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Full Length Article
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A B S T R A C T

High-energy Al ion implantation is an indispensable technique for achieving precise doping in fabricating 4H‑SiC 
devices. However, it inevitably introduces interfacial damage and residual stress that can compromise subse
quent manufacturing processes and device reliability. Conventional destructive characterization techniques 
cannot provide real-time, in‑situ, nondestructive monitoring under process conditions, creating a major bottle
neck in quality control. Here, we establish a predictive modeling framework that integrates multiscale simula
tions with advanced, non‑destructive micro‑Raman spectroscopy to systematically investigate the evolution of 
high-energy Al ion implantation–induced interface defects and residual stress in 4H-SiC. Simulation results 
reveal a linear relationship between the implantation dose and the formation of vacancies and interstitial defects, 
while the stress accumulation tends to saturate at higher doses due to a dynamic equilibrium among defect 
interactions. Complementary micro-Raman spectroscopy corroborates the simulations, showing that the 
damaged interface layer deepens from approximately 300 nm at a dose of 1014 ions cm− 2 to nearly 500 nm at 
1016 ions cm− 2, consistent with Monte Carlo predictions. Furthermore, the molecular dynamics simulations 
capture a trend of the implantation stress evolution with strong concurrence with the Raman-measured residual 
stress. This combined computational–experimental approach elucidates the fundamental mechanisms governing 
defect formation and residual stress in ion‑implanted 4H‑SiC, establishes implantation dose as the pivotal role of 
4H-SiC in defect density and residual stress, and underscores the utility of optical‑based characterization in 
real‑time, non‑invasive quality control for advanced manufacturing.

1. Introduction

The escalating demands of modern electronic devices for high fre
quency, power, and temperature tolerance necessitate the development 
of novel semiconductor materials. Among various materials, 4H-SiC has 
emerged as a critical enabler for next-generation power and high- 
temperature applications, owing to its superior thermal conductivity, 
high breakdown field strength, low power loss, and remarkable thermal 
stability [1,2]. In device fabrication, doping is essential for tailoring 

material properties and constructing P-N junctions. However, the high 
bond energy and chemical stability of 4H-SiC result in extremely low 
diffusion coefficients of dopants such as Al, B, N, and P [3,4]. Enhancing 
the diffusion coefficient typically requires high temperatures exceeding 
2000 ◦C, making traditional thermal diffusion methods inadequate for 
achieving rapid and spatially precise doping necessary in advanced 4H- 
SiC devices [5,6].

High-energy ion implantation provides an attractive alternative, 
enabling precise control over doping profiles by adjusting implantation 
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energy and dose [7,8]. Despite its advantages, it introduces interfacial 
damage and residual stress within the lattice—factors that can adversely 
affect subsequent processing steps and ultimately compromise device 
reliability. Recent advances in simulation methodologies, such as mo
lecular dynamics (MD) and Monte Carlo (MC) techniques, have provided 
valuable insights into the microscale mechanisms governing defect 
generation and evolution during ion implantation [9,10]. For instance, 
MD simulations have revealed that amorphous regions expand with 
increasing ion implantation dose for species such as Xe [11], H [12,13], 
and Cu [13] ion implantation in 4H-SiC, although the formation rate 
decreases. Similarly, MC simulations of proton implantation in epitaxial 
4H-SiC demonstrate that variations in beam alignment conditions can 
precisely control the shape of the implanted dopant profile and its im
plantation damage [14]. These simulations provide valuable insights 
into the initial damage formation and its dynamic evolution, establish
ing a theoretical foundation for understanding the interactions between 
implanted ions and the lattice structure. However, experimental vali
dation of these predictive models remains essential for a comprehensive 
understanding of the ion-lattice interactions. Experimental techniques 
to characterize implantation-induced damage and recovery include 
various imaging methods, such as medium-angle and high-angle annular 
dark-field scanning transmission electron microscopy (STEM) [15,16]. 
Nevertheless, the stringent specimen preparation for high-resolution 
electron microscopy can inevitably introduce additional defects 
[17,18]. To address these limitations, non-destructive characterization 
techniques have gained prominence. Methods include Rutherford 
backscattering spectroscopy [19], low-energy muon spin spectroscopy 
[20], deep-level transient spectroscopy [20,21], confocal micro-Raman 
spectroscopy [10,22,23], and synchrotron high-energy X-ray diffraction 
[24,25]. While these approaches have substantially improved our un
derstanding of doping-induced lattice damage, less attention has been 
directed toward the role of residual stress, particularly at critical in
terfaces that emerge from defect accumulation [26]. Residual stress can 
adversely affect subsequent fabrication steps [27,28] and reduce device 
yield [29,30]. Therefore, clarifying the interplay between defects and 
residual stress is vital for optimizing ion implantation processes and 
improving device reliability.

Although the technology for N-type 4H-SiC is relatively mature [31], 
challenges persist in achieving high-quality P-type 4H-SiC [32]. 
Compared to B, Al has emerged as the preferred dopant for P-type 
doping in 4H-SiC devices owing to its low ionization energy [20]. In this 
work, we systematically investigate the dose-dependent evolution of 
interfacial damage and residual stress in Al ion implanted 4H‑SiC 
(without post-implantation rapid thermal annealing) by integrating 
multiscale MD and MC simulations with high-resolution micro-Raman 
spectroscopy. This integrated strategy enables rapid, non-destructive, 
real-time prediction and monitoring of implantation-induced defects 
and stress fields. Crucially, it not only elucidates the nano/micro-scale 
mechanisms underlying defect formation and stress evolution but also 
validates the predictive models with experimental observations. These 
insights offer crucial theoretical guidance for refining ion-implantation 
protocols and subsequent annealing processes, underscoring the poten
tial of photon-based, non-invasive diagnostics in advanced semi
conductor manufacturing.

2. Experimental details

2.1. Sample preparation

The samples investigated in this experiment were 6-inch commercial 
4H-SiC homoepitaxial wafers fabricated via chemical vapor deposition, 
featuring an epitaxial layer thickness of 10 μm (China Electronics 
Compound Semiconductor Co., Ltd., China). The Al ion implantation 
was conducted at 350 ◦C with an implantation energy of 300 keV. The 
implantation doses applied were 1011 ions cm− 2, 1014 ions cm− 2, and 
1016 ions cm− 2, respectively. These three fluences encompass the 

regimes of initial damage, device process-relevant damage, and extreme 
damage, allowing for a systematic study of defect formation and 
residual-stress evolution with increasing implantation dose. Specifically, 
a fluence of 1014 ions cm− 2 corresponds to the Al concentration 
routinely used in p-type 4H-SiC power devices [4,33], while 1016 ions 
cm− 2 exceeds conventional device-level doping levels, inducing high- 
density defect clustering.

2.2. Characterization and measurements

Surface roughness was assessed by atomic force microscopy (AFM, 
Bruker/Dimension Icon, Germany). Raman spectroscopy measurements 
were performed using a HORIBA confocal micro-Raman spectrometer 
(Japan), which was calibrated with the single-crystal silicon peak at 
520.7 cm− 1. The experiments employed a backscattering mode with a 
100 × objective (N.A.: 0.90) for light collection, yielding a spot size of 
approximately 0.7 μm. Spectral dispersion was achieved with a 1800 gr/ 
mm grating. The laser excitation wavelength was 532 nm, and the laser 
power was set to 2.5 mW to minimize the influence of thermal effects on 
phonon modes. To accurately extract the E2 peak’s width and position, 
we referred to the literature and performed spectral fitting in Python 
using a Gaussian–Lorentzian function [22]. Longitudinal Raman profiles 
were acquired at 100 nm intervals over the first 1 μm of depth and at 2 
μm intervals from 1 μm to 14 μm. At each depth, spectra were recorded 
with a 10-second integration time and three accumulations.

2.3. Molecular dynamics simulation

Ion implantation simulations were performed on a 4H-SiC slab ori
ented parallel to the (0001) surface. The dimensions of the 4H-SiC slab 
were 10.15 nm × 10.18 nm × 17.88 nm, containing 180,576 atoms, with 
periodic boundary conditions applied in X and Y directions. This slab 
was divided into three regions: the boundary layer, the thermostatic 
layer, and the Newtonian layer, as shown in Fig. S1. The boundary layer, 
comprising the bottom four atomic layers, was fixed to maintain sta
bility. The thermostatic and Newtonian layers were subjected to 
different ensembles: the NVT (canonical) ensemble, regulated by a Nose- 
Hoover thermostat, and the NVE (microcanonical) ensemble, respec
tively. The thermostatic layer served to dissipate the heat generated 
during the Al ion implantation process, with the velocities of the atoms 
in this region adjusted to maintain a constant temperature. Temperature 
regulation during ion bombardment was exclusively applied to the 
thermostatic layer, while the Newtonian layer was utilized to analyze 
the cascade collision events induced by the implanted ions, enabling the 
study of lattice damage distribution. Al ion implantation was simulated 
on the 4H-SiC surface. The ion implantation is in the yellow square re
gion of the size of 7.5 nm × 7.5 nm. Compared to 1011 ions cm− 2 and 
1016 ions cm− 2 implantation densities, a dose of 1014 ions cm− 2 provides 
the best balance between statistical reliability and computational effi
ciency, which is consistent with previous simulation studies 
[11,32,34,35]. Therefore, we focused on implantation in the dose range 
of 0.9 × 1014 ions cm− 2 to 5.4 × 1014 ions cm− 2 at 2 keV. The time 
interval for each ion implantation was set to 20 ps. A variable timestep 
ranging from 0.02 fs to 1 fs was used to accurately capture the rapid 
movement of particles during the simulation. Atomic interactions within 
the 4H-SiC lattice were modeled using the GW-ZBL potential [36], while 
the interactions of implanted Al atoms were modeled using the 
embedded atom method (EAM) potential [37]. Cross-interactions be
tween Al-Si and Al-C atoms were represented by a Morse potential 
developed through ab initio calculations [38]. Molecular dynamics 
simulations were conducted using the Large-scale Atomic/Molecular 
Massively Parallel Simulator (LAMMPS) package [39], and visualization 
and data analysis were performed using the Open Visualization Tool 
(OVITO) [40]. The lattice structure and defect evaluation of 4H-SiC 
during the simulation were conducted using the Identify Diamond 
Structure (IDS) method.
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2.4. Monte Carlo simulation

The simulations of Al ion implantation into 4H-SiC were conducted 
using SRIM-2013 software with detailed calculations including full 
damage cascades. The threshold displacement energies for carbon and 
silicon were set to 20 eV and 35 eV, respectively, with a lattice binding 
energy of zero [11,14,41,42]. The 4H-SiC density was 3.21 g cm− 3. The 
Al ion implantation energy was 300 keV.

2.5. Definition and Calculation of roughness

This study involves three types of roughness: Sa, Sq, and Ra, and their 
specific definitions are as follows [43]:

(1) Sa is the arithmetic mean roughness of the surface, and the 
equation is: 

Sa =
1
A

∫∫

A
|z(x, y) |dxdy (1) 

where A is the measured area and z(x,y) is the surface height relative to 
the mean plane.

(2) Sq is the root mean square roughness of the surface, and the 
equation is: 

Sq =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
1
A

∫∫

A
[z(x, y) ]2dA

√

(2) 

(3) Ra is the linear arithmetic mean roughness, and the equation is: 

Ra =
1
L

∫ L

0
|z(x) |dx (3) 

Fig. 1. Structural damage analysis of 4H-SiC under different Al ion implantation doses based on molecular dynamics simulation. a, Surface damage of 4H-SiC. b, 
Distribution of internal structural damage within 4H-SiC (cross section along the diagonal).
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where L is the profile length and z(x) is the height profile along the scan 
line.

3. Results and Discussion

3.1. Atomic/nano-scale simulation of Al ion implantation effects

MD simulations were conducted to examine the surface structural 
modifications in 4H-SiC under varying doses of Al ion implantation 
(Fig. 1a). The results reveal that Al ion beam implantation induces a 
sputtering effect, forming distinct pits on the surface. During implan
tation, Si and C atoms migrate and subsequently accumulate, leading to 
significant surface roughness. With increasing Al ion doses, the surface 
roughness becomes more pronounced, as evidenced by the rising Sa and 
Sq values presented in Tab. S1. This trend underscores the dose- 
dependent enhancement of surface roughness due to Al ion 
implantation.

The internal damage of 4H-SiC at different Al ion implantation doses 
was identified using the IDS method via OVITO [40], as shown in 
Fig. 1b. Initially, the 4H-SiC lattice maintains its crystalline integrity. 
However, with the implantation of high-energy Al ions, damage can be 
observed and expands with increasing Al doses. This damage is pri
marily localized near the surface with large amorphous clusters sur
rounded by smaller clusters. The correlation between surface and 
internal damage suggests that the displacement and migration of Si and 
C atoms on the surface trigger extensive cascade collisions, propagating 
damage deeper into the lattice. For clarity in our subsequent analysis, we 
define implantation depth as the average penetration distance at which 
ions dissipate their kinetic energy, and damage depth as the total extent 

of lattice disruption caused by these collision cascades [44,45].
The radial distribution function (RDF) was employed to further 

analyze the structural damage in 4H-SiC at different ion implantation 
doses. Two regions were selected for analysis: the near-surface damage 
concentration zone and the entire model. In the near-surface zone, the 
primary RDF peak, located at 1.875 Å, corresponds to the C-Si distance, 
closely matching the actual bond length of 1.89 Å [46], as shown in 
Fig. 2a. With increasing ion doses, the intensity of the RDF peaks de
creases, indicating escalating structural damage and enhanced long- 
range disorder in the near-surface region. Additionally, the absence of 
a graphite-like peak at 1.575 Å confirms that no graphitization occurs in 
the 4H-SiC [47]. In contrast, the RDF analysis of the entire model reveals 
that higher implantation doses lead to limited lattice damage, with the 
long-range order of the crystal structure largely preserved, as shown in 
Fig. S2. This indicates that the overall damage to the crystal remains 
minimal during Al ion implantation. Statistical analysis of the Al ion 
depth distribution (Fig. 2b) reveals minimal variation across different 
doses, with the highest ion concentration typically occurring between 40 
and 60 Å, suggesting that implantation doses have a negligible impact 
on the ion penetration depth. Notably, higher doses introduce asym
metries in the depth profiles, reflecting increased damage inside the 
crystal caused by implantation [48,49]. However, it should be noted 
that the finite ion energy and slab dimensions in our MD simulations can 
cause the predicted implantation and damage depths to differ from 
experimental measurements.

To quantify the extent of damage and microscopic lattice changes in 
4H-SiC, Wigner-Seitz (WS) defect analysis was performed, focusing on 
point defects such as vacancies and interstitials [50]. This method 
enabled the quantification of the displacement of Si and C atoms from 

Fig. 2. Molecular dynamics simulation results at different Al ion implantation doses. a, Variations in the radial distribution function. b, Depth distribution of 
implanted Al ions. c, Trends in vacancies and interstitial atoms with increasing implantation dose. d, Comparison of interstitial atoms and vacancies with im
plantation dose.
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their original lattice positions, revealing trends in the evolution of va
cancy and interstitial defects. As shown in Fig. 2c, both vacancy and 
interstitial concentrations increase linearly with the Al ion dose. This 
linear relationship aligns with previous studies on ion implantation, 
confirming the correlation between implantation dose and the defect 
distribution in the IDS damage distribution diagram. Notably, carbon 
vacancies (C vacancies) are more prevalent than silicon vacancies (Si 
vacancies) due to the lower threshold displacement energy of C (20  eV) 
compared to Si (35  eV) [51]. Fig. 2d shows the vacancy-interstitial 
disparity, which exhibits a saturation trend at higher doses, high
lighting an equilibrium relationship between vacancies and defects at 
high implantation doses in 4H-SiC [11].

Further analysis reveals the evolution of hydrostatic stress within the 
4H-SiC lattice under different implantation doses (Figs. 3 and S3). The 
lattice experiences both compressive and tensile stresses, represented by 
negative and positive values, respectively. As the Al ion dose increases, 
the stress profile rapidly expands from the surface but eventually satu
rates at higher doses. This saturation is attributed to the balancing ef
fects of lattice expansion caused by interstitial defects and contraction 
due to vacancies, which mitigate local stress concentrations and stabilize 
overall stress levels [52]. The average stress was calculated to provide 
insight into the internal stress dynamics, with compressive stress 
intensifying as the dose increases but gradually slowing and stabilizing 
(Fig. S4).

3.2. Nano/micro-scale simulation of Al ion implantation effects

We employed the MC simulation to investigate the extent of lattice 
damage and ion implantation profile after Al ion implantation in 4H-SiC 
on a larger scale. Specifically, Fig. S5a illustrates the trajectory of 300 
keV Al ions from their entry point to their final position within the 4H- 
SiC lattice. Given the displacement threshold energies of Si (35 eV) and 
C (20 eV), the Al ions at 300 keV displace Si and C atoms from their 

original lattice sites, causing secondary damage through recoil colli
sions. These observations are consistent with our MD simulations. 
Fig. S5b further details the resulting recoil sub-cascade events, 
demonstrating that the implanted Al ions induce substantial atomic 
displacements.

The spatial distribution of atomic vacancies and substitutional 
collision probabilities is shown in Fig. 4a,b. During the implantation 
process, Al ions primarily generate vacancies in Si and C lattice sites 
while occupying interstitial positions within the lattice. Fig. S6 shows 
the final distribution of Al ions within the 4H-SiC structure, indicating a 
prominent concentration peak at approximately 360 nm depth and a 
maximum penetration depth of about 500 nm, as shown in Fig. 4c. This 
finding agrees closely with Secondary Ion Mass Spectroscopy (SIMS) 
measurements by Linnarsson et al. for 300  keV Al implantation in 
4H‑SiC, which report a peak concentration near 400  nm [53].

Additionally, we analyzed the relationship between total vacancy 
concentration and depth under varying Al ion implantation doses. The 
results demonstrate a direct correlation between total vacancy concen
tration and implantation dose. Specifically, as the dose increased from 
0.9 × 1014 ions cm− 2 to 5.4 × 1014 ions cm− 2, the total vacancy con
centration rose from 1021 cm− 3 to 1022 cm− 3 (Fig. 4d). To quantify 
lattice damage caused by Al ion implantation, we converted the total 
vacancies into atomic displacement per atom (dpa) values for compar
ative evaluation [54]: 

dpa =

(
vacancies

ions × Å

)

×

⎛

⎜
⎜
⎝

108
(

Å
cm

)
× Fluence

(
ions
cm2

)

Na

⎞

⎟
⎟
⎠ (4) 

where fluence (ions cm− 2) represents the ion flux and Na is the atomic 
density (Na = 9.64 × 1022 atoms cm− 3).

The results show that, across different ion implantation doses, the 
maximum dpa value caused by Al ions gradually increases from 0.5 to 

Fig. 3. Diagonal cross-sectional map of average hydrostatic stress distribution within the 4H-SiC crystal under different Al ion implantation doses based on molecular 
dynamics simulation.
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3.0 dpa, while the peak depth remains constant at around 280 nm 
(Fig. 4e). This further indicates that implantation depth is relatively 
insensitive to dose variations. Since the threshold for 4H-SiC amorph
ization is approximately 0.28 dpa [42], these implantation doses result 
in amorphization damage. Fig. 4f demonstrates that as the implantation 
dose increases, the extent of amorphization damage also increases, 
extending from a depth of approximately 380 nm at 0.9 × 1014 ions 
cm− 2 to approximately 450 nm at 5.4 × 1014 ions cm− 2. The MC 
simulation results at the micro/nanoscale are consistent with those from 
the MD simulations, confirming that the ion implantation dose primarily 
affects lattice damage, with minimal impact on the implantation depth.

3.3. Experimental characterization and validation

To validate the accuracy of our simulation results regarding Al ion 
implantation in 4H-SiC, we conducted experiments on 6-inch 4H-SiC 
epitaxial wafers. Al ions were implanted at doses of 1011 ions cm− 2, 1014 

ions cm− 2, and 1016 ions cm− 2, with the non-implanted wafer serving as 
the blank sample. Non-destructive characterization techniques were 
utilized to analyze the resultant damage and stress evolution under these 
conditions.

3.3.1. Lattice damage
The surface roughness of both the control and implanted samples 

was measured using AFM over a scanning area of 2 μm × 2 μm. As shown 
in Fig. 5a, the blank sample exhibited a high-quality and smooth surface. 
To assess the impact of ion implantation on surface flatness, line 
roughness was evaluated along the direction of maximum height vari
ation within the test area (Fig. S7). For the sample implanted with a dose 
of 1011 ions cm− 2, the Ra was measured at 0.235 nm, indicating that low- 
dose Al ion implantation minimally affects the 4H-SiC lattice structure. 
As the implantation dose increased, a significant rise in surface rough
ness was observed. Specifically, for a dose of 1014 ions cm− 2, Ra 
increased to 0.300 nm, and further to 0.319 nm at the highest 

Fig. 4. Monte Carlo simulation results at different Al ion implantation doses. a, Probability of atomic vacancy collisions caused by Al ion implantation. b, Probability 
of atomic substitutional collisions caused by Al ion implantation. c, Depth concentration distribution of Al ions. d, Variation in vacancy concentration with im
plantation dose. e, Damage in terms of displacement per atom under different implantation doses. f, Changes in amorphization damage depth with implantation dose.
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implantation dose of 1016 ions cm− 2. These experimental data exhibit a 
strong correspondence with the surface damage trends forecast by our 
simulations.

Raman spectroscopy was employed to further elucidate these 
changes in Ra under different implantation doses (Figs. 5b and S8). The 
pristine 4H-SiC crystal exhibited characteristic Raman peaks, including 
the longitudinal acoustic modes E2(LA) and A1(LA) characteristic peaks 
at 195 cm− 1 and 610 cm− 1, respectively; the transverse acoustic mode 
E2(TA) at 210 cm− 1; the transverse optical modes E2(TO) and E1(TO) at 
777 cm− 1 and 797 cm− 1; and the characteristic peak at 967 cm− 1 cor
responds to the longitudinal optical mode A1(LO) [55–57]. With 
increasing ion implantation doses, the intensity of these peaks gradually 
diminished, with the A1(LA) mode eventually disappearing. This 
reduction in intensity is attributed to decreased Raman polarizability 
due to bond breaking and changes in atomic forces and displacements 
[58]. Additionally, broad peaks emerged in the regions of 150–350 
cm− 1, 470–600 cm− 1, and 810–960 cm− 1, with their intensities 

increasing with higher doses. These broad peaks generally arise from 
changes in the internal structural order of the material [59]. Specifically, 
the broad peak at 470–600 cm− 1 is attributed to the Si-Si bond in 
amorphous silicon, while the broad peaks at 150–350 cm− 1 and 
810–960 cm− 1 correspond to the Si-C bond in amorphous silicon carbide 
[60,61].

The optical images of different samples corroborate the Raman re
sults, showing a color change from transparent light green to opaque 
dark brown with increasing ion implantation dose (Fig. S9). This color 
change is attributed to the formation of an amorphous surface layer and 
modification of the electron energy levels due to ion implantation. Given 
that the E2(TO) mode dominates the 4H-SiC Raman spectrum, we used 
its full width at half maximum (FWHM) and peak intensity as indicators 
of lattice quality. Multi-point Raman scanning across different samples 
revealed that the FWHM value tended to increase with increasing im
plantation dose (Fig. 5c-f). Statistical analysis in Fig. 5g shows that the 
blank sample had a low and relatively concentrated FWHM value of 

Fig. 5. Atomic force microscopy and Raman spectroscopy analysis at different Al ion implantation doses. a, Surface morphology of samples under varying ion 
implantation doses. b, Raman spectra of 4H-SiC at different implantation doses. Full width at half maximum (FWHM) mapping of the E2(TO) Raman characteristic 
peak for c, No ion implantation, d, 1011 ions cm− 2, e, 1014 ions cm− 2, and f, 1016 ions cm− 2. g, Statistical analysis of FWHM distribution for the E2(TO) peak across 
all samples.
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approximately 3.2 cm− 1. In the low-dose sample, the FWHM value 
increased slightly while remaining relatively uniform. However, for the 
high-dose sample (1016 ions cm− 2), the FWHM distribution became 
more dispersed, reflecting a significant increase in surface amorphiza
tion. The evolution of Raman peak intensity was opposite to the FWHM 
trend, showing a gradual decrease with increasing dose (Fig. S10).

MC simulations suggest that ion implantation damage primarily oc
curs within the top 1 μm of the surface. To further investigate near- 
surface lattice damage, we performed longitudinal tests from the sur
face to a depth of 1 μm at 100 nm intervals based on high spatial reso
lution confocal micro-Raman (Fig. 6a) [62]. For the low-dose sample 
(1011 ions cm− 2), no significant amorphous features were detected, 
indicating that the implantation-induced lattice damage did not reach 
the amorphization threshold of 4H-SiC, and the crystal structure 

remained largely intact. At a dose of 1014 ions cm− 2, characteristic 
amorphous peaks emerged near the surface (amorphized Si-Si bond: 
470–600 cm− 1; amorphized Si-C bond: 150–350 cm− 1 and 810–960 
cm− 1). These peaks weakened with increasing depth and disappeared at 
approximately 300 nm, indicating the thickness of the amorphous 
damage layer. When the dose increased to 1016 ions cm− 2, the intensity 
of the amorphous peaks significantly increased, and the amorphous 
layer thickness extended to approximately 500 nm. MC simulations 
further quantified the thickness of the amorphous damaged layer under 
different implantation doses (Fig. S11). For the sample dosed at 1011 

ions cm− 2, the dpa value was far below the amorphization threshold of 
0.28, resulting in no detectable amorphous damage layer. In contrast, 
the dpa values of the samples implanted with 1014 ions cm− 2 and 1016 

ions cm− 2 exceeded this threshold, leading to amorphous damage layers 

Fig. 6. Longitudinal confocal micro-Raman linear scans and residual stress analysis under different Al ion implantation doses. a, Longitudinal Raman spectra of each 
sample within a 1 μm depth. b, Shift in the E2(TO) Raman characteristic peak of 4H-SiC with varying implantation doses. Stress mapping for each sample: c, No ion 
implantation, d, 1011 ion cm− 2, e, 1014 ion cm− 2, and f, 1016 ion cm− 2. g, Statistical analysis of stress distribution for each sample.
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of approximately 380 nm and 490 nm, respectively. These simulation 
results closely matched those obtained from confocal depth profiling. To 
confirm that ion implantation-induced lattice damage was confined 
within the top 1 μm, we extended the confocal depth scans beyond 1 μm 
in 2 μm intervals up to 14 μm. The Raman spectra of each sample beyond 
1 μm are consistent with the standard 4H-SiC spectrum, indicating no 
significant changes with increasing depth (Fig. S12).

3.3.2. Residual stress
Raman spectroscopy is a reliable and efficient method for analyzing 

material stress [63,64]. We further employed confocal micro-Raman 
spectroscopy to assess in-plane stress by focusing on the peak shift of 
the E2(TO) mode (Δω), which is typically sensitive to plane stress. First, 
to exclude the fitting deviation caused by the asymmetry of the Raman 
peak, we compared the difference between the Gaussian-Lorentz fitting 
and the Fano fitting (considering the peak asymmetry) [65,66], as 
shown in Tab. S2. The difference between the Gaussian-Lorentz fitting 
and the Fano fitting results is less than 0.02 cm− 1 in peak position, and 
the FWHM is less than 0.15 cm− 1, which is much smaller than the re
sidual stress/damage difference amplitude we are concerned about in 
the analysis. Therefore, within the ion implantation dose range of this 
study, it is reasonable to use the Gaussian-Lorentz fitting [22]. As shown 
in Fig. 6b, the blank sample’s E2(TO) peak is positioned at 777 cm− 1. 
After ion implantation, a noticeable blue shift in the E2(TO) peak is 
observed (peak shift ranges from ~ 0.1 to ~ 0.3 cm− 1), indicating the 
development of compressive stress within the material. This compres
sive stress arises mainly due to the high-energy ion implantation into the 
lattice gap, resulting in local lattice distortion [67]. Moreover, dispar
ities in atomic radii and chemical properties contribute to residual strain 
and significant compressive stress [68].

The specific numerical relationship between Raman shift and lattice 
deformation is established through the lattice dynamics theory. This 
theory describes the change of atomic spacing under stress and its 
characteristic equation [63]: 
⃒
⃒
⃒
⃒
⃒
⃒

εuvKuv11 − λ εuvKuv12 εuvKuv31
εuvKuv12 εuvKuv22 − λ εuvKuv32
εuvKuv31 εuvKuv32 εuvKuv33 − λ

⃒
⃒
⃒
⃒
⃒
⃒
= 0 (5) 

where Kuvwx are the components of the phonon deformation tensor, 
dependent on the crystal structure and the optical phonon modes (u, v =
1, 2, 3). The anisotropic deformation of the crystal is characterized by 
strain tensors (ε11, ε22, and ε33) along specific axes (X, Y, and Z). 
Additionally, ε12, ε23, and ε13 represent the strain tensors along the XY, 
YZ, and XZ planes, respectively.

To establish the specific numerical equation of Raman shift and 
stress, we first define the [1–100], [11–20], and [0001] crystal di
rections of 4H-SiC crystal as X, Y, and Z axes, respectively. For 4H-SiC, 
which has a hexagonal crystal structure, the Raman tensor of its E2(TO) 
mode shows double degeneracy [69]: 

R1
E2

=

⎛

⎝
0 d 0
d 0 0
0 0 0

⎞

⎠,R2
E2

=

⎛

⎝
d 0 0
0 − d 0
0 0 0

⎞

⎠ (6) 

Therefore, the characteristic equation of lattice dynamics simplifies 
to [70]:  

where aE2, bE2, and cE2 are the phonon deformation potential constants 

of the E2(TO) mode.
The relationship between Raman shift and strain for 4H-SiC is 

derived as: 

ΔωE2 = aE2 (ε11 + ε22)+ bE2 ε33 ± cE2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(ε11 − ε22)
2
+ 4ε2

12

√

(8) 

The measured 4H-SiC is in an in-plane stress state: [70] 

Δσ =

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

Δσ11
Δσ22

0
0
0

Δσ12

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

(9) 

Combining generalized Hooke’s law, the stress–strain equation of 
4H-SiC under the in-plane stress state is obtained: 
⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

ε11
ε22
ε33
2ε23
2ε31
2ε12

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

=

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

s11 s12 s13
s12 s11 s13
s13 s13 s33

s44
s44

s66

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

Δσ11
Δσ22

0
0
0

Δσ12

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

=

⎛

⎜
⎜
⎜
⎜
⎜
⎜
⎝

s11Δσ11 + s12Δσ22
s12Δσ11 + s11Δσ22
s13(Δσ11 + Δσ22)

0
0

s66Δσ12

⎞

⎟
⎟
⎟
⎟
⎟
⎟
⎠

(10) 

Combining Eqs. (8) and (10), the relationship between the Raman 
shift and stress is obtained: 

ΔωE2 = aʹ
E2
(Δσ11 + Δσ22) ± cʹ

E2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Δσ11 − Δσ22)
2
+ 4Δσ2

12

√

(11) 

And the a’E2, and c’E2 correspond to the phonon deformation po
tential constants aE2, bE2 and cE2 through the following equations: 

aʹ
E2

= aE2 (s11 + s12) + bE2 s13

ćE2
= cE2

̅̅̅̅̅̅
s2
66
4

√

= cE2 |s11 − s12|

(12) 

where a’E2 and c’E2 are − 1.55 cm− 1 GPa− 1 and 0.37 cm− 1 GPa− 1, 
respectively [71].

For a spherical thin block, the in-plane stress is modeled as equi
biaxial stress (Δσ11 = Δσ22 ∕= 0, Δσ12 = 0), leading to the following 
relationship: 

Δωobs = Δω1 = Δω2 = 2a’
E2

Δσin-plane (13) 

Finally, the numerical equation of Raman shift and stress in the 
biaxial stress model for 4H-SiC is obtained: 

Δσin-plane(MPa) = − 323Δωobs
(
cm− 1) (14) 

To determine the stress-free Raman shift (ω0), eight points on a 4H- 
SiC single crystal were measured, yielding the E2(TO) mode peak posi
tion of 776.97 ± 0.07 cm− 1. This established a reference peak position of 
777 cm− 1 for the stress-free state (Fig. S13). Raman mapping was per
formed on the surface area of each sample, specifically including 15 

rows (1 cm row spacing) and 7 columns (2 cm column spacing) with a 
total of 85 test points, as shown in Fig. S14. The distribution of peak 

⃒
⃒
⃒
⃒
aE2 (ε11 + ε22) + bE2 ε33 + cE2 (ε11 − ε22) − ΔωE2 2cE2 ε12

2cE2 ε12 aE2 (ε11 + ε22) + bE2 ε33 − cE2 (ε11 − ε22) − ΔωE2

⃒
⃒
⃒
⃒ = 0 (7) 
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shifts for each sample is shown in Fig. S15. Stress distribution across the 
tested regions was then analyzed using Eq. (14) (Fig. 6c-g). The 
epitaxial wafer exhibited negligible internal stress, in contrast to ion- 
implanted samples, which predominantly exhibited compressive 
stress. At a lower implantation dose of 1011 ions cm− 2, the stress increase 
was negligible compared to the blank sample. However, as the dose 
increased to 1014 and 1016 ions cm− 2, the compressive stress signifi
cantly intensified, peaking at about − 97 MPa and − 185 MPa, respec
tively. The variation in internal stress with different ion implantation 
doses closely matched trends predicted by MD simulations for average 
stress (Fig. S16). These results underscore the crucial role of implanta
tion dose in stress formation within 4H-SiC, which is primarily driven by 
defect generation leading to pronounced lattice distortion and stress 
development.

4. Conclusion

In summary, this work systematically investigated the impact of 
high-energy Al ion implantation on interfacial damage and residual 
stress in 4H-SiC by integrating MD and MC simulations with nonde
structive micro-Raman spectroscopy. Our findings reveal that Al im
plantation predominantly generates interstitial defects over vacancy 
defects, leading to net compressive stress within the implanted region 
that saturates with increasing doses. MC simulations indicate that while 
the implantation depth of implanted Al is independent of the implan
tation dose, the depth of lattice damage increases with higher doses. 
These findings are strongly corroborated by micro‑Raman measure
ments, which emphasize the critical role of implantation dose in 
dictating both defect accumulation and stress distribution. By leveraging 
the complementary strengths of multiscale simulations and non‑de
structive optical diagnostics, this work elucidates the fundamental 
mechanisms governing Al ion implantation dose-induced defect forma
tion and stress evolution in 4H-SiC. Moreover, the demonstrated efficacy 
of micro‑Raman spectroscopy highlights its potential as a high‑resolu
tion, in‑situ tool for advancing quality control and performance reli
ability in semiconductor devices. Looking forward, coupling this 
approach with SIMS and other characterization techniques during 
post‑implantation annealing will be essential for understanding damage 
recovery, stress relaxation, and dopant activation, thereby informing 
optimized implantation and annealing protocols.
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