crystals

Article

Study on the Simulation and Experimental Impact of Substrate
Holder Design on 3-Inch High-Quality Polycrystalline
Diamond Thin Film Growth in a 2.45 GHz Resonant

Cavity MPCVD

Shuai Wu 1, Kesheng Guo %*, Jie Bai 3, Jiafeng Li 2, Jingming Zhu 2, Lei Liu 3, Lei Huang ?, Chuandong Zhang 3

and Qiang Wang 13-*

check for
updates

Citation: Wu, S.; Guo, K; Bai, J; Li, J.;
Zhu, J.; Liu, L.; Huang, L.; Zhang, C.;
Wang, Q. Study on the Simulation
and Experimental Impact of
Substrate Holder Design on 3-Inch
High-Quality Polycrystalline
Diamond Thin Film Growth in a

2.45 GHz Resonant Cavity MPCVD.
Crystals 2024, 14, 821. https://
doi.org/10.3390/ cryst14090821

Academic Editor: Dah-Shyang Tsai

Received: 19 August 2024
Revised: 10 September 2024
Accepted: 14 September 2024
Published: 20 September 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

School of Materials Science and Engineering, Chongging Jiaotong University, Chongqing 400074, China
Jihua Laboratory, Foshan 528200, China

School of Aeronautics, Chongging Jiaotong University, Chonggqing 400074, China

Correspondence: guoks@jihualab.com (K.G.); wangq@cgjtu.edu.cn (Q.W.)

¥ W N e

Abstract: In this study, three different substrate holder shapes—trapezoidal, circular frustum, and
adjustable cyclic—were designed and optimized to enhance the quality of polycrystalline diamond
films grown using microwave plasma chemical vapor deposition (MPCVD). Simulation results
indicate that altering the shape of the substrate holder leads to a uniform distribution of the electric
field on the surface, significantly suppressing the formation of secondary plasma. This design ensures
a more even distribution of the temperature field and plasma environment on the substrate holder,
resulting in a heart-shaped distribution. Polycrystalline diamond films were synthesized under
these three different substrate holder conditions, and their morphology and crystal quality were
characterized using optical microscopy, Raman spectroscopy, and high-resolution X-ray diffraction.
Under conditions of 5 kW power and 90 Torr pressure, the adjustable cyclic substrate holder produced
high-quality 3-inch diamond films with low stress and narrow Raman full width at half maximum
(FWHM). The results confirm the reliability of the simulations and the effectiveness of the adjustable
cyclic substrate holder. This approach provides a viable method for scaling up the size and improving
the quality of polycrystalline diamond films for future applications.

Keywords: 2.45 GHz; MPCVD; polycrystalline diamond thin film; design of substrate holder;
numerical simulation

1. Introduction

The development of wide-bandgap semiconductor materials such as SiC [1], GaN [2],
and AIN [3] has revolutionized various fields, including microelectromechanical systems,
aerospace materials, information sensing, acoustic filters, and quantum technology [4,5].
These materials are favored because of their high breakdown electric fields, electron mo-
bility, and excellent environmental stability. However, operating at higher power levels
presents significant challenges owing to heat-dissipation issues, which limit performance
and compromise device reliability. Effective thermal management is essential for address-
ing this challenge. Diamond has emerged as a highly promising material for thermal
management because of its extremely high thermal conductivity (2000 W/mK), high radia-
tion hardness, and excellent chemical stability [6]. Integrating diamond with wide-bandgap
semiconductors can enhance heat dissipation, thereby increasing the area-dissipation den-
sity and reducing the working-channel temperature. This integration offers a viable solution
to improve the performance and reliability of devices operating at high power levels [7].

Various chemical vapor deposition (CVD) techniques have been employed to de-
posit large-area, high-quality polycrystalline diamond films. These high-quality films are
generally characterized by a low residual stress, fewer defect peaks, absence of impurity
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phases, and high crystallinity. This process typically involves the reaction of a mixture
of gases (e.g., CHy and Hj) on a substrate, resulting in the formation of polycrystalline
diamond films [8,9]. Currently, MPCVD is the most refined method for producing synthetic
diamonds. A mixture of gases (hydrogen and carbon source gases) is introduced, and the
microwaves generated by the microwave source are transmitted through a rectangular
waveguide. After passing through a mode converter, the microwaves are coupled to the
resonant cavity. A microwave resonator creates a strong and uniform standing-wave elec-
tric field that ionizes gases to form a plasma ball [10]. The substrate is placed beneath the
plasma ball for the diamond film growth. This electrode-free process eliminates potential
contamination sources, enabling the deposition of high-quality polycrystalline diamond
films on the substrate. The resonant cavity in MPCVD equipment is characterized by
microwave resonance. When microwaves of the resonant frequency are input into the
cavity, resonance occurs, creating a high-intensity electric field. This electric field can be
adjusted by modifying the size and shape of the cavity to achieve an optimal electric field
distribution and generate a plasma ball at a specific location. However, this requires high
precision in cavity machining because the presence of plasma also affects the resonant
cavity. Therefore, to optimize the design of the resonant cavity, it is necessary to simulate
the electric field and calculate the plasma distribution [11,12].

The process of growing high-quality polycrystalline diamond thin films is influenced
by numerous parameters, including substrate selection [13], microwave power [14], cham-
ber pressure [15], gas composition [16], chamber temperature [17], plasma ball density [18],
and substrate support [19]. Additionally, the cavity size and frequency of MPCVD equip-
ment play significant roles. Currently, the MPCVD frequencies used are 915 MHz and
2.45 GHz. When comparing microwaves of two different frequencies, the 915 MHz fre-
quency has a longer wavelength, resulting in a larger plasma ball. Consequently, the
required microwave power is higher, leading to a larger diameter of deposited diamond
film. However, MPCVD equipment operating at 915 MHz demands higher power, making
the structure and details of the equipment more complex and posing significant challenges
for maintaining vacuum conditions [20,21]. This, in turn, increases the requirements for
equipment development, manufacturing technology, and cost. On the other hand, MPCVD
operating at 2.45 GHz can achieve high plasma density and deposition rates and has been
widely adopted. In general, when microwaves are coupled to a resonant cavity, two reso-
nance modes exist: transverse electric (TE) and transverse magnetic (TM). The inner metal
walls of the cavity enforce a zero-tangential component on the electric field, causing it to be
perpendicular to the inner wall surface. In the TE mode, there are no strong electric field
regions in contact with the metal, meaning the plasma cannot contact the substrate surface.
Therefore, the TM mode is commonly used, with TMgpy, being the most prevalent (where
0 indicates an axially symmetric surface electric field structure, and m and n represent the
number of axial and radial electric field maxima in the resonant cavity, respectively). More-
over, the substrate holder within the cavity plays a crucial role in the effective utilization of
microwave energy [22-24]. To ensure maximum energy utilization, a substrate holder is
added to the reaction zone to focus the electric field above the substrate, thereby avoiding
the formation of secondary electric fields. In 2017, An et al. [25] observed that reducing
the substrate support size radially and increasing it axially resulted in an uneven plasma
distribution. They discovered that altering the height of the movable substrate could
achieve uniform plasma and power density. In 2022, a T-shaped substrate was developed,
introducing a gap at the edge that created a strong additional electric field, enhancing the
edge temperature uniformity and improving the quality of the deposited polycrystalline di-
amond films. Zhao et al. [26] simulated and introduced a hole in the center of the substrate
stage and found that it suppressed nitrogen gas in the cavity without significantly affecting
the plasma, although the electron density decreased by 40%. Sedov et al. [19] designed
three different geometric shapes for substrate platforms using electric field simulations
and manufactured two-inch polycrystalline diamond thin films through simulation testing.
However, these platforms exhibited strong edge effects.
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In this study, a butterfly-shaped resonant cavity was employed within a frequency-
domain transient solution mode, coupled with multiple physical fields. Various substrate
holder designs were proposed to investigate their impact on the microwave electric field,
plasma environment, and the quality of diamond films. Numerical simulations and experi-
mental tests were conducted to identify the optimal substrate holder for the deposition of
high-quality diamond.

2. Simulation and Experiment
2.1. Simulation Modeling

Figure 1a shows a schematic of the butterfly resonant cavity MPCVD used in the
experiment. Using quartz as the dielectric window, this setup can be classified as a quartz-
ring MPCVD, which is a non-cylindrical plasma device. Microwaves are input from below,
coupled into the stainless-steel reaction chamber through a quartz window, and focused
above the substrate stage to form a strong electric field. At the bottom of the cavity, there
is a single substrate holder with a width of 220 mm for placement of the substrate. The
remaining dimensions are shown in Figure 1a. The electric field distribution in Figure 1b
shows a strong secondary electric field near the top of the cavity. At high power, this can
lead to the formation of secondary plasma, resulting in capability loss.

A 533x10*
x10*
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Substrate holder |

Microwave

Figure 1. (a) Schematic diagram of a 2.45 GHz butterfly resonant cavity MPCVD and (b) electric field
distribution without plasma generation at an input power of 1.5 kW.

To address the issue of secondary plasma formation and achieve high-quality polycrys-
talline diamond films, we designed three different substrate holders to suppress secondary
plasma. In addition, we developed a substrate platform that ensures a highly uniform
plasma field distribution. Figure 2 shows a schematic diagram of the three substrate holders,
all made of Mo. These holders were designed to tune microwaves, adjust electric fields,
and optimize plasma and temperature distribution.

(b) ()

Substrate holder II

Figure 2. The three designed substrate holders display (a) trapezoidal, (b) circular frustum, and
(c) adjustable cyclic shapes in the red box.

To simulate the experimental process, a finite element analysis method was used to
study the electric field and plasma electron density distribution inside the cavity. During
the simulation, we used a microwave power of 1000 W, working pressure of 40 Torr,
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and microwave frequency of 2.45 GHz. The plasma model approximates the Boltzmann
equation by using a fluid equation. The rate of change in the electron density can be
described by Equation (1):

0
a—t(ne) =Re +V-TIe 1)

In the formula, I'e is the electron flux, and R is the electron source.
The definition of electron flux I, is as follows:

T'e = teneE + V(Dene) )

The electronic source R, is defined as

Re = X]' k] an’le (3)
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where x; is the molar fraction of the target substance for reaction j, k; is the rate constant for
reaction j, and Ny, is the total number density of neutral particles.
The rate of change of electron energy density is

0
a(ns) =R + VI +ETe (4)

where n; is the electron energy density, and R is the loss or increase in ability caused by
inelastic collisions. I'; is defined as the electron energy flux:

Ie = p.nE+ V(Deng) (5)

The microwave electric field distribution of the MPCVD device is solved by
Maxwell’s equation:

V x 1 YV x E) —k%(er — ’G)Ezo (6)
weq
In the formula, E is the electric field, w and kg are the angular frequency and wavenum-
ber of microwaves, € is the vacuum dielectric constant, i, €r, and o are the relative mag-
netic permeability, relative dielectric constant, and conductivity of the material, respectively,
and j is the imaginary unit. In the non-discharged gas region, €, = 1, ¢ = 0; in the quartz
glass region, €, = 3.78, o0 = 0; and for the discharged gas region, the conductivity is given by
the following formula:
2
o= 1 @)
me(V, + jw)
In the formula, q and m, are the charge and mass of electrons, respectively, ne is the
electron density, and Ve is the electron neutral particle collision frequency of the plasma.
During the diamond deposition process, the introduction of a small amount of methane
does not have a significant impact. Therefore, only the discharge process of Hj is considered.
The hydrogen plasma reaction was studied based on the work of K. Hassouni [27]. Our
model includes only e, Hy, H, H (n =2), H (n = 3), H,, and H;’ . In the calculations, the gas
temperature is set to be equal to the ion temperature. The following are some important Hp
plasma reactions:

e+H; — 2e+Hj (R1)

e+H e+ H" (R2)
e+Hy; - e+2H (R3)
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e+H, »>e+H, (R4)
Hy +H—» H'+H, (R5)
H** — H+hv (R6)

The electronic energy loss R, is obtained by summing up the collision energy losses of
all reactions:

p
Re = Z xjijnneAej (8)
j=1

In the equation, Ag; is the energy loss of reaction j. The reaction rate was calculated
using reaction collision cross-section data and the electron energy distribution function:

=7 [ eonle)f(e)de ©)

Among them , v = +/2q/m, oy(€) is the collision cross-section, and f(e) is the
electron energy distribution function (EEDEF).

In addition, the simulation of MPCVD equipment must also consider the impact of
gas temperature, assuming the effects of convection are negligible:

V-(-kVTg)=Q (10)

In the equation, k represents the thermal conductivity of the gas, Ty is the gas tempera-
ture, and Q denotes the heat source of the gas. In the MPCVD device, the average free path
of electrons is very short, and the ability of electrons to absorb from microwaves is trans-
ferred to the gas in a short period of time, causing the gas temperature to rise. Therefore,
when calculating, the heat source Q can be approximated as the power density Qj,.

2.2. Experimental Details

Polycrystalline diamond thin films were deposited on a 3-inch monocrystalline silicon
(100) substrate. Before diamond deposition, the Si substrate was immersed in a nanodia-
mond suspension and sonicated for 30 min to enhance the diamond nucleation capability.
After drying, the substrates were prepared for diamond growth. The processed silicon sub-
strate was then placed on three differently designed deposition supports in alignment with
the simulated configurations. The growth conditions were set as follows: microwave power
of 5 kW, pressure of 90 Torr, and H, /CHj, flow rates of 300 and 9 sccm, respectively. By
comparing the properties of the grown polycrystalline diamond films with the simulation
results, the optimal substrate support for achieving high-quality polycrystalline diamond
films was identified.

An infrared thermometer was used to measure the temperatures of the substrate
support and Si during the deposition process through a window at the top of the cav-
ity. High-resolution field-emission scanning electron microscopy (FE-SEM; Verios 5 UC,
Thermo Fisher, Brno, Czech Republic) was used to examine the surface morphology of the
polycrystalline diamond films. Additionally, a confocal laser Raman microscope (Renishaw
in Via Qontor, argon ion laser, London, UK, 514.5 nm, 50 mW, spectral resolution < 1 cm’l)
was utilized to analyze the structural information of defects and deposits within the poly-
crystalline diamond films.

3. Results and Discussion
3.1. Influence of the Substrate Holder on the Electric Field in the Cavity

First, through simulation, we calculated the electric field distribution inside the cavity
for different substrate holders. Studying the influence of electric fields before plasma
generation is crucial. As shown in Figure 3a, two strong electric field regions appear in the
cavity: one at the top of substrate holder I and the other at the top of the cavity. In this
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scenario, the electric field strength is very low and has a wide distribution range, which is
extremely unfavorable for plasma generation. The presence of two electric fields within
the cavity causes energy loss, resulting in an ineffective utilization of the input power for
diamond deposition.
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Figure 3. Electric field distribution diagram (V/m) of the MPCVD device with complete TMy;; and
TMy,; modes, (a) no substrate holder II, (b) trapezoidal, (c) circular frustum, and (d) adjustable

[

cyclic shape.

To enhance electric field utilization and reduce energy loss, Li et al. [28] added a
splitter at the top of the cavity to shield the electric field focusing at the top, retaining
only the strong electric field above the substrate stage inside the cavity. However, this
design does not allow real-time adjustment of the substrate stage position, resulting in
poor coordination. To address this issue, Zhang et al. [29] designed a cylindrical cavity
by inverting it by 180°, which shields the electric field area above and concentrates the
strong electric fields below the cavity for substrate placement. By optimizing the cavity
parameters, they achieved a single high-density plasma sphere; however, this design only
allowed the preparation of two-inch high-quality polycrystalline diamond films.

Compared with traditional cylindrical cavities, the butterfly resonant cavity in this
study can generate a larger electric field and plasma size, which is beneficial for the
large-scale and high-quality deposition of diamonds. To suppress the secondary electric
fields, we propose three different substrate holders; their electric field distributions are
shown in Figure 3. Previous studies have shown that placing a sample in a pocket-like
substrate holder can protect the edges of the sample but results in an uneven electric
field distribution [19]. Another study [30] suggested that increasing the height of the
pocket substrate holder can improve the electric field, thereby enhancing the quality of
the polycrystalline diamond films. Conversely, taller substrate holders demonstrate better
electric field uniformity. In this study, we propose a trapezoidal substrate holder as shown
in Figure 3b. The dimensions are 122 mm at the bottom, 5 mm in height, and 78 mm at the
top with chamfered edges. A significant increase in the electric field intensity was observed,
reaching 3.4 x 10* V/m. The electric field at the upper bottom of the trapezoidal holder
weakened, and the strongest lateral electric field intensity was observed at the top of the
cavity. Additionally, a strong edge effect was generated at the lower end of the original
substrate holder, causing damage to the holder and resulting in electric field energy loss.
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To address these issues, we propose a second type of substrate holder, II, designed as
a circular frustum with a bottom diameter of 100 mm, an upper diameter of 90 mm, and a
height of 5 mm, featuring chamfered edges. As shown in Figure 3¢, this design reduces the
edge effect observed at the lower end of the initial substrate holder, achieving an electric
field intensity on the circular frustum of up to 4.4 x 10* V/m. Despite this improvement,
the design exhibits an uneven electric field and lacks the ability to move vertically, which
is crucial for adjusting the geometric shape of the resonant cavity and achieving optimal
coordination. To enhance the design further, a lifting cylinder was added to the middle of
the substrate holder. Figure 3d illustrates this improved design, which includes a circular
platform with an upper diameter of 88 mm, a lower diameter of 100 mm, and a height
of 5 mm. The movable cylinder, with a diameter of 78 mm, can be adjusted within an
8 mm range. This adjustment capability allowed for the coordination of the electric field
during the growth process, resulting in a uniform electric field with a maximum intensity
of 1.5 x 10° V/m.

3.2. Influence of the Substrate Holder on Plasma Electron Density in the Cavity

To better understand the influence of the substrate structure on the preparation of
high-quality polycrystalline diamond films, it is essential to calculate not only the electric
field distribution within the cavity but also the plasma electron density distribution. The
principle of the resonant cavity involves focusing the electric field to excite the precursor
gases, thereby forming a plasma [31]. In addition, the presence of plasma affects the
electric field distribution, making the simulation of the plasma electron density distribution
crucial [32]. A finite element method was employed to simulate plasma behavior in the
butterfly cavity. To obtain reliable results, a simulation time of 2 s was selected for the
plasma model calculations. This duration ensured the convergence of the model, providing
accurate and consistent plasma electron density distribution data. The results of these
simulations are essential for optimizing the substrate holder design, ultimately leading to
the production of high-quality polycrystalline diamond films.

Figure 4 shows the plasma electron density distribution maps (1/m3) for four different
substrate holders. During operation of the MPCVD cavity, the electric field generates a
secondary plasma electron located at the top of the cavity. This secondary plasma electron
produces a shielding effect that weakens the plasma electrons above the substrate, hindering
the high-quality deposition of polycrystalline diamond films [33]. The plasma electron
density distribution is crucial in MPCVD because it directly affects the uniformity and
rate of the deposition process. Figure 4a shows the plasma electron density distribution
without the substrate holder II. A high-density plasma region is generated at the center
of the substrate holder, with a maximum of 7.41 x 10 m—3, and the density decreases
outward from the center. Under these conditions, the deposition rate at the center of the
substrate was high, whereas that at the edges it was low, resulting in inconsistent and
uneven diamond growth rates. Additionally, the heating temperature of the substrate
inside the cavity is entirely from the plasma electrons and is too low for the optimal growth
of polycrystalline diamonds. Figure 4b shows the plasma electron density distribution of
the trapezoidal substrate holder II. The plasma electron density on the substrate holder
decreases significantly, but a smaller plasma region is generated below the substrate
holder. The secondary plasma electron density at the top of the cavity increases, which is
unfavorable for the growth of polycrystalline diamond [34]. Figure 4c shows the plasma
electron density distribution with the circular frustum substrate holder II. The high-density
plasma region on the substrate holder extends to the left and right, changing the shape
of the plasma sphere from circular to elliptical. This alteration may result in a more
uniform deposition of polycrystalline diamond. However, it cannot be adjusted during the
diamond growth process and requires further optimization. Figure 4d illustrates the plasma
distribution with the adjustable cyclic-shaped substrate holder II. This holder retains the
advantages shown in Figure 4c and exhibits a uniform and high-density area, facilitating
the uniform deposition of polycrystalline diamond.
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Figure 4. MPCVD equipment plasma electron density distribution map (1/m3): (a) without substrate
II, (b) trapezoidal, (c) circular frustum, and (d) adjustable cyclic shape.

3.3. Influence of the Substrate Holder on the Temperature of the Gas in the Cavity

Figure 5 shows the gas temperature distribution for different substrate holders. By
comparing it with Figure 4, it is evident that gas temperature distribution correlates with
plasma electron density distribution. As shown in Figure 5a, in the absence of substrate
support II, a hat-shaped high-temperature zone will form in the plasma region. When
the trapezoidal substrate holders are added, the high-temperature region becomes more
dispersed, as seen in Figure 5b. In Figure 5c, the high-temperature region is slightly lower
and spreads more towards the edges of the substrate holder. Figure 5d shows the broadest
high-temperature region, indicating that the substrate holder design can maximize the
area exposed to high temperatures, thereby improving the uniformity of diamond film
deposition.

x10° x10%

‘1.3 (b) H 13
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0.8 0.8

0.7 0.7

(d) ™

13 13

0.9

0.8
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Figure 5. Temperature (K) distribution of plasma gas in MPCVD equipment: (a) without substrate II,
(b) trapezoidal, (c) circular frustum, and (d) adjustable cyclic shape.
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Figure 6 illustrates the number density distribution of H species along the central axis
of the chamber under three different substrate holder configurations. The x-axis represents
the height from the substrate surface. The figure reveals that the trend of the distribution
curve varies with different substrate holders. Without a substrate holder, the number
density generally increases with height. When a trapezoidal substrate holder is used, the
H species number density is higher near the substrate surface and gradually decreases
with increasing distance. In contrast, with the adjustable cyclic-shaped substrate holder, a
uniform distribution of H species is observed within 10 mm from the substrate surface, and
the overall trend shows a gradual decrease beyond this point. This uniform distribution
supports the reliability of the proposed substrate holder design for producing high-quality
diamond films.

6.0 + —— adjustable cyclic shape

5.8
56
"= 54
=52
5.0
4.8
4.6
44
421

40 ! ! 1 1 1 1 1
0 5 10 15 20 25 30 35 40

Distance from substrate surface (mm)

—— circular frustum

without substrate 11
— trapezoidal

H density

Figure 6. The number density distribution curve of substance H along the axis direction of the cavity.

3.4. Experimental Verification of Simulation Results

The actual MPCVD growth process is complex and requires experimental verification
for an accurate simulation. Based on the simulation results, we manufactured three types
of substrate holder II and placed them in a cavity for experimental testing. As shown in
Figure 7, the actual plasmonic spheres generated using different substrate holders exhibited
varying coverage and shapes. Figure 7a illustrates the trapezoidal substrate holder, in which
the plasmonic sphere appears as a slightly curved elliptical shape with incomplete coverage.
It is mainly concentrated in the center of the cavity with weak edges. Figure 7b shows
the circular frustum substrate holder, where the plasma shape becomes more uniform,
covering almost the entire top and bottom, and the brightness is more consistent. Figure 7c
shows the adjustable cyclic shape, where the plasma appears flat and completely covers
the substrate holder. These observations indicate that different substrate holders affect the
plasma distribution and shape. Thus, optimization of the substrate holders can achieve
improved plasma distribution and deposition effects. Additionally, it can be seen that the
experimental plasma distribution results are largely consistent with the simulations.
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Figure 7. Plasma distribution diagram of the MPCVD device in a hydrogen atmosphere experiment:
(a) trapezoidal, (b) circular frost, and (c) adjustable cyclic shape. (d) An actual image of polycrystalline
diamond growth under an adjustable cyclic-shaped substrate holder. (e) Three inches of high-quality
polycrystalline diamond growth under an adjustable cyclic-shaped substrate holder.

To verify the influence of the substrate holders, we used three types to analyze poly-
crystalline diamond films grown under identical parameters for four hours. The growth
process using an adjustable cyclic substrate holder is illustrated in Figure 7d. The substrate
holder turned bright red with plasma heating. Figure 7e shows the polycrystalline dia-
mond thin film deposited in an adjustable cyclic-shaped substrate holder, which appears
uniformly black. For comparison, we examined polycrystalline diamond films prepared
using two other methods. Figure 8 shows the SEM images of these films. Figure 8a shows
the results obtained using the trapezoidal substrate holder. The surface is not fully covered
with polycrystalline diamond, displaying a graphite phase and 10-pm-sized polygonal
diamond particles. Figure 8b shows complete coverage with a relatively small amount of
graphite phase and a consistent structure within the region. Figure 8c shows that nearly
full coverage of the surface was achieved. The polycrystalline diamond particles exhibited
a uniform quadrilateral morphology with a lower growth rate than that shown in Figure 8b.
This finding is consistent with those of other studies, suggesting that an excessively fast
growth rate can reduce quality. The particle size distribution histograms indicate that the
average particle sizes for the trapezoidal substrate holder, circular frustum, and adjustable
cyclic shape are 4.24 pm, 4.49 pm, and 4.33 um, respectively. The circular frustum exhibits
the fastest growth rate and largest average size, while the adjustable cyclic shape results in
the most uniform particle size distribution, leading to the highest-quality diamond growth.
Consequently, we chose to deposit high-quality polycrystalline diamond films using the
adjustable cyclic-shaped substrate holder [35].
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Figure 8. (a—c) The surface morphologies of polycrystalline diamond prepared on three different
substrate supports and (d—f) the corresponding particle size distribution maps (The dashed line
represents the Gaussian function fitted to obtain the normal distribution curve).

Temperature is also critical for polycrystalline diamond growth. We used infrared
temperature measurements to monitor substrate growth through a viewing window at the
top of the chamber. As shown in Figure 9, the center of the trapezoidal substrate holder
has the highest temperature of 1136 K, while the lowest temperature at the edges is 935 K.
This significant temperature difference leads to different diamond growth rates. Rapid
changes in pressure and power can lead to silicon rupture. These results are consistent with
the simulation results shown in Figure 5b, indicating that an inhomogeneous temperature
field distribution is detrimental to the growth of polycrystalline diamond. In contrast,
the temperature difference of the adjustable ring substrate holder is very small, which is
consistent with the results in Figure 5d. Therefore, this study demonstrates the feasibility of
the adjustable cyclic substrate holder and suggests a feasible route for growing large-scale
high-quality polycrystalline diamond films.

1150 Adjustable cyclic shape
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¥ ~
2 1050 | \
2
e N
g 1000 k\\\
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Figure 9. Temperature from the center of the substrate silicon wafer to the outside during growth of
different substrate holders.
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Additionally, to evaluate the quality of polycrystalline diamond produced by the three
different substrate holders, Raman spectroscopy was conducted, as shown in Figure 10.
The residual stress in the diamond films can be calculated based on the shift in the Raman
peak using the following equation:

o =m(v—1) (11)
1336 1335

(a) T i : (b) Circular frustum \
rapezoidal ) L
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Figure 10. Raman spectra (a—c) and XRD diffraction patterns (d) of polycrystalline diamond prepared
on different substrate supports.

In this equation, m is —0.567 GPa/ cm 1, 1y is the wavenumber of natural, stress-free
diamond (1332 cm 1), and v is the measured wavenumber of the diamond. Therefore, the
residual stress in all samples predominantly manifests as compressive stress. Specifically,
the trapezoidal sample exhibits a residual stress of 2.268 GPa, the circular frustum sample
shows a stress of 1.701 GPa, and the adjustable cyclic-shaped sample presents a stress of
0.567 GPa. Additionally, the FWHM of the characteristic Raman peak, which is a critical
parameter for assessing diamond quality, is 12.6 cm ™!, 8.4 cm ™!, and 4.1 cm ™!, respectively,
for these samples. In the XRD patterns, only the (111) and (220) diffraction peaks are
observed, with the (400) peak displaying the highest intensity, as shown in Figure 10d.
Notably, the adjustable cyclic-shaped substrate holder exhibits the lowest FWHM at 0.27°,
indicating the highest crystal quality. This indicates that the shape of the substrate holder
significantly impacts the quality of the diamond. Among the tested designs, the diamond
produced using the adjustable cyclic-shaped substrate holder exhibited the highest quality.

Owing to the etching effect of hydrogen plasma on the graphite sp? phase, polycrys-
talline diamond can undergo high-quality growth [21]. In comparison, the trapezoidal
substrate holder resulted in a larger graphite phase. The conical substrate holder also
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contained some graphite phase. This is due to the rapid growth of diamond, which leads to
the deposition of graphite that is not completely etched away. Overall, using an adjustable
circular substrate holder ensures a uniform distribution of the electric field, plasma electron
density, and temperature, making it feasible to grow high-quality three-inch polycrystalline
diamond. The experimental results are consistent with the simulation results, validating
the reliability of the simulation method used in this study.

4. Conclusions

This study investigates the impact of three distinct substrate holder shapes—trapezoidal,
circular frustum, and adjustable cyclic—on the quality of polycrystalline diamond films.
Using a frequency-domain transient solver, simulations were conducted to model the
electric field and plasma distribution for each holder shape. Changes in the holder shape
resulted in corresponding variations in the electric field and plasma distribution within the
chamber. The trapezoidal shape enhanced secondary plasma formation, but the plasma
ball did not fully cover the surface. The circular frustum shape reduced secondary plasma,
minimizing energy loss and achieving the highest growth rate. However, it also introduced
a graphite phase, which diminished the quality of the polycrystalline diamond films. To
overcome these challenges, an adjustable cyclic substrate holder was proposed. This design
suppressed secondary plasma, and the gas temperature distribution above the substrate
evolved from a sombrero shape to a more uniform profile, improving the uniformity of
temperature and hydrogen species density. Infrared temperature measurements showed
that the trapezoidal holder exhibited a significant temperature gradient from the center
to the edge, which hindered uniform growth. In contrast, the adjustable cyclic shape
demonstrated the smallest temperature variation across the substrate surface, leading to
more uniform growth. The polycrystalline diamond films deposited using the adjustable
cyclic holder exhibited the lowest residual stress (0.567 GPa) and the narrowest FWHM of
4.1 cm™!, predominantly oriented along the (111) crystal plane. The experimental results
validated the simulation findings and confirmed the effectiveness of the adjustable cyclic
substrate holder. This design offers a viable approach to enhancing the performance of exist-
ing MPCVD systems, facilitating the production of high-quality, large-area polycrystalline
diamond films.
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