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This Letter presents a combined analytical and experimen-
tal method to effectively decouple the radial and tangential
residual stress fields induced by Berkovich nanoindenta-
tion in single-crystalline 4H-SiC using micro-Raman spec-
troscopy. By integrating the Raman stress characterization
model with Yoffe’s expanding cavity model, precise extrac-
tion of individual residual stress components around the
indentation region is realized. Through the vertical back-
scattering micro-Raman mapping of the E2 phonon mode,
we systematically investigate the residual stress distribu-
tion near the indentation. The results highlight significant
anisotropy in nanoindentation-induced stress fields, strongly
dependent on the crystal orientation of 4H-SiC, predomi-
nantly featuring radial tensile stress gradients. This compre-
hensive theoretical–experimental approach offers a robust
optical framework for residual stress characterization in
4H-SiC and provides foundational insights for extending
Raman spectroscopy-based stress characterization to other
crystalline materials and related device structures. © 2025
Optica Publishing Group. All rights, including for text and data mining
(TDM), Artificial Intelligence (AI) training, and similar technologies,
are reserved.

https://doi.org/10.1364/OL.563213

Silicon carbide (SiC) is a prominent third-generation semi-
conductor distinguished due to its wide bandgap, exceptional
thermal conductivity, and remarkable chemical stability. It is
vital for high-temperature electronics, high-power devices, and
nuclear applications [1–4]. However, the inherent high hardness
and elastic modulus of SiC often lead to substantial resid-
ual stresses during device fabrication processes. These stresses
can degrade electrical performance and compromise long-
term device reliability, especially under operational conditions
involving combined thermal and electrical fields [5,6]. There-
fore, accurately characterizing stress and strain distributions in
single-crystalline 4H-SiC is critically important.

Nanoindentation is widely recognized as an effective tech-
nique for evaluating mechanical properties such as hardness
and Young’s modulus [7,8]. During nanoindentation, it induces
plastic deformation, generating nonuniform residual stress fields
around the indentation area. Detailed investigation and decou-
pling of these stress components provide critical insights into
the fundamental mechanical responses of SiC. Nonetheless,
comprehensive experimental studies addressing the anisotropic
residual stress distribution in single-crystalline SiC remain
scarce.

Micro-Raman spectroscopy probes lattice distortion and
microscale stress via inelastic photon–phonon scattering, offer-
ing submicron spatial resolution, MPa-level sensitivity, and
noncontact in situ measurement [9–11]. These capabilities give
it advantages over XRD, ultrasonics, curvature, and birefrin-
gence methods for mapping residual stress in microregions,
multilayer composites, and dynamic processes [12]. Previous
work has employed Raman mapping to characterize residual
stresses in 4H-SiC induced by ion implantation [13–15] and
laser irradiation [16,17], but these studies generally adopt the
in-plane equibiaxial stress model and thus overlook the potential
inhomogeneity of the stress field. A few groups have combined
finite-element simulations with Raman measurements to exam-
ine stress fields at SiC/Si and SiC/SiO2 heterointerfaces [18,19],
elucidating how lattice mismatch drives stress evolution. How-
ever, such approaches focus on interface-driven stress variations;
the anisotropic stress components generated by local mechan-
ical loading have not received sufficient attention. Decoupling
these stress components under realistic machining conditions
is critical for a deeper understanding of 4H-SiC’s microscale
mechanical behavior.

In this Letter, we introduce an integrated analytical and
experimental approach that effectively decouples the radial and
tangential residual stress fields resulting from Berkovich nanoin-
dentation in single-crystalline 4H-SiC. By combining micro-
Raman spectroscopy with Yoffe’s expanding cavity model, we
achieve precise identification and analysis of stress components
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around the indentation site. Micro-Raman mapping of the
E2(TO) phonon mode demonstrates clear orientation-dependent
anisotropy in the residual stress distributions, primarily man-
ifesting as radial tensile gradients. This method advances the
optical characterization framework for residual stress evalua-
tion in 4H-SiC and provides a generalized analytical pathway for
Raman-based stress assessments of other anisotropic crystalline
materials.

The E2(TO) phonon mode of 4H-SiC is highly sensitive to
surface stress due to its vibration direction parallel to the (0001)
plane; we selected this mode for analyzing and decoupling resid-
ual stress induced by nanoindentation. Firstly, we defined the
crystal coordinate system with [1−100], [11−20], and [0001]
orientations as the X, Y, and Z axes, respectively. Utilizing lat-
tice dynamics and elastic theory, the specific equation between
the 4H-SiC Raman phonon frequency shift and stress can be
established [20]. Since the E2(TO) mode of 4H-SiC is dou-
bly degenerate, combined with the Raman selection law, the
long-term equation of the lattice dynamics is simplified to [21]:

R1
E2
=
⎛⎜⎝

0 d 0
d 0 0
0 0 0

⎞⎟⎠ , R2
E2
=
⎛⎜⎝

d 0 0
0 −d 0
0 0 0

⎞⎟⎠ ,|︁|︁|︁|︁ εuvKuv11 − λ εuvKuv12
εuvKuv21 εuvKuv22 − λ

|︁|︁|︁|︁ = 0.

(1)

Thus, the phonon frequency shift for E2(TO) induced by the
strain tensor components can be expressed as the following
relationship:

∆ωE2 = aE2 (εxx + εyy) + bE2εzz

± cE2

√︂
(εxx − εyy)

2
+ 4ε2

xy,
(2)

where aE2, bE2, and cE2 are the phonon deformation potential
(PDP) coefficients.

Under plane-stress conditions on the 4H-SiC wafer surface,
generalized Hooke’s law can be used to derive the deforma-
tion constitutive relationship. Incorporating this relationship into
Eq. (2), the correlation between Raman frequency shift and
stress components simplifies to [22]

∆ωE2 = a′

E2
(∆σxx + ∆σyy)

± c′E2

√︂
(∆σxx − ∆σyy)

2
+ 4∆σ2

xy,
(3)

where the specific equations of aE2’ and cE2’ in the formula are
(s11, s12, and s13 are the components in the compliance coefficient
matrix (S) of the sample):

a′
E2
= aE2 (s11 + s12) + bE2 s13,

c′E2
= cE2 |s11 − s12 |.

(4)

Following Yoffe’s expanding cavity theory, the residual stress
fields induced by nanoindentation exhibit anisotropic dis-
tributions describable in a cylindrical coordinate framework.
Figure 1(a) illustrates the orientation relationship between the
Berkovich indenter and the (0001) plane of 4H-SiC, and Fig. 1(b)
presents the defined crystal and cylindrical coordinate systems
centered at the indentation site. In this cylindrical framework,
the Z’ axis aligns with the [0001] crystal direction of 4H-SiC,
where r represents the radial direction and φ represents the angle
measured counterclockwise from the [1−100] crystal direction.

Based on the Porporati and Pezzotti modified Yoffe’s expand-
ing cavity model, the individual stress components within the

Fig. 1. (a) Schematic diagram of the Berkovich nanoindenter
acting on the (0001) crystal plane of 4H-SiC. (b) Definition of
the crystal and cylindrical coordinate systems based on the (0001)
crystal plane.

indentation-induced residual stress field at any arbitrary point in
the cylindrical coordinate system can be determined as follows
[23] (for the full derivation, please refer to Eqs. (15)–(18) in
Ref. [23]):

∆σrr =
4Brr
r3 (νrϕ − 2), ∆σϕϕ =

4Bϕϕ

r3 (1 − 2νϕr),

Brr = 0.102 Grz fϕϕ
3
√

P
H

π(1−2νϕr )
,

Bϕϕ = 0.102 Gzϕ fϕϕ
3
√

P
H

π(1−2νϕr )
,

(5)

where r, φ, and z represent the radial, tangential, and axial
(i.e., vertical plane) directions in this cylindrical coordinate sys-
tem, respectively. Correspondingly, the radial stress component
(∆σrr), tangential stress component (∆σϕϕ), and shear stress
component (∆σrϕ) describe the local stress state, with ∆σrϕ = 0
due to symmetry. Additionally, νrϕ and νϕr represent Poisson’s
ratio; Grz and Gzϕ denote shear modulus; Brr and Bϕϕ character-
ize the extent of radial and tangential plastic deformation, and
fϕϕ denote the non-conservative plastic deformation factor near
the indentation after plastic deformation. The peak load applied
by the indenter is represented by P, and H indicates the Vickers
hardness of the material.

If the radial-shear component is negligible (∆σrϕ = 0), the
stress state around the indentation can be considered biaxial
and anisotropic, with clearly defined principal stress directions.
Therefore, the relationship between radial and tangential stress
components can be directly expressed by their ratio:

∆σrr

∆σϕϕ

=
Grz(νrϕ − 2)

Gzϕ(1 − 2νϕr)
= A. (6)

Under vertical backscattering conditions and stress relationships
defined in both the crystal and cylindrical coordinate systems
with Eq. (3), the specific correlation between the ∆σrr and ∆σϕϕ

stress components and the Raman shift of the E2(TO) phonon
mode induced by nanoindentation on the (0001) crystal plane of
4H-SiC can be expressed as follows (the specific derivation of
the correlation process is in Supplement 1):

∆σϕϕ =
∆ωE2

[a′E2
(A+1)+c′E2

|(A−1)(cos2ϕ−sin2ϕ)|]
,

∆σrr =
A∆ωE2

[a′E2
(A+1)+c′E2

|(A−1)(cos2ϕ−sin2ϕ)|]
.

(7)

To determine specific values of Poisson’s ratio and shear mod-
ulus, we calculated the compliance coefficient matrix (S’) of
4H-SiC in the cylindrical coordinate system through coordinate
rotation. To simplify calculations, we set the basis vectors Xe, Ye,
and Ze to align with the crystal coordinate system, respectively.

https://doi.org/10.6084/m9.figshare.28945109
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We then aligned the Z axis in the crystal coordinate system with
the cylindrical coordinate system’s Z’ axis while rotating the
X and Y axes accordingly to obtain the X’ and Y’ axes of the
cylindrical coordinate system. The transformation matrix (T)
from the crystal coordinate system to the cylindrical coordinate
system is obtained as

⎛⎜⎝
X′

Y ′

Z′

⎞⎟⎠ = T ⎛⎜⎝
Xe

Ye

Ze

⎞⎟⎠ = ⎛⎜⎝
cos φ sin φ 0
− sin φ cos φ 0

0 0 1

⎞⎟⎠ ⎛⎜⎝
Xe

Ye

Ze

⎞⎟⎠ . (8)

From this, we can obtain that S’ in the cylindrical coordinate
system is [24]

S′ = TεSTT
ε ,

ε′ = TεTT = Tεε,
(9)

where ε’ is the strain expression of the sample in the cylindri-
cal coordinate system. Tε represents the transformation matrix
that converts strain components of the sample from the crystal
coordinate system into the cylindrical coordinate system. The
detailed expressions and solutions of the equations are provided
in Supplement 1.

As shown in Fig. 1(b), the specific relationship between
nanoindentation and crystal orientation is φ= 60°. Substituting
into Eq. (9), S’ is as follows (unit: 10−3 GPa−1):

Tε =

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝

1
4

3
4 0 0 0

√
3

4
3
4

1
4 0 0 0 −

√
3

4
0 0 1 0 0 0
0 0 0 1

2 −
√

3
2 0

0 0 0
√

3
2

1
2 0

−
√

3
2

√
3

2 0 0 0 − 1
2

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠
,

S′ =

⎛⎜⎜⎜⎜⎜⎜⎝

2.08 −0.43 −0.16 0 0 0
−0.43 2.08 −0.16 0 0 0
−0.16 −0.16 1.858 0 0 0

0 0 0 6.30 0 0
0 0 0 0 6.30 0
0 0 0 0 0 5.02

⎞⎟⎟⎟⎟⎟⎟⎠
.

(10)

According to the definition of Poisson’s ratio and shear modulus,

νrϕ = −
S′12
S′11

, νϕr = −
S′21
S′22

Grz =
1

S′66
, Gzϕ =

1
S′55

. (11)

This study investigates the relationship between crystal orien-
tation and residual stress distribution induced by Berkovich
nanoindentation on single-crystalline 4H-SiC. Nanoindentation
tests were conducted on the (0001) crystal plane at room tem-
perature, applying a maximum indentation depth of 600 nm at a
constant loading rate of 10 nm s−1. Indentations were performed
at four randomly selected locations to ensure reliability, resulting
in highly consistent overlapping loading–unloading curves, con-
firming uniformity in the measured elastic modulus and hardness
across different test positions (Fig. 2).

Subsequently, micro-Raman mapping was employed to ana-
lyze the residual stress distribution surrounding the nanoindenta-
tion by evaluating shifts in the E2(TO) phonon mode frequency
(see Supplement 1, Fig. S2, for the peak position). As shown
in Fig. 3, the mapping results indicate significant anisotropy
in stress distribution near the indentation site. Specifically, the
Raman frequency shift exhibited an initial increase followed by
a gradual decrease when moving outward along the [1−100],

Fig. 2. (a) Force-displacement diagram of the (0001) crys-
tal plane of 4H-SiC. (b) Hardness, elastic modulus, and error
ranges (approximately 68.3% confidence level) from four parallel
nanoindentation tests.

Fig. 3. (a) E2(TO) phonon Raman frequency shift mapping dis-
tribution around the nanoindentation of the (0001) crystal plane
of 4H-SiC. (b) Nanoindentation morphology of the (0001) crystal
plane of 4H-SiC.

[−1010], and [01−10] crystal directions, with a maximum shift
of approximately−0.68 cm−1 along the [1−100] orientation. Fur-
thermore, distinct differences were observed in the frequency
shift gradients among these orientations, displaying a notably
slower decay along the [1−100] direction compared to the rapid
decrease observed along the [−1010] and [01−10] directions.

Furthermore, the measured Raman shifts were converted into
residual stress distributions using the established Raman–stress
relationship (Eq. (7)). As shown in Fig. 4, the calculated resid-
ual stress fields reveal that stress distribution characteristics
(∆σrr and ∆σϕϕ) along different crystal orientations ([1−100],
[−1010], [01−10]) align closely with Raman frequency shift
trends, indicating that their distribution is affected by the nanoin-
denter geometry and the crystal orientation. Specifically, the
stress gradient changes along the [1−100] direction are more
obvious. The stress distribution shows that ∆σrr is predomi-
nantly tensile (positive value), reaching up to approximately
495 MPa, whereas the ∆σϕϕ is mainly compressive (negative
value), peaking at approximately −129 MPa. Notably, the radial
stress magnitude is nearly four times greater than the tangential
stress at identical locations, confirming the dominance of radial
tensile stresses induced by nanoindentation on the surface of the
4H-SiC sample. This ratio is corroborated by the SEM image in
Fig. 3(b), which shows cracks radiating from the indent along the
radial direction. Mechanically, the Berkovich nanoindenter pro-
duces elastic–plastic deformation in 4H-SiC; during unloading,
elastic recovery generates hoop tension that exceeds the lateral
compression imposed by Poisson’s effect [25]. Moreover, with
one side of the indenter parallel to the [11–20] crystal direction

https://doi.org/10.6084/m9.figshare.28945109
https://doi.org/10.6084/m9.figshare.28945109


3516 Vol. 50, No. 11 / 1 June 2025 / Optics Letters Letter

Fig. 4. (a) Mapping of the radial stress distribution around the
indentation. (b) Mapping of the tangential stress distribution around
the indentation. The line graphs show both radial and tangential
stress magnitudes versus distance from the indentation center along
the three marked crystal directions.

of the sample, the combination of indenter geometry and crys-
tallographic elastic anisotropy concentrates the residual stress
gradient along [1–100] [26]. Therefore, our Raman-derived
residual stress distribution and crack morphology demonstrate
the synergistic roles of indenter geometry and crystal orientation
in governing local stress fields.

In summary, this study successfully decouples radial and
tangential residual stress components at any positions near
the nanoindentation on the (0001) crystal plane of 4H-SiC
by integrating a Raman–stress characterization model with
Yoffe’s expanding cavity theory. Residual stress distributions
obtained via vertical backscattering micro-Raman spectroscopy
demonstrate anisotropic characteristics induced by nanoin-
dentation, underscoring the critical importance of crystal
orientation and nanoindenter geometry. This combined theo-
retical–experimental methodology not only advances optical
residual stress analysis in 4H-SiC and offers guidance for opti-
mizing device fabrication to minimize stress but also establishes
a generalizable framework for detecting residual stresses in other
anisotropic crystals (e.g., AlN, Ga2O3). Nonetheless, our con-
clusions are drawn under static loading and the assumption of
negligible shear; extending this work to dynamic indentations
and more complex stress states remains an important direction
for future study.
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