Volume 7
Number 2
26 January 2026
Pages 667-1330

Materials
Advances

rsc.li/materials-advances

ISSN 2633-5409

ROYAL SOCIETY PAPER

Adam Gali, David Beke et al.

O F CH EMIST RY The role of aluminum in controlling defect formation and

polytypism in silicon carbide via thermal synthesis




: ROYAL SOCIETY
Materials OF CHEMISTRY

P
Advances -

View Article Online

View Journal | View Issue

The role of aluminum in controlling defect
formation and polytypism in silicon carbide
via thermal synthesis

’ '.) Check for updates ‘

Cite this: Mater. Adv., 2026,
7,783

Sarah Morais Bezerra, (2 2° Sandor Kollarics,®*“ Luisa Souza Almeida, ¢ ¢
Gabor Bortel,” Nikoletta Jegenyés,” Bence Gabor Markus,” Ferenc Simon,*'
Adam Gali**9" and David Beke (2 **

The synthesis of silicon carbide has been widely explored to tailor its material properties for specific
needs, particularly particle size, polytype distribution, and defect density. While many applications require
defect-free material, the intrinsic defect states in SiC make it an attractive candidate for quantum
technologies. However, the controlled introduction of such defects remains a major challenge. In this
work, we investigate the influence of aluminium concentration and high-energy ball milling duration on
defect formation and polytype distribution in silicon carbide synthesized through controlled thermal
reactions. Our findings highlight the critical role of Al in altering the reaction between Si and C,
stabilizing specific polytypes, and promoting the formation of optically and magnetically active point
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defects. Multivariate analysis using machine learning-assisted partial least squares regression revealed
strong correlations between structural parameters and defect concentrations. These results demonstrate
DOI: 10.1039/d5ma00751h that optimizing Al concentration and milling conditions enables controlled synthesis of SiC with tailored

polytypism and targeted defect configurations, presenting a scalable route for quantum technological
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1. Introduction

Silicon carbide (SiC) is a polymorphic material that can crystallize
in more than 200 distinct polytypes,'™ which differ in the stacking
sequence of their Si-C bilayers along the crystallographic c-axis.
The most common are the cubic 3C-SiC (B-SiC) and the hexagonal
4H- and 6H-SIiC (a-SiC) polytypes. These structural variations
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result in differences in their electronic and optical properties,
making polytype control crucial for tailoring material perfor-
mance in electronic and quantum applications.” The synthesis
of silicon carbide has therefore been extensively studied, primarily
with the aim of obtaining crystals with minimal defect densities
and controlled polytype compositions.”*® Initial studies by
Knippenberg’ and Inomata et al.® suggested that temperature is
a critical parameter influencing polytype formation, reporting that
the cubic polytype (3C-SiC) predominantly forms at lower tem-
peratures, while hexagonal polytypes (4H- and 6H-SiC) form at
higher temperatures. Subsequent research confirmed the influ-
ence of temperature but indicated that it is not the sole determi-
nant of polytype distribution.”™*

The principal industrial methods for synthesizing SiC include
the Acheson process,>** the Lely method,"* and chemical vapor
deposition (CVD)."® Each technique has unique strengths and
limitations. The Acheson process, widely established in industry,
enables large-scale production but offers limited control over
polytype purity, defect concentration, and particle morphology.
In contrast, CVD achieves high-quality SiC crystals but is costly
and produces limited quantities per cycle. Consequently, alter-
native synthesis methods have been explored to tailor SiC pro-
perties for specific applications, such as precise particle size
control,*® defect minimalization,”” and thin film deposition.*®
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Typically, SiC synthesis from elemental silicon and carbon
occurs through combustion or analogous reaction methods."*°
Alternatively, conventional thermal synthesis offers enhanced
control by allowing a gradual temperature increase,> thereby
promoting homogeneous particle formation compared to com-
bustion synthesis.*” Controlled methodologies have enabled the
systematic investigation of factors influencing polytype stabili-
zation. Notably, certain precursor additives have been identified
as stabilizing agents for specific polytypes.>® Nitrogen and phos-
phorus generally stabilize the cubic polytype, whereas aluminum
favors hexagonal polytypes.”*

In other words, additives incorporated into the reaction
mixture function as promoters, often effectively reducing the
reaction temperature, modulating the reaction conditions, and
potentially favoring specific polytype formation without elevat-
ing impurity levels in the final product. For instance, a reported
60:20 Al to Si ratio has been shown to yield high-purity silicon
carbide with no detectable aluminum contamination.>

Indeed, the formation energies across SiC polytypes exhibit
minimal variation, suggesting that polytype distribution is
influenced by factors beyond energetic considerations alone."
Rajabzadeh et al. attributed the stabilization effects to differ-
ences in valence and conduction band alignments among
polytypes.*® Their calculations revealed that nitrogen doping
raises the Fermi level to the conduction band, reducing the
bandgap, whereas aluminum doping lowers the Fermi level to
the valence band.

Introducing additives in the precursor mixture to stabilize
polytypes also increases the likelihood of stacking faults and
associated defects.?® These defects adversely impact SiC perfor-
mance by reducing carrier lifetime, deteriorating mechanical
properties, and increasing electrical leakage currents and device
on-resistance, ultimately compromising device reliability.>”

Despite such defects often being considered undesirable,
recent research has explored their beneficial properties, analo-
gous to those of nitrogen-vacancy (NV ) centers in diamond.>**
Specific defects in SiC, such as carbon antisite vacancies (CAVs)
and negatively charged silicon vacancies (Vg;), exhibit promise as
single-photon emitters®* and qubits exhibiting spin coherence at
room temperature,””*® respectively, which makes SiC ideal for
quantum information processing® and sensing applications.*’
Compared to diamond, SiC offers advantages such as reduced
production costs and a broader range of defect structures due to
its polytypism.*'™*> However, traditional defect creation techni-
ques using irradiation or implantation are complex, expensive,
and typically yield low defect densities.®>*

In this study, we employed a controlled tube furnace synth-
esis method, leveraging an aluminum additive in the reaction
mixture to enhance stacking fault formation and promote
defect generation tailored for quantum technological applica-
tions. Our findings indicate that the amount of Al used in the
precursor has a significant influence on the formation mecha-
nism of silicon carbide. Without Al, the cubic polytype is the
dominant phase, accompanied by a decrease in defect density.
Conversely, moderate Al concentrations in the precursor
promote the formation of hexagonal polytypes and increase
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the concentration of point defects in the synthesized SiC.
Interestingly, higher Al concentrations (20 mol%) in the pre-
cursor lead to increased formation of cubic polytypes with a
lower defect density, which contradicts initial expectations.
Furthermore, using chemometrics techniques — which rely on
statistical and machine learning models to extract meaningful
patterns from complex datasets — we reveal direct correlations
among crystallite size, polytype distribution, and defect density.
This data-driven approach enabled us to uncover subtle inter-
dependencies that are not readily apparent through conven-
tional analysis, highlighting the potential of artificial
intelligence-assisted methods in the study of structure-defect
relationships. We propose a reaction mechanism involving
aluminum-carbon interactions that explains the observed var-
iations in polytype distribution and defect density. Based on
these insights, we recommend specific synthetic approaches for
tailoring desired defect concentrations in SiC for targeted
quantum technological applications.

2. Methodology

Silicon (Si) powder (~ 325 mesh, 99% trace metals basis, Sigma-
Aldrich), activated carbon (C, NORIT® A SUPRA EUR USP,
Sigma-Aldrich), poly(tetrafluoroethylene) (PTFE, powder, 1 um
particle size), and aluminum (Al, powder, >91% complexo-
metric) were used as raw materials. The powders were loaded
into high-energy ball milling equipment (Planetary Micro Mill,
PULVERISETTE 7, FRITSCH) with varying molar fractions of Al
(0%, 5%, 10%, and 20%). The ball-to-powder ratio (BPR) was
maintained at 1:10, and the milling speed was set to 500 rpm.

To control the temperature and prevent excessive heating,
the milling process was performed in cycles of 10 minutes of
milling followed by a 5-minute rest period, as established in
preliminary tests. The temperature increase during a 5-minute
cycle was about 20 °C (from 25 °C to 45-47 °C). Isopropanol was
used as a milling medium to minimize particle agglomeration
and maintain a uniform, oil-like consistency in the sample.
Additionally, the milling was conducted under an argon atmo-
sphere to prevent oxidation. The total milling durations were
set at 1, 2, 3, and 4 hours to investigate the effect of processing
time on the final material properties.

The milled powder samples were pressed into 20 mm dia-
meter pellets to enhance the interaction between reagents.
A 5 w/w% polyvinyl alcohol (PVA) solution was added dropwise
to the powder, followed by mixing and weighing 1.5 g of
material for each pellet. The pellets were then compacted under
7 tonnes and dried overnight to remove residual moisture.
Silicon-carbide nanoparticles (SiC NPs) were synthesized using
a Carbolite (CTF 18/-/300) tube furnace with a temperature
ramp rate of 5 °C min~ ' under an argon (UHP/5.0) atmosphere.
The thermal treatment process involved an initial dwell at
200 °C for 60 minutes, followed by a second dwell at 1250 °C
for an additional 60 minutes. After cooling, the samples were
weighed and subjected to secondary heat treatment at 650 °C
for 10 hours in air to remove unreacted carbon. To eliminate

© 2026 The Author(s). Published by the Royal Society of Chemistry
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residual silicon and remove aluminium, the samples were
etched overnight in a HF:HNO;:H,O (1:1:10) solution.
Finally, the product was thoroughly washed with deionized
water until the pH stabilized at 5. This procedure was generally
effective;>*™® however, in some cases, traces of Si and Al,O;
persisted after etching. Importantly, the concentrations of
these residual species did not correlate with milling duration
or the initial aluminium content in the precursor, and varied
randomly across repeated experiments (0.5-7 at% Al). Although
additional etching cycles further reduced their presence, no
measurable influence of these residues on the experimental
data was detected. Therefore, to minimize potential surface
modifications—since the acidic solution can alter the SiC surface
chemistry’” and affect both EPR and Raman responses—all
samples were characterized after a single standard etching step.
The incomplete removal of Si and Al is attributed to differences in
particle morphology and surface topology, which may locally
hinder reagent access and limit leaching efficiency.

Samples were subsequently labeled based on milling dura-
tion and aluminum additive concentration. However, it is
important to note that the latter parameter does not reflect
the aluminum concentration within the final product. The
incorporation of aluminum into the precursor mixture influ-
ences the reaction mechanism and, consequently, the proper-
ties of the synthesized SiC. Due to the limited solubility of
aluminum, it predominantly forms a separate phase, which was
removed during the purification process. Further details and
discussion can be found in the subsequent sections.

Powder X-ray diffraction (XRD) measurements were per-
formed using a Huber G670 Guinier Imaging Plate Camera
with Cu Ko, radiation (4 = 1.5406 A). The samples were
enclosed in special glass capillaries (Mark-tubes made of
special glass, WJM-Glas Miiller GmbH) with a diameter of
0.5 mm and a wall thickness of 0.01 mm, ensuring proper
containment and minimizing background interference. Riet-
veld refinement was performed using Topas Academic to
characterize the polytype formation and crystallite size.

Scanning electron microscopy (SEM) was conducted using a
TESCAN MIRA3 electron microscope. For sample preparation,
the material was dispersed in water and subjected to ultraso-
nication for 30 minutes to ensure a homogeneous distribution.
The resulting suspension was then drop-cast onto silicon wafer
and allowed to dry before imaging.

EPR measurements were performed using a Magnettech
MiniScope MS-400 X-band spectrometer equipped with a
TE;q, rectangular resonator. The magnetic field was swept from
331 to 341 mT (9.38 GHz, 0.1 mT modulation amplitude, and a
MW power of 10 mW). The EasySpin®® Toolbox was used to
obtain fits on the experimental data.

Raman measurements were performed using a Renishaw
invia confocal Raman microscope equipped with a 532 nm
excitation laser and 1800 lines per mm gratings. For the fitting,
Voigt functions were used in OriginPro 2025 software from
OriginLab Corporation, Northampton, MA, USA.

Photoluminescence measurements were conducted using a
QE-Pro spectrometer (Ocean Optics, Ocean Insight, USA).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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An integrating sphere (819C-IS-5.3, Newport, USA), in conjunc-
tion with a collimator and a 550 nm long-pass filter (FEL0550,
Thorlabs), was employed to enhance the measurement accu-
racy. The laser used to excite the samples was a 520 nm
(Roithner Lasertechnik GmbH, RLTMDL-520-1W-05) CW laser.
The photoluminescence peaks were deconvoluted using
OriginPro 2025.

All measurements were performed at room temperature.

Statistical methods: principal component analysis (PCA) was
used as exploratory analysis, and partial least squares (PLS) was
used for calibration analysis using MATLAB 2022b software
with the PCA toolbox and Regression toolbox 1.4.°%°" PCA was
calculated with 3 principal components (PCs), and the data
were mean-centered. In PLS 3, latent variables (LVs) were used.
The validation was done by contiguous blocks cross-validation.
The use of machine learning (ML), a well-established branch
of artificial intelligence (AI), involves the calculation of statis-
tical models learning through examples instead of pre-
programmed rules.®>® When applied to chemometrics, the
area of chemistry that studies how to better extract chemically
relevant information from data produced in chemical experi-
ments, it is easier to find patterns and correlate information on
multivariate data.®*

3. Results and discussion

SEM imaging confirmed the formation of silicon carbide nano-
particles (SiC NPs) with a range of shapes and sizes (Fig. 1).
In samples synthesized from aluminum-containing precursors,
the presence of both spherical particles and well-defined,
faceted structures was observed. In contrast, samples synthe-
sized without aluminum exhibited whisker-like morphologies,
indicating distinct formation mechanisms.

It is reported®® that SiC whiskers typically form via a solid-
gas reaction, where a gaseous silicon-containing species (Si,.
Y,(g)) reacts with solid carbon. In this mechanism, preferential
growth occurs along the lowest-energy (111) facet, resulting in
the characteristic whisker morphology. Conversely, spherical
SiC structures are commonly associated with a solid-state
reaction between silicon (in either liquid or solid form) and
carbon (in solid form). Silicon and carbon react at around
1450 °C to form SiC.°® Silicon begins to melt at approximately
1400 °C. However, the presence of aluminum in the precursors
can lower the reaction temperature.®”’*® This may be accounted
for by the morphological differences observed in samples
prepared in the presence of Al

Both XRD and Raman analyses revealed broad peaks in the
samples, indicating small crystallite sizes and high defect
densities. Given the polytypism and the variety of possible
defect configurations across all polytypes, we employed multi-
ple analytical approaches to evaluate the data. The resulting
data were compared to gain deeper insight into the structural
and electronic properties of the system. A schematic overview
of the applied methodology is presented in Fig. 2, and the
corresponding measured data are provided in the SI.

Mater. Adv,, 2026, 7, 783-797 | 785
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Fig. 1 SEM images of the samples with different amounts of Alin the precursors and various milling times: (a) 10%Al-0 h, (b) 20%Al-4 h, (c) 5%-0 h and (d)

0%-0 h.

The analysis of the X-ray diffractograms confirmed the
presence of multiple SiC polytypes, including 3C-SiC, 6H-SiC,
and 4H-SiC, with occasional detection of the rare 2H-SiC phase.
The measured data, reference spectra, and analysis results are
reported in the SI (Fig. S1-S4).

In samples synthesized without aluminum, the predomi-
nant polytype was cubic (3C-SiC). However, with an increase in
Al concentration in the precursor, the cubic fraction decreased
and then increased with an increase in Al concentration,
showing a minimum at around 5-10 at% Al, as shown in
Fig. 3a. The applied milling time also affected the polytype
ratios (Fig. S5a). The calculated polytype ratios showed no
changes in samples with 0% and 20% Al, except for a 10%
fluctuation in the sample with no added Al and a 3% variation
in the sample with 20% Al in the precursor. In samples with 5%
Al in the precursor, the hexagonal-to-cubic ratio displayed an

786 | Mater. Adv, 2026, 7, 783-797

overall decrease with some fluctuations in milling time, while
samples with 10% Al in the precursor exhibited an increase in
cubic SiC concentration.

Crystallite size (Fig. 3b) also followed a concave trend with
an increase in Al concentration in the precursor but remained
mostly unaffected by milling time (Fig. S5b). This correlation
between 3C-SiC formation and crystallite size suggests that an
increase in hexagonal polytypes is associated with a reduction
in overall crystallite size.

Similar trends have been reported in previous studies: the Al
content influences the microstructure: low Al precursor con-
centrations, such as 5 at%, favor the formation of fine, inter-
connected grains and robust porous monoliths,*
with our SEM and XRD results. Conversely, higher Al precursor
concentrations (e.g., 20 at%) result in larger crystals due to the
increased formation of a thicker, more mobile Al-Si liquid/

consistent

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Schematic overview of the data analysis workflow. The evaluation combines structural and spectroscopic methods to characterize polytypic and
defect-rich samples.
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vapor phase, elevating surface diffusion, supersaturation-
driven 2D nucleation, and Ostwald ripening processes,’® as
observed in our study.

X-ray diffraction primarily detects long-range, averaged crys-
tal structures, providing information on phase composition,
lattice parameters, and overall crystallinity. However, minor
variations in these parameters result in subtle changes in the
XRD pattern. In contrast, Raman spectroscopy probes the
vibrational modes of chemical bonds within the crystal lattice.
These vibrational signatures are overly sensitive to local struc-
tural variations, including different SiC polytypes, defects,
strain, doping, and slight compositional changes, that can
induce broadening, peak shifts, or splitting in the Raman
spectrum, making it more responsive to subtle structural
variations.”"”?

The longitudinal optical mode (LO) and transverse optical
mode (TO) Raman bands of the synthesized SiC exhibited
variations in shape depending on milling time and Al concen-
tration in the precursor (Fig. S6). The Raman spectra of the
samples synthesized without the presence of Al in the precur-
sor, and somewhat the samples made with 20% of Al,
resembled those of 3C-SiC, and these results corroborate their
XRD patterns. The most notable differences among the samples
were the variation in the LO-to-TO peak ratio and peak width, as
well as the presence of broad peaks on the left side of the LO
and TO peaks. In some cases, these red-shifted peaks domi-
nated the spectra.

The Raman spectra of samples made with 5% and 10% Al in
the precursor were significantly broader, exhibiting numerous
recognizable or unresolvable peaks in the 700-1000 cm™*
spectral range. This broadening correlates closely with varia-
tions in crystallite size and cubic polytype fraction derived from
XRD analysis, suggesting that these structural factors signifi-
cantly influence the microcrystalline environment probed by
Raman spectroscopy.

Although the overall broadening is challenging to quantify
precisely, assumptions can be made for SiC systems. The LO
and TO of 3C-SiC are located at 790 and 940 cm ™%,
respectively.”® In an ideal, infinite crystal, only vibrations from
the center of the Brillouin zone contribute to first-order Raman
scattering (¢ ~ 0). However, short-range disorder, bond distor-
tions, or nanocrystallinity disrupt periodicity and spatially
confine phonons, introducing uncertainty in the wave vector
within the Brillouin zone. As a result, in finite-sized crystals, the
relaxation of Raman selection rules allows transitions with
finite crystal momentum, g # 0. If the phonon dispersion
curves within the first Brillouin zone are not flat, this results in
band broadening and shifts. Consequently, transitions beyond
the zone center become allowed.

The presence of defects also results in an increased band
broadening and the emergence of spectral shoulders. Silicon
carbide is known to contain defects such as twins, dislocations,
and inclusions, with stacking faults being the most prevalent.””
Stacking faults can be identified through the presence of a
shoulder at approximately 768 ¢m™ ', accompanied by the
broadening and softening of the TO peak. Additional factors,

788 | Mater. Adv., 2026, 7, 783-797
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such as strain and surface layer effects, also influence the
Raman spectra.”>’*”> Furthermore, a broad band centered
around 860 cm™* has been previously observed in nanoscale
SiC and is attributed to the presence of amorphous SiC,”® or
Frohlich transitions. Here, the Frohlich mode is due to the
change in the Frohlich-type electron-phonon interaction, as
the presence of structural defects causes the relaxation of the
selection rules, leading to the appearance of otherwise silent
modes.”’

Since the most abundant defects in SiC are stacking faults, it
is also likely that the hexagonal SiC structures, or parts of these
structures, detected by XRD, are not lone particles per se, but
small inclusions within the material’s structure, such as stack-
ing faults (SFs). The proximity of SFs correlates directly with the
extent of broadening and the position of the TO peak.”>”?

To analyze these spectral features quantitatively, we employed
Voigt curve fitting to extract the full width at half maximum
(FWHM) and peak positions. This approach provided detailed
insights into peak broadening, frequency shifts, and the potential
emergence of additional polytypes within the synthesized materi-
als. The linewidths (FWHM) of the TO peaks are plotted in Fig. 4
and Fig. S7. However, the observed linewidths were broader than
the reference simulation’ used to describe the influence of SFs
on the Raman spectra. The variation of the linewidth showed
a pattern similar to the hexagonal ratios obtained from XRD
measurements, with the exception of the 1 h samples. Besides
stacking faults, point defects also modify the Raman spectra.”®°
The peaks at lower Raman shifts, for example, (720-730 cm ™),
which are also visible after fitting in most samples, can be
related to the formation of defects, specifically carbon antisite
defects.®! However, neither the TO linewith nor the area around
720-730 cm™ ' show similarities to the EPR data discussed
below (Fig. S8) Although we cannot directly attribute these
deviations to differences between the 1 h milled samples and
others, our statistical analysis demonstrates that, despite
observed similarities in the trends of hexagonality, Raman

=Ml-0h

Linewidth (cm™)
N N w
b = =

N
(63}

10 T T T T
0 5 10 15 20

Al conc. (mol%)

Fig. 4 Linewidth of TO peaks after fitting with a Voigt function, which
correlates with SF concentration.”*”

© 2026 The Author(s). Published by the Royal Society of Chemistry
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linewidth, and defect concentration measured via EPR, there is
no direct correlation between the Raman TO linewidth and the
properties that are expected to influence it.

The LO band is generally utilized for the determination of
free carrier densities. The interaction between the LO phonons
and plasmons leads to the formation of a hybrid mode known
as the LO phonon-plasmon coupled (LOPC) mode. This results
in a broadening and shift of the LO peak. The change in the
spectral features is proportional to the free carrier density.
Thus, higher free carrier densities result in more pronounced
alterations in the spectra.’” In other words, both p-type and
n-type doping can lead to the formation of LOPC modes.
However, while n-type doping generally causes a noticeable
hardening of the LO peak, the softening associated with p-type
doping is usually less significant. Given that Al was used during
the synthesis, some degree of p-type doping is expected. Never-
theless, in our samples, although the LO peaks exhibit broad-
ening, no corresponding red shift was observed, rendering this
phenomenon inapplicable to estimate carrier density in our
samples; however, it excludes high variation in doping levels,
regardless of the different amounts of Al used for the synthesis,
consistent with the XRD results.

The shoulder on the LO peaks around 915 cm™ is also
thought to be related to structural defects arising from changes
in the polarization selection rules and wave vector due to
disordered lattices,”"®* and they were observed in all samples.
From the peaks in between the LO and TO peaks, we can assign
most of them to hexagonal polytypes (4H and 6H), Frohlich
transitions, and the formation of amorphous SiC.

A notable difference is observed in the Raman spectra of
samples milled for 2 hours, which exhibited significantly

1
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narrower peaks and fewer additional features, irrespective of
the Al concentration in the precursor (Fig. S6). This indicates a
reduction in structural disorder and improved crystallinity
compared to samples subjected to other milling durations.
Interestingly, XRD analysis did not reveal any corresponding
differences between the two-hour milled samples and the others,
despite both techniques being sensitive to structural character-
istics. The better crystallinity, indicated by Raman data, suggests
that two hours is an optimal milling time for SiC nanoparticles
with a low amount of structural defects and amorphization.

Beyond two-dimensional structural defects, silicon carbide
is also known for exhibiting point defects. Electron paramag-
netic (EPR) spectroscopy can be employed as an analytical
technique to excite the electronic spin between the Zeeman
levels of unpaired or conducting electrons. Given that the
majority of defects of interest exhibit EPR signals, this method
can be utilized to both qualify and quantify these specific
defects within a given structure.

To quantify the number of spins per mg concentration, we
used eqn (1) from ref. 84 with omitting the ‘“scan” factor
already considered in the area of the spectra (Fig. S9).

 AxGud(Bm)yq(851a) [S(S + 1)]yg Para?
X] = 2 12
AstaGx (Bi)x8x2[S(S + 1)]x Px

[std]

where A is related to the area under the curve after double
integration, G is the gain, B is the modulation amplitude, g is
the g-factor of the sample, S is the spin state, P is the microwave
power. The std notation corresponds to the used standard, and
the X refers to values of the sample. The results can be found in
Fig. 5a and Fig. S10, S11.
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(a) Calculated defect concentration as a function of Al concentration in the precursor for various milling times. The contribution of the

three vacancies, (b) carbon antisite vacancy pair (CAV), (c) carbon vacancy (Vé) and (d) silicon vacancy (Vs’i), which were used to simulate the

experimental data.
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The overall defect concentration exhibited a pattern consis-
tent with the trends observed in crystallite size and cubic phase
formation: samples characterized by the highest proportion of
hexagonal polytypes and the smallest crystallite sizes demon-
strated the greatest defect concentrations. The samples made
with 10% precursor Al concentration and milled for 1 h showed
some deviation from the observable trend of the defect density,
similar to the observed differences in FWHM of the Raman TO
mode; however, the deviation in the EPR signal was more
substantial. Initially, it can be inferred that the observed
defects may be associated with one or both XRD parameters.
Previous studies®>®® have linked defects predominantly to the
crystallite size. Other studies have also demonstrated a correla-
tion between the size and defect concentration in SiC nano-
wires,®” and in films.®®

To quantitatively explore the correlations among the three
visually similar datasets obtained from XRD, Raman, and EPR
measurements, we employed statistical methods for cross-
analysis. Proceeding with a multivariate regression model helps
to reduce bias in the selection of variables that are likely to have
the most significant impact on the model.*® Thereupon, this
approach is used to derive a comprehensive result encompass-
ing the whole XRD data, rather than confining the analysis to
specific concentration values. PLS mathematically predicts the
behavior of a sample based on a series of previous measure-
ments taken under established conditions through the imple-
mentation of inverse calibration regression.’® Specifically, it
calibrates the analytical values (area under the EPR spectrum),
denoted as Y, with the measured values, X (diffractograms).”®
Unlike univariate analyses, which consider only single-variable
relationships, PLS accounts for multiple varying regions, facili-
tating the simultaneous analysis of how variations in defect
concentration correspond to changes in the XRD spectra.
Therefore, it is possible to assess the overall variation of the
diffractogram and visualize this variation in a multidimen-
sional space to identify correlations. Subsequently, it optimizes
redundant information to maximize the explanatory power
of the model with respect to the observed data. Hence, it is
feasible to extract chemical information from the acquired
data.”

PCA is a multivariate statistical technique utilized to reduce
the dimensionality of complex datasets, such as spectroscopic
measurements characterized by high amounts of variables.”
PCA operates by orthogonally transforming the original data
matrix into a set of axes known as principal components (PCs),
which encapsulate the maximum variance within the data.’*
This transformation involves the calculation of eigenvectors of
the covariance (or correlation) matrix. By transforming the
original data into these eigenvector-defined axes, PCA simpli-
fies subsequent analyses, facilitating the detection of data
trends, outliers, and distinct patterns that may be obscured
within the high-dimensional variable space.

PLS gave three latent variables, the metrics obtained, shown
in Table 1, and the scores plotted in Fig. 6. These results show
that the data between XRD and the area of the EPR have a good
correlation.
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Table 1 Results from PLS

Parameter Value
R? 0.926
RMSE 0.0505
R*CV 0.697
RMSECV 0.1024
Explained variance 95%

In Table 1, R* denotes the coefficient of determination,
indicating the goodness of fit of the model. RMSE represents
the root-mean-square error of the regression, analogous to the
standard deviation of residuals. R’CV is the cross-validated
coefficient of determination, while RMSECV denotes the root-
mean-square error obtained from cross-validation. The explained
variance (95%) indicates that the univariate measurement, speci-
fically the EPR area, accounts for the signal’s variability and
demonstrates a correlation with 92% confidence. Despite the
EPR measurement being less complex and providing less infor-
mation, it correlates well with the XRD, which encompasses
critical and more parameters such as polytype, particle size,
crystallinity, among others.

To further investigate the relationship identified by PLS
analysis, we conducted additional statistical analyses. A linear
regression (Fig. S14) between the 3C-SiC fraction and the defect
concentration yielded good negative Pearson coefficients
(Table S2), indicating a statistically significant inverse rela-
tionship consistently observed across all samples: as the
fraction of the cubic polytype (3C-SiC) decreases, the defect
concentration increases. In contrast, neither linear regression
nor Spearman’s rank correlation (Fig. S15 and Tables S1-S3)
revealed any statistically significant relationship between the
crystallite size and defect concentration or between the crys-
tallite size and 3C-SiC fraction when data from individual
milling times were analyzed separately or combined. Also,
when data from all milling times were combined (Table S4),
the Spearman method did yield a statistically significant
correlation between defects and 3C-formation. These analyses
suggest that the variations observed in the XRD patterns, in
conjunction with changes in defect concentration, are primar-
ily governed by differences in polytype composition rather
than crystallite size.

When Raman data was used as matrix X in PLS, we had R* =
0.722, RMSE = 0.0981, R>CV = 0.517, and RMSECV = 0.1293, and
an explained variance of 85%. However, the relatively low
performance metrics, particularly those from cross-validation,
suggest the absence of a statistically significant correlation
between defect concentration and Raman spectral features—
even though the peak at 720 cm ™" has been previously linked to
the paramagnetic antisite vacancy.

The PLS analysis between the Raman TO linewidth (as Y),
which was previously connected to the presence of SFs, and the
XRD data (as X), which should show higher hexagonal fractions
when the SF concentration increases, gave high explained
variance (95%); however, all the statistical metrics were poor:
R? = 0.418, RMSE = 4.06, RCV = —0.064, and RMSECV = 5.49.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic representation of the PLS algorithm. The predictor matrix X, derived from XRD data, and the response matrix Y, based on the double-
integrated EPR signal area for each sample, are decomposed into scores (T and U) and loadings (P and Q), with residuals represented by E and F,

respectively.

Both of these poor outcomes are primarily attributable to
the inherent noise in Raman spectral measurements, which
adversely impacts the modeling accuracy and predictive perfor-
mance, even though the PCA of the Raman spectral data
revealed discernible clustering trends corresponding to varying
concentration levels (Tables S6, S7 and Fig. S16, S17), exhibiting
superior separation and data differentiation relative to the
XRD measurements. So, regarding multivariate data analysis,
Raman data seem to be better explained by exploratory or
classification models, whereas XRD and EPR are more well-
suited for calibration in this case.

These results, which indicate a correlation between the
concentration of hexagonal phases and the density of point
defects, contradict some previously reported experimental find-
ings. However, they are supported by theoretical calculations.
Many-body perturbation theory using the GW approximation,®®
along with density functional theory (DFT), has predicted that
the studied defects are metastable in 3C-SiC and exhibit lower
formation energies in hexagonal polytypes.®® This implies that
higher concentrations of hexagonal phases should indeed lead
to an increased concentration of vacancies.

The EPR data were also simulated with known paramagnetic
defects, carbon antisite vacancy — CAV, silicon vacancy - Vg,
and carbon vacancy - V¢ using the EasySpin toolbox™ (Fig. 5b-d
and Fig. S10b-d, S11). Interestingly, while the total defect
concentration showed no significant outliers, the changes in
the individual defect concentrations demonstrated outlier
behavior of the samples milled for two hours, similar to the
Raman spectra. It was most obvious in the CAV concentration
dependence on Al concentrations, as it is increasing with Al
concentration for most of the samples, except for the one
milled for two hours, but there is a remarkable difference in
the case of Vg, too. The maximum contribution of Vg -
approximately 5.05 x 10'7 spins per cm?, corresponding to
~35% relative contribution - was achieved through chemical

© 2026 The Author(s). Published by the Royal Society of Chemistry

synthesis by incorporating 10 mol% Al in the precursor and
applying a two-hour milling process. This concentration is an
order of magnitude higher than that obtained via the optimized
irradiation technique®” and even higher than most other
reports,”®°® demonstrating that the chemical route can yield
Vg, centers in quantities comparable to, or even higher than,
those produced by conventional methods.

The generation of negatively charged Vg requires the coex-
istence of positively charged defects to satisfy charge neutrality.
These are typically carbon vacancies, V{ or ionized N*
donors.**%1% 1n jrradiated samples, carbon vacancies are
known to form more readily than silicon vacancies due to their
lower formation energies and higher mobility,**'% often result-
ing in V{/Vg ratios >3:1. This excess of V{ can degrade
spin coherence in ensemble-based quantum applications by
introducing fluctuating charge and spin noise near Vg;
centers."®'% In our chemically synthesized samples, the
best-performing material yields a significantly improved
V{ Vg ratios (3:2.1) compared to irradiated materials, which
might be improved further as discussed in the next section.

The photoluminescence spectra of the samples under
520 nm excitation are shown in Fig. S12. All samples exhibited
a broad luminescence signal that was deconvoluted (Fig. S13)
into three components with peak centers at 1.90, 1.56, and
1.38 eV (650, 795, 900 nm). The center of the narrow peak at
1.38 eV (900 nm) is close to the emission line of the Vg in
hexagonal SiC at room temperature.*®'°*'°" The intensity of
this peak as a function of Al concentration in the precursor for
various milling times is plotted in Fig. 7a and its spin concen-
tration calculated via the EPR is in Fig. 7b. Although the PL
intensities did not directly correlate with the Vg concentrations
determined by EPR, both measurements reached maximum
values in the SiC10Al-2 h sample. This result is particularly
promising considering the relatively low concentration of struc-
tural defects observed in samples milled for 2 hours. It should

Mater. Adv., 2026, 7, 783-797 | 791
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Fig. 7 (a) Results from the area of the PL measurement of samples and (b) Vg; spins per cm? after fitting with EasySpin.

be noted that the intensity of the photoemission is often
influenced by extrinsic factors, such as the refractive index,
particle shape, and the presence of other defects, which can
compete in the photon absorption and emission processes. V¢,
for example, is known for its quenching efficiency.'®”

3.1 The effect of aluminum on SiC formation

Our results demonstrate that both milling time and aluminum
concentration significantly influence the final structural and
defect properties of SiC, enabling optimization for specific
applications. Based on comprehensive XRD, Raman, EPR, and
PL data, we propose a reaction mechanism for defect formation
and polytype evolution during synthesis.

The mechanism begins with the formation of aluminum
carbide (1), as reported by Du et al.'°® followed by its reaction
with elemental silicon (2). Both reactions exhibit negative Gibbs
free energy, AG®, values,'*® indicating thermodynamic favor-
ability under the applied conditions.

3C(S) + 4A1(]) e A14C3[s) [1)
A14C3(S) + 3Si(1) - 3SiC(S) + 4A1(1) (2)

This reaction pathway results in a carbon-deficient environ-
ment, which promotes the formation of carbon vacancies
consistent with previous reports'® and our EPR results.

The observed increase in antisite-vacancy complexes with
higher Al concentrations in the precursor can be attributed to
their stabilization under p-type conditions and the relatively low
formation energies of these defects."'*'"* This p-type environment
arises because a portion of the aluminum introduced as a pre-
cursor becomes incorporated into the SiC lattice during synthesis,
acting as an acceptor dopant. Moreover, the migration of antisite
vacancies toward silicon or carbon vacancies is thermally
activated''* above 1500 K. The photoluminescence data are con-
sistent with the occurrence of primarily carbon antisite-vacancy
pairs and silicon vacancies. However, carbon vacancies do not
appear within the range where theoretical models suggest a zero
phonon line (ZPL), between 1400 and 1900 nm.""

While the prevalence of the cubic 3C-SiC polytype in the non-Al
samples is consistent with expectations, its significantly enhanced

792 | Mater. Adv., 2026, 7, 783-797

presence in samples made with 20 mol% Al is unexpected. Similar
observations have been reported using different synthetic
methods’® where high Al concentrations and a nitrogen atmo-
sphere facilitated the formation of 2H-AIN, which acts as a
structural template for 3C-SiC growth. Moreover, nitrogen and
phosphorus are known to stabilize cubic polytypes during
growth.""'" In our scenario, despite the absence of nitrogen
or phosphorus, it is plausible that excess aluminum reacts with
available carbon to form Al,Cs, rendering the system silicon-
rich and thus favoring 3C-SiC formation, consistent with earlier
findings.>'"* According to Vasiliauskas et al.,'" the transforma-
tion from 6H to 3C polytype can occur when stacking faults
(SFs) develop in the 6H structure during growth. These faults
disrupt the continuation of hexagonal stacking, enabling the
nucleation and stabilization of the cubic phase, which is
energetically favorable. It has been shown that the addition of
aluminum enhances the formation of stacking faults in SiC,>
which supports our proposed mechanism. Our XRD measure-
ments confirm the presence of stacking faults, evidenced by a
shoulder near the (111) reflection, while the Raman spectra
independently corroborate the structural disorder consistent
with SFs.

In addition to the thermodynamic and structural factors dis-
cussed above, defect formation is also governed by charge compen-
sation. The generation of negatively charged vacancies requires the
coexistence of positively charged defects to satisfy charge neutrality.
Adjusting the Si: C stoichiometry in the precursor could offer a route
to further reduce carbon vacancy concentrations and favor the for-
mation of spin-active V. However, for high silicon vacancy concen-
tration, it is necessary to create compensating positive charges.
Introducing nitrogen either through controlled atmospheres or
additives could serve as an alternative charge compensation mecha-
nism, as nitrogen donors are spinless in their ionized form (N*) and
can stabilize Vg without contributing additional spin noise.

4. Conclusion

This study demonstrates that both aluminum concentration
and milling time are critical parameters governing the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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structural evolution and defect formation in SiC nano-
particles. An increase in Al content and a prolonged milling
time facilitate the formation of hexagonal polytypes and
significantly affect the generation of point defects. However,
the influence of Al is concentration-dependent and becomes
negligible above 20% Al in the precursor mixture. At or above
this threshold, the reaction environment resembles that of the
Al-free system, albeit with a reduced reaction temperature.

Statistical analysis reveals that defect concentration corre-
lates more strongly with stacking fault density than with
crystallite size, thereby challenging previous assumptions that
primarily attributed defect formation to nanostructure dimen-
sions. A notable finding from the comprehensive statistical
evaluation is that, despite apparent visual and logical asso-
ciations, no statistically significant correlation could be estab-
lished between polytypism and crystallite size. Raman spectroscopy
emerges as a promising complementary technique to XRD for
structural analysis. However, to enable reliable correlation
studies, a signal-to-noise ratio comparable to that of XRD is
essential.

Quantification of defects via EPR shows that Al concen-
tration and milling time can be tuned to achieve Vg concentra-
tions comparable to those obtained through irradiation-based
methods. Among all conditions tested, 2-hour milling consis-
tently yields the lowest structural disorder. The sample with
10% Al milled for 2 hours emerges as a promising candidate
for the direct synthesis of color centers in SiC, exhibiting
the highest concentration of Vg. For applications targeting
high concentrations of CAV, 2-hour milling without Al is
most effective. In contrast, minimizing V¢, requires longer
milling durations (3-4 hours) combined with elevated Al
concentrations.

Finally, the high density of V{ and CAV, defects in the
synthesized material, offers opportunities for post-synthetic
tuning through thermal annealing. Vacancy migration at
reduced temperatures—facilitated by the small crystallite
sizes—may enable the formation of more complex and
application-relevant defects, such as infrared-active divacancies.""
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