial velocity. Such 
streamlines vividly demonstrate the entrainment effect of the fluid inlet after introducing the viscous momentum transfer for heavy species transport, Eq. (16).
and Da = 𝐿∕𝑈
1∕𝜈𝑘

 is the Damköhler number respectively. Sc stands for 
the ratio of viscous diffusion rate and mass diffusion rate, which is 
explicitly calculated during the simulation, shown in Appendix. Da
represents the ratio of the flow timescale and the reaction timescale. 
The effective collision rate, 𝜈𝑘 can be estimated as 𝜈𝑘 = 𝑘𝑏𝑇

𝑚𝐷𝑘,𝑚
 from 

kinetic theory. Spatial mapping of Sc/Da (Fig.  9) reveals distinct trans-
port regimes: (i) boundary zones (inlet/outlet regions): Sc/Da > 1 
(viscous diffusion dominant); (ii) bulk plasma region: Sc∕Da ≪ 1 (mass 
diffusion dominant). This bifurcation is visualized through viscous 
momentum streamlines (−𝛾𝑘∇2𝑢𝑟,−𝛾𝑘∇2𝑢𝑧

) in Fig.  9. Without auxiliary 
flow (Qs = 0), streamline dispersion indicates weak viscous coupling. 
Introduction of the substrate inlet (Qs > 0) induces focusing near the 
surface. The mechanistic sequence emerges: auxiliary flow perturbs 
velocity gradients near substrates; enhanced viscous stresses amplify 
momentum coupled diffusion; modified transport redistributes hydro-
gen radicals to surface-proximal regions; deposition kinetics accelerate 
per Goodwin–Harris dependencies. This framework reconciles the ex-
perimental paradox — minor flow additions achieve disproportionate 
effects by the viscous diffusion transport physics rather than the bulk 
flow advection.

5. Conclusions

This work conducts multiphysical simulations in a MPCVD reactor, 
in which the electromagnetic field, plasma field, flow field, and temper-
ature field are simultaneously calculated. Given the hydrogen dominant 
mass fraction (>90%) in diamond deposition process in MPCVD re-
actors, we employ a hydrogen-dominated plasma approximation to 
balance computational efficiency with physical fidelity — a validated 
approach in the prior studies. The critical theoretical advancement 
lies in reforming heavy species transport modeling. Theoretical deriva-
tions of the Maxwell–Stefan diffusion model for multi-component gas 
mixture, based on hydrodynamic equations, kinetic gas theory, or 
thermodynamics, have been proved to assume the gas mixture to be 
inviscid and the species should be dilute. However, for MPCVD, the 
gas pressure is on the magnitude of 0.1 atmospheric pressure and thus 
the flow of the hydrogen molecule should be viscous. Moreover, the 
dissociation of the hydrogen molecule increases with the microwave 
power and reaches almost 10% for general MPCVD working conditions, 
which means that the species is not dilute anymore. Therefore, in 
the present work, the viscous diffusion is introduced to describe the 
heavy species behavior, besides mass diffusion and convection. By 
doing this, the local concentration focusing caused by the fluid inlet 
8 
is observed in the simulation and the numerical results we obtained 
are not contradictory with the preceding experimental findings, al-
though we acknowledge that our model may underestimate the inlet 
effect by omitting hydrocarbon chemistry. The validated framework 
explains the order-of-magnitude deposition improvements reported ex-
perimentally, attributing them to viscous momentum transfer rather 
than pure advective effects. Quantitative validation remains challeng-
ing for two reasons: sparse experimental data and the absence of 
methane chemistry in our current model. All in all, this mechanistic 
insight establishes flow geometry optimization as a new MPCVD control 
dimension, complementing traditional power/pressure adjustments.
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Appendix A. Physical parameters calculation

In the appendix, the calculation of the physical parameters in the 
multiphysics simulation is presented.

The mixture averaged diffusion coefficient of species 𝑘, 𝐷𝑘,𝑚 is: 

𝐷𝑘,𝑚 =
1 −𝑤𝑘

∑𝑄
1 𝑥𝑗∕𝐷𝑘𝑗

, (A.1)

where 𝑤𝑘 is the mass fraction of species 𝑘, 𝑥𝑘 is the mole fraction of 
species 𝑘, and 𝐷  is the binary diffusion coefficient between species 
𝑘𝑗
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Fig. B.10. Mesh independence test results. 5 different meshes are generated 
with mesh number as 3946, 6557, 7419, 13421, and 23435. A point, which 
is 10 mm above the center of the platform, is monitored. Different variables, 
including the electron number density 𝑛𝑒 and electric field amplitude 𝐸 are 
recorded and presented by dimensionless variables, which are calculated by 
dividing the value with the one of the finest mesh, 23435.

𝑘 and 𝑗. The binary diffusion coefficients, 𝐷𝑘𝑗 , are computed based on 
kinetic gas theory [43,44], as: 

𝐷𝑘𝑗 = 0.0266

√

𝑇 3
(

𝑀𝑘 +𝑀𝑗
)

∕
(

2000𝑀𝑘𝑀𝑗
)

𝑝𝜎2𝑘𝑗𝛺𝐷
, (A.2)

where 𝑀𝑘 is the molecular weight of species 𝑘, 𝑇  is the gas tem-
perature, 𝑝 is the gas pressure, 𝜎 is the characteristic length of the 
Lennard-Jones potential and 𝛺𝐷 is the collision integral for diffu-
sion coefficient. 𝛺𝐷 is very complex and can be approximated in the 
following form at moderate pressure:
𝛺𝐷 = 𝐴

(

𝑇 ∗)−𝐵 + 𝐶
[

exp
(

−𝐷𝑇 ∗)] + 𝐸
[

exp
(

−𝐹𝑇 ∗)]

+𝐺
[

exp
(

−𝐻𝑇 ∗)] +
0.19𝛿2𝑘𝑗
𝑇 ∗ , (A.3)

where 𝑇 ∗ = 𝑘𝑏
𝑇

√𝜀𝑘𝜀𝑗
, 𝜎2𝑘𝑗 =

( 𝜎𝑘+𝜎𝑗
2

)2
, 𝛿 = 1

2
𝜍2

𝜀𝜎3
, 𝜍 is the species dipole 

moment.
The dynamic viscosity can be calculated by kinetic theory [43,44] 

as: 

𝜇𝑖 = 2.67 ⋅ 10−6
√

1000𝑇𝑀𝑖

𝜎2𝑖 𝛺𝑣
, (A.4)

where 𝛺𝑣 is the collision integral for dynamic viscosity, which is 
estimated as: 

𝛺𝑣 = 𝐴
(

𝑇 ∗)−𝐵 + 𝐶
[

exp
(

−𝐷𝑇 ∗)] + 𝐸
[

exp
(

−𝐹𝑇 ∗)] + 0.20𝛿2
𝑇 ∗ . (A.5)

Appendix B. Mesh independence test

A mesh-independence study for Fig.  3 is summarized in Fig.  B.10. 
The dimensionless difference between successive refinements monoton-
ically decreases, converging to unity with minor oscillations. Conse-
quently, the grid with 7 419 elements is selected for all results reported 
in Fig.  3.

Data availability

The data that has been used is confidential.
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