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Two-dimensional materials (2DMs)-based devices exhibit aerospace potential due to their superior properties.
However, the operational reliability of 2DMs-based devices in space environments is significantly influenced
by charged-particle radiation, necessitating rigorous ground-based radiation tolerance assessments. Current
research on radiation effects in 2DMs is primarily experimental, yet such methodologies are inherently
time-consuming, resource-intensive, and limited in throughput. To address these challenges, computational
modeling and simulation techniques are increasingly being integrated with experimental characterization
to accelerate materials design and unravel underlying physical mechanisms. This review systematically
evaluates the state-of-the-art multiscale computational frameworks for 2DMs research, focusing on recent
advancements, technical challenges, and emerging opportunities. A novel integrative approach is proposed,
combining density functional theory, molecular dynamics, Monte Carlo, finite element analysis, and machine
learning techniques. Particular emphasis is placed on addressing challenges in multiscale modeling,
including accurate representation of complex phenomena across spatial and temporal scales under extreme
environmental conditions. Conversely, opportunities for enhancing predictive capabilities are highlighted,
with implications for expediting materials discovery in electronics, photonics, energy storage, catalysis,
and nanomechanical systems. This comprehensive survey provides a strategic roadmap for future research
directions in multiscale computational modeling of 2DMs, emphasizing interdisciplinary methodologies that
bridge atomistic simulations with macroscale engineering applications. The insights presented herein aim to
advance the development of radiation-hardened 2DMs-based devices for next-generation aerospace systems.
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Introduction

Devices fabricated from 2-dimensional materials (2DMs) hold
great promise in the aerospace field due to their unique mechani-
cal, thermal, electrical, optical, physical, and chemical properties
[1]. They have great potential applications in spacecraft, includ-
ing coating materials, sensors, optoelectronic, and wearable
devices. Ionizing radiations induce marked changes to 2DMs,
including defect formation, atomic-level doping, interlayer spac-
ing adjustment, and morphological transformation [2]. These
changes present opportunities for regulating various properties
of 2DMs. The underlying mechanism stems from the complex
interaction between incident ions and the target material, which
is influenced by multiple factors, including radiation methods
(e.g., ion implantation [3], highly charged ions [HClIs] radiation
[4], and swift heavy-ion [SHI] radiation [5]), ion types (He, N,
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B, Si, A, etc.), radiation parameters (energy, dose, incident angle,
etc.), 2DMs types (graphene, transition-metal dichalcogenides
[TMDs], heterostructures, etc.), and the substrates.

To investigate the radiation effects on 2DMs-based devices,
lots of experimental techniques are employed to study the electri-
cal and optical properties of 2DMs under different radiation
doses, e.g., Raman spectroscopy, photoluminescence (PL) spec-
troscopy, transmission electron microscopy (TEM), friction force
microscopy, and Kelvin probe force microscopy (KPFM) [6].
Nevertheless, these methods are time-consuming, costly, and
inefficient. As a result, an increasing number of computational
modeling and simulation techniques are being utilized to com-
plement experimental synthesis, characterization, and testing for
accelerating the research and design of 2DMs and analyzing the
mechanisms [7,8], or calculate material properties that are dif-
ficult, if not impossible, to determine experimentally [9,10]. For

9202 ‘¥z Afenige4 uo AiseAlun 1pa ke hiosousios' [ds//:sdiy woly pepeojumoq


https://doi.org/10.34133/space.0403
mailto:hongyu_tang@fudan.edu.cn
mailto:jiajie_fan@fudan.edu.cn
https://doi.org/10.34133/space.0403
https://doi.org/10.34133/space.0403
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.34133%2Fspace.0403&domain=pdf&date_stamp=2026-01-22

Space: Science & Technology

instance, by combining density functional theory (DFT) and
machine learning force fields (MLFFs), the Raman spectrum of
MoS, with defect distributions can be simulated, further validat-
ing that sulfur vacancies are the main type of defects [11]. These
computational models and simulations enable in-depth explora-
tion of the structure, properties, behavior, and functions of mate-
rials at various time and spatial scales, and can identify specific
properties or phenomena in complex experimental setups.

This review systematically evaluates the state-of-the-art advance-
ments in multiscale modeling techniques for understanding the
radiation response of 2DMs under diverse ionizing radiation sce-
narios. First, we characterize the space radiation environments and
their induced degradation mechanisms, including displacement
damage and ionization effects. Subsequently, we analyze the per-
formance alterations of 2DMs and their device architectures under
proton, electron, and heavy-ion irradiations. Particular emphasis
is placed on evaluating computational modeling methodologies
that enable accelerated exploration of structure—property relation-
ships in radiation-affected 2DMs. We present a hierarchical model-
ing framework spanning atomistic to mesoscopic scales, integrating
DFT, ab initio molecular dynamics (AIMD), classical molecular
dynamics (MD), Monte Carlo (MC), finite element analysis (FEA),
and machine learning (ML) techniques. Fig. 1 illustrates the pro-
posed integrative multiscale approach, which couples atomic-scale
defect simulations with mesoscale device performance predictions.
We aim to discuss the possibility of comprehensively designing new
2DMs under computational guidance, reduce expensive and time-
consuming trial-and-error experiments, and prospect the compu-
tational design tools for 2DMs-based devices suitable for aerospace
applications.

A Short Background of 2DMs in
Space Radiations

The space radiation environment

The space radiation environment can be categorized into 3 pri-
mary types [12]. (a) Van Allen radiation belts (Earths radiation
belts): These toroidal regions comprise high-energy electrons,
protons, and trace heavy ions trapped by Earth’s geomagnetic field.
The inner belt is dominated by energetic protons (>10 MeV), while
the outer belt is populated by relativistic electrons (>0.1 MeV);
(b) Solar cosmic rays (SCRs): Energetic particle streams emanating
from solar active regions, predominantly during solar flares and
coronal mass ejections (CMEs). Composed primarily of protons
(~90%) with energies ranging from tens of keV to several GeV,
SCR events are often termed solar proton events (SPEs) due to
their proton-rich composition; (c) Galactic cosmic rays (GCRs):
Highly energetic charged particles originating from beyond the
solar system, consisting predominantly of fully ionized atomic
nuclei. GCRs exhibit a composition of ~87% hydrogen nuclei
(protons), ~12% helium nuclei (alpha particles), and ~1% heavier
nuclei (e.g., C, N, O, and Fe). Despite their ultrahigh kinetic ener-
gies (up to ~1,020 eV), GCR fluxes follow a steep power-law
decline with increasing energy, rendering high-energy particles
extremely rare.

Radiation effects on electronic components can be systemati-
cally classified into 2 primary categories [13]. (a) Ionization dam-
age (total ionizing dose [TID] effect): This mechanism involves
the accumulation of charge carriers in dielectric materials,
manifested as interface trap charges and oxide trap charges
induced by particle radiation. These charges alter the electrical
characteristics of semiconductor devices (e.g., threshold voltage
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shifts in metal-oxide-semiconductor field-effect transistors) by
disrupting charge balance at material interfaces; (b) Displacement
damage: Characterized by the disruption of crystalline lattice
structures in semiconductors, this mechanism introduces lattice
defects (e.g., vacancies, interstitials, and Frenkel pairs) through
nuclear collisions with incident particles. Such defects degrade
carrier lifetime and mobility, leading to progressive performance
degradation in electronic components. In general, the TID effect
is the dominant factor that affects performance of electronic
components. In optoelectronic devices, e.g., solar cells, displace-
ment damage has a more pronounced impact. Consequently,
solar cell arrays intended for space applications have to undergo
ground-based 1-MeV electron radiation testing to evaluate their
susceptibility to space radiation. A summary of key space envi-
ronmental effects on electronic systems is presented in Table 1.

Types of ionizing radiation

Ionizing radiation is defined as the propagation of energy
through atomic/subatomic particles or electromagnetic waves
with sufficient energy to ionize atoms by ejecting bound elec-
trons, resulting in charged atomic species. This category encom-
passes high-energy electromagnetic radiation (e.g., y-rays and
x-rays) and particulate radiation including electrons, protons,
neutrons, and alpha particles.

Gamma (y) radiation

y-rays possess energy levels exceeding approximately 100 keV.
The Compton scattering can generate high-energy free elec-
trons and positive ions in solid materials. These free electrons
interact with atoms, resulting in ionization, atomic displace-
ment, and the formation of vacancies and interstitials. y-rays
can modulate the Dirac voltage of graphene field-effect transis-
tors (GFETS), enabling their use in radiation detection. At low
doses, y radiation can increase carrier density, while medium
doses induce maximum structural disorder. Furthermore,
y-rays are utilized in generating reduced graphene oxide (rGO).

X-ray ionization radiation

X-rays have energy levels ranging from approximately 100 eV
to 100 keV. They can induce ionization defects, e.g., vacancies
in semiconductors, and facilitate the reduction of graphene
oxide (GO). Compared to y-rays, a higher dose of x-rays is
required to achieve an equivalent reduction effect.

Electron ionization radiation

Electrons interact with materials via elastic and inelastic scat-
tering, leading to displacement, sputtering, heating, charging,
radiolysis, and radiation-induced contamination. In 2DMs,
electrons can cause metal sputtering, atomic displacement, and
ionization decomposition, as well as charging of insulators and
semiconductors. Electron beam radiation within a TEM can
produce defect structures in graphene.

Neutron ionization radiation

Neutron ionization radiation is primarily the result of nuclear
reactions. Fast neutrons damage materials through cascade
scattering effects, where initial collisions cause displacement
and ionization, restricting damage in 2DMs to the nanoscale.

lon ionization radiation

Ion ionization radiation can induce degradation defects and
simulate damage similar to that caused by nuclear reactors or
cosmic rays. lon beam radiation replicates ionization radiation
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Fig. 1. Overview of multiscale modeling techniques for 2DMs under ionizing radiation. The density functional theory (DFT)/ab initio molecular dynamics (AIMD) images are
reprinted with permission from Ref. [31]. Copyright 2021, Springer Nature Publishing. The molecular dynamics (MD)/Monte Carlo (MC) images are reprinted with permission from
Ref.[14,59]. Copyright 2019, 2021, Springer Nature Publishing. The finite element analysis (FEA) images are reprinted with permission from Ref. [105]. Copyright 2024, Science
Press. The machine learning (ML) images are reprinted with permission from Ref. [114, 118]. Copyright 2020, Springer Nature Publishing and Copyright 2024, Wiley Publishing.

effects encountered in reactors, enabling accelerated studies of
radiation damage by rapidly degrading samples.

The effects of ionizing radiation on 2DMs

High-energy ionizing irradiation induces defects that can com-
promise both the structural stability and electrical characteristics
of materials. Characterizing the effects of these radiation-induced
imperfections is critical for advancing 2DMs-based technologies
designed for extreme radiation conditions, such as space
applications or nuclear reactor systems. Therefore, the majority
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of experimental investigations concentrate on evaluating TID
damage in 2DMs and related devices. Current research efforts
utilize various radiation sources in TID testing, including x-rays,
y-rays, electrons, protons, and heavy ions, to analyze the response
of 2DMs-based technologies to ionizing radiation [14]. The
effects of radiation environments on these devices are primarily
manifested through incident ionizing radiation in the forms of
photons, neutrons, or charged particles. Such radiation creates
structural defects within the material matrix, leading to
performance degradation in functional devices. Additionally,
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Table 1. The space environmental effects [119]

Mechanism

Effect

Source

Surface charging

Deep dielectric charging
Structure impacts

Drag

Total ionizing dose (TID)

Displacement damage dose (DDD)

Single-event effects (SEE)

Surface erosion

Biasing of instrument readings

Power drains

Physical damage

Biasing of instrument readings

Electrical discharges causing physical damage
Structural damage

Decompression

Torques

Orbital decay

Degradation of microelectronics

Degradation of optical components and some electronics
Degradation of solar cells

Data corruption

Noise on images

System shutdowns

Electronic component damage

Degradation of thermal, electrical, optical properties
Degradation of structural integrity

Dense, cold plasma
Hot plasma

High-energy electrons

Micrometeoroids
Orbital debris

Neutral thermosphere

Trapped protons and electrons
Solar protons

Trapped protons and electrons
Solar protons
Neutrons

GCR heavy ions

Solar protons and heavy ions
Trapped protons

Neutrons

Particle radiation

Ultraviolet

Atomic oxygen
Micrometeoroids contamination

photons with lower energy levels (e.g., terahertz, infrared, visible,
and ultraviolet spectra) can also influence device characteristics.
Notably, the ionization phenomena caused by high-energy pho-
tons (e.g. x-rays and y-rays) merit particular attention due to
their unique interaction mechanisms with 2DMs.

It is well known that defects in semiconductor lattices alter
device performance, typically degrading it. The impact of ionizing
radiation effects is summarized in Table 2. Due to the destructive
nature of cosmic rays, their radiation effects need to be carefully
considered in space applications. 2DMs exhibit a relatively low
probability of interaction between ions and the 2-dimensional
(2D) atomic layers [15,16]. Thus, high-energy ion damage pri-
marily occurs in the substrate, leading to the formation of various
defects near the interface between the substrate and the 2DMs,

Table 2. The impact of ionizing radiation effects on 2DMs [15,16]

e.g., generation/recombination centers, traps, compensators,
and tunneling states. Each of these defects considerably influ-
ences device performance. In 2DMs, generation centers play
a dominant role, while in heavily doped materials, recombina-
tion centers are more critical. Defects located near the middle
of the bandgap have the most important impact on material
properties.

These radiation-induced defects arise from 2 primary mecha-
nisms: ionization-induced charge trapping and displacement
damage via knock-on atomic collisions. Ionization effects result
in the generation and accumulation of mobile holes and electron
traps within gate dielectric layers (e.g., SiO,), followed by charge
neutralization at the semiconductor—oxide interface. This process
leads to pronounced threshold voltage shifts, as characterized in

Defects Particles

Influences

Generation bit Heavily charged particles

Composite bit

Trap state Heavily charged particles

Tunneling Heavily charged particles, ion beams
Doping Heavily charged particles

Vacancies Electrons, ion beams, x-rays, y-rays

Superposition states Heavily charged particles, y-rays

Scattering, carrier concentration modulation

Scattering, reduced carrier lifetime, charge accumulation
Defects, leakage current

Scattering, charge accumulation

Deep energy level traps, direct to indirect band gap transition
Scattering, reduced carrier lifetime, charge accumulation
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SiO,-based devices [17]. Electric-field-assisted thermal annealing
is commonly employed to mitigate radiation damage in hardened
oxides, where the recovery efliciency depends on both the applied
bias field and oxide thickness. However, when the trapped charge
density exceeds critical thresholds (e.g., >50% of generated holes
remain trapped rather than being collected), complete anneal-
ing becomes unattainable. Prolonged oxide recovery times are
observed with higher trap densities, necessitating that SiO, main-
tains a trapped hole fraction below 10% to preserve radiation
hardness. Si-based photodetectors and field-effect transistors
(FETs) typically exhibit degradation through 2 distinct failure
modes: (a) threshold voltage instability due to charge trapping
in gate dielectrics and (b) long-term mobility degradation caused
by defect scattering in channel regions. While near-interfacial
defects may initially have minimal impact on carrier transport,
their cumulative effects eventually lead to catastrophic device
failure. Specifically, FETs demonstrate a logarithmic degrada-
tion trend under prolonged irradiation, attributed to defect-
induced phonon scattering and carrier trapping dynamics.
These findings highlight the critical need for multiscale mod-
eling approaches that couple atomic-scale defect formation
with mesoscale transport simulations to predict device reliability
in radiation environments.

Structural modulations

At present, several technologies are employed to modulate the
band structures, charge densities, density of states (DOS), and
lattice symmetries for 2DMs, enabling the construction of
2DMs-based devices with specific functions and excellent per-
formances. Ionizing radiation is regarded as one of the impor-
tant ways to modulate 2DMs’ crystal structures, including
defect generation, doping effects, interlayer distance reduction,
and folding effects [18,19].

Defect generation

Common defects in 2DMs include vacancies, anti-sites, substitu-
tions, and grain boundaries, among others. Although these
defects are often considered to have negative impacts, controlling
their types and concentrations can achieve beneficial functions.
Ionizing radiation can effectively construct the defect engineer-
ing of 2DMs. Under electron-beam radiation, lattice vibrations
play an important role in atomic displacement. Proton radiation
increases the interlayer distance of rGO paper, leading to a
decline in thermal stability and electrical performance, while it
reduces the interlayer distance of GO paper. He™ ion radiation
makes the defect density of graphene positively correlated with
the radiation dose, and an excessively high dose can cause a
structural transformation. In TMDs (e.g., MoS,, MoSe,, etc.), the
radiations by electron beams, plasmas, Au ions, y-rays, proton
beams, neutron beams, etc., can also generate defects, consider-
ably changing their PL, electrocatalytic, optical, frictional, and
electrostatic properties. Fig. 2A shows the structure, formation,
and evolution of rotational defect in WSe, [20].

Doping effects

Compared with traditional doping methods that require chemi-
cal reagents and are prone to introducing pollutants, doping
induced by ionizing radiation has advantages of universality and
positionability, and it is an effective doping method in the semi-
conductor industry. For 2DMs, low-energy radiation can achieve
doping and avoid the negative impacts of over-radiation. Ion
implantation can introduce dopants and defects in graphene to
regulate the bandgap. It has successfully doped impurity atoms
(e.g., boron and nitrogen) uniformly into the graphene lattice,
changed its electronic structure, and regulated the band struc-
ture. However, impurity atoms and lattice defects can cause weak
localization of carriers in graphene at low temperatures, resulting

id

i rf&f
o

¥

=

i‘{&r‘(g‘f g‘(‘f f

I
A

Fig. 2. The ionizing radiation induced (A) defects [20] and (B) doping effects [21].

Tang et al. 2026 | https://doi.org/10.34133/space.0403

n-MoS,

9202 ‘¥z Afenige4 uo AiseAlun 1pa ke hiosousios' [ds//:sdiy woly pepeojumoq


https://doi.org/10.34133/space.0403

Space: Science & Technology

in a decrease in mobility and electrical conductivity. Additionally,
low-energy He" ion radiation of MoS, can form hole doping,
and an H" ion beam with keV-level energy can generate n-type
doping in the layered WSe, structure, improving the electrical
and optical properties of the materials [21].

Spatial structure effects

Ion-beam treatment can achieve the compression and folding
effects of the lattice structure of 2DMs. Ion radiation can com-
press the interlayer of few-layer graphene nanosheets, enhancing
the interaction with the evanescent field and improving the
polarization-dependent light-absorption ability. f-particle, y-ray,
and a-particle radiations of GO can reduce the interlayer dis-
tance. By adjusting radiation conditions, e.g., ion energy, dose,
and incident angle, the morphology and distribution of the fold-
ing structure of 2DMs can be precisely controlled [22]. The syn-
ergy of ion-beam radiation and thermal annealing treatment can
also form adjustable-sized protrusions and bubbles [23].

Physical property modulations

The introduction of defects and doping into the 2DMs can
greatly affect their physical properties, e.g., carrier transport
characteristics, band structure, and bandgap, thereby profoundly
influencing the material’s electrical, optical, and mechanical
performance. By precisely controlling the type, concentration,
and distribution of defects and doping within the material, it is
possible to achieve fine-tuned optimization of 2DMs proper-
ties. This modulation offers broad prospects for the applica-
tion of 2DMs in optoelectronic devices and mechanical
systems. However, it is also crucial to manage the scale of defects
and doping to avoid adverse effects on material properties.

Electrical properties

Defects and doping induced by ionizing radiation can affect the
carrier mobility of 2DMs, thereby influencing the performance of
optoelectronic devices. Different ions (e.g., heavy ions, neutrons,
protons, and He* ions) and irradiation fluences have varying
effects on electrical properties. Low-fluence heavy ion irradiation
is able to repair the defects to enhance conductivity, while high
fluences may introduce excessive defects that disrupt the lattice
structure, leading to performance degradation. Light ion irradia-
tion can modulate electrical properties, while neutron irradiation
can achieve substitutional doping, altering carrier dynamics. The
electrical performance of MoS, FETs is differentially affected by
proton and He" ion irradiation at varying fluences [24] (Fig. 3A).

Optical properties

Ion irradiation induces microstructural evolution in 2DMs, sub-
stantially impacting their optical properties. Carbon and oxygen
ion beam irradiation can reduce the interlayer spacing of gra-
phene, improving the performance of waveguide lasers. Heavy
ion irradiation provides nonradiative recombination channels
for excitons in MoS,, altering its PL spectrum. Argon ion irradia-
tion can directionally modulate the optical properties of WS,,
while oxygen plasma treatment enhances the PL intensity of
monolayer MoS,. y radiation modifies the Raman spectrum and
PL intensity of WS,, and focused ion beams can tune the optical
properties of large-area monolayer WS, (Fig. 3B) [25,26].

Magnetic properties

Ion beam irradiation can control the magnetic properties of 2D
magnetic materials. Low-energy boron, nitrogen, and carbon ion

Tang et al. 2026 | https://doi.org/10.34133/space.0403

irradiation can alter the magnetic transport properties of gra-
phene films. Different ions (e.g., niobium, cobalt, and nickel) and
irradiation parameters have varying effects on the magnetic prop-
erties of MoS,. y-ray irradiation can induce room-temperature
ferromagnetism in few-layer MoS§, films (Fig. 3C) [27].

Mechanical properties
Defects introduced by ion irradiation considerably affect the
mechanical properties of 2DMs. Argon ion irradiation of mono-
layer graphene initially increases its 2D elastic modulus with
increasing ion concentration, followed by a decrease, while the
fracture force first drops sharply and then stabilizes. He* ion
irradiation of bilayer and 5-layer graphene initially increases the
Young’s modulus before decreasing it, though the material retains
excellent performance. Argon ion irradiation of MoS, reduces
its fracture stress, strain, and Young’s modulus (Fig. 3D) [28,29].
The type and energy of ionizing radiation are critical deter-
minants of 2DMs property modulation, with charged particles
(e.g., protons and ions) and neutral particles (e.g., neutrons)
interacting through distinct mechanisms. Charged particles
exceeding the ionization threshold (~keV) ionize lattice atoms
via Coulomb interactions to create primary defects, while sub-
threshold particles transfer kinetic energy to electrons triggering
cascading ionization events. Photons such as y/x-rays undergo
photoelectric absorption or Compton scattering, generating
electron-hole pairs and Auger electrons. Radiation effects are
energy-dependent: low-energy irradiation (<100 keV) domi-
nates nuclear stopping, causing surface amorphization, ion
implantation, and defect clustering through nuclear collisions
for controlled doping and nanostructure formation; medium-
energy irradiation (100 keV to 1 MeV) transitions to significant
electronic stopping via electron excitation near 1 MeV, producing
synergistic nuclear-electronic energy deposition for complex
defect landscapes and bandgap engineering; fast heavy ion irra-
diation (>1 MeV/u) dominates electronic stopping, creating
highly localized thermal spikes (10* to 10° K) that induce amor-
phization tracks or phase transitions, making it effective for
ordered nanostructure creation in layered materials. This energy-
dependent interaction continuum enables precise control over
defect generation, doping profiles, and structural modifications
in 2DMs for advanced device applications.

Computational Techniques of 2DMs under
lonizing Radiation

Theoretical frameworks have been developed to characterize
ion irradiation-induced material degradation mechanisms.
Among these, atomistic computer simulations, which resolve
atomic-scale interactions and defect formation dynamics, serve
as a cornerstone for understanding radiation damage processes
at the fundamental level. These methods, including MD and
MC simulations, can accurately model ion-solid interactions,
defect clustering, and microstructure evolution. However, their
applicability to large-scale systems is constrained by inherent
computational intensity, typically limited to submicrometer
length scales. Conversely, multiscale modeling approaches
address this limitation through hierarchical integration of
atomistic simulations with continuum mechanics. By coupling
atomic-scale defect generation with mesoscopic transport phe-
nomena, these hybrid frameworks enable predictive modeling
of irradiation effects across multiple orders of magnitude. This
synergy allows for more realistic representation of damage
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accumulation processes while maintaining computational trac-
tability. This section presents different computational tech-
niques of 2DMs under ionizing radiation.

Electronic scale calculations

Ion irradiation induces surface defects in 2DMs due to their
relatively low binding energies. Compared to transition metal
atoms, chalcogen atoms in 2D crystals are more susceptible to
displacement under ion irradiation, generating defective struc-
tures. As a first-principles quantum mechanical method, DFT
enables accurate prediction of ground-state properties and
provides critical insights into defect effects in 2DMs. DFT elu-
cidates how defects influence structural, electronic, and optical
characteristics, making it indispensable for interpreting experi-
mental observations of defect phenomena, including magneto-
optical measurements. The vacancy formation energy can be
calculated as follows [30]:

EVFE = Edefect - Eperfect + Z niK; (1)

As shown in Fig. 4, Kumar et al. [31] explored defect engi-
neering in H" irradiated layered a-MoOj flakes through first-
principles calculations and Bader charge analysis to identify the
origin of new PL peaks. Using Ehrenreich-Cohen formalism,
composite dielectric functions were employed to compute opti-
cal absorption coefficients for defective and pristine @-MoO,. It
indicated that oxygen vacancies at distinct ®-MoO; sites induce
new absorption peaks in the ~2.2 to 1.25 eV range. Entani et al.
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[32] demonstrated a nonchemical method for heteroatom dop-
ing in h-BN via high-energy ion irradiation. First-principles
calculations on fluorinated sp’-hybridized BN revealed that
F-atom adsorption induces sp”-to-sp” hybridization transitions
in host atoms, elongating bonds between sp’- and sp”-hybridized
atoms on h-BN basal planes and causing buckling in fluorinated
regions. Electron spectroscopy for chemical analysis code under
the final-state single-electron approximation reproduced experi-
mental near edge x-ray absorption fine structure spectroscopy,
including the emergence of peak iii and broadening of peaks f
and y. Peak ii intensity was attributed to substitutional defects,
while peak iii—exclusive to fluorinated h-BN on Cu substrates—
originated from electron density redistribution due to fluorine’s
high electronegativity. Peak iv correlated with hybridization
between BN pz and Cu d orbitals.

As shown in Fig. 5A, Yao et al. [33] systematically investigated
secondary electron (SE) emission from graphene using real-time
time-dependent DFT (RT-TDDFT) simulations coupled with
proton irradiation experiments (0.2 to 80 keV). Their study
revealed a direct correlation between lattice temperature and
enhanced SE emission yields. Specifically, the thermal character-
istics of the substrate and its thermal coupling efficiency with the
2DM were identified as critical modulators of lattice temperature
within the graphene layer. This thermal interplay indirectly influ-
ences SE yield and energy distribution by altering local ionization
dynamics and charge balance mechanisms, underscoring the
nonnegligible role of thermally driven processes in radiation-mat-
ter interactions at the nanoscale. Lin et al. [34] proposed polarity
conversion and transport modulation in 2D TMDs via controlled
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electron-beam irradiation (EBI) (Fig. 5B). EBI-generated intrinsic
chalcogen vacancies in MoS, and MoTe,, with DFT simulations
showing chalcogen-deficient TMDs, induce defect states near con-
duction band edges (CBEs). Increasing sulfur/tellurium vacancy
concentrations caused CBE downshifts and bandgap narrowing.
Defect states near band edges originated from Mo d-orbital dan-
gling bonds and weakened Mo 4d-chalcogen p-orbital hybridiza-
tion. Native chalcogen vacancies substantially reduced TMD
bandgaps, with n-type conduction enhancement in both mate-
rials. At critical vacancy concentrations (5 X 10** cm™ for MoS;
4% 10" cm™ for MoTe,), bandgap collapse due to defect-state
proliferation correlated experimentally with metallic conduction.
MoTe, exhibited sequential p-type to n-type to metal-like conduc-
tion transitions under increasing EBI doses.

MD simulations

Energy transfer model from energetic ions to 2DMs

The energy transfer mechanisms during ion irradiation of
2DMs can be categorized into 2 dominant processes: nuclear
stopping and electronic stopping. Nuclear stopping originates
from elastic collisions between incident ions and target nuclei,

Tang et al. 2026 | https://doi.org/10.34133/space.0403
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Fig. 5. (A) Comparison of simulated kinetic energy spectra with a measured spectrum for Xe*®* ions impacting graphene (reprinted with permission from Ref. [33]; Copyright

2024, American Chemical Society). (B) Evolution of transfer curves in a 2H-MoTe, back-gate FET under cumulative EBI dose (reprinted with permission from Ref. [34]; Copyright
2019, American Chemical Society).

whereas electronic stopping results from inelastic interactions
between projectiles and the electron system within the 2D lat-
tice [35-37]. As demonstrated in Fig. 6, these processes exhibit
energy-dependent dominance, with nuclear stopping prevail-
ing at lower ion energies and electronic stopping becoming
predominant at higher energy regimes.

The nuclear stopping component describes elastic scattering
phenomena, typically modeled through sequential binary col-
lision approximations. The fundamental scattering parameters
can be derived using the center-of-mass formulation:

o pdr
0(p)=n—2
(p)=n erin r2[1— V() _p_z]l/z )
Ecms 72

where p is the impact parameter, V(r) is the scattering potential,
and Es corresponds to the center-of-mass energy. The energy
transfer during collisions follows:

4m, .
—ECMSSIH

Ocms (P> Ecus) \
T(P>ECMS):m1+m2 <M> (3)

2

9202 ‘¥z Afenige4 uo AiseAlun 1pa ke hiosousios' [ds//:sdiy woly pepeojumoq


https://doi.org/10.34133/space.0403

Space: Science & Technology

Electronic stopping

Stopping power

Nuclear stopping

Projectile energy

Fig. 6. A schematic representation of the nuclear (purple) and electronic (green)
stopping power as a function of the ion projectile energy.

The nuclear stopping power is obtained through integration
over impact parameters,

Sy = J T(p, Ecps)2mpdp (4)

0

Critical to these calculations is the selection of appropriate
interatomic potentials. Early models employed screened Coulomb
potentials, such as the Thomas-Fermi formulation [38,39],

2
V(r) = d)(r/as)Zerze (5)

where Z, and Z, are the atomic numbers of the colliding pair,
and ¢(r/ag) is the scattering potential with a screening length
ag. Subsequently, several models, including the Bohr potential
[40], Lenz-Jensen potential [41], Moliére potential [42], and
Ziegler-Biersack-Littmark (ZBL) potential [43], have been
proposed to describe screening effects:

r i —M
P = ; ay 6
¢<au> ;ae (6)

where coeflicients (@, ;) = (0.1818, 3.2), (0.5099, 0.9423),
(0.2802(,) 8(3;;028), (0.02817, 0.2016), and screening length
— - )

ay = 7023 70.23*
1 . 2 . .
Electronic stopping mechanisms model the complex electron-

phonon interaction phenomena. It is typically formulated by the
Bethe-Bloch formula in the case of high energies [44].

dE _ 4m nz? [ & 2 2m > p? 2
‘a—W?(a> lln<1(l—ﬂ2)>_ﬂ 7

where f is the vacuum permittivity, e is the electron charge, m,
is the electron mass, and z is the point charge. n represents
atomic density, n = N,Zp/AM,, (N, is Avogadro’s number, Z is
the atomic number, p is the material density, A is the relative
atomic mass, and M, is the molar mass constant), and I is the
excitation potential. Semi-empirical models have been pro-
posed to explain electronic stopping by correlating it with
equivalent proton stopping [45,46].

2
Se(Zyvp) = (Z;ﬂ> Se (proton,v,,) (8)
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where ZP is the nuclear charge, Z;ﬂr is the effective charge, and

Se (proton,vp) is the proton stopping power, which can be
obtained experimentally. Brandt and Kitagawa [47] proposed
an effective method for calculating the effective charge. Thus,
the ZBL stopping model is considered the most suitable for
describing electronic stopping [43].

For HClIs, accurate determination of stopping power neces-
sitates simultaneous consideration of nuclear and electronic
energy loss mechanisms. At high kinetic energy, first-order
perturbation theory [48] is used to describe the dependence of
stopping power on the charge state of the HCIs, taking into
account charge exchange, excitation, and ionization processes.
Based on this approach, theoretical and experimental studies
have predicted substantial enhancements in kinetic energy loss
[49,50]. For HCIs with low kinetic energy, a modified electro-
static screening potential model [51] has been developed to
calculate nuclear and electronic energy losses. This model dem-
onstrates strong enhancements in nuclear and electronic stop-
ping for slow HCls.

Analytical potential MD (APMD) provides a simulation
framework. It formulates the atoms movement using Newton’s
motion equations. The forces onto atoms are determined by
predefined analytical potentials. They are typically expressed as:

V= Vext + V2—b0dy + V3—b0dy 9)
where V.

ox Fepresents an external potential, and V, 04, + Vi.p0ay
represent 2-body and 3-body interatomic potentials, respec-
tively. For typical interatomic distances, Stillinger-Weber [52]
or Tersoff [53] potentials are able to describe atomic interac-
tions in 2DMs. However, during ion impacts, extreme compres-
sion generates interatomic separations below the cutoft radii
of standard potentials. To address this, hybrid potential models
are constructed by smoothly interpolating between short-range
repulsive potentials (e.g., ZBL [43]) and material-specific ana-
lytical functions at larger distances. Recent advancements
include ML potentials [54,55], which bypass analytical approxi-
mations by learning force fields directly from training data.

MD simulations

Classical MD has become a cornerstone technique for studying
radiation damage dynamics at nanoscale spatial resolution and
femtosecond temporal precision. Over 3 decades, this approach
has enabled fundamental insights into ion-solid interactions
through collision cascade simulations [56,57]. In 2DMs, radia-
tion effects are modeled by imparting kinetic energy to a pri-
mary knock-on atom (PKA), initiating a sequence of atomic
collisions. The PKA propagates through the lattice, displacing
neighboring atoms and generating secondary PKAs until ener-
gies fall below the displacement threshold. This process creates
a molten zone with liquid-like structure embedded in the crys-
talline matrix. Subsequent cooling via phonon diffusion leads
to recrystallization, often leaving residual defects such as
vacancies, interstitials, and dislocation loops. Collision cascade
simulations have been pivotal in elucidating radiation damage
mechanisms.

As early as 2010, Lehtinen et al. [58] utilized MD simulations
to demonstrate the ion irradiation-induced formation of specific
defect types in monolayer graphene. Their study systematically
investigated ion species encompassing He, Ne, Ar, Kr, Xe, and
Ga, with ion energies ranging from tens of eV to 10 MeV and
impact angles from 0° to 88°. The resulting insights provided a
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foundational framework for graphene cutting and patterning via
tailored ion-type selection. Subsequently, Wu and Zhu [59] sys-
tematically investigated the effects of Ar ion irradiation on
graphene/MoS, heterostructures with and without a SiO, sub-
strate using MD simulations (Fig. 7). A hybrid potential strategy
was adopted to model interatomic interactions, integrating the
second-generation reactive empirical bond order (REBO), adap-
tive intermolecular reactive bond order, Tersoff, ZBL, and
Lennard-Jones potentials. Defect generation was characterized
by systematically varying irradiation energy, dose, stacking order,
and substrate presence. The low-energy ion irradiation induces
top-layer 2DMs to shield the bottom layer from direct damage,
whereas high-energy irradiation enhances indirect collision
effects via the top layer, amplifying damage in the underlying
material. Conversely, the bottom-layer 2DMs consistently miti-
gate defect formation in the top layer, irrespective of ion energy.
The substrate reinforces irradiation effects through 2 distinct
mechanisms: weakened interlayer coupling at low ion energies
and indirect collision cascades at high ion energies. These results
offer critical support for selecting ion irradiation methods in

A Irradiation ion: Ar
MoS,
. graphene -
l SiO,
Front view : SRR
Front view
Top view
(a) Suspended (b) Supported
High energy proton
B

In
Graphite

250

gz £

Number of sputtered atoms
S .

tailoring the properties of 2D van der Waals (vdW) heterostruc-
tures. Chen et al. [60] employed MD simulations to model irra-
diation damage effects of intense cosmic rays on fixed-point
indium (In). The study comprised 2 stages: first, a fixed-point
In-graphite crucible model was designed to encapsulate high-
purity In, with cosmic ray irradiation simulated across 6 dose
levels (0, 99.5, 199, 298, 398, and 597 Gy) using Monte Carlo
N-Particle software [61] to characterize energy deposition and
high-energy proton distribution in the crucible. Second, a radia-
tion cascade MD model was constructed, with 4 crystallographic
directions ((001), (100), (110}, and (135)) selected as PKA emis-
sion directions. Ten trajectory simulations per direction were
performed for statistical robustness, with PKAs initialized at
specified kinetic energies, integration steps, and emission direc-
tions, and the entire cascade collision process simulated using
the microcanonical ensemble.

However, this approach encounters inherent limitations.
Classical MD neglects electron dynamics, restricting their appli-
cability to radiation types dominated by nuclear interactions (e.g.,
low-energy ions). Indeed, certain irradiation modalities, e.g.,
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laser excitation, cannot be captured by classical MD. Similarly,
SHIs exhibit strong electronic stopping power, necessitating
quantum mechanical treatment of charge carrier interactions. As
ions traverse matter, they undergo continuous energy dissipation,
characterized by stopping power—the energy loss per unit path
length. This process involves 2 competing mechanisms of nuclear
stopping and electronic stopping. The relative dominance of these
mechanisms depends critically on ion velocity. For low-energy
ions (E < 1 MeV/u), nuclear stopping prevails, whereas electronic
stopping dominates at relativistic velocities (E > 1 GeV/u).
Intermediate regimes require hybrid models combining classical
MD with quantum transport simulations to resolve electron-hole
plasma formation and relaxation dynamics.

2T-MD simulations

As illustrated in Fig. 6, the proportion of energy lost via inelastic
electron scattering increases notably when ions traverse solids
with reduced nuclear collision cross-sections [62-64]. While
modern implementations partially address electronic stopping
effects by introducing friction terms into the MD equations of
motion, these classical approaches fundamentally treat energy
dissipated through electronic stopping as irreversible system
losses. Consequently, they fail to account for electron energy
transport and redistribution—precisely the limitations that the
2-temperature MD (2T-MD) framework aims to resolve.

Nonequilibrium dynamics and the 2-temperature model (2TM)
High-energy radiation events typically drive electronic sub-
systems far from equilibrium. Within femtosecond timescales
postirradiation, electrons thermalize to a defined temperature
(T,), distinct from the lattice temperature (T;). Subsequent
picosecond-scale evolution leads to thermal equilibrium between
electrons and nuclei. This transient regime is quantitatively
described by coupled thermal diffusion equations in the 2TM
framework [65].

T
ce% =V (k. VT.) - G(T.—-T}) + A (10)
T,
ld_tl =V (qVT}) = G(T.-T)) (11)

Here, A represents the spatiotemporal energy deposition to
electrons, while G, C,, C, k., and k; denote the electron-phonon
coupling constant, electronic/lattice heat capacities, and thermal
conductivities, respectively. Temperature-dependent material
parameters introduce critical nonlinearities into this system.

Hybrid 2T-MD

The 2T-MD methodology synergizes MD and 2TM by replacing
the lattice thermal diffusion equation with MD equations of
motion, enabling explicit simulation of energy exchange mecha-
nisms. Drawing inspiration from Caro and Victoria’s approach
[62], this framework incorporates a Langevin thermostat for
energy transfer of particles with a weight of m and a speed of v.

av =

— =F—yv+F
m= rv (12)

where —yv accounts for electronic stopping losses, and the sto-
chastic force F mediates energy deposition via electron-
phonon coupling.
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Current applications of 2T-MD in radiation effect simula-
tions include laser irradiation, SHI irradiation, cascade model-
ing, and electron-temperature-dependent potentials [66]. Shi
etal. [67] employed 2T-MD simulations to study single-layer
graphene supported on a SiO, substrate irradiated by SHI (Xe
ion) irradiation (0.5 to 25 GeV). The results revealed that lower-
energy ions (0.5 GeV) created ~5-nm-diameter nanopores in
graphene while inducing amorphization of SiO, along ion
tracks (Fig. 8). With increasing ion energy, both peak electron
temperature and nanopore size decreased notably, with no
observable damage at 25 GeV. Crucially, the coupling between
the substrate and the 2DM significantly influences structural
changes due to heat transfer and atomic interactions between
the different material layers. The electronic heat capacity and
thermal conductivity of the substrate determine the efficiency
of absorbing and dissipating energy from the ion track, directly
impacting the temperature evolution and final damage mor-
phology of the graphene. This approach provides a powerful
tool for studying 2DMs and layered structures under heavy ion
irradiation, underscoring the importance of electronic and
thermal properties in energy transfer processes.

Multiscale calculations

AIMD

By employing AIMD, higher accuracy can be achieved at the
cost of increased computational complexity. In AIMD, the
equations of motion are solved based on first principles without
the need for empirical parameters. Due to the complexity of
solving the full many-body Schrédinger equation, various
approximations are necessary. Within the Born-Oppenheimer
(BO) approximation, the electronic subsystem is assumed to
instantaneously relax to its ground state for each new configura-
tion of the atomic nuclei. To calculate the system’s energy and
the forces on atoms, the time-independent Schrodinger equa-
tion must still be solved for different atomic configurations.
This task is typically accomplished using DFT, which states that
all physical properties can be described by the electron density,
rather than the more complex many-electron wavefunction.
The forces on the nuclei are then calculated according to the
Hellmann-Feynman theorem [29,30].

F==Vp(¥o|H|¥) (13)

where V, represents the nuclear positions, ¥, is the ground-
state wavefunction, and H, is the electronic Hamiltonian.
Mei et al. [68] studied energy storage in graphite via AIMD
simulations. The nonequilibrium processes of radiation damage
and associated Wigner energy in graphite were modeled using
2 methods: Frenkel pair accumulation and overlapping collision
cascades. Stored energy accumulation was simulated by Frenkel
pair accumulation via AIMD and overlapping collision cascades
combining classical MD and AIMD. The projector augmented
wave (PAW) method with the Perdew-Burke-Ernzerhof
generalized gradient approximation and Tkatchenko-Scheffler
vdW corrections were used to calculate equilibrium properties
and defect formation energies. Radiation damage simulations
involved overlapping collision cascades and random Frenkel
pair creation in a supercell for AIMD. The consistency between
calculated and experimental results for stored energy evolution
with dosage suggests that this model could advance research
on damaged graphite as an energy storage medium. Mo et al.
[69] systematically investigated neutron irradiation effects on
AB-stacked bilayer graphene and the influence of external

1
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Fig. 8. (A) Simulation setup of monolayer graphene on the SiO, substrate. (B) Defect structures in the graphene layer and SiO, substrate with Xe ion energies of 0.5, 1, 2.5,

and 5 GeV [67].

electric fields using DFT and AIMD with energy deposition to
PKA. The results show that under constant neutron irradiation
with varying electric fields, configurational changes dominate
band structure evolution, with surface corrugation playing a
minor role. Reducing interlayer spacing stabilizes configura-
tions and band structures under electric fields. The Young’s
modulus is primarily influenced by microstructural changes
and surface corrugation, with configurational effects being sec-
ondary. Electric fields can precisely modulate bandgaps under

Tang et al. 2026 | https://doi.org/10.34133/space.0403

irradiation but concomitantly reduce Young’s modulus, poten-
tially impacting electrical and thermal conductivity.

DFT + MD

The ab initio BO MD describes interatomic forces with signifi-
cantly higher accuracy than other atomistic methodologies.
However, its application to ion impact modeling is computation-
ally prohibitive due to the requirement of simulating numerous
trajectories. To address this limitation, 2 complementary atomistic
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simulation methods, including binary collision approximation
(BCA) models [70] and sophisticated APMD simulations [71],
can be employed to predict the optimum ion energy. These meth-
ods exhibit reasonable efficacy for bulk systems, where ions
undergo multiple collisions with target atoms before coming to
rest. However, their applicability to 2DMs remains debated
[72,73]. The core limitation lies in their inadequate representation
of chemical interactions between atoms, which become particu-
larly critical at low ion energies [74]. Furthermore, ion transport
codes and analogous frameworks typically model solid targets as
amorphous structures with uniform density, a simplification that
fails to capture the physics of 2DMs—where ion—target interac-
tions often involve essentially single-collision events and rely on
crystalline atomic arrangements.

Kretschmer et al. [74] utilized BO DFT-MD simulations to
model ion impacts on graphene and h-BN, quantifying the
threshold ion energy (E,, ;,,) for various ion species. Their work
demonstrated the inadequacy of the BCA method for many ions
and emphasized the critical role of chemical interactions during
ion impacts. Ma et al. [75] conducted classical MD simulations
of ion-irradiated WS, monolayers to accurately describe ion-
WS, interactions. To assess the effects of substrate corrugation
and off-normal ion incidence on defect generation, sputtering
yields were analyzed as a function of incidence angle (0).
First-principles calculations clarified the relationship between
S-vacancy density and band structure of WS,, revealing that
S-vacancies introduce deep states in the bandgap, governing
near-infrared optical absorption. Enhanced linear and saturated
absorption in WS, with increasing S-vacancy density was
observed and interpreted through DFT results. Kretschmer and
Krasheninnikov [76] compared AIMD, APMD, and BCA mod-
els to gain insights into the interplay of chemical interactions
and the collective motion of target atoms near the impact site
(Fig. 9). Their findings showed that APMD provides reasonable
results for inert gas atoms but overestimates the optimum ion
energies for B and N implantation into graphene. This discrep-
ancy arises from APMD’s inadequate description of the energet-
ics of complex atomic configurations, which deviate from the
standard “training configuration set” used in potential param-
etrization. To address this, a modified BCA approach was pro-
posed, requiring minimal input from first-principles calculations,
enabling rapid determination of the optimum ion energy for
implantation into 2D systems. Notably, the study demonstrated
that conventional BCA and modified BCA calculations provide
upper and lower bounds for the optimum ion energy across all
investigated scenarios, offering a pragmatic framework for ion
implantation design in nanomaterials.

Fekri et al. [77] investigated monolayer MoS, FETSs on SiO,
substrates irradiated with He™ ions (5 to 7.5 keV) and observed
a marked negative shift in threshold voltage and an increase in
conductivity at low irradiation doses (1 x 10"*to 5 x 10" ions/
cm®). Complementary MD simulations were employed to
unravel the microscopic mechanisms of ion-induced damage,
while DFT calculations analyzed the impact of impurities on
the electronic structure of MoS,. The results revealed the
substrate-dependent damage generation mechanism, which
was attributed to the generation and accumulation of mobile
holes and electron traps within the SiO, dielectric layer due to
ion irradiation, with these trapped charges altering the charge
state at the MoS,-SiO, interface. The introduction of an h-BN
buffer layer reduced the threshold voltage shift, clearly demon-
strating the crucial role of the substrate material in modulating
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the interfacial charge and electrical properties of the 2DMs.
Ghorbani-Asl et al. [78] integrated APMD with DFT to inves-
tigate defect generation in freestanding MoS, sheets under inert
gas ion irradiation across a broad energy range, where nuclear
stopping dominates (Fig. 10). The ZBL potential was employed
to model ion-MoS, interactions, with MD simulations revealing
defect formation dependencies on ion energy, incidence angle,
and MoS,’s layered atomic structure. DFT calculations, imple-
mented via the Atomistix ToolKit (ATK), were used to charac-
terize electronic structure alterations and transport property
modifications induced by irradiation-induced defects. The
study demonstrated the feasibility of designing hybrid MoSX
compounds (where X denotes a Group V or VII chemical ele-
ment) and discussed the properties of such systems and lateral
MoSX-MoS, heterostructures.

MC method

To face the challenges from the limited calculation resources
with DFT and MD approaches for investigating irradiation
effects, MC software-SRIM is widely used for bulk materials
[37]. However, it is not readily adaptable to 2DMs due to dimen-
sional constraints. MD combined with DFT has been applied
to simulate energetic ion impacts on suspended 2DMs [79],
but becomes computationally infeasible for projectile kinetic
energies exceeding 100 keV. Therefore, hybrid methods inte-
grating DFT with MC or MD with MC have been explored for
ion irradiation simulations.

As shown in Fig. 11, Li etal. [80] conducted a systematic
investigation of ion irradiation effects in 2D T1i,C using an inte-
grated approach combining ab initio and MC simulations. Their
results revealed that ion-induced defects form through primary
collision events and in-plane recoil mechanisms. DFT calcula-
tions were implemented via VASP code with the PAW method
and PBE functional, and characterized the structure and defect
formation energies of Ti,C. An MC framework rooted in BCA
was developed to model defect creation under ion bombardment.
MC simulations of ions (H, He, Li, Be, B, C,N, O, F, and Ne) and
isotopes (e.g., "H, “He, and ">C) at energies of 0.5 to 20 MeV
showed that displaced atom counts decrease with incident energy
and increase with ion atomic number. Ti atoms were more prone
to displacement than C atoms during irradiation, offering poten-
tial for selective etching in electronics. Electronic structure analy-
ses confirmed that Ti,C maintains metallic conductivity even
with large vacancy concentrations (up to 16% missing atoms),
indicating robust irradiation tolerance for electrical conductivity.
Subsequently, Kretschmer et al. [28] proposed a computationally
efficient framework combining APMD and MC to model irradia-
tion of supported graphene and MoS,. This approach indepen-
dently evaluates contributions to damage from backscattered
ions and sputtered substrate atoms. MD simulations performed
in large-scale atomic/molecular massively parallel simulator
(LAMMPS) utilized modified Stillinger-Weber and ZBL poten-
tials to describe interatomic interactions, simulating ion and
substrate atom impacts on 2DMs. MC methods in TRIDYN
calculated backscattering probabilities and energy/angular dis-
tributions, complementing MD results. The study revealed that
defects in 2DMs primarily originate from backscattered incident
ions and sputtered substrate atoms. For Mo$, on a SiO, substrate
irradiated with 1- to 30-keV He ions, the total sputtering yield
of S atoms from sputtered substrate atoms and backscattered He
ions was significantly higher (up to ~5X) than in the suspended
case. Similarly, supported graphene exhibited more defects due
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Fig. 9. Carbon atom sputtering yields calculated using AIMD (red), APMD (blue), BCA (green), and the modified BCA (yellow) scheme for B (A), N (B), Ne (C), and Ar (D) ions

during low-energy ion irradiation of graphene [76].

to the action of backscattered ions. This indirect damage mecha-
nism expands the effective range of influence of incident ions,
thereby increasing the equivalent collision cross-section of the
2DMs. Liet al. [81] developed a theoretical framework, 2DM,
to simulate ion irradiation on 2DMs using MC algorithms.
I2DM generates incident ions with tunable ion species, inci-
dent energies, ion fluxes, and incident angles. Based on the
BCA, primary collisions, cascade collisions, and defect recom-
bination during irradiation are explicitly described. As output,
I2DM provides detailed statistics on defect types, yields, and
morphological changes in irradiated materials, offering a ver-
satile tool for predictive modeling of ion—solid interactions in
nanoscale systems.

TDDFT + Ehrenfest MD method

Time-dependent DFT (TDDFT) combined with Ehrenfest MD
(TDDFT and Ehrenfest MD) aims to simulate real-time inter-
actions between electrons and nuclei under external perturba-
tions e.g., light excitation. This method allows simultaneous
treatment of quantum dynamics of electrons and classical
motion of nuclei, making it particularly suitable for study-
ing nonadiabatic processes like photochemical reactions and
excited-state dynamics. TDDFT can be categorized into 2 types:
Linear response (LR)-TDDFT and RT-TDDFT. The LR-TDDFT

Tang et al. 2026 | https://doi.org/10.34133/space.0403

is usually used for calculating the optical spectrum of a system
from its electronic structure (e.g., wavefunctions and energy
bands). Thus, it is not employed for dynamical simulations that
produce information about the systen’s time evolution. In con-
trast, RT-TDDFT can evolve the system and enable dynamical
simulations.

TDDFT is based on the Runge-Gross theorem, which sim-
plifies the time-dependent many-electron problem to an effec-
tive single-electron potential problem. Its core equation is the
time-dependent Kohn-Sham equation:

., Oy (1) —n? P
ih or (2,m)V FVefttnl(rt) | Wicr,t)

(14)

where y; .., represents the Kohn-Sham orbitals and v g[n] =
Vext + Vulnl + vy [nlis the effective potential comprising exter-
nal field potential, Hartree potential, and exchange-correlation
potential. The electron density is given by n(r, £) = ¥ w5 |-
The exchange-correlation potential typically employs the adia-
batic approximation.

Ehrenfest MD describes nuclear motion through classical
Newton’s equations, with forces determined by quantum expec-
tation values of the electronic state, thus coupling nuclei and
electrons:
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d’R ~ ol
- 21 — _VR1<V/(t)|HKS|I//(t)> (15) the Hellmann-Feynman theorem: Fy,y = —<y/(t)| aleS |l//(t)>,
t which also considers derivatives of ion-electron interactions,

where M and R; are the mass and position of the Ith nucleus,and  Hartree potential, and exchange-correlation potential with respect
Hygis the Kohn-Sham Hamiltonian. Forces are calculated using  to nuclear coordinates.

M
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(reprinted [adapted] with permission from Ref. [80]; Copyright 2023, American Chemical Society).

The computational workflow of the TDDFT Ehrenfest MD
method is shown in Fig. 12. It begins with ground-state DFT,
first optimizing ionic positions R; through energy functional

minimization (minRIEDFT [p,RID and solving the ground-

state Kohn-Sham equations (ﬁKsV/i =£i1//,-> to obtain equi-

librium electron density p(r) and corresponding Kohn-Sham

orbitals y, S5 Time evolution conditions are then initial-

ized: electronic wavefunctions are set to ground-state solutions
GS(r)

<Wz(r 0=V,

are conﬁgured according to the physical scenario (e.g., thermal

motion or external excitation). The time-stepping cycle then
alternately updates electronic and ionic degrees of freedom:

) while ionic positions Ry (g and velocities Ry,

1. Electronic evolution: Based on the time-dependent
Kohn-Sham equation [iatu/i(r, t)= IAJKS [p(t)]wi], elec-
tronic wavefunctions are propagated to the next time

—iflysA
step [!l/,-(r,t+At)%e( RS t)u/i(t)] using numerical
methods, e.g., Crank—-Nicolson, and instantaneous elec-

tron density p(r, t) is calculated;

2. Tonic force calculation: According to Ehrenfest’s
theorem, quantum mechanical forces on each ion
are computed using the Hellmann-Feynman formula

(Fy(t) = = [ p(r,y o)

between ions added;

3. Jonic motion update: Ionic motion is driven by
Newton’s equation (M;R;=F!°l(t)) with positions
and velocities updated using the velocity-Verlet

total
( ) A(t)z

,with Coulomb repulsion

algorithm R;(t+ At) = R;(¢) + vi(H) At + L———

This cycle repeats with coordinated time steps (typlcally 0.1
to 1 fs) until reaching the preset total simulation time. The final
output includes jonic trajectories R;(t) and electronic dynamic
properties (e.g., excited state populations and transient dipole
moments), fully characterizing the system’s real-time evolution
under nonadiabatic coupling. This workflow couples electronic
and ionic dynamics through mean-field approximation, suitable
for modeling nonequilibrium quantum dynamics processes like
ultrafast laser excitation and molecular photodissociation, with

Tang et al. 2026 | https://doi.org/10.34133/space.0403
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Fig.12. TDDFT calculation flowchart.

computational efficiency limited by the high-frequency Kohn-
Sham equation solutions in TDDFT.

As depicted in Fig. 13A, Ojanperi et al. [82] developed a
computational framework integrating TDDFT with Ehrenfest
MD, incorporating PAW pseudopotentials to explicitly model
core electron contributions. This approach enabled the first-
principles calculations of electronic stopping power (S,) for
high-energy ions (H*, He**) in graphite targets across the full
energy range (3 keV to 2 MeV). The study elucidated that core
electron excitations make a significant contrlbutlon to S, in the
MeV energy regime (reaching up to 30% for He’") and vali-
dated the velocity matching effect, with the S, peak occurring
at 150 keV in close agreement with experimental observations.

16

9202 ‘¥z Afenige4 uo AiseAlun 1pa ke hiosousios' [ds//:sdiy woly pepeojumoq


https://doi.org/10.34133/space.0403

Space: Science & Technology

G—OHion ED
3 EHi ion, TRIM

Deposited energy (eV)
>
(=

MR |

100
Ton energy (keV/u)

; T T T 1T T T T 17T

> 200 GO Cent. hex. n
g 31 Cent. C-C bond

20150

15}

5

2 100 :
]

& 50 4
£ g .

D 0 Y

I Lo L1
12345678 9101112131415
VA

70 1 1 Il R. 1
—e—Ring center
~ 60+ Cet ——Bond -
3
~ i /. -
> 50 s N
E 40- / \ L
o o — .
B 304 S '\ \ i
§ o :\./ o o
Z 20+ / / \.\\. 3
s AN
& 10 -./ °§. i
.§
0 T T J T ‘r
1k 10k 100k ™
Projectile energy (eV)

Fig.13. (A) Energy deposited into the graphene target for H and He ions as a function of initial projectile energy [82]. (B) Total energy transferred to a graphene fragment as

a function of proton energy [83].

Additionally, multilayer graphite was found to exhibit a 15%
increase in S, due to enhanced electronic excitation channels from
interlayer interactions. Bubin et al. [83] combined TDDFT and
Ehrenfest MD to systematically study collision dynamics between
H* and He’" with graphene fragments. The research employed
the local density approximation functional and Troullier-Martins
pseudopotentials, simulating the coupling of electronic excita-
tion and nuclear motion in real-space finite-difference grids. It
revealed that in proton collisions, the energy transfer peak occurs
at 30 keV with over 90% dissipated through electronic excitation,
yet no C-C bond breaking was observed even at energies up to
2 MeV. In contrast, highly charged He’* achieved energy transfers
of 150 eV at 50 keV, directly inducing bond breaking in benzene
molecules. Trajectory analysis further revealed that energy trans-
fer efficiency increases by 20% when ions pass through C-C
bonds rather than through the center of hexagonal rings, attrib-
uted to enhanced Coulomb interactions due to higher electron
density in bond regions. Kretschmer and Krasheninnikov [84]
employed TDDFT and Ehrenfest MD to investigate the micro-
scopic mechanisms of defect formation in 2DMs during ion
irradiation. They implemented the simulations in the GPAW
code [85] and utilized a real-space grid (spacing 0.2 A) with
the PBE exchange-correlation functional and PAW method.
The researchers modeled various 2DMs including graphene,
hexagonal boron nitride (h-BN), and TMDs, using supercells
containing 50 to 200 atoms with periodic boundary conditions.
For ion irradiation, they simulated He™, Ne*, Ar*, and Xe* ions
with energies ranging from 100 eV to 10 keV, tracking both
electronic excitations and nuclear collisions with femtosecond
time resolution.

The TDDFT + Ehrenfest MD method offers distinct advan-
tages over traditional approaches. Unlike classical MD with
empirical potentials, it explicitly incorporates electronic excita-
tions and describes bond breaking/formation via quantum
mechanical principles. Compared to BCA methods, which domi-
nate radiation damage simulations, this approach provides time-
resolved insights into electronic dynamics and captures collective
many-body effects. However, its semiclassical mean-field treat-
ment of electron-ion interactions may inadequately describe
nonadiabatic transitions between electronic states, particu-
larly at low ion velocities. Additionally, the computational
cost scales unfavorably with system size, typically restricting

Tang et al. 2026 | https://doi.org/10.34133/space.0403

simulations to sub-1,000 atom systems and picosecond timescales.
Notwithstanding these limitations, TDDFT + Ehrenfest MD
represents a state-of-the-art framework for studying atomistic
processes during ion irradiation. Its ab initio nature makes it
uniquely suited for novel 2DMs, where empirical potentials often
lack transferability. Recent advancements in exchange-correla-
tion functionals, nonadiabatic dynamics formalisms, and parallel
computing have expanded its applicability to more complex
materials systems. As these methodologies continue to evolve,
they hold marked promise for unraveling the intricate interplay
between electronic excitations and nuclear motion in radiation
environments, ultimately enabling predictive design of radiation-
hardened 2DMs-based devices.

FEA methods

Due to continuous radiation exposure, electronic components
may suffer from ionization damage. Extensive studies on the
effects of irradiation on GFETs have been conducted [86-88],
yielding notable progress. It revealed that molecular adsorption
[89-91], charge accumulation in gate oxides [92-94], or radi-
ation-induced defects [95,96] in graphene can impair device
electrical properties. However, it is difficult to obtain device-
level damage results quickly through atomic-level simulation,
and therefore, solutions and predictions need to be made through
FEA methods [97].

Current FEA of 2D semiconductor (e.g., MoS,) devices
remains challenging because bulk-based parameter descrip-
tions cannot accurately capture layered spatial charge distribu-
tions and 2D DOS, despite requiring thickness-specific material
parameters [98-100]. To address this, Donetti et al. [101] mod-
eled the layered structure of MoS, using a stack of alternating
semiconductor and insulating layers representing vdW gaps
[102]. Material parameters were extracted directly from DFT
calculations. By analyzing charge distributions in mono- and
few-layer structures under out-of-plane electric fields, they
derived a layered dielectric model and extracted layer-depen-
dent N and N, values from full DOS calculations. Technology
computer-aided design (TCAD) simulations comparing this
layered model with a uniform model using averaged parameters
demonstrated discrepancies in capacitance calculations for
metal-oxide-semiconductor structures, highlighting the impor-
tance of layered descriptions in accurately predicting device
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behavior. Investigating the total dose effect on GFETs under
various biases and doses is critical, as bias conditions and doses
are primary determinants of radiation response [103,104]. Li
etal. [105] systematically studied the TID effects of 10 keV
x-ray irradiation on GFETs with varying structures and dimen-
sions (Fig. 14). Using TCAD simulations, they modeled the
impact of radiation-induced oxide trap charges in the gate
oxide of top-gate devices on radiation response. Results showed
that Dirac voltage V7, and carrier mobility (1) degraded pro-
gressively with increasing dose. Top-gate GFETs exhibited more
severe radiation damage compared to back-gate configurations,
and the dose effect on device performance depended on struc-
tural dimensions.
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ML-Driven Multiscale Simulations of Radiation
Effects in 2DMs

Artificial intelligence and ML are revolutionizing the study of
radiation response in 2DMs by enabling data-driven insights
into complex atomic and electronic processes [106-108]. These
techniques address critical challenges in traditional simulation
approaches, such as limited spatiotemporal resolution and reli-
ance on empirical approximations.

Currently, ML interatomic potentials (MLIPs), including
Gaussian approximation potentials and neural network poten-
tials, offer remarkble advantages for simulating radiation-
induced defect formation [54,109,110]. Table 3 compares the
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Fig. 14. (A) Transfer characteristic curve and the variations of V. with cumulative dose shift as functions of the total dose of a top-gate graphene field effect transistor
[105]. (B) Excess electron density An and electric field £ for MoS, with 2 V bias calculated with layered model for MoS,. Capacitance of the structure depicted in the inset

obtained with TCAD simulations [101].
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strengths and weaknesses of traditional and MLIPs, some of
which are complementary. When constrained to their validated
configurational space, MLIPs can achieve energy and force
predictions with DFT-level accuracy (sub-meV/atom), while
enabling orders of magnitude computational acceleration over
first-principles methods. Their linear scaling with system size
makes them uniquely suited for simulating radiation damage
dynamics in large-scale 2D material systems. However, MLIPs
suffer from limited extrapolation capability to uncharted struc-
tural regimes, particularly under extreme conditions like ion
irradiation. To address this, physics-informed ML potentials
integrate physical constraints (e.g., conservation laws and sym-
metry principles) with data-driven regression, preserving DFT-
level fidelity while maintaining computational efficiency. These
hybrid frameworks retain the interpretability of classical poten-
tials and eliminate overfitting artifacts, thus extending predic-
tive capabilities to nontrivial scenarios encountered in radiation
environments. Guo etal. [111] used the small-data-based
MLIPs to model defect migration in graphene under proton
bombardment, revealing previously unobserved vacancy clus-
tering dynamics. This approach bridges the gap between com-
putationally intensive ab initio methods and classical MD
simulations, enabling large-scale studies of radiation damage
in 2DMs. Mishin et al. [112,113] developed improved physics-
informed neural network (PINN) potentials for Al and Ta by
training on a large database of electronic structure calculations

Table 3. Comparison of 3 classes of interatomic potentials [54,109]

and accurately predicted a variety of physical properties, e.g.,
thermal expansion, energies of point and extended defects,
melting temperatures, and structural and kinetic properties of
liquid aluminum (Fig. 15).

Zheng and Gu [114] employed the kernel ridge regression
(KRR) algorithm to uncover latent correlations between defect
sites and thermal vibration patterns. The KRR model, trained
on thousands of thermal vibration morphologies generated via
MD simulations, demonstrated robust capability in detecting
uniformly distributed defects in graphene (Fig. 16A). Results
indicated that the atomistic strategy enabled accurate prediction
of single-atomic vacancies, while the domain-based method
successfully identified multiple vacancies with unknown stoi-
chiometry. They achieved approximately 90% prediction accu-
racy on held-out test datasets, underscoring the eflicacy of ML
frameworks in defect analysis for 2DMs. Jinnouchi et al. [115]
developed an efficient real-time MLFFs method integrated into
an electronic structure code. Rooted in Bayesian inference dur-
ing MD simulations, this approach automatically generates
MLFFs by performing first-principles calculations only for new
atomic configurations sampled during simulations. This adap-
tive strategy enables rapid construction of a first-principles
dataset across broad phase spaces while maintaining high simu-
lation throughput.

In 2023, Dash et al. [116] observed the formation of defects
in monolayer MoS, under electron irradiation with an ultralow

Traditional ML Physically informed ML
Physical foundation Strong None Strong
Number of fitting parameters ~10 >1,000 >1,000
Computational speed Very high Slower Slower
Reference database Small Large Large
Accuracy (interpolation) Limited ~1 meV/atom ~1 meV/atom
Transferability Reasonable Poor Reasonable
Reliance on human expertise Strong Weaker Weaker
Extension to chemistries Challenge Challenge Challenge
Systematically improvable No Yes Yes
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Fig. 15. (A) Flowchart of the modified PINN method. (B) Simulation blocks used for computing the interface tensions in Al. (C) MD simulation of crack nucleation and growth

on a[110]symmetrical tilt boundary in Al performed with the PINN Al potential [112].
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acceleration voltage (<5 keV). At the same time, with the increase
of the electron dose, an overall quenching of the PL intensity
occurred, and defect peaks appeared in the Raman spectrum.
By combining DFT and MLFFs to simulate the Raman spectra
of MoS, with defect distributions, the study confirmed that sulfur
vacancies represent the dominant defect type. Recently, Wines
and Choudhary [117] developed CHIPS-FF (Computational
High-Performance Infrastructure for Predictive Simulation-
based Force Fields), an open-source benchmarking platform for
MLFFs. This platform utilized 16 graph-based MLFFs includ-
ing ALIGNN-FE CHGNet, MatGL, MACE, SevenNet, ORB,
MatterSim, and OMat24; CHIPS-FF integrates the Atomic
Simulation Environment with JARVIS-Tools to facilitate high-
throughput simulations (Fig. 16B). It streamlines the evaluation
of MLFF accuracy and computational efficiency across diverse
2DM systems, advancing data-driven force field development
for nanoscale materials modeling.
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Conclusion and Prospects

Conclusion

2DMs exhibit unprecedented potential for radiation-intensive
applications in aerospace and nuclear systems, yet their operational
reliability under ionizing radiation remains a critical challenge.
Multiscale computational modeling has emerged as a transfor-
mative tool to address this challenge by integrating atomistic
simulations (DFT/MD), mesoscale transport models (MC), and
ML frameworks. Key advancements include the following:

Synergy of multiscale methods

Combining DFT, MD, MC, and ML, it can successfully reveal the
defect evolution mechanisms (e.g., vacancy formation and doping
effects), energy transfer pathways (nuclear blocking vs. electron
blocking competition), and structure—performance relationships
of 2DMs under ion irradiation. DFT calculations of defect
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formation energies, MD simulations of collisional cascade pro-
cesses, and ML-accelerated potential field construction have
collectively advanced the atomic-level understanding of irradia-
tion damage.

Accurate description of electronic excitation and

thermal effects

By introducing 2T-MD and TDDFT, quantitative analyses of
electron-phonon coupling effects have been achieved, breaking
through the limitations of conventional MD that only considers
nuclear interactions. This advancement provides a theoretical
tool to explain the electron-excitation-dominated damage
under the irradiation of high-energy ions (e.g., SHI).

Combination of data-driven and experimental validation

ML models based on high-throughput computational and exper-
imental data have significantly improved the defect prediction
efficiency (e.g., the effect of sulfur vacancies on the Raman spec-
tra of MoS,) and provided a “computational-experimental”
closed-loop optimization pathway for the design of novel 2DMs.

Prospects

Adaptive multiscale integration

Develop hybrid algorithms that dynamically couple electronic
structure calculations (e.g., TDDFT) with mesoscopic phase-
field models to resolve defect evolution across 10~ to 10" s and
107" to 10~° m. Advance 2T-MD simulations using implicit time
integrators and graphics processing unit (GPU)-accelerated solv-
ers to enable 3-dimensional modeling of electron-hole plasma
formation and thermal diffusion in irradiated 2DMs.

ML-driven efficiency revolution

Replace classical potentials with PINN potentials for large-scale
MD simulations of defect migration and doping dynamics in
2DMs. Construct comprehensive radiation damage databases
incorporating defect formation energies, displacement thresh-
olds, and carrier mobility degradation rates to train ML models
for rapid material screening.

Quantum mechanical refinement

Implement nonadiabatic dynamics methods (e.g., surface hop-
ping TDDEFT) to accurately describe electronic state transitions
during ion-solid interactions, overcoming BO approximations.
Apply quantum MC and GW-BSE calculations to resolve elec-
tron-hole pair generation and recombination kinetics in irradi-
ated 2DMs.

Application-specific toolchains

Develop multiscale simulation platforms for evaluating 2D
heterostructures under combined irradiation, thermal cycling,
and mechanical stress, leveraging phase-field models to predict
long-term device degradation. Integrate in situ characterization
techniques (e.g., scanning transmission electron microscopy
[STEM]-electron energy loss spectroscopy [EELS]) with com-
putational models to validate electronic temperature distribu-
tions and defect configurations in real time.

Overall, the challenge lies in creating a unified “predict-
design-validate” framework that merges atomistic physics,
ML-driven data analytics, and experimental validation. By fos-
tering interdisciplinary collaboration across computational sci-
ence, materials engineering, and radiation physics, researchers

Tang et al. 2026 | https://doi.org/10.34133/space.0403

can unlock the full potential of 2DMs in extreme radiation
environments. This breakthrough will revolutionize radiation-
hardened electronics for deep-space exploration, advanced
nuclear reactors, and next-generation sensing systems.
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Two-dimensional materials (2DMs)-based devices exhibit aerospace potential due to their superior properties.
However, the operational reliability of 2DMs-based devices in space environments is significantly influenced by
charged-particle radiation, necessitating rigorous ground-based radiation tolerance assessments. Current research on
radiation effects in 2DMs is primarily experimental, yet such methodologies are inherently time-consuming, resource-
intensive, and limited in throughput. To address these challenges, computational modeling and simulation techniques
are increasingly being integrated with experimental characterization to accelerate materials design and unravel
underlying physical mechanisms. This review systematically evaluates the state-of-the-art multiscale computational
frameworks for 2DMs research, focusing on recent advancements, technical challenges, and emerging opportunities.
A novel integrative approach is proposed, combining density functional theory, molecular dynamics, Monte Carlo,

finite element analysis, and machine learning techniques. Particular emphasis is placed on addressing challenges in
multiscale modeling, including accurate representation of complex phenomena across spatial and temporal scales under
extreme environmental conditions. Conversely, opportunities for enhancing predictive capabilities are highlighted, with
implications for expediting materials discovery in electronics, photonics, energy storage, catalysis, and nanomechanical
systems. This comprehensive survey provides a strategic roadmap for future research directions in multiscale
computational modeling of 2DMs, emphasizing interdisciplinary methodologies that bridge atomistic simulations with
macroscale engineering applications. The insights presented herein aim to advance the development of radiation-
hardened 2DMs-based devices for next-generation aerospace systems.
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