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Processing steps, such as thermal oxidation, creation of p- and n-doped regions via ion implantation,
and postoxidation and postimplantation annealing, are essential for successful and reliable fabrication
of devices based on 4H-SiC. These processing steps are known to introduce crystalline defects
or even modifications within the SiC base material that can potentially compromise device operation
and reliability. In this work, we systematically study the strain introduced in the 4H-SiC crystal by
SiC-specific manufacturing methods. The results show that tensile strain is present after ion
implantation, thermal oxidation, and subsequent annealing processes. Interestingly, aluminum
implanted samples show compressive strain near the surface in addition to the presence of an
additional Raman signature, while nitrogen and phosphorus implanted samples experience tensile
strain. Density functional theory calculations were performed to corroborate the experimental data
and connect the type of strain to the microscopic impact that different dopants have on the SiC
lattice. These results contribute to the understanding of processing-induced modifications within the
crystal and show that Raman spectroscopy is a powerful tool to assess modifications to the 4H-SiC

crystal.

DOI: 10.1103/tnjl-xzgr

I. INTRODUCTION

Silicon carbide (SiC) is a wide bandgap semiconductor
that is well established in power electronics applications
as an alternative to silicon (Si) technologies. Moreover,
SiC is an attractive material for a wide range of
applications—including quantum technology, automotive,
and aerospace—due to its high operating temperature and
low on-state power losses [1-3]. However, defects and
material modifications caused by SiC-specific wafer and
device manufacturing processes continue to pose chal-
lenges, especially for ruggedness, robustness, and long-
term reliability [4]. SiC device fabrication uses techniques
similar to well-established Si technologies, including metal
deposition and thermal oxidation, while ion implantation
doping and subsequent thermal treatment require adjust-
ments to process parameters and dedicated equipment.
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Thermal oxidation leads to the creation of defects in the
4H-SiC epitaxial layer, at the oxide/SiC interface, and
within the oxide layer itself [5-8]. Those defects impact
the electrical performance of metal-oxide-semiconductor
field-effect transistors (MOSFETs) [9,10]. To improve the
electrical performance, postoxidation annealing (POA) is
implemented to reduce the density of interface defects and
increase channel mobility [6]. In addition to reducing the
population of interface defects, the POA process in a nitric
oxide (NO) environment introduces a high concentration
of nitrogen near the surface [11] and bulk defects within
the epitaxial layer [5]. Apart from electrically active
defects, thermal oxidation also creates optically active
defects and induces strain in the crystal [12].

Ton implantation is the process of choice for creating
n- and p-type regions in 4H-SiC due to the low diffusivity
of elements in the host crystal [13]. Typical dopants are
nitrogen (N) and phosphorus (P) for n-type doping and
aluminum (Al) for p-type doping. After ion implantation, a
postimplantation annealing (PIA) step is performed to
activate the dopants and to reduce the ion-induced crystal
damage [14]. However, intrinsic and extrinsic defects are
known to still be present after ion implantation and the PIA
process [15].

Published by the American Physical Society
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Lattice strain in a semiconductor crystal can be mea-
sured using Raman spectroscopy, a nondestructive tech-
nique requiring minimal sample preparation [16]. This
strain may originate from residual stress due to epitaxial
growth [17], or it may be induced by processing steps such
as thermal oxidation [12], ion implantation with post-
implantation anneal (PIA) [18], or the packaging process
[19]. In Si integrated circuits, Raman spectroscopy has
been extensively used to evaluate strain [20]. The strain
within the crystal changes the SiC properties, resulting in
variations in the emission of the color centers as used in
quantum technologies, shown for 6H-SiC [21], and alter-
ing the expansion of stacking faults, which are related to
bipolar degradation in SiC power devices [22].

This work studies the strain induced by key SiC
processing steps, including thermal oxidation followed
by different POA conditions, ion implantation with N, P,
and Al dopants, and also considers the influence of PIA
and thermal treatments. We aim to understand the state of
modification in the 4H-SiC crystal by means of Raman
spectroscopy measurements with supporting interpretation
by density functional theory (DFT) calculations.

II. METHODOLOGY

A. Sample description

A series of samples with different epitaxial (epi) layer
thicknesses (10 and 30 pm), doping concentrations
(2x 10,4 x 10", and 1 x 10! cm™3), and doping types
(n- and p-type) were used as pristine samples, as described
in Table I. All epitaxial layers are 4° off axis [0001]
4H-SiC wafers, thus all processing steps described were
performed on the Si-face. For the ion implantation,
samples with 10 pm-thick epilayers and an n-type doping
concentration of 4 x 10'> cm~ were used. These samples
were implanted with either N, P, or Al at different
concentrations, see Table II for further details. For the
N- and P-implanted samples, a 300 nm box profile was
created for two resulting doping concentrations (1 x 10!
and 1 x 10'® cm™), which means that several implanta-
tion steps at different energies were used. The PIA for the
N- and P-ion-implanted samples was performed for 30 min
at 1600°C. In contrast, the Al-implanted samples were

TABLE 1. Description of the pristine samples, including the
sample identifier, thickness of the epitaxial layer, doping con-
centration (Np ), and dopant.

Sample 1D Epi thickness (pm) Np, (em™)  Dopant

Epij um-Nis 10 4 x 10" Nitrogen
Epijg ym-Ni7 10 1 x 10" Nitrogen
Epijg ym-Alyy 10 1 x 10V Aluminum
Epizg ym-Nis 30 2% 101 Nitrogen

exposed to a single energy Al implantation, where the
implantation fluence was adjusted to obtain implantation
concentrations of 1 x 10'® and 1 x 10?° cm~ within the
first 100 nm. For the Al-implanted samples, samples both
with and without PIA were investigated. The PIA for the
Al samples was conducted for 30 min at 1700 °C. For more
details about the Al samples see Ref. [23]. All PIA thermal
treatments were performed with a carbon cap to prevent
the out-diffusion of Si during annealing.

For the thermally oxidized sample set, the epilayer
thickness was 30 pm with n-type doping concentration of
2 x 10" cm™3. All the samples were thermally oxidized at
1300 °C for approximately equal to 30 min, as described
in Table III. Sample Episy y-Ni5-Arl300 was only
annealed in an Ar environment at 1300 °C as a reference
sample. The studied samples were exposed to similar
thermal oxidation but differ in the postoxidation annealing
(POA) treatment. For more details about the samples,
see Ref. [11].

B. Raman spectroscopy

The Raman measurements were performed with a
LabRAM HR Evolution UV-VIS-NIR from Horiba. The

TABLE II. Description of the ion-implanted samples, includ-
ing the sample identifier, ion type, doping concentration (Np 4),
and PIA conditions. For all samples, the epilayer thickness is
10 pm and the doping type is n-type with 4 x 105 cm™ free
carrier concentration.

Sample ID Ton Np a(em™) PIA
Imp-N-PIA N 1 x 107 30 min at 1600°C
Imp-N5-PIA 1x10'8

Imp-P,;-PIA P 1 x 107

Imp-P,5-PIA 1x10'8

Imp-Al,g Al 1 x 10'8 No PIA
Imp-Aly, Al 1 x 10%°

Imp-Al,g-PIA Al 1x10'8 30 min at 1700°C
Imp-ALy-PIA Al 1 x 10%

TABLE III. Description of the thermally oxidized samples,
including the sample identifier, thermal oxidation condition, and
POA treatment. For all samples, the epi thickness is 30 pm and
the doping type is n-type with 2 x 10" cm™ concentration. The
POA process took 70 min.

Sample ID Thermal oxidation POA

1300x 32 min at 1300°C Not applicable
1300NO1150 30 min at 1300°C NO at 1150°C
1300NO1300 28 min at 1300°C NO at 1300°C
1300Ar1300 32 min at 1300°C Ar at 1300°C

Episg un-Nis-Ar1300 30 min in Ar at 1300°C Not applicable
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FIG. 1. Schematic of the beam waist and DOF characterization
for the Epi;g ,m-Ni5 sample.

excitation wavelength was 532 nm and all the measure-
ments were recorded at room temperature. To ensure
adequate spectral resolution, a grating of 1800 gr/mm
was employed. Spectrometers are known to have thermal
fluctuations [24,25], which change the peak position of the
Raman spectra. To account for the fluctuations, three
points were measured at the surface for each sample,
and the error bar is presented. In addition, to enable
comparison between strain measurements taken on differ-
ent days, the reference spectrum was always collected with
the same calibration settings as the samples of interest.
The Raman spectra from different probing depths and
volumes were accessed by using 50x and 100x magni-
fication objectives. The Gaussian beam depth of focus
(DOF) and beam waist (w,) were experimentally mea-
sured on the Epijg y-Ny5 sample in the following way.
Images of the beam were taken at depths (Z positions)
varying from —10 to 10 pm, where the 0 pm point was
assigned to the sample surface, as illustrated in Fig. 1. The
z movement was performed by a piezoelectric stage with a
precision of 1 nm. The full width at half maximum
(FWHM) of the beam was measured for distinct depths.
The minimum FWHM, measured at the sample surface,
was determined to be the beam waist. The DOF was
evaluated by recording the Raman spectra from —10 to
10 pm and evaluating the Lorentzian amplitude profile of
the 996 cm™! longitudinal optical plasmon coupled (LOPC)
mode. The 996 cm~! LOPC signature was selected for the
DOF evaluation because it is sensitive to doping concen-
tration [26] and therefore gives a different spectral signature
for the epilayer and substrate regions. The inset in Fig. 1
shows the rise and decay of the LO amplitude. By taking the

TABLE IV. Measured Gaussian beam parameters, laser power
at the sample, and the power density.

50x (NA: 0.5) 100x (NA: 0.9)
Depth of focus 11.7 pm 2.1 pm
Beam waist 1.1 pm 1 pm
Laser power 10 mW 9.8 mW
Power density 0.98 MW cm™2 1.1 MW cm™2

FWHM of this curve, one can obtain the DOF of the
Gaussian beam. The values for the beam waist and DOF
are presented in Table IV. The power used for each objective
is also reported in Table I'V.

Three Raman spectra were collected from the surface of
each sample using the 100x and 50x objectives for strain
measurements. The spectrum fitting was performed with a
Lorentzian fit to extract the Lorentzian center. The average
of these measurements, together with the minimum and
maximum values, is shown for the strain evaluation. Both
objectives utilized in this study (100x and 50x) have a
similar power density on the surface plane of the sample
but different power density along the out-of-plane direc-
tion. Nonetheless, the power density for both objectives is
small, and with the sub-bandgap excitation (532 nm), a
negligible self-heating induced by the laser is expected.

For the evaluation of relevant Raman features arising
from defects caused by thermal oxidation, the spectral
range 1200 to 2000 cm~! was evaluated. The spectra were
taken at the surface and at 4 pm depth and were normal-
ized to the highest peak in the range 1200 to 2000 cm™!.
Then, the normalized spectra are subtracted from each
other. We repeated this process for three distinct regions
in each sample and report representative spectra here.
This methodology has been previously employed in the
literature [27,28]. The normalization of the spectra
removes artificial features, and the subtraction allows
identification of carbon species, as their spectral position
overlaps with the second-order Raman signal of 4H-SiC.
The D and G Raman modes for carbon species are located
at approximately equal to 1300 and approximately equal to
1500 cm™! [29].

C. DFT calculations

Density functional theory calculations were performed
within the Kohn-Sham framework using the Vienna
ab initio simulation package code [30-32]. Plane waves
and the projector augmented wave method [33] were
employed to handle valence and core electrons, respec-
tively. Calculations were performed using the RZSCAN
meta-GGA functional [34] as it has been found to describe
defect energetics and geometry in a satisfactory manner
for SiC while keeping computational cost at a reasonable
level [35]. Supercells were formed by repeating the
4H-SiC unit cell 6 x 6 x 2 times.

014055-3



HELTON GONCALVES DE MEDEIROS et al.

PHYS. REV. APPLIED 26, 014055 (2026)

Mode Peak (cm™! 0.02
1.09¢ oTAe eals(;(:sm '
> , (TA)
G o8] E (TA) 204 0.01
SV %lAw 610
< 0.6 E,(TO) 776
.01 0.00
3 E.(T0) 797 o 1200 1500 1800
N A, (LO) 964 1
© 0.4
£
2021 [E
E, A&,
0. A

0 . . . . . .
100 400 700 1000 1300 1600 1900
Raman Shift (cm 1)

FIG. 2. Raman spectrum for a pristine 4H-SiC sample
(Epijg ym-Nis). The inset shows a close-up of the 1200 to

2000 cm™! region.

Defects were introduced by substituting Si and C atoms
by dopant atoms. Al occupies the Si site and N the C
site [36], while P can occupy both, but with a preference
for the Si site [37,38]. For the defect calculations, the
total energy and geometry were optimized using I'-only
k-point sampling, a 1 x 107 eV cut-off criterion for the
electronic self-consistent loop, a 500 eV energy cut-off
and a relaxation criterion for the maximum force of
0.01 eV/A. Only the ionized charge state, i.e., the charge
state after accepting (Al) or donating (N and P) an electron,
was considered. The pressure in the supercell calculated
before and after introducing the defect is reported.

III. RESULTS AND DISCUSSION
A. 4H-SiC Raman signatures

Typical Raman spectra of 4H-SiC contain first-order
and second-order signatures [39,40]. An example is shown
in Fig. 2. Since the propagation angle is normal to the
sample surface, the observed phonon modes are propa-
gating along the ¢ axis (0001) [19]. The longitudinal
optical (LO) mode A;(LO), the transversal optical (TO)
modes E;(TO), and E,(TO) are first-order Raman sig-
natures of 4H-SiC, while the transverse acoustic (TA)
modes E,(TA) and E;(TA) are the second-order modes of
4H-SiC. The modes present between 1200 and 2000 cm~ !,
seen in the inset of Fig. 2, are also second-order
Raman modes.

The A;(LO) mode is the LOPC located at 996 cm™!
used previously to calculate the DOF. This mode is
sensitive to the free charge carrier concentration [26], as
previously mentioned with relation to the DOF measure-
ment. The E,(TO) mode, located at 776 cm™!, is com-
monly used to evaluate the strain in 4H-SiC [12,19,41]
since it exhibits a frequency shift to lower or higher
frequencies in the presence of tensile or compressive
strain, respectively [42].

1x104
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FIG. 3. Raman spectra for pristine (black) and implanted
(color) samples in the 770 to 782 cm™! range using the 50x
objective. The spectra for implanted samples exhibit a peak shift
which demonstrates the presence of tensile strain in the ion-
implanted samples.

B. Strain evaluation

The E,(TO) mode at 776 cm~! in 4H-SiC is sensitive to
strain in the material. Figure 3 shows Raman spectra for
pristine and implanted samples focused on the 776 cm™!
peak obtained using the 50x objective. The spectra for ion-
implanted samples exhibit a peak center shift toward lower
Raman modes. This shift evidences the presence of tensile
strain in the ion-implanted samples as compared with the
pristine case. To compare the impact of different process-
ing steps, including ion implantation and thermal oxida-
tion, on strain in the 4H-SiC epitaxial layers, the peak
position of the E,(TO) mode is monitored. Figure 4 shows
the variation of the E,(TO) peak position after ion
implantation, thermal oxidation and various heat treat-
ments with respect to the pristine samples (Epijg ,-Njs
for ion implantation and Epis, -Nys for thermal
oxidation).

Figure 4 shows the center position of the 776 cm™!
Raman peak for each sample relative to the pristine value,
allowing for a comparison of different processing steps,
labeled as AE,(TO). The right-hand y axis reports the
estimated corresponding stress (in MPa), obtained by
converting AE,(TO) using the in-plane stress relation
reported in Ref. [19], which is based on controlled uniaxial
stress measurements along the Z axis. Figure 4(a) high-
lights the impact of doping by ion implantation of N and P,
Fig. 4(b) shows Al-implanted samples, while thermal
oxidation related processing steps are summarized in
Fig. 4(c). Depending on the processing step either tensile
or compressive strain can be observed. The magnitude of
the strain is increased for the 50x objective due to the
increased probing volume in comparison to the 100x
objective, showing that the strain is distributed throughout
the epitaxial layer.
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FIG. 4.  Shift of the E,(TO) mode at 776 cm™!, relative to the position measured in the pristine samples. The shift occurs due to the
strain induced by ion implantation (a),(b) and thermal oxidation (c). The dashed line indicates the case where no strain is present. The
right-hand y axis shows the estimated stress corresponding to the AE,(TO), calculated using the relation reported in Ref. [19].

Figures 4(a) and 4(b) show a peak shift for highly doped
epitaxial layers with 1 x 10" cm™ N and Al doping,
respectively, as compared with the pristine 1 x 10'> cm™3
doping case (sample Epijg yn-Nis). This indicates the
presence of strain in more highly doped 4H-SiC epitaxial
layers, and more precisely tensile strain. It should be noted
that sample Epi;g ,yn-Ni5 shows compressive strain for the
100x objective, while for the 50x objective tensile strain is
observed.

For the ion-implanted samples, n-type doping with N
and P is depicted in Fig. 4(a) and p-type doping with Al in
Fig. 4(b). The influence of the PIA process is illustrated in
Fig. 4(b). The N- and P-implanted samples exhibit tensile
strain for both probing volumes. Interestingly, the differ-
ence between using N and P species is small, but the
P-implanted sample has a higher strain compared with the
N-implanted samples. Additionally, the higher doping
(1 x 10" cm™3) exhibits a higher average tensile strain
compared with the lower doping (1 x 10'7 cm™?) for both
N and P. The Al-implanted samples show tensile strain for
the 50x objective, at a probing depth of 11.7 pm, and a
compressive strain for the 100x objective, at a probing
depth of 2.1 pm. Tensile strain induced by Al implantation
has been reported in the literature [43]. The presence of the
compressive strain near the surface of the Al-implanted
samples can be associated with the formation of an Al
complex at the surface, this is elaborated on in Sec. III C. It
is observed that after the PIA process, the samples have a
lower magnitude of the tensile or compressive strain,
showing that the thermal process alleviated the strain in
the crystal structure. These results will be put into
perspective with DFT calculations in Sec. III D.

For the case of the larger DOF using the 50x objective,
the magnitude of the strain is larger for the N-ion-
implanted samples (Impl-N;;-PIA and Impl-N;4-PIA) as
compared with the pristine N-doped sample (Epijg ).
This can be associated with the different doping processes.

For epitaxial doping, the N dopants are introduced during
the epitaxial growth (without ion implantation). Since no
irradiation is performed, the doping during epitaxial growth
is likely to produce less strain, which is indeed what we
observe for n-type doping, see Epi;( ,,,-N;7 in comparison
to N- and P-implanted samples in Fig. 4(a). However, the
highly Al doped epitaxial layer (Epi; ym-Al;7) follows the
same trend as the ion-implanted samples, which can be
associated with the larger mass of Al atoms, see Fig. 4(b).

The thermally oxidized samples show tensile strain for
both probing volumes, and the results are presented in
Fig. 4(c). In comparison to the strain magnitude seen for
the ion-implanted samples, the thermally oxidized samples
exhibit much lower magnitudes. Previous studies have
reported the presence of tensile or compressive strain due
to different oxide thicknesses [12]. Herein, we have
samples with similar oxide thicknesses (48 up to
56 nm) but different POA processes. The different POA
processes induced a small strain and it was not possible to
distinguish each thermal oxidation process by Raman
spectroscopy.

To investigate the influence of the thermal process (POA
or PIA), the sample Epiz ,,,-N;5-Ar1300 was exposed to
1300°C, see Fig. 4(c). The result shows that the temper-
ature alone does not introduce a high tensile strain. Thus,
the strains discussed for both ion implantation and thermal
oxidation are related to the processing step itself and not
the thermal treatment associated with them (PIA or POA).

C. Depth dependent Raman signals

Other than the induced strain by processing steps,
Raman spectroscopy can be used to investigate the
presence of defect-related vibrational modes within the
material as a result of different processing steps.
Furthermore, using different objectives allows one to
investigate distinct probing volumes within the sample.
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FIG.5. Raman spectra for the Al-implanted samples with 50x
and 100x objectives showing the appearance of a vibrational
mode at 162 cm™! after Al ion implantation to a high density of
1 x 10%° cm™3 followed by PIA (blue curve).

For the Al-implanted samples, a compressive strain was
observed for the smaller DOF (2.1 pm for 100x objective),
while for the larger DOF (11.7 um for 50x objective) only
tensile strain was observed. The depth dependent Raman
measurements reveal the appearance of a significant
vibrational mode at 162 cm~! collected in the near surface
region (from the surface up to approximately equal to
2.1 pm) for the high concentration Al ion implantation
with PIA (Impl-Al,,-PIA), see Fig. 5. The fact that the key
vibrational mode is only present after the PIA process can
be associated with the energy provided by the PIA to allow
the formation of an organized complex. The peak at
162 cm~! is very broad, which indicates that this species
is a semicrystalline structure. Previous studies reported on
defect formation associated with the Al implantation [23],
and structural changes [43,44] induced by Al implantation.
In this work, we identified the presence of compressive
strain near the surface and a vibrational mode at 162 cm™!
induced by the Al implantation. Different from the Al-
implanted samples, the N-and P-doped samples do not
present structural modifications, thus no relevant depth-
dependent Raman signal was identified for the N- and P-
doped samples at the doping levels tested here.

As for the thermally oxidized samples, a polyene
structure spatially positioned up to 4 pm deeper from
the sample surface was identified, see Fig. 6(a) and the
subtracted signal in Fig. 6(c). The Raman signature around
1520 cm™! is related to the polyene structure, which is
associated with the vibrational mode of a carbon chain
[28]. As illustrated in Fig. 6(c), the polyene structure is
present independently of the POA process, which indicates
a relation to the oxidation process itself and not the
subsequent POA process. The other smaller peak at
1750 cm~! shown in Fig. 6(c) can be associated with
other amorphous carbon species [29]. The evaluation with
the small probing volume, 100x objective, depicted in
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FIG. 6. Evaluation of the depth dependent Raman spectra for
the 50x objective (a),(c) and for the 100x objective (b),(d).

Figs. 6(b) and 6(d) shows that no Raman signature is
observed for the conditions used in this work. Since the
carbon species are expected to be present within the first
few nanometers from the surface and are spectrally
positioned at the same location as the second-order
Raman modes, their signal gets overshadowed by the
signal from SiC [45]. To enhance the surface signal,
previous studies have employed the surface enhanced
resonant Raman scattering technique to magnify the sur-
face signal [28]. The carbon species detected here is
associated with a graphiticlike structure containing poly-
ene and amorphous carbon signatures. No spectral sig-
nature from the 2D band of graphene (approximately equal
to 2700 cm™!) was observed.

D. DFT calculations

DFT calculations were performed to support the inter-
pretation of strain variations in differently processed SiC
as detected by Raman spectroscopy. Table V presents the
computed pressure induced by different substitutional
dopants on the pseudocubic (k) lattice site in 4H-SiC as
compared with the pristine case. In Table V, we consider
only the most stable configurations as determined by
previous work, i.e., N on C site, Al on Si site, and P on
both C and Si sites [36-38]. Only the ionized states (¢ = —
for Al, ¢ =+ for N and P) are listed. Since the DFT
calculations refer to the ion-implanted regions, we will
compare the obtained results with Raman measurements
using the 100x objective (2.1 pm DOF), which probes
mostly the contribution from the ion-implanted regions
(100 nm for Al implantation and 300 nm for N and P
implantation) and less from the bulk.

Although it does not directly refer to the strain present in
the material, the computed pressure values and direction
provide an indication of the compressive strain that the
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TABLE V. Summary of DFT calculations including pressure
computed for pristine supercell versus supercells containing
different dopants (Al, N, and P) in their ionized charge states.
The pseudocubic lattice site (k) is considered. Positive pressure
values refer to compressive strain and negative values to tensile
strain.

Defect Configuration Charge state Pressure (kBar)
Pristine N/A N/A 1.57

Alg; k — 5.97

Nc k + —2.50

Pg; k + —2.51

Pc k + 2.92

substitutional dopants are imposing on the SiC lattice.
Hence, the DFT calculations reveal an increase in the
absolute value of supercell pressure as compared with the
pristine case for all studied dopants. As can be expected
from atom size, the largest effect is found for Al, while N
and P have comparable but lower impacts. Interestingly,
DFT calculations predict that Alg;(k) imposes a compres-
sive pressure on the lattice, while N (k) and Pg;(k) cause a
tensile pressure. This is in keeping with what is observed
for the 100x objective in Figs. 4(a) and 4(b), and supports
the interpretation that the opposite Raman shifts observed
for Al versus N/P implanted SiC are caused by strain
variations. Additionally, the computed positive pressure
value for Pc(k) indicates a compressive strain, in contrast
to Pg;(k), which is associated with tensile strain. This can
be related to the slightly lower magnitude of tensile strain
observed after P implantation with respect to the N doping
[100x objective, see Fig. 4(a)].

IV. CONCLUSIONS

We have investigated the strain induced in the SiC lattice
by different processing steps, including ion implantation,
thermal oxidation, and thermal processes such as POA and
PIA. Raman spectroscopy was able to identify the relative
level of strain induced by these processing methods,
and the magnitude of the strain was shown to be higher
for ion implantation as compared with thermal oxidation.
Differences were also found internally within each
processing category. Indeed, while N and P ion implanta-
tion induce tensile strain in SiC, Al-implanted material
exhibits a compressive strain near the surface, which is
correlated to the presence of a significant vibrational mode
at 162 cm™!. The strain present at the surface of the ion-
implanted samples is further confirmed by DFT calcula-
tions, which predict compressive and tensile strain in Al
and N/P-doped samples, respectively. Furthermore, tensile
strain is found to be present after the thermal oxidation
steps, however, the strain induced by the different POA
processes was too small to distinguish between them.
Nonetheless, for all POA processes, a polyene species

located at 1520 cm™! was identified from the surface up to
4 pm deep into the sample. In conclusion, the present work
shows that the processing-induced strain in 4H-SiC
material can be studied with Raman spectroscopy, a
nondestructive technique requiring no previous sample
preparation. Beyond quantifying strain variations intro-
duced by implantation, epitaxial growth, oxidation, and
subsequent thermal treatments, our results demonstrate
that Raman spectroscopy enables the differentiation of
strain contributions arising from distinct fabrication steps.
Of note, we identify previously unreported Raman modes
associated with carbon-related defect species induced by
implantation and oxidation, providing insight into struc-
tural modifications that extend beyond strain. These
findings establish Raman spectroscopy as a powerful
diagnostic tool for correlating processing-induced struc-
tural changes with material properties relevant to device
performance.
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