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Thermal recovery of radiation-induced
structural and electronic degradation in
β-SiC nanopowders
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The structural and electronic recovery ofβ-SiCnanopowders after gamma irradiationwas investigated
through post-irradiation thermal annealing. Gamma exposure induced significant lattice disorder,
peak broadening, and reduced carrier mobility, evidencing radiation-driven degradation. Subsequent
annealing at 1100 °Cpartially restoredcrystallinity and improved transport properties, as confirmedby
XRD, FTIR, DRS, FESEM, and Hall effect analyses. The results reveal that thermal energy promotes
defect recombination and grain growth, enabling partial reversal of radiation damage. The irradiated
samples exhibited enhanced recovery compared to pristine powders, demonstrating the combined
impact of pre-existing defects and annealing on defect dynamics. Although full restoration was not
achieved, the findings highlight thermal annealing as an effective strategy to improve the stability of
radiation-damaged SiC. This study advances understanding of defect recovery in wide-bandgap
ceramics and outlines a practical route to tailoring their performance in radiation-intensive and high-
temperature environments relevant to nuclear and space applications.

Silicon carbide (SiC) is a well-established wide-bandgap semiconductor,
valued for its high thermal conductivity, mechanical strength, chemical
stability, and notable resistance to radiation-induced damage1–3. These
features make it highly suitable for power electronics, high-frequency
systems, and applications in extreme thermal environments4,5. Among its
various crystalline forms, the cubic β-phase (3C-SiC) stands out for its
excellent carrier transport characteristics and compatibility with con-
ventional silicon-based technologies6. In nanocrystalline form, SiC offers
additional benefits, such as a large surface-to-volume ratio, enhanced
defect reactivity, and high sensitivity to external stimuli, making it a
promising candidate for use in sensors, energy devices, and radiation-
hardened systems7,8. Exposure to ionizing radiation can lead to defect
formation in SiC, although the underlying mechanisms differ depending
on the radiation type. Neutron flux primarily generates defects through
ballistic displacement of lattice atoms, whereas gamma rays interact
through ionization, Compton scattering, and electronic excitations,
which indirectly promote the formation of vacancies, interstitials, and
antisites9–14. Recent studies on diverse material systems, including WO3

thin films15, ZrO2 thin films16, and Kapton-H polymer17 have demon-
strated that gamma irradiation induces significant structural, optical, and
chemical modifications, highlighting its broad impact across ceramics,
oxides, and polymers. These findings further emphasize the importance

of investigating recovery pathways in wide-bandgap semiconductors
such as SiC. In a previous study, we reported the structural and electronic
modifications of β-SiC nanopowders under gamma irradiation18. In the
present study, our focus is placed on the subsequent thermal recovery
process, as gamma rays, owing to their high penetration depth and
relevance to nuclear and space environments, provide a representative
platform for studying defect dynamics in nanostructured SiC. These
radiation-induced defects distort the crystal lattice, reduce crystallinity,
and hinder charge carrier transport, ultimately degrading the perfor-
mance of semiconductor-based devices. Interestingly, under well-
controlled conditions, such defects can also be exploited to tailor mate-
rial properties, enabling engineered functionalities in wide-bandgap
systems19–22. In nanostructured materials, these effects are often more
pronounced due to the high density of grain boundaries and surface
states, which enhance defect interactions and increase carrier
scattering23–25.

Thermal annealing is widely used as a post-irradiation treatment to
heal structural damage, promote defect recombination, and restore lattice
order, leading to improved crystallinity and charge transport properties26–29.
However, the outcome of annealing is strongly influenced by the nature and
concentration of radiation-induced defects, which vary with irradiation
dose and energy. Therefore, the objective of this study is not to revisit the
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irradiation effects, but to investigate thermal annealing as a standalone
recovery strategy for β-SiC nanopowders previously subjected to gamma
doses of 100 and 150 kGy. By systematically analyzing the evolution of
structure and charge transport before and after annealing, the study aims to
deepen our understanding of defect dynamics and to explore practical
pathways for restoring and tuning the properties of radiation-damaged
semiconductor nanomaterials.

Results and discussion
XRD analysis
XRDmeasurementswere carriedout usingCuKα radiation (λ = 1.54184 A)
operated at 40 kV and 30mA.Datawere collected over a 2θ range of 10–80˚
with a step size of 0.05˚ and a counting time of 1 s per point. Figure 1 shows
the XRD patterns of SiC nanopowders before and after gamma irradiation,
as well as following thermal annealing. The NS0 sample displays sharp
diffraction peaks with narrow full width at half maximum (FWHM),
characteristic of the β-SiC (3 C) polytype, indicating high crystallinity and
minimal lattice defects30,31. Following gamma irradiation at doses of 100 and
150 kGy, the diffraction patterns of NS100 and NS150 exhibit noticeable
peak broadening (increased FWHM) and a reduction in peak intensity.
These changes are attributed to radiation-induced lattice distortions and the
accumulation of point defects such as vacancies, interstitials, and
dislocations32. In addition to the dominant (111) reflection at ~35.9˚, weak
shoulders are visible in its vicinity, which are attributed to stacking faults,
local polytypic sequences (6H/15R-like ordering), and strain fields arising
from irradiation-induced defects.

Thermal annealing at 1100 °C induces subtle yet significant structural
modifications. In comparison to the irradiated samples (NS100 andNS150),
the annealed counterparts (TNS100 and TNS150) exhibit broader FWHM
but larger crystallite sizes, indicating that pre-existing irradiation-induced
defects act as diffusionpathwayswhich accelerate recrystallization and grain
coarsening. These results highlight the role of thermal energy in enhancing
atomic mobility, thereby facilitating local defect recombination and pro-
moting nanoscale structural recovery. The overall peak intensities of TNS0,
TNS100, and TNS150 are reduced relative to their pristine or irradiated
states. This decrease does not imply a loss of crystallinity but arises from
extrinsic factors such as reduced packing density in annealed powders,
preferred orientation effects, and partial surface oxidation, which increase
X-ray absorption14,29,33. Notably, the TNS150 sample displays a new dif-
fraction peak at approximately 2θ ≈ 11.7˚, along with pronounced changes
across the diffraction profile, indicatingmore extensive structural evolution
driven by the combined effects of high-dose irradiation and thermal acti-
vation. The emergence of this additional peak in TNS150 may signify the
formation of a secondary phase—such as silicon oxide—or localized
structural rearrangements resulting from processes like phase segregation,
oxidation, or re-nucleation14,33.

The crystallite size for each sample was estimated using the
Debye–Scherrer method.

D ¼ kλ
β cos θ

ð1Þ

Here, β represents the FWHM of the diffraction peak, λ (1.5418 Å) is
the X-ray wavelength, k is the Scherrer constant, which depends on the
crystallites, and θ is the Bragg angle corresponding to the center of the
diffraction peak34. Table 1 shows the results from the analysis of X-ray
diffraction data, including crystallite size of our samples.

As summarized in Table 1, a consistent increase in crystallite size is
observed across all sample groups following thermal annealing, indicating
that heat treatment facilitates defect recombination and promotes partial
grain growth. This effect is particularly pronounced in the irradiated sam-
ples, where pre-existing irradiation-induced defects enhance atomic mobi-
lity during annealing, thereby accelerating recrystallization and grain
coarsening. This effect is particularly strong in irradiated samples, where
gamma-induced defects provide nucleation and migration sites for

recrystallization, thereby magnifying the grain coarsening process during
annealing. In particular, TNS150 exhibits the largest crystallite size
(25.9 nm), highlighting the synergistic role of high-dose irradiation and
subsequent thermal activation in driving extended structural reorganization.

Fig. 1 | XRD patterns of SiC nanopowders. XRD patterns of SiC nanopowders
before and after gamma irradiation and thermal annealing: a NS0 and TNS0,
b NS100 and TNS100, c NS150 and TNS150.
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FTIR spectroscopy
FTIR spectrawere collected in the range of 400–4000 cm−1 with a resolution
of 4 cm−1, averaging 32 scans for each measurement using the ATR tech-
nique with a diamond crystal. Figure 2 presents the FTIR spectra of SiC
nanopowders before and after gamma irradiation followed by thermal
annealing. All samples exhibit characteristic vibrational bands associated
with Si–C, Si–O, and C–H bonds.

The absorption band centered around 800 cm−1, attributed to the
transverse optical (TO) mode of Si–C stretching, serves as a reliable sig-
nature of the crystalline β-SiC phase. In the NS0 sample, this band appears
sharp and well-defined, indicating a highly ordered Si–C bonding network.
Following irradiation, theNS100 andNS150 samples exhibit broadenedand
slightly red-shifted Si–C bands, reflecting lattice distortions and bond dis-
order. Thermal annealing results in sharpening and intensity enhancement
of this band, with the most significant recovery observed in TNS150, sug-
gesting that thermal energy promotes the reordering of disrupted bonds and
supports recrystallization within the SiC matrix35.

A broad absorption band between 1000 and 1200 cm−1, assigned to
asymmetric Si–O–Si stretching vibrations, is observed in all samples. Its
intensity increasesafter irradiation, likelydue todefect-assistedoxygenuptake
and surface oxidation. Following annealing, this band narrows and decreases
in intensity, indicating partial removal or reconfiguration of surface-bound
oxygen species. After annealing, this band exhibits pronounced modifica-
tions, particularly in irradiated samples, where it becomes sharper and more
intense. This behavior indicates stabilization of oxygen-related species at the
surface or grain boundaries, consistent with the additional XRD peak
observed at ~11.7˚. The correlation between these two observations suggests
that FTIR and XRD provide complementary evidence for oxide-related
secondaryphase formationor localized structural rearrangements inducedby
the combined effects of gamma irradiation and thermal treatment.

Weak absorption features near 2900 cm−1, corresponding to C–H
stretching vibrations, are consistently detected across all samples. These
bands likely originate from residual organic compoundsor adsorbed carbon
and exhibit minimal sensitivity to irradiation or thermal treatment. The
evolution of the FTIR spectra, particularly in the Si–C and Si–O–Si regions,
underscores the role of thermal annealing in reversing gamma-induced
structural disorder. The restoration of local bonding order, modification of
oxide-related features, and overall enhancement in spectral uniformity
collectively highlight the effectiveness of post-irradiation annealing in
recovering the structural and chemical integrity of SiC nanopowders.

FESEM analysis
FESEM imaging was performed at an acceleration voltage of 20 kV in sec-
ondary electron (SE)mode, and representativemicrographswere analyzed for
particle sizedistribution.Figure3displaysFESEMimagesof SiCnanopowders
before and after gamma irradiation followed by thermal annealing. The
NS0 sample exhibits a relatively compactmorphology, characterized by semi-
spherical nanoparticles irregularly distributed across the surface. The mod-
erate level of agglomeration observed suggests strong interparticle interac-
tions, likely driven by the high surface energy inherent to nanoscale SiC.

Gamma irradiation results in noticeable morphological degradation,
particularly in the NS100 and NS150 samples, where particle boundaries

become less distinct and surface textures appear rougher. These changes are
attributed to irradiation-induced damage, including the formation of point
defects and localized amorphization, which disrupt surface uniformity and
weaken grain coherence. These observations are consistent with reports on
irradiated SiC systems36,37. Thermal annealing exerts a restorative effect on
the irradiated samples. In TNS100 and TNS150, the particles display more
defined contours, smoother surfaces, and improved intergranular con-
nectivity. Notably, TNS150 demonstrates significant morphological
improvements, characterized by denser particle packing and enhanced
surface uniformity. These features are consistent with grain coarsening and
densification processes facilitated by increased atomic mobility at elevated
temperatures14,27. TNS0 also exhibits moderate grain growth and surface

Table 1 | Crystallite size (D) of SiC nanopowders determined
using the Debye–Scherrer method

Sample D (nm) Debye–Scherrer

NS0 13.6

TNS0 16.6

NS100 13.1

TNS100 19.7

NS150 13.1

TNS150 25.9

Fig. 2 | FTIR spectra of SiC nanopowders. FTIR spectra of SiC nanopowders before
and after gamma irradiation and thermal annealing: aNS0 and TNS0, bNS100 and
TNS100, c NS150 and TNS150.
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refinement compared to NS0, indicating that annealing alone promotes
morphological improvements through grain boundary migration and
structural relaxation28. Similar thermally induced enhancements have been
reported in other high-silicon and nanostructured materials37,38, suggesting
the broader relevance of these mechanisms beyond SiC.

Table 2 summarizes the elemental composition of the samples based
on EDS analysis. A comparative evaluation reveals the complex effects of
thermal annealing on the surfaces of irradiated SiC nanopowders. While

gamma irradiation alone (NS100 and NS150) leads to moderate increases
in surface oxygen content (6.9% and 16.8%, respectively), subsequent
annealing results in a substantial rise, particularly in TNS100 (20.1%). This
increasemay be attributed to enhanced surface reactivity induced by prior
irradiation, facilitating localized oxidation during annealing despite the
inert atmosphere. The intermediate damage level in NS100 may promote
partial defect healing, enabling oxygen incorporation without full surface
restructuring. Concurrent decreases in Si and C contents in
TNS100 suggest surface restructuring or volatilizationof surface species. In
contrast, the comparison between NS0 and TNS0 reflects a typical
annealing response: increases in Si andC contents alongside aminor rise in
oxygen level, indicative of moderate surface densification and reorgani-
zation without prior irradiation damage. It should be noted that EDS is a
semiquantitative technique with an intrinsic error margin of up to ±5%,
which accounts forminor deviations in the total percentages. The relatively
high oxygen content, particularly in the pristine sample, is attributed to
native surface oxides and adsorbed oxygen-containing species typical of
nanocrystalline SiC powders. These compositional changes highlight the
dual role of thermal annealing: it can either restore or further modify
surface chemistry depending on the pre-existing defect landscape. The
combined FESEM and EDS results confirm that thermal annealing
improves morphological regularity while simultaneously influencing

Fig. 3 | FESEM images of SiC nanopowders. FESEM images of SiC nanopowders before and after gamma irradiation and thermal annealing.

Table 2 | Elemental composition of SiC nanopowders before
and after gamma irradiation and thermal annealing based on
EDS analysis (wt%)

Sample Si (wt%) C (wt%) O (wt%)

NS0 50.1 ± 0.7 33.3 ± 0.8 6.4 ± 0.3

TNS0 54.8 ± 0.7 37.6 ± 0.7 7.2 ± 0.3

NS100 56.0 ± 0.6 37.1 ± 0.6 6.9 ± 0.3

TNS100 50.0 ± 0.7 29.9 ± 0.9 20.1 ± 0.5

NS150 54.2 ± 0.8 29.0 ± 1.0 16.8 ± 0.5

TNS150 54.6 ± 0.9 29.3 ± 1.1 16.1 ± 0.5
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surface chemistry. These findings are consistent with studies, such as those
by Bratus et al., who reported defect healing and recrystallization in
neutron-irradiated β-SiC, and Frazer et al., who demonstrated oxygen
redistribution and microstructural recovery in SiC/SiC composites sub-
jected to thermal stress36,39.

DRS analysis
Diffuse reflectance spectra were measured in the wavelength range of
200–1200 nm with a spectral resolution of 1 nm to ensure reliable deter-
mination of absorption edges. Figure 4 presents the DRS spectra of SiC
nanopowders subjected to gamma irradiation and subsequent thermal
annealing. All samples exhibit broad absorption features in the UV–visible
region, characteristic of indirect bandgap semiconductors like SiC. Varia-
tions inoptical absorptionamong the samples reflect the combined effects of
irradiation-induced defect formation and thermally driven structural
reorganization.

The NS0 sample shows moderate UV absorption, whereas TNS0
exhibits a slightly sharper and more intense absorption edge, suggesting
improved electronic transitions resulting from partial structural recov-
ery. In the irradiated samples (NS100 and NS150), a noticeable increase
in absorption across the UV–visible range is observed, likely due to the
introduction of defect-related electronic states within the bandgap.
Following thermal annealing, TNS100 and TNS150 demonstrate further
enhancement in absorption, accompanied by a subtle red-shift in the
absorption edge, indicating modifications in defect states and partial
restoration of the band structure. In the irradiated samples (NS100 and
NS150), the noticeable increase in absorption across the UV-visible
range is attributed to irradiation-induced point defects. Si vacancies
(VSi) andC vacancies (VC) introduce states close to the band edges, while
antisite defects (SiC, CSi) and oxygen-related species generate additional
mid-gap levels. These combined defects broaden the absorption edge
and enhance sub-bandgap absorption26,29,30. Following thermal anneal-
ing, TNS100 and TNS150 exhibit a partial recovery, consistent with
recombination of vacancies and relaxation of antisite defects, which
leads to a sharper absorption profile and partial restoration of the
electronic structure36.

These optical trends correlate well with the structural observations
fromXRD(crystallite growth andpeak sharpening), FTIR (bond reordering
and reduced Si–O–Si features), and FESEM (morphological refinement),
collectively confirming that thermal annealing facilitates both structural and
electronic recovery in irradiated SiC. The progressive shift in the absorption
edge across the NS and TNS sample series underscores the sensitivity of
SiC’s optical response to radiation damage and thermal repair, reinforcing
the effectiveness of post-irradiation annealing in tailoring the optoelectronic
properties of SiC nanomaterials.

Hall effect analysis
Hall effect measurements were performed at room temperature under a
perpendicular magnetic field of 0.5 T using the van der Pauw configuration
with four-point probe contacts. The applied current was set to 1mA, and
carrier concentration,mobility, and resistivitywere automatically calculated
by the system software. Figure 5 displays the SiC films fabricated using the
doctor blade technique and subsequently dried under ambient conditions.
These freestandingfilmswere utilized forHall effectmeasurements to assess
the electrical transport properties of the samples.

The electrical transport parameters extracted from Hall effect mea-
surements included Hall voltage (VH), resistivity (ρ), conductivity (σ), Hall
coefficient (RH), carrier concentration (n), mobility (μ), and magnetore-
sistance (MR). Themajority carrier type was identified based on the sign of
RH and VH. These values, presented in Table 3, were determined using
conventional models established in solid-state physics40,41.

RH ¼ VHd
I:B

ð2Þ

n ¼ 1
q:RH

q ¼ 1:6 × 10�19C ð3Þ

The Hall effect measurements reveal distinct trends illustrating the
influence of gamma irradiation and subsequent thermal annealing on the

Fig. 4 | DRS spectra of SiC nanopowders.DRS spectra of SiC nanopowders before
and after gamma irradiation and thermal annealing: aNS0 and TNS0, bNS100 and
TNS100, c NS150 and TNS150.

https://doi.org/10.1038/s41529-025-00676-6 Article

npj Materials Degradation |           (2025) 9:132 5

www.nature.com/npjmatdeg


electronic transport behavior of β-SiC nanopowders. The unirradiated
reference sample (NS0) exhibited n-type conductivity, characterized by a
low carrier concentration of 8.23 × 1011cm−3, moderatemobility (50.7 cm2/
V.s), and relatively high resistivity. These features reflect a structurally
ordered system with minimal intrinsic defects and low charge scattering,
establishing NS0 as a benchmark for evaluating radiation-induced
perturbations42. Following gamma irradiation, NS100 displayed a sub-
stantial increase in mobility to 512.3 cm2/V.s, accompanied by a dramatic
reduction in carrier concentration to 9.31 × 109 cm−3. This behavior sug-
gests the formation of fragmented conduction pathways within disordered
regions, likely caused by defect clustering and partial amorphization. The
low carrier density may reflect trap-dominated conduction or the emer-
gence of localized states suppressing free carrier generation, while the high
mobility may result from preferential conduction through isolated ordered
domains22,43. At a higher dose (NS150), n-type conductivity persisted;
however, the carrier concentration rose to 2.65 × 1010cm−3 while mobility
decreased to 229.8 cm2/V.s, implying the emergence of donor-like trap
states and intensified carrier scattering effects, consistent with structural
disruption and localized charge localization4,13. Thermal annealing exerteda
pronounced restorative effect. In TNS100, carrier concentration increased
to 5.25 × 1010 cm−3, while mobility decreased to 100.8 cm2/V.s, suggesting
partial passivation of radiation-induced traps and reformation of con-
tinuous transport networks. Notably, TNS150 exhibited the most sig-
nificant recovery, with mobility rising to 328.8 cm2/V.s and carrier
concentration stabilizing at 1.66 × 1010cm−3. These results indicate effective
defect recombination and structural reordering, in agreement with
improved crystallinity and reduced surface oxidation observed in com-
plementary characterizations24,29.

Variations in the Hall coefficient and MR further reflect these transi-
tions. Samples with higher lattice order exhibited greater MR values and

more coherent charge transport, whereas heavily disordered samples
showed suppressed MR due to disrupted conduction pathways. The
recovery of MR and mobility following annealing underscores the critical
role of thermal activation in restoring long-range order, stabilizing elec-
tronic transport, and mitigating the electronic degradation induced by
gamma irradiation42.

This study has demonstrated that thermal annealing at 1100˚C plays a
decisive role in mitigating radiation-induced degradation in β-SiC nano-
powders. While gamma irradiation generated lattice disorder and reduced
electronic mobility, subsequent heat treatment facilitated partial defect
recombination and crystallite growth, leading tomeasurable improvements
in both structural and electronic properties. The recovery remained
incomplete, underscoring the complex nature of defect evolution in nano-
crystalline ceramics. Importantly, these results confirm that controlled
annealing provides a practical pathway to enhance the radiation tolerance of
SiC for use in demanding environments. Future research should explore the
influence of different annealing conditions, extended irradiation doses, and
alternative radiation sources (e.g., ion or neutron beams) to fully establish
the limits of recovery and long-termstability of SiCnanomaterials innuclear
and space applications.

Methods
Sample preparation
High-purity β-phase SiC nanopowder (purity >99%, particle size:
45–65 nm; US Research Nanomaterials, USA) was utilized as the starting
material. The details of the gamma irradiation procedure, including dose
conditions and exposure setup, have been previously reported18. Based on
those findings, three representative samples were selected for thermal
annealing: NS0 (unirradiated control), NS100 (irradiated at 100 kGy), and
NS150 (irradiated at 150 kGy), corresponding to progressively higher levels
of radiation-induced damage. After annealing, the samples were designated
as TNS0, TNS100, and TNS150, respectively. Figure 6 shows the schematic
workflow of the experimental procedure, including irradiation, annealing,
and analysis steps.

Thermal annealingwas performed in a tubular furnace (Carbolite,UK)
under continuous argon flow. The samples were initially heated to 700 °C
and maintained at that temperature for 1 h, followed by annealing at
1100 °C for 3 h. Cooling to room temperature was conducted gradually
under the same argon atmosphere to minimize thermal stress.

For electrical characterization, SiC films were prepared by dispersing the
nanopowders in distilled water containing polyethylene glycol (PEG) and
polyvinyl alcohol (PVA) as binder agents. The resulting suspensions were
magnetically stirred for15min toensureuniformdispersionandsubsequently
coated onto pre-cleaned glass substrates using the doctor blade method. The
films were then dried at room temperature before characterization.

Analysis
Structural properties were examined using X-ray diffraction (XRD; AW-
XDM300, ASENWARE). Surface morphology was investigated by field
emission scanning electron microscopy (FESEM; Sigma 300-HV, Zeiss),
and chemical bonding information was obtained via Fourier-transform
infrared spectroscopy (FTIR; Jasco 6300). Optical properties were assessed
through diffuse reflectance spectroscopy (DRS; UV-3600, Shimadzu).

Fig. 5 | SiC films for Hall effect measurements. SiC films prepared by the doctor
blade method for Hall effect measurements.

Table 3 | Summary of Hall effect measurement results for SiC films before and after gamma irradiation and thermal annealing

Sample ρ (Ω·cm) σ (S/cm) RH (cm3/C) n (cm−3) μ (cm2/V·s) VH (V) MR (Ω) Conductivity type

NS0 1.55 × 106 6.47 × 10-7 7.59 × 107 8.23 × 1011 50.7 −1.17 × 107 3.73 × 109 n-type

NS100 2.49 × 106 7.35 × 10-7 7.51 × 108 9.31 × 109 512.3 −1.06 × 108 1.52 × 109 n-type

NS150 1.32 × 106 7.77 × 10-7 3.20 × 108 2.65 × 1010 229.8 −7.94 × 107 2.66 × 109 n-type

TNS0 1.58 × 106 6.62 × 10-7 5.10 × 108 2.13 × 1010 301.3 −4.72 × 108 3.79 × 109 n-type

TNS100 1.61 × 106 6.25 × 10-7 1.28 × 108 5.25 × 1010 100.8 −3.64 × 108 1.68 × 109 n-type

TNS150 1.33 × 106 9 × 10-7 3.39 × 108 1.66 × 1010 328.8 −8.59 × 108 2.24 × 109 n-type
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Electrical properties were evaluated using Hall effect measurements (HMS
7000, Ecopia) at room temperature.

Data availability
The relevant data are available from the corresponding author upon rea-
sonable request.
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