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A B S T R A C T

Ion implantation and subsequent annealing reshape the defect landscape and stress state of compound semi
conductors, yet the temperature-dependent mechanisms in SiC remain incompletely understood. Here, we utilize 
molecular dynamics (MD) simulations and confocal micro-Raman measurements to resolve how implantation 
temperature and post-annealing regulate lattice disorder, amorphization kinetics, and residual-stress evolution in 
chemical vapor deposited (CVD) 4H-SiC. MD reveals surface-nucleated amorphization that propagates inward, 
whereas elevated implantation temperatures activate defect recombination pathways that suppress amorphous- 
layer formation. Raman signatures of optical-phonon shifts, linewidth broadening, and amorphization bands 
track the coupled evolution of lattice disorder and stress. Experimentally, increasing implantation temperature 
smooths the surface (Sa 0.133 → 0.101 nm) and reduces the amorphous-layer thickness (from ~700 nm at 25◦C 
to undetectable at 500◦C), while driving more compressive residual stress (− 57 → − 132 MPa). Post-annealing 
largely restores phonon lifetimes and eliminates amorphization signatures, consistent with the recovery trends 
predicted by MD. These results delineate a thermal-treatment window that controls amorphization and residual 
stress in 4H-SiC, providing a transferable Raman-based methodology for nondestructive assessment of 
implantation-induced damage in compound semiconductors.

1. Introduction

Efficient and precise element doping is the cornerstone of tailoring 
the electrical and optical properties of modern electronic and photonic 
devices [1–3]. While thermal diffusion has long enabled dopant incor
poration in silicon-based devices [4–6], the intrinsic limitations of sili
con become clear under the demands of broadband transparency, strong 
second-order nonlinearity, quantum color center integration, and reli
able operation under extreme conditions (e.g., high frequency, high 
power, or high temperature)[7,8]. To meet these challenges, silicon 
carbide (SiC), particularly 4H-SiC, has emerged as a preferred material 
for next-generation power electronics and integrated/quantum photonic 
applications, including wide bandgap, high electron mobility, excellent 

thermal conductivity, robust electrical breakdown field, high refractive 
index, and strong optical nonlinearity [9–13]. However, the intrinsically 
low diffusion coefficients of dopant species in 4H-SiC preclude precise 
doping control via conventional diffusion, positioning ion implantation 
as the preferred technique for advanced device fabrication [14,15].

Ion implantation delivers atomic-scale dopant profiles through high- 
energy ion bombardment [16,17], yet simultaneously disrupts the 
crystal lattice, producing vacancies, interstitial clusters, and amorphous 
regions [18,19]. These can generate residual stress fields and degrade 
both electrical and optical performance [20]. High-temperature 
annealing is typically employed to repair implantation-induced dam
age and activate dopants [21]. Nevertheless, the extreme thermal sta
bility of 4H-SiC demands annealing temperatures exceeding 1500◦C 
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[22,23]. Such conditions often lead to surface roughening, unwanted 
4 H → 3 C phase transitions [24], and incomplete defect recovery (even 
with protective coatings [25]), thereby limiting device yield and reli
ability. While these challenges have spurred interest in low-temperature 
annealing techniques [26], another promising strategy lies in optimizing 
the ion implantation conditions, particularly the implantation temper
ature. Adjusting the implantation temperature can directly influence 
defect generation, stress evolution, and the efficiency of subsequent 
thermal recovery. Defect damage and residual stress are crucial to the 
actual electrical and optical performance in electronic and photonic 
devices [27,28]. Despite previous studies that have extensively explored 
the impact of parameters such as dose, energy, and implantation angle 
on crystal damage [29–34], the critical role of implantation temperature 
on lattice damage and residual stress evolution remains unclear.

In this work, we introduce a nondestructive, multiscale strategy that 
utilizes molecular dynamics (MD) simulations and confocal micro- 
Raman spectroscopy to address the limitations of conventional ap
proaches. Specifically, the MD simulations and micro-Raman measure
ments are performed independently, and their results are subsequently 
correlated at the interpretation level. MD reveals that elevating the 
implantation temperature activates dynamic self-repair pathways that 
suppress amorphization while concurrently increasing compressive re
sidual stress. Complementary micro-Raman mapping provides spatially 
resolved optical-phonon frequency shifts and linewidth broadening that 
directly track the coupled progression of lattice disorder and stress. The 
combined evidence delineates thermally governed pathways for damage 
generation and recovery, establishing a transferable research framework 
for non-destructive assessment of implantation-induced structural 
damage and stress in wide-bandgap compound semiconductors.

2. Experimental section

2.1. Sample preparation

The samples studied in this experiment were 6-inch commercial 4H- 
SiC homoepitaxial wafers prepared by chemical vapor deposition (CVD), 
with an epitaxial layer thickness of 10 μm (China Electronics Compound 
Semiconductor Co., Ltd., China). Al ion implantation was performed at 
25◦C, 350◦C, and 500◦C using an HY-IMP-E400A ion implanter, with a 
single-energy, single-step implantation at 600 keV and an implantation 
dose of 1014 ions cm− 2. These three implantation temperatures were 
selected to span a practical processing window [35]: 25◦C as a 
room-temperature baseline, 350◦C as an intermediate condition to 
probe the transition regime where dynamic defect recombination starts 
to compete with damage accumulation, and 500◦C as a 
high-temperature condition to enhance dynamic self-healing during 
implantation. This design enables a clear temperature-dependent com
parison under identical implantation energy and dose. Single implan
tation was chosen to maintain the implantation condition identical 

across all temperatures, thereby facilitating studies on 
temperature-related mechanisms. Subsequently, post-implant high-
temperature annealing was conducted in an automatic rapid thermal 
processing system (HY-RTP 200) under a pure Ar atmosphere at 1750◦C 
for 30 min, as shown in Fig. 1. The post-implant annealing condition 
(1750◦C for 30 min in Ar) was chosen as a representative 
high-temperature recovery/activation treatment for Al-implanted 
4H-SiC, providing substantial defect recovery while avoiding unneces
sarily prolonged thermal exposure [35–37]. During annealing, a 
carbon-based protective cap (C-cap/graphite-type layer) was applied to 
mitigate Si sublimation and prevent surface degradation/roughening, 
which is commonly used in SiC high-temperature processing [30,36].

2.2. Characterization and measurements

The surface roughness of the wafers, both before and after ion im
plantation, was measured using atomic force microscopy (AFM, Bruker/ 
Dimension Icon, Germany). The AFM was equipped with a SCANASYST- 
FLUID+ probe (tip radius approximately 2 nm; length 70 μm; width 10 
μm) to acquire AFM morphology images in tapping mode. The scanning 
area is 5 μm × 5 μm, and the image sampling rate is 512 × 512 pixels. 
Raman testing was performed using a HORIBA micro-Raman spec
trometer (Japan), and the single-crystal silicon peak at 520.7 cm− 1 was 
used for spectral calibration before testing. The experiment utilized a 
100 × lens for backscattered light signals, with a grating density of 1800 
gr/mm, and the laser used a wavelength of 532 nm. The laser power for 
the test was set to 5 % of the total intensity (50 mW).

2.3. Molecular dynamics simulation

MD simulations were performed using the Large-Scale Atomic/Mo
lecular Massively Parallel Simulator (LAMMPS), while visualization and 
data analysis were conducted using the Open Visualization Tool 
(OVITO). A 4H-SiC slab was constructed along the [0001] crystal di
rection for ion implantation simulations. The slab dimensions are 
10.56 nm × 10.19 nm × 17.89 nm, with periodic boundary conditions 
applied in the X and Y directions. As shown in Fig. 2, the slab is divided 
into three regions: the boundary layer, the thermostatic layer, and the 
Newtonian layer. The boundary layer, comprising the bottom four 
atomic layers, is fixed to ensure structural stability. The thermostatic 
layer and the Newtonian layer are governed by different ensembles. 
Specifically, the thermostatic layer is treated with the NVT ensemble to 
dissipate the heat generated by Al ion implantation and maintain a 
constant temperature by regulating atomic velocities. During ion 
bombardment, temperature control is only applied to this region. In 
contrast, the Newtonian layer uses the NVE ensemble, allowing it to 
capture the cascade collision events induced by the implanted ions and 
thereby elucidate the resulting lattice damage distribution. Ion im
plantation was simulated on the 4H-SiC surface at various temperatures, 

Fig. 1. Schematic of Al ion implantation into a 4H-SiC homoepitaxial wafer, the post-implantation annealing, and the corresponding prepared samples.
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with an implantation energy set to 2 keV and a 20 ps interval between 
each ion. An annealing process was then performed on the entire model 
following ion implantation. During these simulations, both the GW-ZBL 
potential and the embedded-atom method (EAM) potential were 
employed: GW-ZBL described interactions within 4H-SiC, while EAM 
accounted for the interactions of implanted Al atoms. The cross- 
interactions between Al–Si and Al–C atoms were represented by a 
Morse potential derived from ab initio calculations. Finally, compression 
deformation simulations of the model were conducted before and after 
annealing to obtain stress–strain curves under each condition. It should 
be noted that the implantation energy used in MD (2 keV) is different 
from the experimental energy (600 keV) due to the computational 
constraints of explicitly resolving collision cascades at hundreds of keV 
within a ~10 nm-scale cell [38,39]. Accordingly, the MD simulations in 
this work are designed to capture the temperature-dependent micro
scopic mechanisms (collision-cascade damage accumulation, dynamic 
defect recombination, amorphization tendency, and stress evolution) 
rather than to reproduce the absolute implanted depth profile at 
600 keV. The post-implantation “annealing” step in MD is a 
short-timescale thermal relaxation within accessible simulation time, 
introduced to assess the relative recovery tendency after implantation, 
whereas the experimental annealing involves a much larger thermal 
budget (high-temperature furnace anneal for minutes). In addition, the 
simulated 4H-SiC slab is constructed along the [0001] direction without 
the 4◦ wafer offcut, consistent with current simulation modeling in 
existing literature [38–41].

2.4. Monte Carlo simulation

The state of Al ion implantation in 4H-SiC crystal was simulated 
using SRIM-2013 software (with detailed calculation of the complete 
damage cascade). The threshold displacement energies of carbon and 
silicon were set to 20 eV and 35 eV [42,43], respectively, and the lattice 
binding energy was zero [44]. The density of 4H-SiC was 3.21 g cm− 3. 
The Al ion implantation energy was 600 keV, which was consistent with 
the actual sample implantation parameters. Therefore, SRIM is primarily 
used here to determine implantation depth/damage distribution and 
supplement the mechanistic trends revealed by MD.

3. Results and discussion

3.1. MD simulation of Al ion implanted 4H-SiC

MD simulations are a powerful tool for exploring atomic/nanoscale 
mechanisms, complementing experimental methods [41,45]. In this 
study, an MD model was constructed to predict the effects of implan
tation temperature on Al ion implantation into 4H-SiC and to simulate 
the subsequent annealing process. Figs. 3a and S1 show the surface to
pological damage of 4H-SiC at various implantation temperatures after 
Al ion implantation and high-temperature annealing, respectively. The 
simulations reveal that the Al ion beams induce a sputtering effect on the 
4H-SiC surface, forming sharp pits accompanied by atomic accumula
tion and swelling around these pits due to the cascade motion of surface 
atoms. This phenomenon is most pronounced at 25◦C and decreases with 
increasing implantation temperature. The evolution of surface damage 
with implantation temperature was quantified using arithmetic mean 
roughness (Sa) and root mean square roughness (Sq), highlighting the 
positive role of higher implantation temperature in surface repair, as 
shown in Fig. 3b. Additionally, high-temperature annealing significantly 
mitigated surface topological damage across all implantation 
temperatures.

Further, the effect of Al ions on the internal crystal damage of 4H-SiC 
at different implantation temperatures was analyzed using the identifi
cation of diamond structures (IDS) method [39]. Fig. S2 depicts the 
pristine 4H-SiC lattice before ion implantation, serving as a reference. In 
the IDS classification, the “other” category represents the severely 
damaged (amorphized) lattice regions; the cubic diamond and hexago
nal diamond areas denote undamaged areas, while the first and second 
neighbor structures indicate slightly displaced and markedly damaged 
states, respectively [38]. The simulation results demonstrate that 
high-energy Al ions induce crystal damage along their trajectories, 
accumulating damage during implantation (Fig. 4). Severe amorphiza
tion is primarily localized near the surface, underscoring the strong 
correlation between initial ion collisions and surface damage. As the 
implantation temperature increases, the severity and extent of internal 
damage substantially decrease, indicating that higher temperatures 
enhance defect repair mechanisms. Furthermore, although implantation 

Fig. 2. Atomistic molecular dynamics model for Al ion implantation in 4H-SiC.
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damage is concentrated in the ion implantation area, the damage ex
tends to the non-implantation area due to the cascade collisions from 
high-energy ion implantation impacts (Fig. S3). High-temperature 
annealing effectively repairs this damage, eliminating severe 
amorphization.

We further quantified vacancies and interstitial atoms using the 
Wigner-Seitz (WS) defect method to examine the microscopic change 
trends during Al ion implantation at different implantation temperatures 
[40,46]. At 25◦C, the vacancy and interstitial defect concentration were 
approximately 2.2 × 1021 cm− 3. As the implantation temperature 

increased, the defect concentration decreased, dropping to 4.05 × 1020 

cm− 3 at 500◦C (Fig. 5a). This reduction confirms that higher tempera
tures facilitate defect repair. High-temperature annealing further 
reduced defect concentrations (Fig. 5b), reinforcing the role of elevated 
temperatures in mitigating implantation-induced damage.

To investigate the impact of implantation temperatures on the 
crystal’s atomic structure, the radial distribution function (RDF) was 
calculated for the ion implantation, bottom, and overall regions (see 
Note S1 in the Supporting Information for details). The RDF peaks at 
1.875 Å and 3.075 Å correspond to the nearest neighbor distances 

Fig. 3. Molecular dynamics simulations of 4H-SiC surface damage at different Al implantation temperatures and after annealing: (a) spatial distribution of surface 
damage; (b) surface roughness statistics.

Fig. 4. Cross-sectional views from molecular dynamics simulations showing the internal damage distribution in 4H-SiC after Al ion implantation and subsequent 
annealing at different temperatures. The diagonal cross-section has a height of 17.89 nm and a diagonal length of ~14.67 nm.
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between C-Si, C-C, and Si-Si atoms, respectively, as shown in Figs. 6a 
and 6b. These are consistent with the bond length values obtained from 
the 4H-SiC crystal structure (C-Si: 1.895 Å; C-C: 3.094 Å, and Si-Si: 
3.098 Å). Post-implantation, the most substantial decrease in RDF 
peak intensity in the ion implantation area was at 25◦C, indicating the 
highest degree of crystal structure damage under these conditions. Ion 
implantation disrupts atomic bonding energy, reducing RDF peak in
tensities, broadening peak widths, and causing peak asymmetry, 
particularly within the 3–5 Å atomic distance range. These changes 
reflect covalent bond disruption and disorder resulting from cascade 

collisions. Higher implantation temperatures mitigate these effects, 
enhancing bonding strength and promoting partial self-repair. Notably, 
no graphitization characteristic peak (1.575 Å) was observed at any 
implantation temperature [47], indicating that the crystal structure 
remained largely intact. The RDF analyses of the bottom and overall 
regions further confirm limited crystal damage and the preservation of 
structural order. After high-temperature annealing, the RDFs of all 
samples nearly matched their initial states, indicating effective internal 
damage repair.

To probe the local structural environment of implanted Al, we 

Fig. 5. Statistics of vacancy and interstitial concentrations inside 4H-SiC at different ion implantation temperatures: (a) before annealing; (b) after annealing.

Fig. 6. Calculation of radial distribution function of 4H-SiC at different Al ion implantation temperatures and after annealing. (a) Radial distribution function results 
at different implantation temperatures. (b) Radial distribution function results after annealing. (c) Al-Si and Al-C atomic distances at different implantation tem
peratures and after annealing.
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calculated the Al–Si and Al–C RDFs (Fig. 6c). With increasing implan
tation temperature, the characteristic RDF peaks for both Al–Si and Al–C 
become lower and slightly broader, consistent with stronger thermal 
vibrations (thermal broadening) and temperature-assisted atomic rear
rangement during implantation. For Al–Si, the dominant first-shell peak 
progressively shifts to shorter distances from ~2.825 Å (25◦C) to 
~2.725 Å (350◦C) and ~2.675 Å (500◦C), indicating a more compact/ 
ordered first-shell Al–Si configuration at higher implantation tempera
tures. Notably, no clear Al–Si feature occurs near ~3.0 Å before 
annealing; after annealing, a distinct ~3.0 Å correlation appears only 
for the 25◦C-implanted case, which we attribute to the development/ 
enhancement of second-shell (medium-range) Al–Si correlation during 
post-annealing structural recovery and Al redistribution in the more 
heavily damaged low-temperature sample [48,49]. After annealing, the 
dominant Al–Si first-shell correlation relaxes and stabilizes at ~2.575 Å. 
For Al–C, the main-peak position remains nearly unchanged across im
plantation temperatures, whereas its peak height decreases with 
increasing temperature both before and after annealing, suggesting that 
the characteristic near-neighbor Al–C distance is preserved while the 
local coordination environment becomes more distributed at higher 
temperatures. In addition, the medium-range feature near ~3.6 Å is 
selectively strengthened after annealing at 25◦C, consistent with more 
substantial structural reconstruction enabled by the higher initial defect 
density compared with the 350/500◦C cases [50].

Defects introduced by ion implantation in 4H-SiC can substantially 

degrade the mechanical performance of the material. To investigate the 
effect of different implantation temperatures on the mechanical prop
erties of 4H-SiC, we conducted compression simulations on 4H-SiC 
samples implanted at various temperatures and performed additional 
compression simulations on the annealed samples to evaluate the extent 
of property recovery following annealing. These simulations were car
ried out within a 20 % compressive strain range, and the results are 
shown in Fig. 7. All stress-strain curves exhibit a distinct “turning point”, 
where the slope markedly decreases, signifying the transition from 
elastic to plastic deformation. To facilitate interpretation of the elas
tic–plastic transition and the subsequent damage evolution, the insets in 
Fig. 7 present representative atomic-structure snapshots of the implan
ted region taken at two characteristic stages: the onset of plasticity (near 
the turning point) and the end of deformation (20 % strain). Moreover, a 
comparison of samples indicates that the large number of defects 
introduced by ion implantation narrows the elastic deformation region 
and extends the plastic deformation region of 4H-SiC. This is primarily 
due to the restricted dislocation motion and planar slip characteristic of 
covalently bonded materials such as SiC, which generally exhibit high 
hardness and brittleness at the macroscopic level. The presence of 
abundant defects, however, can markedly facilitate dislocation motion 
and planar slip, thereby enhancing the plasticity of the material. 
Compared to samples implanted at lower temperatures, those subjected 
to high-temperature ion implantation show a higher elastic-plastic 
transition stress (> 60 GPa) and exhibit strength characteristics 

Fig. 7. Mechanical properties of 4H-SiC crystal after different implantation temperatures and annealing. The inset shows representative MD simulation snapshots at 
the onset and termination of plastic deformation.
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similar to the annealed samples. This observation suggests that high- 
temperature ion implantation effectively reduces defect accumulation 
and contributes to maintaining the intrinsic mechanical properties of 
4H-SiC.

Ion implantation also induces residual stress in the surface and 
subsurface regions due to interatomic collisions, phase changes, and 

thermal effects. Figs. 8a and S4 show the spatial evolution of the stress 
field in 4H-SiC at different implantation temperatures. The stress is 
heterogeneous and primarily concentrates within the near-surface 
implanted/damaged zone, whereas the deeper region (especially near 
the bottom of the slab) is comparatively less affected. Contrary to the 
trend of decreasing damage with higher temperatures, residual stress 

Fig. 8. Stress distribution and ion implantation depth in 4H-SiC crystal after different implantation temperatures and annealing. (a) Stress distribution (diagonal 
profile, height 17.89 nm, diagonal length approximately 14.67 nm). (b) Average stress changes with temperature. (c) Al ion implantation depth distribution statistics.
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increases with temperature (Fig. 8b). This increase may result from 
enhanced thermal expansion and localized crystal repair, which exac
erbate matrix inhomogeneity [51]. After high-temperature annealing, 
residual stress was substantially reduced, indicating effective stress re
lief. Ion implantation depth analysis showed that maximum residence 
depth after varying implantation temperatures and high-temperature 
annealing occurred between 40–60 Å (Fig. 8c), indicating the minimal 
impact of temperature on ion implantation depth and confirming the 
low thermal diffusion coefficient of Al in 4H-SiC. Notably, the predicted 
depth is derived from nanoscale MD simulations using a 2 keV implan
tation energy. Therefore, it is not comparable to the implantation depths 
measured in the subsequent experiments conducted at much higher 
energies and on macroscopic samples.

3.2. Experimental characterization and validation

To validate the accuracy of the MD simulation results, we performed 
Al ion implantation on 6-inch 4H-SiC epitaxial wafers under the same 
conditions used in our simulations. In the experiment, Al ions were 
implanted at a dose of 1014 ions cm− 2, with implantation temperatures 
of 25◦C, 350◦C, and 500◦C, respectively. A pristine epitaxial wafer 
without implantation was used as a control sample for comparison 
(Fig. S5). Post-implantation characterization focused on crystal damage 
and residual stress, providing comparisons with the simulation 
predictions.

3.2.1. Lattice damage analysis
The roughness of the sample surface was measured by AFM, with the 

Sa value used to quantify the surface flatness changes, as shown in Fig. 9. 
The surface structure of the control sample exhibited a flat surface (Sa =

0.086 nm). When the implantation temperature was 25◦C, ion implan
tation increased roughness to 0.133 nm, indicating marked surface 
damage. As the implantation temperature increased, the roughness 
gradually decreased to 0.119 nm at 350◦C and 0.101 nm at 500◦C, 
approaching the smoothness of the control wafer. These observations 
align with the MD simulation results, confirming that elevated implan
tation temperatures promote surface self-repair.

Micro-Raman spectroscopy further assessed crystal damage at 
different implantation temperatures. In particular, the E2(TO) phonon 
mode full width at half maximum (FWHM) served as a sensitive indi
cator of lattice disorder. The multi-point Raman scan results of different 
samples indicate that ion implantation causes the FWHM value to in
crease, and the damage exhibits a high degree of inhomogeneity 

(Figs. 10a, c, and S6). The FWHM value of the blank sample is low and 
relatively concentrated. At 25◦C, the FWHM value and distribution in 
the sample increase notably, indicating severe surface lattice disorder. 
At the higher implantation temperatures, the FWHM value gradually 
decreases, and the distributions become more uniform, highlighting the 
role of temperature in facilitating damage repair. Post-annealing Raman 
measurements validated these findings, showing marked FWHM re
ductions, especially in samples implanted at lower temperatures 
(Fig. 10b and d). Raman peak intensities also exhibited an inverse trend 
with FWHM, and post-annealing intensities further increased (Fig. 11). 
Under the same acquisition and processing conditions, the reduced peak 
intensity after implantation is mainly attributed to implantation- 
induced lattice disorder (amorphization/defect accumulation), which 
increases phonon scattering and decreases the Raman scattering effi
ciency of the crystalline mode. After high-temperature annealing, partial 
defect recovery and recrystallization reduce disorder, thereby increasing 
the intensity of the crystalline Raman peak.

Additionally, the structural damage inside the material will signifi
cantly affect the scattering process of phonons, thereby affecting the 
lifetime of phonons [52]. Therefore, we further calculated the change of 
E2(TO) mode lifetime with implantation temperature using the 
energy-time uncertainty principle [53]: 

2πΓ(T)
h

=
1
τ (1) 

where Γ(T) is the FWHM at the corresponding injection temperature, τ is 
the phonon lifetime, and h = 3.3284 × 10− 11 cm− 1 s is the Planck 
constant.

As shown in Fig. 12, phonon lifetimes decreased substantially after 
ion implantation. At 25◦C and 350◦C, the phonon lifetimes were simi
larly reduced; however, at 500◦C, a notable recovery in lifetime was 
observed. Overall, the phonon-lifetime evolution exhibits an apparent 
threshold-like response within the investigated temperature window: 
the damage indicators remain comparably high at 25–350◦C, but a 
marked recovery becomes evident at 500◦C. This behavior suggests that 
dynamic defect recombination (self-healing) during implantation is 
substantially more effective in the 350–500◦C interval under our 
experimental conditions. After high-temperature annealing, the 500◦C- 
implanted samples exhibited the most distinct increase in phonon life
time, highlighting the synergy between higher implantation tempera
tures and annealing in facilitating damage repair.

The full-spectrum Raman analysis revealed that compared with the 
initial Raman spectrum, ion implantation leads to new broad peaks, as 

Fig. 9. Atomic force microscopy test of samples after ion implantation.

Z. Yang et al.                                                                                                                                                                                                                                    Journal of Alloys and Compounds 1054 (2026) 186279 

8 



shown in Fig. 13a. Specifically, there are “steamed bun-shaped” broad 
peaks in the three spectral regions of 150–350 cm− 1, 470–600 cm− 1, 
and 810–960 cm− 1. The reduction of the orderliness of the material’s 
internal structure generally causes the appearance of such broad peaks 
[54]. Specifically, the broad peak at 470–600 cm− 1 corresponds to 
amorphous Si-Si bonds, whereas the 150–350 cm− 1 and 810–960 cm− 1 

arise from amorphous Si-C bonds [55,56]. These features diminished at 

higher implantation temperatures and vanished completely by 500◦C, 
suggesting effective suppression or repair of amorphization. This trend 
matches the MD simulations’ prediction of reduced crystal damage at 
elevated temperatures.

To further probe the depth profile of crystal damage by ion im
plantation under the influence of implantation temperature, we con
ducted a linear scan from the surface to a depth of 1 μm, as shown in 

Fig. 10. Surface maps of the full width at half maximum (FWHM) of the E2(TO) Raman peak: (a) after Al ion implantation and (b) after post-implantation annealing. 
(c, d) Corresponding FWHM statistics for the implanted and annealed states.

Fig. 11. E2(TO) Raman peak intensity of 4H-SiC wafer after ion implantation and annealing: (a) After ion implantation; (b) After annealing. All Raman intensity 
maps were obtained using the same detection parameters.
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Figs. 13b and 13c. At 25◦C, the amorphization damage depth extended 
to roughly 700 nm; the depth decreased to 600 nm at 350◦C. At 500◦C, 
no amorphization region was detected, indicating that higher implan
tation temperatures effectively repaired amorphous damage in 4H-SiC. 
These trends are consistent with both the pristine and the samples 
after annealing, as shown in Fig. 13d. Monte Carlo simulations estimated 

the amorphization threshold depth of approximately 670 nm (Fig. 14), 
consistent with experimental findings (the amorphization threshold of 
4H-SiC is dpa = 0.28) [57,58]. To confirm that the lattice damage 
caused by ion implantation is limited to the top 1 μm, we further 
extended the focal depth scan to more than 1 μm, up to 14 μm. The 
results showed that no distinct damage occurred beyond a depth of 1 μm 

Fig. 12. E2(TO) Phonon lifetime evaluation at different Al ion implantation temperatures of each sample (a) before annealing and (b) after annealing.

Fig. 13. Raman-based analysis of structural damage before and after ion implantation and annealing: (a) spectra of samples implanted at different temperatures; (b) 
Raman depth profile (0–1 μm) of the sample without ion implantation; (c) pre-annealing Raman depth profiles (0–1 μm); (d) post-annealing depth profiles (0–1 μm).
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(Fig. 15). Finally, it should be noted that the simulations resolve 
microscale damage evolution within the near-surface implanted layer, 
whereas the Raman measurements provide a depth-resolved, nonde
structive optical response that may include contributions from the un
derlying substrate. Therefore, these two approaches are complementary 
and together enable a more robust assessment of the evolution of ion 
implantation damage with temperature.

3.2.2. Residual stress analysis
Raman spectroscopy is also highly sensitive to the internal stress 

state of crystalline materials [59,60]. Here, we employed the peak shift 
of the E2(TO) mode to evaluate the corresponding residual stress state of 
each sample, which is sensitive to in-plane stress. A single-point Raman 
measurement revealed that the control wafer exhibited its E2(TO) peak 
at 777 cm− 1, indicating no residual stress [61,62] (Fig. 16a). After ion 
implantation, an obvious blue shift of the E2(TO) peak was observed, 
corresponding to compressive stress in the wafer. The peak shift 
increased with implantation temperature, indicating higher residual 
stress at elevated temperatures. This trend underscores an important 
process trade-off: although higher implantation temperatures can 

Fig. 14. Amorphization damage depth calculated based on Monte Carlo simulation (the right image is a magnified local version of the left image).

Fig. 15. Raman longitudinal depth test in the range of 1–14 μm at different ion implantation temperatures: (a) No ion implantation; (b) 25◦C; (c) 350◦C; (d) 500◦C.
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suppress lattice disorder and amorphization, they may simultaneously 
exacerbate residual compressive stress, potentially affecting 
stress-related reliability. Consequently, the optimal implantation tem
perature should be selected based on the dominant performance objec
tive and reliability constraints. After high-temperature annealing, the 
E2(TO) peak shifts were eliminated, reflecting substantial stress relief 
(Fig. 16b).

The specific direct relationship between Raman shift and residual 
stress is established through lattice dynamics theory. We first define the 
[1 − 100], [11 − 20], and [0001] crystal directions of the 4H-SiC crystal 
as X, Y, and Z axes, respectively. For 4H-SiC with a hexagonal crystal 
structure, the Raman tensor of its E2(TO) mode exhibits double de
generacy. [63] Therefore, the lattice dynamics characteristic equation of 
4H-SiC under a stress-strain field can be expressed as:  

where aE2, bE2, and cE2 are the phonon deformation potential constants 
of the E2(TO) mode, εuv (u, v = x, y) are the strain components, and ΔωE2 
is the E2(TO) Raman peak shift. The relationship between Raman shift 
and stress for 4H-SiC is derived as: 

ΔωE2 = aE2

(
εxx + εyy

)
+ bE2 εzz ± cE2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅(
εxx − εyy

)2
+ 4ε2

xy

√

(3) 

For a thin wafer primarily under in-plane (equibiaxial) stress, the 
shear stress can be ignored [64], simplifying the stress-strain conversion 
(Eq. (3)). Therefore, combined with the generalized Hooke’s law, the 
stress-strain conversion equation of 4H-SiC under the in-plane stress 

state is obtained: 
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where swx (w, x = 1, 2, 3, 4, 5, 6) are the compliance coefficient com

ponents, and Δσuv (u, v = x, y) are the stress components.
Then, the specific conversion relationship between Raman phonon 

displacement and stress was obtained [65]: 

ΔωE2 = 2[aE2 (s11 + s12) + bE2 s13] × Δσ
Δσin− plane(MPa) = − 323 × Δωobs

(
cm− 1) (5) 

where Δωobs is the peak displacement obtained from the Raman test.
To further evaluate the specific stress distribution state on the 6-inch 

4H-SiC wafer, the Raman mapping was performed on each wafer. The 
distribution of E2(TO) peak shift on the surface of each sample is shown 

Fig. 16. E2(TO) Raman peak of each sample (a) before annealing and (b) after annealing.

⃒
⃒
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aE2

(
εxx + εyy

)
+ bE2 εzz + cE2

(
εxx − εyy

)
− ΔωE2 2cE2 εxy
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in Fig. S7. Based on Eq. (5), converting these shifts to stress (Fig. 17a and 
c) revealed that the control wafer exhibited negligible stress (Fig. S8), 
whereas implanted wafers exhibited compressive stress that rose with 
increasing implantation temperature. This trend is consistent with the 
HRXRD observations reported by Chen et al. [66], where higher im
plantation temperatures reduce the out-of-plane tensile strain along the 
4H-SiC c-axis, implying a corresponding increase in the in-plane 
compressive stress. Average residual stress values were − 57 MPa, 
− 64 MPa, and − 132 MPa for implantation temperatures of 25◦C, 350◦C, 
and 500◦C, respectively. This temperature-dependent increase in 
compressive residual stress is qualitatively consistent with the 
MD-predicted stress trend in Fig. 8b, i.e., higher implantation temper
atures lead to stronger net compressive stress accumulation. Further
more, the relatively similar average stresses for the 25◦C and 350◦C 
cases can be attributed to a more heterogeneous stress field (local 
compressive and tensile regions coexisting) that partially compensates 
in the spatial average, while the 500◦C case exhibits a more uniformly 
compressive field and higher crystallinity in the implanted region, 
leading to a more negative averaged stress value. We attribute this 
temperature-dependent stress increase to defect recombination and 
temperature-assisted local structural rearrangement/lattice relaxation 
during implantation [67]. After high-temperature annealing, the resid
ual stress was substantially released, ultimately approaching near zero 
as defects were repaired and the periodic crystal structure was restored 
(Fig. 17b and d).

Overall, both the lattice damage and residual stress analyses confirm 

that higher implantation temperatures reduce structural amorphization 
while increasing compressive stress, which can be alleviated by high- 
temperature annealing. These findings are trend-wise consistent with 
the MD results (Fig. 8b), underscoring the reliability of the predictive 
model and the importance of temperature control in optimizing the Al 
ion implantation process for 4H-SiC.

4. Conclusions

In summary, we present a nondestructive, multiscale approach that 
employs MD simulations and confocal micro-Raman measurements to 
elucidate how implantation temperature regulates defect, amorphiza
tion, and residual-stress evolution in CVD 4H-SiC. The MD results show 
that higher implantation temperatures suppress amorphization and 
promote Al–Si substitution, albeit at the expense of more compressive 
residual stress. Raman peak shifts, linewidths, and amorphization sig
natures provide quantitative, spatially resolved proxies for lattice dis
order and phonon lifetime, tracking the coupled evolution of lattice 
disorder and stress. A key future direction is to systematically investigate 
more implantation temperatures and jointly optimize lattice-damage 
suppression and residual-stress control to identify processing windows 
that satisfy device-specific reliability constraints. Beyond the specific 
system studied, the combined simulation–optical metrology paradigm is 
readily applicable to other wide-bandgap compounds (e.g., GaN, AlN, 
β-Ga2O3), offering a materials-centric route to compare amorphization 
kinetics, defect recovery, and stress control across different systems. 

Fig. 17. Residual stress analysis at different Al ion implantation temperatures (a) after Al ion implantation and (b) after annealing. (c, d) Corresponding stress 
statistics for the implanted and annealed states.
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Collectively, these insights define controllable thermal-treatment re
gimes that balance disorder suppression with stress management and 
offer a potential approach for nondestructive assessment of 
implantation-induced damage in compound semiconductors.
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