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Single crystal diamond (SCD) is the most promising future semiconductor.
However, it has not been able to make much inroad into the microelectronics
industry due to its major disadvantage of the wafer size. Among a few contender
technologies, epitaxial lateral outgrowth (ELO) using microwave plasma-assisted
chemical vapor deposition (MPACVD) has shown early promise toward lateral
area gain during epitaxial growth. While promising, significant wafer area
enhancement remains challenging. This study explores the growth dynamics
of SCD in a constrained system—a pocket holder—whose effect is twofold: linear
dimension and area enhancement and polycrystalline diamond (PCD) edge rim
suppression. A series of pocket-type holder designs were introduced that
demonstrated that the depth and substrate-to-wall distance are the major
means for optimizing and enhancing lateral outgrowth while still suppressing
the PCD rim. When taken together with reactor modeling, the pocket effect on
the extent of ELO could be understood as directly manipulating and perturbing
methyl radical flux near the growing diamond surface, thereby directly
manipulating gas-to-solid phase transformation kinetics. Because it was
further discovered that simple box-like pockets limit the ELO process to an
exponential-decay scenario, a new generation of angled pockets was proposed
that allowed boosting ELO to its fullest extent where a constant rate, linear,
outgrowth was found. Our results indicate that ELO by MPACVD could become
an industrial means of producing SCD at scale.
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1 Introduction

The advent of modern technologies such as microwave wireless communication,
electrified transportation, renewable power grid, and quantum information has
sustained interest in novel electronic materials. While most modern technologies
are supported by traditional semiconductor materials like Si or A3B5, new wide
bandgap materials are being developed to further enhance electronic and electrical
systems capabilities (Tsao et al., 2018). Among existing wide bandgap semiconductors,
diamond has the highest electronic, optical, and thermal figures of merit (Burns et al.,
2009; Geis et al., 2018) and hence could disrupt communication, energy, and
transportation infrastructure and computing. However, the practical
implementation of diamond requires significant advances in crystal wafer quality
and size as well as overall production yield.
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Toward these goals, experiments with low pressure synthesis
started already in the 1960s. Eversole (1961) reported diamond
homoepitaxial synthesis by a CVD technique with the use of carbon-
containing gases at pressures of less than 1 atmosphere and
temperatures of around 800 °C–1,000 °C. Eversole had actually
succeeded in late 1952, even before the results of HPHT
techniques were published. This technique, however, was not
very effective since large amounts of graphite were co-deposited
with diamond, and growth rates were extremely low. Eversole’s work
was followed up by Angus et al. (1968), who provided evidence of the
use of atomic hydrogen as an effective technique for graphite
removal, making diamond production much more effective. Since
that time, the chemical vapor deposition (CVD) method was rolled
out and widely and successfully applied to synthesizing diamond. Its
variation, microwave plasma-assisted CVD (MPACVD) (Kamo
et al., 1983), is the most potent for realizing large area high-
quality diamond substrates and epi-layers. Recent progress in
MPACVD homo- and heteroepitaxy, allowing for large-area
(1–3 inches) and high-quality (dislocation density ≤103 cm-2)
diamond crystal growth, has opened significant opportunities for
diamond. Among existing epitaxy techniques, the (homo)epitaxial

layer outgrowth (ELO) technique is a simple and effective sequential
single-substrate process. ELO requires special pocket designs
helping to impede a parasitic effect called polycrystalline
diamond (PCD) rim formation that produces a net negative
effect on the resulting useful lateral area of epi-layers (Mokuno
et al., 2005/11; Nad et al., 2015; Charris et al., 2017; Nad et al., 2016).
Hence, PCD rim suppression allows for lateral single
crystal outgrowth.

This research further explores the design and optimization of the
pocket holder and reactor configuration to achieve the highest lateral
area gain. New insights into substrate holder–plasma interactions in
two reactor types were cross-examined. An exponential decay lateral
outgrowth regime was discovered and parametrized, and new
modifications to the substrate holder were introduced to help
attain linear lateral outgrowth.

2 Materials and methods

Figure 1 schematically illustrates the typical setup of the MSU
reactor B configuration (A, B) and the temporal evolution of

FIGURE 1
(A) Diamond reactor and (B) schematic diagram of the chamber showing components of the system, wherein the sample stage containing the
diamond is positioned at the center of the chamber beneath the plasma. Samples are placed in the pocket and shown without (C) and with plasma (D).
After growth is concluded, the grown SCD sample fills the pocket being surrounded by graphitic polycrystalline diamond on the holder surface, as shown
in (E).
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diamond shape and size within the pocket (C, D, E). A gas mixture of
methane (CH4) and hydrogen (H2) was used as a precursor gas. As
the chamber was pressurized, a 2.45-GHz microwave signal was
used to ignite and sustain the plasma, which provided CH3 and H as
the main precursor species for diamond growth (Goodwin and
Butler, 2018). Samples are held in a pocket holder inside the quartz
dome designed to separate the plasma-containing reaction zone
inside otherwise ambient air pressurized electromagnetic cavity.

2.1 Reactor conditions

Diamond growths under sample ID prefixes AI used reactor type
B configuration, while SB and ACH prefixes used type C
configurations (Lu et al., 2013); process conditions are listed in
Table 1. Both reactors were tuned to reduce the reflected power to a
minimum value, achieving the desired deposition results, including
growth uniformity. In reactor C, depositions were carried out at

TABLE 1 Nominal growth conditions for samples grown in Reactors B and C. SB and ACH samples are grown in reactor C [12], which uses a hybrid mode of
TM001/TM01n. AI samples are grown in Reactor B [12], which uses a hybrid mode of TM013/TEM001.

H2/CH4 (sccm) Temperature (°C) Pressure (Torr) Time Δt (hr) Vertical growth rate RV (µm/hr)

SB A 400/20 980 ± 10 240 9 18.9

SB C 400/20 980 ± 10 240 48 27.5

SB F 400/20 980 ± 10 240 60 25.0

ACH 1 400/20 1,020 ± 20 240 50 26.5

ACH 2 400/20 1,020 ± 20 240 50 26.5

ACH 3 400/20 1,020 ± 20 240 48 26.5

ACH 4 400/20 1,020 ± 20 240 50 26.5

AI 03 400/20 800 ± 5 240 25 26.8

AI 05 400/20 763 ± 10 240 25 17.4

AI 06 400/20 790 ± 15 240 25 24.0

AI 07 400/20 760 ± 10 240 25 24.7

AI 17 400/20 800 ± 10 240 30 12.7

AI 18 400/24 775 ± 15 240 30 18.5

TABLE 2 Dimensions of pocket holders for samples grown in Reactor B and C. Gap distance (G) is determined based on a standard 3.5 × 3.5 mm diamond
substrate size. A calculated lateral growth rate based on the data is RL =A/τ·exp (-t/τ). Average lateral growth rate is calculated as RAL = (Lf-Li)/2Δt.

Pocket
width
(mm)

Pocket
depth
(mm)

Pocket
Volume
(mm3)

Δd
(mm)

G
(mm)

A
(mm)

τ
(hr)

RL at
t=0

(µm/hr)

RL at t=τ
(µm/hr)

RAL

(µm/
hr)

RAL/
RV

SB A 6.0 2.6 93.6 1.21 1.25 0.44 8.79 49.60 18.25 31.10 1.65

SB C 6.0 2.6 93.6 1.65 0.85,1.65 0.32,
0.97

9.79,
51.66

32.69, 18.78 12.02, 6.91 6.67,
14.40

0.24,
0.52

SB F 6.6 2.6 113.3 1.20 1.55 0.56 44.94 12.46 4.58 7.33 0.29

ACH1 6.0 2.6 93.6 1.20 1.25 0.24 10.35 23.39 8.60 2.50 0.09

ACH2 6.6 2.6 113.3 1.20 1.55 0.60 6.85 88.15 32.43 6.60 0.25

ACH3 7.0 2.6 127.4 1.20 1.75 0.80 10.81 73.57 27.07 9.78 0.37

ACH4 7.0 2.9 142.1 1.50 1.75 0.91 12.47 72.59 26.70 10.20 0.39

AI 03 7.0 2.0 98.0 1.50 1.75 0.77 8.42 91.69 33.73 15.50 0.58

AI 05 7.0 2.0 98.0 1.50 1.75 0.43 18.14 23.48 8.64 7.00 0.40

AI 06 7.0 2.0 98.0 1.50 1.75 0.58 7.52 77.70 35.64 16.80 0.70

AI 07 7.0 2.0 98.0 1.50 1.75 0.72 20.18 35.59 13.09 19.80 0.80

AI 17 7.0 2.0 98.0 1.50 1.72 0.55 28.49 19.45 7.15 7.83 0.62

AI 18 7.0 2.0 98.0 1.50 1.77 1.19 59.83 19.89 7.32 14.30 0.77
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substrate temperatures of 980 °C with an emission coefficient of 0.1,
measured using the optical pyrometer technique described by Nad
(2016). Substrate temperatures in reactor B have been recorded with
an emission factor of 0.6, meaning that the reported temperatures
are about 180 °C–200 °C lower than with an emission coefficient of
0.1. Thus, the targeted temperatures of 760 °C–800 °C are similar to
those in reactor type C geometry. All samples were grown under
240 Torr with 400 sccm H2 20 sccm CH4. Input microwave power
levels were between 2 and 3 kW. Growth rates for SB diamond
depositions were controlled to approximately 25 μm/hour in the
vertical direction. ACH samples were also grown in reactor C
geometry with substrate temperatures of 1,020 °C. In all cases, the

substrate holder was actively water-cooled to regulate and maintain
the substrate temperature during growth.

2.2 Preparation and growth

Diamond seeds (type Ib high pressure high temperature
(HPHT)) were cleaned with a sequence of acids and solvents
including sulfuric, nitric, and hydrochloric acids and acetone,
methanol, and isopropyl alcohol to remove contaminants and
impurities before loading into the CVD chamber. Seeds were
then carefully positioned in the designated conditioned pocket
holder and loaded to the CVD chamber. The CVD chamber was
held under constant vacuum at base pressure (~10−5 Torr) for at
least 12 h before deposition. An initial etch was performed at the
start of growth using 2.8 kWmicrowave plasma at 400 sccm H2 flow
and 950 °C substrate temperature for 10 min to 1 h to obtain a clean
and fresh surface of the substrates. Epitaxial growths were
performed over a range of times from 3 h to 60 h according to
pocket holder size (Table 2) under conditioned listed in Table 1.

3 Results and discussion

3.1 ELO in traditional pocket holder and
exponential decay growth

A total of 13 samples were grown in two different reactors to
examine the reproducibility of the outgrowth when substrate-to-
pocket constraints were manipulated to vary the constrained system
parameters. All samples are classified and summarized in Tables 1, 2.
The principal characterization metrics are average vertical and
lateral growth rates RV and RAL, respectively. SB A and SB F are
symmetrically grown; SB C is asymmetrically grown (Figure 2A).
Representative pictures of top and side views of SB F and SB C are
shown in Figure 2B. AI samples AI 07 and AI 17 top and side views
are presented in Figure 2C. In all cases, as shown in Table 2, the
initial gap between the substrate edge and pocket wall were different,
resulting in different lateral outgrowths.

Because the useful area of a diamond typically shrinks during
vertical growth (Yamada et al., 2011), the outgrowth is deemed an
unusual effect. A qualitative computational studywas thus performed to
elucidate the process at stake. Reactor B was modeled in COMSOL in
terms of its basic discharge properties—electron concentration and
temperature and gas temperature. The basic COMSOL model
formulation can be found in Nikhar and Baryshev (2023). The
standard operating point of 240 Torr pressure, CH4/H2 flow of 20/
400 sccm, 2 kW power, and 2.45 GHz frequency was considered. The
substrate temperature solved for self-consistency is at 850 °C. Themodel
proceeds with calculating 3D (2D with rotation symmetry) methyl
radical distributions. Ionization, electronic and vibrational state
excitation of H2, and dissociation cross-sections of H2 and CH4

were taken using databases assembled from Mankelevich et al.
(2008), Yoon et al. (2008), and Hassouni et al. (2010). The steady-
state CH3 distributions at the beginning of growth and after the
thickness of the growing film quadrupled (equivalent to 60 h of
growth) are highlighted. One can clearly see that in the former case,
the process begins with the standard out-of-plane/vertical growth as the

FIGURE 2
Schematic of sample placement in pocket holder and growth
outcomes for SB and AI samples. (A) SB F was performed with HPHT
substrates placed at the center of the pocket, creating conditions for
symmetric ELO of the diamond from the four edges and corners
of the substrate. SB C growth was placed asymmetrically in the pocket
to test ELO behavior as a function of position. The results of ELO (B)
demonstrate asymmetric placement results in asymmetric ELO
profiles, with the right side of SB C showing a nearly linear outward
expansion compared to SB F. (C) Symmetric placement results in
AI07 and AI17 ELO profiles.
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methyl radical flux (green in Figure 3) is uniformly suspended over the
substrate in the pocket (dashed arrows in Figure 3A). As the growing
SCD thickens, it perturbs the methyl incoming flux that now comes at
an angle (dashed arrows in Figure 3B), enabling the gas-to-solid
transformation resulting in ELO. Using gas dynamics simulations,
Yamada et al. also indicated that a box pocket design can be

proposed where gas flow can be redirected toward the growing SCD
corners, making it additionally useful for ELO (Yamada et al., 2006).

From this modeling result, it is possible to parametrize the
reactor/substrate within the classical phase change kinetics
framework using the equation of Avrami (1940) describing the
gas-to-solid phase transformation through temporal lateral gain
function L(t) as

L t( ) � A 1 − e−t/τ( ), (1)
when boundary conditions are set for the simple straight box pocket
holder design (Figure 4A). Here, A is the max lateral gain (measured
in mm) and τ is the characteristic time (measured in hours). Eq. (1)
is a trivial case of first-order exponential decay growth. The lateral
gain rate slows exponentially as distance G between the growing
CVD crystal and the pocket side wall reduces. Eq. (1) perfectly
captures the resulting growth in both symmetric and asymmetric
cases in both reactors. The most striking results are shown in Figures
2 and 4, where results for the SB sample series are shown and fitted.
The right side of SB C clearly gained more than its left side, and SB F
gained literally the same amount on both sides. When taken together
with the modeling, it is clear that the wider initial gap allowed more
lateral gain because it permitted a larger influx of the methyl radical.
Experimental growth dynamics for all of samples parametrized with
Eq. (1) (yielding G, A, and τ) are summarized in Table 2 alongside
experimental data (RAL, RL and RV).

Early work by Nad et al. (2016) and Charris et al. (2017) indicated
that increasing width dimensions in a pocket mode will lead to better
outgrowth performance; however, pockets that are too wide cannot
suppress PCD growth. Thus, the relationship between the coefficients of
the Avrami equation, lateral growth rates, and pocket dimensions
should be interrogated. In reactor B, pocket holder dimensions were
held fixed for AI samples (see Table 2). A clear positive correlation is
observed between the lateral and vertical growth rates at different
temperatures, with the ratio of RAL/ RV ranging 0.4–0.8. In reactor
C, growth times are longer than in reactor B since holders are deeper,
but lateral growth had the same exponential decay regime. The ratio of
RAL/ RV for SB A is the greatest at 1.65 since the growth time was the
shortest at 9 h and lateral outgrowth was most accelerated. In the same
sample series, the larger the growth time, the smaller the RAL/ RV ratio.
For the ACH series, the holder dimensions were set with wider and/or

FIGURE 3
Computational demonstration of the ELO process: (A) 5-mm substrate is recessed in the angled pocket and (B) the substrate is homoepitaxially
overgrown by a thick epilayer. The color contours are the spatial distribution of the methyl-to-methane ratio, and color bars represent
corresponding values.

FIGURE 4
(A) Step-like schematic of the ELO process resulting in the
exponential decay mode. (B) Lateral gain experimental data fitted by
Eq. 1 for samples SB F (green and black open circles) and SB C (blue
open circles).
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deeper pockets. FromACH 1 to ACH 4, the wider the holder, the faster
the average lateral growth rate RAL, and the larger ratio of RAL/ RV.
When the optimal pocket depth is found (2.5–3 mm in our case), gapG
is the most useful variable to optimize for the best ELO gain.
Summarizing the results from SB, ACH, and AI growths performed
in the legacy pocket holder configurations, the wider pocket allows
wider lateral size and, correspondingly, longer decay time τ. Generally, a
set-up with gap distance of 1.5–1.75 mm allowed CVDdiamond to gain
up 1 mm on a single (100) edge after 48 h at a vertical growth rate of
around 25–28 μm/hr.

3.2 ELO in novel pocket holder and steady-
state lateral outgrowth mode

Engineering the gap appeared to be the main means of
attaining a substantial but still constrained outgrowth using
the traditional pocket configuration. The next question is
whether the holder–substrate system can be further
manipulated to lessen the constraint, such as achieving a best-
case scenario where lateral outgrowth does not decay but remains
constant. Thus, an angled pocket holder with fixed angle α was
introduced (Figure 5A). For reference, α was equal to 90° in the
legacy design. Considering the actual experimental situation in
the chamber, PCD or graphite was always deposited to the pocket
slope, thereby perturbing the initial α. It was hypothesized that
PCD/graphite would not influence the growth behavior of the
CVD diamond so long as α was between 0° (no pocket) and 90°

(vertical wall pocket) and the CVD diamond could show a linear
undecayed ELO profile. Importantly, α here becomes the major
optimization variable to attain the hypothesized constant rate,
linear, outgrowth.

A series of designs were fabricated where different combinations
of inner and outer pocket width, step length, inner and total pocket
depth, inner and outer slope ends, and α were considered. As shown
in Figure 5B, the inner pocket depth was fixed at 1 mm to expose the
top 200–400 μm of the substrate to couple with the methyl radical
flux; the inner pocket width was fixed at around 4 mm to keep the
substrate at the center; the step length was 1 mm (if the holder
design contained one, like designs #0, #1 and #4). The purpose of
#0 was to introduce the strongest constraint. The other pockets #1-
#4 were designed with different angles (37° versus 60°) with or
without a step. The two angle choices are intuitively clear: the angle
must be between 0° and 90°, or near to 45°.

All CVD growths were done in reactor C at 980 °C at
otherwise identical preparation conditions to those discussed
above. The upper pocket depth was 1.6 mm, and the vertical
growth rate was typically around 25 μm/hr, making the upper
growth time limit of approximately 1.6 mm/25 μm/hr = 64 h. All
samples were grown for 50–60 h except for the sample in pocket
#1, where growth was stopped after 24 h. The resulting growths
are shown in Figure 6A. Optical side view profiles can be
summarized as follows.

1) Pocket #0, closest to the traditional pocket described in Section
3.1, yields smooth growth but very limited outgrowth driven
by the exponential decay kinetics. Pocket #3, having no step
and a large angle of 60°, demonstrated the most severe
constraining regime where no ELO was attained. Instead,
inward/shrinking growth was found.

2) Pocket #1, combining a step and a small angle of 37°—having
the least constraint—appeared too large and allowed the PCD
rim to form. Growth was stopped after 24 h because PCD was
aggressively growing.

FIGURE 5
(A) Conceptual design of the new angled pocket holder. (B) Angled holder geometries interrogated in this work.
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3) Pockets #2 and 4, providing similar effective in-pocket spacing,
allowed for the largest lateral gains. Figure 6B compares #2 and
#4 pocket holders, where #2 shows the perfect hypothesized
relationship; in the inset, one can see a nearly linear
relationship between the lateral gain and time, indicating
the constant growth rate. Because the pockets are now
semi-open, some PCD deposition is expected to form that
would cause the gap in #2 to close from 37° (or corner between
the step and 60° in #4) toward 45°, thereby inducing quasi-
linear ELO. Figure 6B clearly demonstrates that it is possible to
maintain equal vertical and lateral gains such that the ratio
RAL/ RV is equal to 1. With this demonstration, the linear size
of the homoepitaxially grown CVD crystals can be doubled
and the area can be quadrupled.

4 Conclusion

An extensive experimental interrogation of substrate holder
designs was conducted. Based on the traditional rectangular wall

pocket design (yielding self-constrained exponential decay mode), it
was demonstrated that pocket geometry can be manipulated to
attain a constant growth rate ELO. A smooth angled pocket was
designed that yielded a “perfect” SCD growth, where the vertical
(thickness) to lateral gain ratio was 1 such that the lateral size was
doubled and the area was quadrupled. Our results indicate that ELO
homoepitaxy, being a simple sequential single-substrate process,
could become a self-replicating industrial process for 1–2 inch SCD
wafer manufacturing.
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