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Abstract

Microwave Plasma Assisted Chemical Vapor Deposition (MPACVD) is a prominent method for synthesizing high-quality
single crystal diamonds under comparatively low pressure and temperature. The synthesis conditions were optimized
using the MPACVD method, at substrate temperatures from 800 2C to 900 °C, with gas pressures in the range of 150-
180 Torr and the volume concentrations of H2 and CH4 employed during deposition. The simultaneous changes in and
analysis of the growth parameters enhanced the quality of the synthesized samples. An infrared pyrometer was utilized
to determine the temperature of the substrate, while a mass flow controller regulated the flow rate of each gas. The
application of the Low-Pressure High-Temperature (LPHT) process resulted in better-quality synthesized samples, as
confirmed by Raman Spectroscopy as well High-Resolution X-Ray Diffraction (HRXRD). To confirm the diamond phase,
Raman spectroscopy was utilized. HRXRD analysis was performed to evaluate the orientation of the crystallography
phase in grown samples. The value of FWHM of the rocking curves in HRXRD reflects the quality of the homoepitaxial
layer. The diamond crystals produced exhibit remarkable material characteristics that enable excellent performance in
various applications, including medical diagnostics, radiation detection, optical components for laser windows in RF
and microwave transmission, mechanical tools like cutting and brushing instruments and electrodes for
electrochemical sensing.

Keywords: High Pressure, High Temperature, Microwave Plasma Assisted Chemical Vapor Deposition, Optical
Properties, Single Crystal Diamond.

Introduction

Single-crystal diamond has emerged as one of the
most promising wide-bandgap semiconductor
materials for next-generation electronic, photonic
and quantum technologies. Owing to its
exceptional combination of physical, thermal and
electronic properties, diamond has attracted
significant attention for high-power and high-
frequency electronic devices capable of operating
under extreme environmental conditions. In
particular, diamond possesses an ultra-wide
bandgap of approximately 5.47 eV, extremely high
thermal conductivity exceeding 2000 W m™ K™%,
high carrier mobility and a very large breakdown
electric field (~10 MV cm™). These properties
enable efficient heat dissipation and stable device
operation even under high temperature, high
voltage and high radiation environments where
conventional semiconductor materials such as
silicon, silicon carbide and gallium nitride often
encounter performance limitations (1-3). As a

result, diamond has been increasingly recognized
as a key material platform for advanced power
electronics, high-frequency devices and radiation-
hard electronic systems.
In addition to its outstanding electronic
characteristics, diamond also exhibits remarkable
mechanical hardness, chemical stability and
optical transparency across a wide spectral range
extending from the ultraviolet to the infrared
region. These properties make diamond particu-
larly attractive for applications in optical windows,
radiation detectors, high-performance heat sprea-
ders and advanced photonic devices (4-5). How-
ever, the practical implementation of diamond in
and photonic systems requires

extremely high crystalline quality and atomically

electronic

smooth surfaces with minimal subsurface damage.
Surface imperfections introduced during polishing
or processing can significantly influence device
reliability, carrier transport properties and optical
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performance. Therefore, the development of high-
quality single-crystal diamond substrates with
minimal defects and ultra-smooth surfaces
an essential requirement for the
successful integration of diamond into advanced
device architectures.

Recent advances in diamond synthesis technolo-
gies have significantly improved the availability of
high-quality single-crystal diamond substrates
with reduced impurity concentrations and
improved structural uniformity. These develop-
ments have accelerated research efforts focused on
exploiting diamond for a wide range of emerging
technological applications. In particular, single-
crystal diamond has become a promising material
platform for high-power electronic devices, high-
frequency transistors, radiation-hard detectors
and next-generation photonic systems (6).
Diamond synthesis is primarily achieved through
two well-established techniques: High-Pressure
High-Temperature (HPHT) synthesis and Chemical
Vapour Deposition (CVD). The HPHT method
replicates the natural geological conditions under
which diamonds are formed deep within the
Earth's mantle, typically requiring pressures
exceeding 5 GPa and temperatures above 1500 °C
(7). Although HPHT synthesis is widely used for
producing gem-quality diamonds and industrial
abrasives, the method offers limited control over
impurity incorporation and crystal defects. In
contrast, CVD techniques enable diamond growth

remains

under comparatively lower pressures while
providing enhanced control over critical growth
parameters such as gas composition, plasma
density, microwave power and substrate
temperature (8-10). Consequently, CVD techni-
ques have become the preferred approach for
producing high-purity single-crystal diamond
materials suitable for electronic and optical
applications.

Among the various CVD techniques, Microwave
Plasma-Assisted Chemical Vapour Deposition
(MPACVD) has emerged as one of the most widely
adopted and reliable methods for synthesizing
high-quality single-crystal In this
technique, microwave plasma is used to activate a
hydrogen-rich gas mixture containing a carbon

diamond.

precursor, typically methane. The plasma
dissociates methane molecules and generates
reactive carbon radicals that contribute to

diamond growth on the substrate surface. Atomic
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hydrogen present in the plasma plays a crucial role
by selectively etching non-diamond carbon phases
while stabilizing sp3-bonded carbon structures,
thereby promoting the formation of high-quality
diamond films (11-13).

Despite the significant advantages offered by
MPACVD, the synthesis of high-quality single-
crystal diamond remains a complex process that is
highly sensitive to growth parameters. During the
growth process, undesirable graphitic (sp?-
bonded) carbon may form at the interface between
the diamond substrate and the substrate holder.
The formation of this graphitic layer can
significantly increase the thermal contact resis-
tance between the substrate and the holder,
leading to non-uniform temperature distribution
across the substrate surface. Such temperature
gradients may adversely affect the growth kinetics
and lead to the formation of structural defects,
dislocations and non-diamond carbon phases,
which ultimately degrade the crystalline quality of
the grown diamond films (14-16).

In recent years, diamond has also attracted
considerable attention in the rapidly developing
field of quantum science and technology. The
presence of optically active defects, commonly
referred to as color centers, within the diamond
lattice provides unique opportunities for quantum
applications. Among these defects, the nitrogen-
vacancy (NV) center has emerged as one of the
most promising solid-state quantum systems due
to its long spin coherence time and excellent
optical addressability even at room temperature
(17-19). NV centers enable highly sensitive
detection of magnetic fields, temperature and
electric fields at the nanoscale, making them ideal
for applications in quantum sensing, nanoscale
magnetometry and quantum information process-
sing.

Chemical Vapour Deposition techniques provide
significant flexibility in controlling diamond
growth conditions, including substrate tempera-
ture, chamber pressure, microwave power and gas
composition. By carefully optimizing these
parameters, it is possible to significantly improve
the structural quality, optical properties and
growth stability of single-crystal diamond films
(20).

In this study, the growth of single-crystal diamond
using the MPACVD technique was systematically
investigated by optimizing key synthesis
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parameters, including substrate temperature,
chamber pressure and gas composition. Under-
standing the relationship between these growth
parameters and the resulting structural and optical
properties is essential for improving the
reproducibility and scalability of diamond synthe-
sis. Such insights are expected to contribute to the
development of high-quality diamond materials
suitable for next-generation electronic, photonic
and quantum technologies.

Methodology

The experiments were carried out using a Seki
Diamond MPACVD system (Model SDS 6K),
operated at 2.45 GHz with a microwave power of
5-5.5 kW. The chamber was initially evacuated to
a base pressure of ~1 x 1073 Torr prior to gas
introduction. Commercially available single-
crystal diamond (100)-oriented substrates (8 x 8 x
0.5 mm?®) were used as seed crystals. Before
growth, the substrates were ultrasonically cleaned
sequentially in acetone and isopropanol, followed
by deionized water rinsing and nitrogen drying. In
situ plasma pre-cleaning was then performed in
hydrogen atmosphere at 20 Torr and 6 kW for 20
minutes to remove surface contaminants and non-
diamond carbon. After pre-cleaning, the substrates
were mounted on a molybdenum holder to ensure

Table 1: Summary of Growth Parameters
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good thermal contact. Hydrogen was introduced to
generate a dense plasma under controlled
temperature and pressure conditions. The gas flow
rates were precisely regulated using mass flow
controllers and the reactive gases were premixed
prior to entering the reaction chamber to ensure
uniform composition. Plasma density inside the
chamber was monitored using optical emission
spectroscopy (OES), while the substrate
temperature was measured using an optical
pyrometer. Two samples (D1 and D2), each with
dimensions of 8 x 8 x 0.5 mm?, were synthesized
by systematically optimizing gas flow rates and
substrate temperature through an iterative trial-
and-error approach. The growth was carried out at
substrate temperatures ranging from 800-900 °C,
gas pressures between 150-180 Torr and
microwave power of 5-5.5 kW for a total growth
duration of 98 hours. After growth, the samples
were cooled gradually to room temperature under
continuous hydrogen flow to minimize thermal
stress. All growth parameters-including plasma
density, substrate temperature, gas pressure and
reactive gas concentration-play a critical role in
achieving symmetric growth morphology and high
crystalline quality.

The optimized growth parameters are summa-
rized in Table 1.

Sample Substrate Gas Microwave CH, N, Total Growth Dimensions
Temperature Pressure Power (sccm) (sccm)  (sccm) Flow Period (mm)
(°C) (Torr) (kw) (sccm) (h)
D1 800 150 5.5 30 1 481 98 8x8x1.8
D2 900 160 5 40 1 491 98 8x8x1.8

The samples were annealed by this technique,
where the Hz/Ar plasma etching was carried out at
2000 °C and pressure 300 Torr. These conditions
were applied to improve the structural quality and
crystalline integrity of the synthesized diamonds
using the Low-Pressure High-Temperature (LPHT)

Table 2: LPHT Processing Conditions

technique, thereby suppressing graphitization
during growth, as verified through Raman
spectroscopy  and
Diffraction (HRXRD) analysis. Table 2 summarizes
the selected stepwise heating schedule applied to
the samples.

High-Resolution = X-ray

Substrate Gas Pressure Time H2 (sccm) Ar (sccm) H:/Ar Ratio Total Flow
Temperature (Torr) (Minutes) (sccm)
(&Y
1800-2000 250-300 0-1 400 100 4:1 500
1500-1700 200-250 1-30 400 100 4:1 500
1400-1600 150-200 30-60 400 100 4:1 500

The LPHT treatment was performed under
controlled temperature and pressure conditions
with a constant hydrogen-argon gas mixture.
Initially, the samples were exposed to tempera-
tures of 1800-2000 °C at 250-300 Torr for 0-1
min, followed by intermediate processing at 1500-

1700 °C for 1-30 min. In the final stage, the
temperature was gradually reduced to 1400-1600
°C with a processing duration of 30-60 min to
stabilize the crystal structure. Throughout the
process, a constant gas flow consisting of 400 sccm
H; and 100 sccm Ar (H,/Ar ratio of 4:1) with a total
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flow rate of 500 sccm was maintained. Significant
alterations in the optical appearance of single
crystal diamonds were observed after LPHT

Vol 7 | Issue 2

treatment, as illustrated in Figures 14, 1B, 2A and
2B.

(A)

Figure 1: Sample D1: (A) Before LPHT Treatment, (B) After LPHT Treatment

)

(B)

Figure 2: Sample D2: (A) Before LPHT Treatment, (B) After LPHT Treatment

Results and Discussion

We observed the significant changes in optical
property after LPHT treatment, which was
quantified through different analytical method as
under.

High-Resolution X-Ray Diffraction
(HRXRD)

HRXRD was utilized to investigate the surface
morphology and quality of crystalline layer of the
grown samples both before and after LPHT
treatment. The method facilitates the assessment
of extended defect density in epitaxial layers,
where the Bragg peak FWHM from the w-scan
correlates with the degree of extended defects in
the layer (21-23). Crystal quality and the off-axis

angle orientations of substrate were examined.
The measurements were performed using a D8
Discover from Bruker, Bangalore, operated at 40
kV and 40 mA using Cu K-alpha radiation. HRXRD
was used to assess the surface structure and
crystallinity of the layers by analyzing the rocking
curves of the (100) reflections of the samples. For
sample D1, the rocking curve was measured at
59.61° prior to LPHT treatment as given in Figure
3A and at 59.12° in Figure 3B afterward, indicating
misorientations of 0.61° and 0.12° respectively.
The peaks were fitted using a Gaussian function to
determine the FWHM values.
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Figure 3: High-Resolution X-ray Diffraction (HRXRD) w-Scan Rocking Curves of Sample D1
recorded (A) Before LPHT Annealing showing a peak at 59.61° with a FWHM of 0.1497° and
(B) After LPHT Annealing showing a peak at 59.12° with a Reduced FWHM of 0.038°
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Figure 4: High-Resolution X-ray Diffraction (HRXRD) w-Scan Rocking Curves of Sample D2
recorded (A) Before LPHT Annealing showing a Diffraction peak at 59.64° with a FWHM of 0.1852°

and (B) After LPHT Annealing exhibiting a peak at 59.12° with a Reduced FWHM of 0.043°

For the sample D2, we observed the rocking curve
at 59.64° before the LPHT as depicted in Figure 4A4,
while after the LPHT the rocking curve observed at
59.12°, corresponding to misorientations of 0.64°
and 0.12°, respectively, as depicted in Figure 4B.

As shown in Figure 3B and Figure 4B, after LPHT
treatment the exhibited
misorientation angles compared to before LPHT
treatment, which demonstrated enhancement of

samples smaller

crystals quality. After LPHT treatment the sample
D1 exhibited the narrow FWHM value of 0.038°
compare to before LPHT treatment higher FWHM
value 0.1497°. Similarly, the sample D2 exhibited
the smaller FWHM value of 0.043° compare to
before LPHT treatment higher value of 0.1852°. A
lower FWHM value indicated quality enhancement
of grown samples after LPHT treatment (24, 25).

The observed reduction in rocking curve FWHM
after LPHT processing indicates a significant
improvement in the crystalline quality of the CVD-
grown diamond layers. High-temperature treat-
ment is known to facilitate lattice relaxation and
reduce structural defects such as dislocations and
micro-strain within the crystal lattice. Similar
improvements in HRXRD peak narrowing have
been reported for thermally treated diamond
samples, confirming that post-growth thermal
processing plays a critical role in enhancing
structural perfection and reducing defect density
in single-crystal diamond materials (12-14).
Raman spectroscopy

Raman Spectroscopy was performed on the
obtained two samples to check the quality of
crystal, assess internal stress and defects of the
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structure both before and after LPHT treatment.
The spectra were fitted using a Gaussian function
to determine peak positions and assess crystalline
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quality. Sometimes, the Raman spectra are greatly
affected by the wavelength of the laser employed
for excitation.
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Figure 5: Raman Spectra of Sample D1 recorded (A) Prior to LPHT Annealing, showing a
Broadened Peak Centred at 1336.75 cm™ along with Additional Disorder-Related Features
and (B) After LPHT Annealing, exhibiting a Sharp Diamond Characteristic peak at 1332.8
cm™* with Significantly Reduced Background Intensity

In Figure 5A, Raman peak with increased
broadening appears at 1336.75 cm™* was observed
with excited laser 532 nm before the LPHT
treatment of sample D1 while the sharp Raman
peak was observed at 1332.8 cm™ with the same
excitation laser as illustrated in Figure 5B after
LPHT treatment. After LPHT annealing, the Raman
spectrum exhibits a sharp diamond characteristic
peak at 1332.8 cm™ with a full width at half

maximum (FWHM) of ~3.5 cm™, indicating

improved crystalline quality compared to the as-
grown sample, which showed a broadened peak
cantered at 1336.75 cm™ (FWHM ~ 8-10 cm™).
The peakintensity ratio (11332/1 background) increased
significantly after LPHT treatment, confirming
enhanced phase purity. No detectable sp? carbon-
related G-band (~1580 cm™) was observed after
annealing, indicating effective suppression of
graphitic carbon (26-29).
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Figure 6: Raman Spectra of Sample D2 Recorded: (A) Prior to Annealing showing a Broadened Peak
Centered at 1335.78 cm™* along with Additional Disorder-Related Features and (B) After LPHT Annealing,
exhibiting a Sharp Diamond Characteristic Peak at 1332.2 cm™" with Significantly Reduced Background
Intensity
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Similarly, as shown in Figure 6A, Sample D2
displayed a broadened diamond peak at 1335.78
cm™! before annealing. After LPHT treatment, the
peak shifted to 1332.2 cm™ with a reduced FWHM
of ~3-4 cm™, confirming substantial improve-
mentin lattice ordering, as shown in Figure 6B. For
example, internal strains can cause the Raman line
to shift, while defects and impurities can cause new
lines to appear in the spectrum. Raman peak
broadening corresponds to random
whereas line shifts or splitting suggest directional
stress. In addition, the crystal may include both
amorphous sp®-bonded carbon and sp3-bonded
carbon. The Raman peak at 1332 cm™ is
characteristic of sp® bonding (30-32).

stress,

Conclusion

The Low-Pressure High-Temperature (LPHT)
treatment significantly improves the crystalline
quality of the synthesized diamond samples. High-
resolution X-ray diffraction (HRXRD) w-scan
rocking curve analysis revealed a substantial
reduction in full width at half maximum (FWHM)
after LPHT annealing. For Sample D1, the FWHM
decreased from 0.1497° to 0.038° while for
Sample D2, it reduced from 0.1852° to 0.043°,
indicating enhanced crystallinity and reduced
structural disorder. The narrowing of the rocking
curve peaks confirms improved lattice perfection
and reduced mosaic spread following LPHT
treatment.

Additionally, Raman spectra clearly demonstrate
that LPHT treatment significantly improves the
crystalline quality of both samples. After
annealing, the diamond characteristic peak shifts
toward ~1332 cm™ and becomes markedly
sharper, indicating reduced lattice disorder. The
narrowing of the Raman peak confirms improved
structural ordering and reduced defect density.
Moreover, the absence of a noticeable sp2 carbon
G-band (~1580 cm™) after LPHT treatment
suggests effective suppression of graphitic phases
and enhanced phase purity. The enhanced optical
clarity and structural perfection make the single
crystal diamonds highly suitable for advanced
optical windows, high-power laser systems, radia-
tion detectors and electronic and quantum sensing
applications.

Abbreviations
Ar: Argon, CH,: Methane, CVD: Chemical Vapour
Deposition, FWHM: Full Width at Half Maximum,
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H,: Hydrogen, HPHT: High Pressure High
Temperature, HRXRD: High Resolution X-Ray
Diffraction, LPHT: Low Pressure High
Temperature.
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