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Abstract: This work reports both numerical and experimental studies of the reconditioning of a
microwave plasma jet chemical vapor deposition (MPJCVD) system for the growth of diamond
film. A three-dimensional plasma fluid model is constructed for investigating and conditioning the
MPJCVD system and optimizing its operating conditions. The methodology solves electromagnetic
wave and plasma dynamics self-consistently using an adaptive finite element method as implemented
in COMSOL Multiphysics. The whole system has been modeled under varying parameters, including
the reactor geometry, microwave power, and working gas pressure. Using an operating condition
identical to the optimized simulation results, the MPJCVD system successfully fabricates a diamond-
thin film on a graphite substrate. The SEM image reveals the presence of a diamond film uniformly
distributed with particles of a size of ~1 um. The field emission from the diamond film grown from
our homemade MPJCVD system on the graphite substrate presents extraordinary properties, i.e.,
extremely high current density and relatively low turn-on voltage. The turn-on electric field observed
could be as low as ~4 V/um. This developed model provides valuable physical insights into the
MPJCVD system, which guided performance improvements. The work may find applications in
surface hardening and provide a better cold cathode for field electron emission.

Keywords: MPJCVD; diamond film fabrication; plasma; field emission

1. Introduction

In the past decades, carbon nanostructures such as carbon nanotubes and diamond
films have attracted a lot of attention due to their extraordinary mechanical, thermal, and
electric properties [1-7]. Diamond films can be characterized by their remarkable field
emission properties, wide energy gap, low heat conductivity, great optical penetration,
high hardness, and chemical inertness. In addition, it comes with high biocompatibility,
which can be used in medical applications. In recent years, micro- and nano-scale diamond
films have been used in different industrial, engineering, and medical applications due
to their distinctive physical and chemical properties [4-7]. However, numerous limita-
tions still exist in practical applications. Various factors such as film growth rate, surface
roughness, area uniformity, adhesion, stress, operating pressure, and temperature must
be further investigated to fully explore the potential of diamond films. There are several
ways to fabricate a diamond film, including microwave plasma enhanced chemical vapor
deposition (MPECVD), hot filament chemical vapor deposition, and microwave plasma
jet chemical vapor deposition (MPJCVD) [8-30]. Compared to vacuum-based plasma
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processing, microwave plasma processing at atmospheric pressure does have some good
advantages. First, the equipment cost is comparatively low, and it eliminates the limitations
associated with vacuum compatibility. Second, the low-temperature and high-pressure
plasma processes greatly enhance the formation of active chemical species, for example,
through high chemical selectivity and low ion densities. In addition, the damage to the film
surface is also relatively low, while the adhesion between material interfaces is extremely
good. For these reasons, it is very attractive to employ microwave plasma to fabricate
diamond films. For the past few decades, diamond film coating has been widely used
in industries in cutting tools as surface protective films due to its excellent mechanical
properties. The traditional vacuum cathodic arc deposition method had low deposition
rates of several tens of nm min~!. Using an MPJCVD and applying a high substrate bias
voltage, the deposition rate was increased to several thousand nm min~! [27]. Hence,
MPJCVD has been proven to substantially enhance the deposition rate of diamond films.
Furthermore, by applying a multistage magnetic field during deposition to the MPJCVD, a
uniform thickness polycrystalline diamond film with a large diameter of up to 4 to 7 inches
could be produced [28], demonstrating that the improvement of the deposition temperature
and thickness uniformity of an MPJCVD for large-scale diamond film can be achieved
with some tailored designs or modifications. Here, the MPJCVD fabrication method was
chosen to fabricate the diamond films on a variety of substrates as it might serve as a better
surface treatment.

Plasma is a group of charged gas molecules in which the total numbers of positive
charges (mostly positive ions) and negative charges (mostly electrons) are approximately
equal. Thus, plasma in general is considered electrically neutral. In addition to the two
charged particles, there are often a number of excited neutral gas molecules. Therefore, a
normal plasma reactor contains neutral gas molecules, ions, electrons, and maneuverable
neutral gas molecules. There are different ways to generate plasma, such as by applying
a strong electric field to the gas or bombarding it with an electron beam or laser, which
can excite the gas into a plasma state [8]. Plasma technology has become prominent
in the technological advances of various industries. In semiconductor processes, film
growth and etching for different materials are generally treated by plasma. Similarly,
plasma technology is used to clean or alter the surface properties of materials to achieve
special functions and effects in the semiconductor packaging and textile industries. In
the case of diamond film deposition, the carbon atoms required for diamond growth are
produced in the plasma of a specific gas mixture. Once a graphite bond forms on the
surface, the hydrogen atoms generated in the plasma can bond to the carbon atoms of
the graphite bond to react with the etching process. With a high-purity coating, good
electrical coupling, and high energy concentration, microwave plasma is widely used
in the deposition of diamond films. In general, plasma is a complex system involving
nonlinear particle dynamics, physical interactions, and chemical reactions on multiple-
spatial and time scales. Experimenting with an MPJCVD for diamond film fabrication
by trial and error is not only time-consuming but also costly. With the advancement
of modern computers, plasma modeling has become a valuable and necessary tool for
understanding plasma physics and has contributed to the research and development of a
variety of plasma reactors and their performance improvement and conditioning [31-41].
Shivkumar et al. [32] developed a 2D axisymmetric model of the MPECVD system using the
multiphysics solver COMSOL, a finite element method (FEM) based solver that combines
the Maxwell solver and the heat transfer solver. The numerical simulation was employed
to study the effect of parameters such as reactor geometry, microwave power, and gas
pressure. The results showed that the gas temperature is weakly dependent on power
but strongly dependent on gas pressure. Wang et al. [39] also proposed a numerical
simulation using COMSOL to model the electric field and plasma-density distributions in
the MPECVD. A 2.45 GHz microwave plasma reactor with TMpy; mode was then physically
built, which is based on their simulation result. Uniform single-crystal diamond films
can be successfully grown on the substrate. Salgado-Meza et al. [40] showed how total
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pressure and microwave power affect the electrical conductivity of nitrogen atoms’ grain
boundaries when incorporated into ultrananocrystalline diamond (UNCD) films grown
by MPECVD. The result showed that the film thickness decreased as a function of growth
pressure. It was also found that the electrical conductivity of UNCD films increases once
the microwave power and total plasma pressure increase in the film growth process. The
maximum electrical conductivity for the UNCD film grown was found at a total pressure
of 100 mbar and 4.5 kW microwave power. Wang et al. [41] constructed a two-dimensional
axisymmetric numerical model using COMSOL to investigate the effect of positive bias and
deposition pressure on the properties of plasma flow inside the deposition chamber during
the bias-enhanced MPECVD process. It was shown that as the deposition pressure increases,
the temperature of the electrons in the deposition chamber increases as well, locally. The
maximum value of the pressure was found to be approximately 30 Torr. Different studies
have shown that the effects of pressure and power are crucial for film growth, and plasma
modeling plays an important role in supporting experimental processes.

In this work, we report the successful reconditioning of our homemade MPJCVD
system for developing diamond films using three-dimensional plasma fluid modeling.
The whole system has been modeled under varying parameters, including the reactor
geometry, microwave power, and working gas pressure, in order to optimize its operating
conditions. Using an operating condition identical to the optimized simulation results, the
MPJCVD system successfully fabricates a diamond-thin film on a graphite substrate. We
introduce the system configuration and its reconditioning in Section 2, present the detailed
formulation and numerical modeling in Section 3, the simulation results and optimization
in Section 4, and the experimental results in Section 5. Finally, the conclusion is given
in Section 6.

2. The MPJCVD System and Its Reconditioning

The experimental setup of our homemade MPJCVD system for fabricating diamond
films is shown in Figure 1, and the corresponding schematic design is shown in Figure 2.
The equipment had been developed for several years, but the fabrication of diamond films
was not successful. Sometimes a diamond film could be fabricated; however, with the same
conditions, the experimental results could not be reproduced. In other words, the MPJCVD
system is not reliable, and its configuration has to be reconditioned.

Figure 1. Experimental setup for diamond film fabrication using the microwave plasma jet chemical
vapor deposition (MPJCVD) system.
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Figure 2. Schematics of the microwave plasma jet chemical vapor deposition (MPJCVD) system, in
which the sample holder can be adjusted or modified.

Compared with the MPECVD system, MPJCVD can efficiently generate a uniform
distribution of plasma [7]. The MPJCVD system can stably generate a firm and uniform
plasma with relatively low energy consumption to fabricate smooth diamond films. At the
tip of the antenna, localized plasma can be obtained. The conical structure of the antenna is
essential for localizing the input microwave energy to enhance the electric field in a certain
region and stabilize the energy distribution in plasma. The activity of reaction species
and dissociation rate can be greatly increased through the microwave-coupled plasma jet.
Compared with the CVD process, MPJCVD reduces the required power for the operating
pressure using CHy and H; gases.

Numerical simulations of an MPJCVD system are essential to gain a deeper under-
standing of fabrication processes. These simulations enable the data collection and opti-
mization of fabrication conditions, replacing difficult experimentation. However, modeling
microwave plasmas at atmospheric pressure also has its difficulties, as it is a numerically
stiff problem due to their high nonlinearity. In addition, plasma behavior spans wide
ranges in both time and length scales. Therefore, the numerical study of microwave plasma
is computationally expensive [31-38]. Figure 3 shows the full research flow for the op-
timization of the MPJCVD chamber configuration with FEM modeling. In this study, a
complete three-dimensional MPJCVD model has been constructed to investigate various
parameters such as reactor geometry, especially the sample holder, microwave power, and
gas pressure [28,33]. The motivation is to gain more physical insight and a better under-
standing of the composition, spatial distributions, and plasma parameters under different
operating conditions and a variety of gas pressures. Using the optimized simulation result,
the growth of diamond film on different substrates has been successfully conducted. This
experiment is based on the optimization simulation analysis of the chamber cavity with
the sample holder. The scanning electron microscope (SEM) images have been taken to
characterize the thin films to see the presence of a diamond film structure and the unifor-
mity. The field emission properties of the MPJCVD fabrication diamond film grown on
several substrates have been measured and compared in order to find a good cold cathode
for field electron emission. The experimental results also serve as feedback to validate
the numerical simulation model of the MPJCVD system. Both the numerical simulation
and experimental studies of reconditioning the MPJCVD system play an essential role in
successfully fabricating diamond films on a variety of substrates.
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Figure 3. Research flow for the optimization of the MPJCVD chamber configuration with the FEM
modeling for diamond film fabrication and characterization.

3. Formulation and Numerical Modeling

As mentioned above, plasma is a complex system involving nonlinear dynamics,
particle-wave interactions, and chemical reactions on multiple spatial and time scales. In
general, the motions of electrons and ions in a plasma, due to their large mass differences,
have to be considered on different time scales, and electron transport should be described
by the Boltzmann equation, which is a non-local continuity equation in a six-dimensional
phase space. However, the Boltzmann equation is an extremely complicated integro-
differential equation, and solving it in an efficient manner is difficult. To reduce the
complexity, the Boltzmann equation can be approximated by fluid equations, multiplied
by a weighting distribution function, and then integrated over velocity space, resulting
in a three-dimensional, time-dependent fluid model. The fluid equations describe the
electron number density, the mean electron momentum, and the mean electron energy as
a function of space and time [42]. When the gas pressure is above about 1 Torr and the
discharge is weakly ionized, the fluid or drift-diffusion (DD) approximation is suitable, and
a Maxwellian distribution is assumed for the electron energy distribution function (EEDEF).
Based on the FEM simulations implemented using the commercial software COMSOL
Multiphysics [43], the plasma, chemistry, and electromagnetic modules are coupled and
tailor-made to model the low-temperature microwave plasma interaction in the MPJCVD
system. These models help us to gain physical insight into plasma discharges and guide
the performance of existing or potential designs, which will greatly benefit the applications
of plasma technology in science and industry. Given their high degree of nonlinearity,
plasma systems are highly complicated, and even a small change to the electrical input
or plasma chemistry would significantly change the discharge characteristics. Modeling
this behavior requires a high computational cost. The following subsections introduce the
theory, governing equations, and numerical methods used in this work.

3.1. Governing Equations

In order to consider the microwave heating of plasmas in the MPJCVD system, the
microwave plasma interface is employed as implemented in COMSOL. The electron dy-
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namics are described by a pair of DD equations, one equation, for the electron density and
one for the electron energy density, as follows [43]:

on
aTe + VI, =R, 1)
Me | T+ BT, = R+ 2t )

ot lq] ’

Here, . is the electron density, 1. is electron energy density, I, is the electron flux,
I is the electron energy flux, E is the quasi-static electric field, R, represents the electron
source, R, is the energy loss due to inelastic collisions, Q,;, is the power transfer from the
electromagnetic field to the electrons, and g is the electron charge. The electron flux I'. and
the electron energy flux I'c are defined explicitly as

r,= [_ne(,ue'E) - De'vne] 3)

Ie = [_ne(ﬂe‘E) - De’vne} 4)

where y, represents the electron mobility, j. is the electron energy mobility, D, is the elec-
tron diffusivity, and D¢ is the electron energy diffusivity. They are related and calculated by

D, = ]ieTe/ ®)
5

He = gﬂe: (6)

De = peT,. (7)

where T, is the electron temperature. The source coefficients R, and R, are determined
by the plasma chemistry and are written using rate coefficients. Suppose that there are M
reactions that contribute to the growth or decay of electron density and P inelastic electron-
neutral collisions. The electron source R, and the energy loss due to inelastic collisions Re
are calculated respectively by

M
Re = 2 xikiNnte, 8
i=1
P
Re = 2 xl-kl-NnneAei, (9)

i=1
where i is the reaction index, x; is the mole fraction of the target species for reaction i, k;
is the rate coefficient for reaction i, Ny, is the total neutral number density, and Ae; is the
energy loss due to reaction i. The rate coefficients can be computed from cross section data

by the following integral:
ki = \/2lal/me [ eai(e)f(e)de, (10)

where € is the energy, m, is the electron mass, ; is the collision cross section for reaction i, f
is the EEDF, which we assume is Maxwellian as mentioned above. The electron source and
inelastic energy loss are automatically computed by the COMSOL multiphysics interface
once the chemical species and reactions are chosen.

For non-electron species, the mass fraction wy of each species k can be solved by the
convection-diffusion equation:

] .
Pg(wk) + p(u-V)wg = Vj; + Ry. (11)
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The electrostatic field is calculated by solving the Poisson equation for the electrostatic
or scalar potential V and taking a minus gradient of it,i.e., —VV:

V-(e0e;VV) = —p, (12)

where g is the permittivity of vacuum and ¢, is the relative permittivity of materials in the
simulation domain, which usually has a spatial dependence. The space charge density p is
computed based on the plasma chemistry using the equation below:

N
p= ‘1( Zing — ne) , (13)
k=1

where Zj is the charge and #ny, is the number density for species k.

In this fluid model, the electron transport and the motion of ionic and neutral species
are solved by this set of equations in the time domain. The convection of electrons due to
fluid motion is neglected.

For the microwave plasma interactions, due to the time scale difference between
electron and ion motions, only electron heating by microwave is considered in the frequency
domain. In the microwave plasma interface, the high frequency electric field E is computed
using the Helmholtz equation:

-1 =\ 12 _jo F_
Vx(yr VXE) k0<sr wsO)E 0, (14)

where y; is the relative permeability, assumed to be 1 in this work, kg is the wave number
in the vacuum, ¢, is the relative permittivity, the same as defined in the Poisson equation
but assumed to be 1 for the plasma region, w is the angular frequency of microwave, j is
the unit of imaginary number, and ¢ is the plasma conductivity. The relationship between
the plasma current density E and the electric field E is defined as:

J, =0oE (15)

and )

L B— (16)

e (VU + jw)

where v, is the collision angular frequency of the electrons with background neutral gases.
This formula is obtained by assuming a Maxwellian distribution function and taking the
first moment of the Boltzmann equation, the mean momentum equation described above.
One can refer to Ref. [43] for a more detailed derivation. Solving the Helmholtz equation
with appropriate boundary conditions allows for the power transferred from the microwave
to the electrons to be calculated by

Q= %Re(f-i*), (17)

where ] is the total current density, i.e., the plasma current plus the displacement current
density, and * denotes the complex conjugate, and this microwave heating term is coupled
back to the electron plasma fluid via Equation (2), and then the updated electron density
n, is coupled to the Helmholtz equation, Equation (14), via the plasma conductivity ¢ in
Equation (16), forming a self-consistent set of microwave plasma fluid models.

3.2. Numerical Methods

The governing equations are solved using the finite element method as implemented
in the commercial software COMSOL Multiphysics. Figure 4 shows the whole simulation
model of the MPJCVD system, which is constructed in a three-dimensional computational
domain with reactor geometry and adaptive meshes. The height and radius of the chamber
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are 600 mm and 500 mm, respectively. There are a total of 68,256 meshes used in the simula-
tions. Since the estimated result is focused on microwave coupling and plasma generation,
the meshes are refined near the region from the waveguide to the substrate. The minimum
size of the mesh is 0.00989 mm. The input power is set at 700 W via the port boundary
condition in the electromagnetic wave interface, and the frequency used is 2.45 GHz. The
pressure is set at 70 Torr, and the environment’s temperature is 1000 K. The initial electron
density and electron energy are 10'> m~3 and 4 eV, respectively. The electron mobility and
electron diffusion coefficient are 4 x 10> m?/(V-s) and 4 x 10?> m?/s, respectively.

wall

—
s
o
a
(1]
-
= =
0.
oa
=z
ad

() (b)
Figure 4. (a) Reactor geometry and (b) the FEM adaptive meshing of the MPJCVD system.

4. Simulation Results and Optimization

The governing equations are solved using the adaptive finite element method as
implemented in COMSOL Multiphysics. The effects of geometry, especially the height of
the sample holder, input power, and gas pressure on the MPJCVD system will be discussed
in the following subsection.

4.1. Effects of System Geometry

The optimized results use argon (Ar) molecules as the working gas to reduce compu-
tational expenses as plasma behavior is similar to those employing molecular gas species
with complex chemical reactions. The reactions and collision formulas of argon are listed
in Table 1.

Table 1. Collisions and chemical reactions of argon (Ar) used in the MPJCVD model.

Formulas

e+ Ar - e+ Ar
e+ Ar — e + Ar*
e+ Ar — 2e + Art
e+ Ar* — 2e+ ArT
e+ Ar* — e+ Ar
Ar* + Ar*f — e+ Ar+ Ar"
Ar* + Ar — e+ Ar+ Ar

NO Gk W -

In order to see the effects of system geometry, Figure 5 shows (a) the electron density,
(b) the ion density, (c) the electric field, and (d) the electron temperature as functions of the
height of the sample holder. It is apparent that the holder height significantly changes the
plasma density. After analyzing the electric field, electron density, electron temperature,
and ion density through COMSOL modeling, it is found that the distribution of energy
inside the cavity is optimized at the stage height of 118 mm. The local electric fields at the
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antenna for different heights of the stage at the same microwave power of 700 W, the gas
pressure of 70 Torr, and the microwave frequency of 2.45 GHz are compared. At a height of
118 mm, the electron and ion densities are relatively concentrated at 10'8 m—3, while the
electron temperature is 30 eV. Figure 6 shows the contours of electron density, ion density,
electric field, and electric temperature for the optimized case.

5 ] 100,000 T
“E 100,000 100,000 - 100,000
< 1 e 1
« 80,000 = 80,000
o E o ]
~ -
> 60,000 =) 60,000 -
i) 1 > T
& 40,000 £ 40,000
kel 4 c ]
S 20,000 S 20,000
= . c ]
[$) . o)
u% 04 @03 .04 01 N6 15 9 0 o903 04 01 [16 15
T T T T T T T T T T T T
14 115 116 117 118 119 114 115 116 117 118 119
Holder height (mm) Holder height (mm)
(a) (b)
| —an ] 30
250 250 S 30
£ 1 L 9
=200+ ® 251
< 2. ]
[=) © 20
;150‘ 8. E
° g157] 12
%= 100 S
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[3] 50 ‘b 1 ¢
I.Ig.l 1 4 4 25 [3 12 3 5- \32\ 21
0 & ¢ —e— i 0
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14 115 116 117 118 119 114 115 116 117 118 119
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Figure 5. (a) Electron density, (b) ion density, (c) electric field, and (d) electron temperature are
plotted as functions of the sample holder height at a microwave power of 700 W and gas pressure of
70 Torr in the MPJCVD system.

4.2. Effects of Microwave Power

Figure 7 shows the electron density of the argon plasma at different microwave power
levels for gas pressures of (a) 5 Torr, (b) 35 Torr, (c) 70 Torr, and (d) 90 Torr. It is found
that at a pressure of 70 Torr and an input power of 600 W, the electron density can reach
2% 10% m3,
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Figure 6. Distribution of (a) electron density, (b) ion density, (c) electric field, and (d) electron
temperature at the sample holder height of 118 mm, microwave power of 600 W, and argon gas
pressure of 70 Torr in the MPJCVD system.

1,600 7

& ] 100,000
1 1,400 S 100,000 - ‘
§ 1,400 1 S ]
~ 1,200 © 80,000
1,000 = 1
> 1 > 60,000
2 800 = ]
g ] 2 40,000
§ 601 o S 40,000
g 4007 250 S 20,000+ 20,000 y 0,000
p= i - ’
8 200 A 10 / g . 1 25
= 0 -_— T ® 80
m T T T L T T T T T 1 m T Ll T T T T T T T
400 500 600 700 800 400 500 600 700 800
Power (W) Power (W)
(a) (b)

Figure 7. Cont.
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Figure 7. Electron density of the argon plasma as a function of microwave power level for gas
pressures of (a) 5 Torr, (b) 35 Torr, (c) 70 Torr, and (d) 90 Torr.

4.3. Hydrogen Plasma

The simulation of hydrogen gas was also carried out at a stage height of 118 mm, a gas
pressure of 70 Torr, and a microwave power of 600 W. The reactions and collision formulas
of hydrogen are listed in Table 2. The results are shown in Figure 8, and the electric field
intensity observed is 1.6 x 10 V/m, which is a very strong electric field concentrated at the
tip of the antenna. The corresponding plasma density reaches 1.2 x 102 m~3, concentrating
at the tip of the antenna. The electron temperature is measured at 10 eV. The simulated
hydrogen plasma is consistent with the actual experiment, as discussed below.

Table 2. Collisions and chemical reactions of hydrogen (H) used in the MPJCVD model.

Formulas
1 e+H—>e+H
2 e+H —e+H*
3 et+H"  —e+H
4 e+H =2 +H"
5 H*4+H* we+H+H"
x10° %1020
1.6
1.4 1.2
1.2 1
1 0.8
0.8
0.6
0.6
0.4
0.4
0.2
, 02
XYy 0 x-y
(a) (b)

Figure 8. Cont.
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Figure 8. Distribution of (a) electron density, (b) ion density, (c) electric field, and (d) electron
temperature at the sample holder height of 118 mm, microwave power of 600 W, and hydrogen gas
pressure of 70 Torr in the MPJCVD system.

5. Experimental Results

The optimized hydrogen parameters, i.e., 600 W of power, 70 Torr of gas pressure,
and 118 mm of stage height, are used in the diamond film fabrication. In the following,
we describe the pretreatment, MPJCVD process, diamond film characterization, and field
emission measurement.

5.1. Pretreatment

Prior to the MPJCVD process, the silicon (100) and graphite substrates need to be
prepared. This substrate was placed in an acetone solution and treated with an ultrasonic
cleaner for 15 min. The substrate was then placed in a methanol solution and treated
with an ultrasonic cleaner for another 15 min without further residue cleaning. After that,
the substrate was placed in a TiD (nano titanium and nanodiamond powder) solution
for 30 min to induce crystal growth. Finally, nitrogen gas is used to dry the surface of
the sample.

5.2. Microwave Plasma Jet Chemical Vapor Deposition of Diamond Films and Characterization

The treated graphite substrate was placed on the quartz stage in the MPJCVD chamber
(see Figure 9) with the following operation settings: microwave power of 600 W at a
frequency of 2.45 GHz, a gas pressure of 70 Torr, and a combination of hydrogen and
methane gases (a methane concentration percentage of 0.25%) for two hours. To improve
the uniformity of the deposited diamond film and increase the deposition rate, the geometry
configuration was optimized to enhance the electron density, ion density, electric field, and
electron temperature.

Finally, according to the optimal simulation parameters, the MPJCVD system is op-
erating successfully. The scanning electron microscope is used to examine the surface
morphology and microstructure of the diamond film. Figure 10 shows the SEM image
of the diamond film grown on the graphite substrate with working gas containing 0.25%
methane, exhibiting distributed particles with a size of ~1 um. The film thickness is also
measured with the SEM, as shown in Figure 11a, giving a uniform thickness of about
435 nm. Figure 11b shows the Raman spectroscopy of this fabricated diamond film, and as
one can see clearly, the diamond (D) peak appears in the spectrum [44]. The SEM images
reveal the presence of a diamond film uniformly distributed with particles of a size of
~1 um. The deposited diamond film has relatively high uniformity and continuity.
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Figure 10. SEM image of the diamond film, exhibiting distributed particles with a size of ~1 um.
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Figure 11. Measurement of (a) the film thickness and (b) Raman spectroscopy of the diamond film
grown on the graphite substrate with working gas containing 0.25% methane.
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Using the same fabrication method and settings (microwave power of 600 W at a
frequency of 2.45 GHz, a gas pressure of 70 Torr with a combination of CHy and H; gases),
and the methane concentration changing from 8% to 40% at a step of 8%, diamond films
are deposited on silicon and graphite substrates for 2 h. In addition to SEM analysis and
examining surface morphology, electrical properties are also tested, and field emission
from the diamond film grown from this MPJCVD system shows extraordinary properties,
i.e., extremely low turn-on voltage and high current density. The field emission current
densities from the diamond films fabricated under different conditions and measured at
different electric fields are shown in Figure 12. The diamond film grown on the graphite
substrate with a 32% methane concentration has the most significant electrical property.
The turn-on electric field determined for this case is as low as 4 V/pm. Figure 13 shows the
SEM images with (a) 300 X and (b) 50,000 X of the diamond film grown on the graphite
substrate with working gas containing 32% methane. It is obvious that large particles
with sizes ranging from 10s to 100 pm can be seen in Figure 13a, while a zoom in SEM in
Figure 13b shows a graphite structure. As the sample exhibits extraordinary field emission
properties, we further study the diamond film thickness and its composition. Figure 14a is
the SEM image of the diamond film for thickness measurement, and the film thickness is
around 115.5 um. Figure 14b shows the Raman spectroscopy of the diamond film, and there
are two main peaks found in the spectrum: in addition to the D (left) peak, which shows the
presence of the diamond, one can clearly see a graphite (G) peak on the right side. These
are identified as carbon nanopillars (CNPs) formed above the diamond film, and this might
be due to the large dissociation of methane (32% methane), leading to the formation of Cp
species and then causing the CNPs to be deposited [45]. The extraordinary field emission
from this sample might be attributed to the combined effects of a good electrical contact
from the diamond film grown on the graphite substrate and the field enhancement of the
CNPs sitting on the diamond film.

1200
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Figure 12. Field emission characteristics: the current density as a function of an applied electric
field for diamond films grown on silicon or graphite substrates in a range of methane concentration
(8-40%).
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Figure 13. SEM image with (a) 300 X and (b) 50,000 X of the diamond film grown on the graphite
substrate with working gas containing 32% methane.
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Figure 14. Measurement of (a) the film thickness and (b) Raman spectroscopy of the diamond film
grown on the graphite substrate with working gas containing 32% methane.

6. Conclusions

The numerical modeling is employed to understand the operation of the MPJCVD
system and optimize its geometry configuration and working conditions. The MPJCVD
system with argon and hydrogen plasmas is modeled and simulated using FEM multi-
physics modeling. It is found that, under optimal conditions, the plasmas are concentrated
at the antenna tip after reconditioning, and the plasma generated in the MPJCVD system
is consistent with the simulation results. Under the optimized operating conditions af-
ter reconditioning for fabrication, the SEM shows that the deposited diamond film has
relatively high uniformity and continuity, and the size of the diamond particle is about
1 pm. In addition, by increasing methane up to 32% during the fabrication, our research
shows that the turn-on electric field of the diamond film grown on the graphite substrate
can be as low as 4 V/um, and the corresponding field emission exhibits an extraordinarily
high current density compared to other cases in this study. This might be attributed to
the combined effects of a good electrical contact from the diamond film grown on the
graphite substrate and the field enhancement of the CNPs sitting on the diamond film.
The developed multiphysics model provides valuable physical insights into the MPJCVD
system, which guided performance improvements. The diamond films developed by the
MPJCVD can be beneficial for applications in surface hardening, and those grown on a
graphite substrate might serve as bright field electron emission sources.
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