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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 signi�cantly influenced 
by charged-particle radiation, necessitating rigorous ground-based radiation tolerance assessments. Current 
research on radiation e�ects 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, �nite 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.

Introduction
   Devices fabricated from 2-dimensional materials (2DMs) hold 
great promise in the aerospace �eld due to their unique mechani-
cal, thermal, electrical, optical, physical, and chemical properties 
[  1 ]. �ey have great potential applications in spacecra�, 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 ]. �ese 
changes present opportunities for regulating various properties 
of 2DMs. �e underlying mechanism stems from the complex 
interaction between incident ions and the target material, which 
is in�uenced by multiple factors, including radiation methods 
(e.g., ion implantation [  3 ], highly charged ions [HCIs] radiation 
[  4 ], and swi� heavy-ion [SHI] radiation [  5 ]), ion types (He, N, 

B, Si, Ar, etc.), radiation parameters (energy, dose, incident angle, 
etc.), 2DMs types (graphene, transition-metal dichalcogenides 
[TMDs], heterostructures, etc.), and the substrates.

   To investigate the radiation e�ects on 2DMs-based devices, 
lots of experimental techniques are employed to study the electri-
cal and optical properties of 2DMs under di�erent 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 
ine�cient. 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-
�cult, if not impossible, to determine experimentally [  9 ,  10 ]. For 
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instance, by combining density functional theory (DFT) and 
machine learning force �elds (MLFFs), the Raman spectrum of 
MoS2 with defect distributions can be simulated, further validat-
ing that sulfur vacancies are the main type of defects [  11 ]. �ese 
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 speci�c 
properties or phenomena in complex experimental setups.

   �is 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 e�ects. 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-a�ected 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), �nite 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
   �e space radiation environment can be categorized into 3 pri-
mary types [  12 ]. (a) Van Allen radiation belts (Earth�s radiation 
belts): �ese toroidal regions comprise high-energy electrons, 
protons, and trace heavy ions trapped by Earth�s geomagnetic �eld. 
�e 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 �ares and 
coronal mass ejections (CMEs). Composed primarily of protons 
(�90%) with energies ranging from tens of keV to several GeV, 
SCR events are o�en 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 �uxes follow a steep power-law 
decline with increasing energy, rendering high-energy particles 
extremely rare.

   Radiation e�ects on electronic components can be systemati-
cally classi�ed into 2 primary categories [  13 ]. (a) Ionization dam-
age (total ionizing dose [TID] e�ect): �is mechanism involves 
the accumulation of charge carriers in dielectric materials, 
manifested as interface trap charges and oxide trap charges 
induced by particle radiation. �ese charges alter the electrical 
characteristics of semiconductor devices (e.g., threshold voltage 

shi�s in metal-oxide-semiconductor �eld-e�ect 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 e�ect 
is the dominant factor that a�ects 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 e�ects on electronic systems is presented in Table  1 .    

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

Gamma (�) radiation
  �-rays possess energy levels exceeding approximately 100 keV. 
�e Compton scattering can generate high-energy free elec-
trons and positive ions in solid materials. �ese free electrons 
interact with atoms, resulting in ionization, atomic displace-
ment, and the formation of vacancies and interstitials. �-rays 
can modulate the Dirac voltage of graphene �eld-e�ect transis-
tors (GFETs), enabling their use in radiation detection. At low 
doses, � radiation can increase carrier density, while medium 
doses induce maximum structural disorder. Furthermore, 
�-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. �ey can induce ionization defects, e.g., vacancies 
in semiconductors, and facilitate the reduction of graphene 
oxide (GO). Compared to �-rays, a higher dose of x-rays is 
required to achieve an equivalent reduction e�ect.   

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 e�ects, where initial collisions cause displacement 
and ionization, restricting damage in 2DMs to the nanoscale.   

Ion ionization radiation
   Ion ionization radiation can induce degradation defects and 
simulate damage similar to that caused by nuclear reactors or 
cosmic rays. Ion beam radiation replicates ionization radiation 
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e�ects encountered in reactors, enabling accelerated studies of 
radiation damage by rapidly degrading samples.    

The e�ects 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 e�ects 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. �erefore, the majority 

of experimental investigations concentrate on evaluating TID 
damage in 2DMs and related devices. Current research e�orts 
utilize various radiation sources in TID testing, including x-rays, 
�-rays, electrons, protons, and heavy ions, to analyze the response 
of 2DMs-based technologies to ionizing radiation [ 14 ]. �e 
e�ects 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, 

ionizing
irradiation

materials under
modeling of 2D

Multiscale

Before
After

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 �nite 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.
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photons with lower energy levels (e.g., terahertz, infrared, visible, 
and ultraviolet spectra) can also in�uence device characteristics. 
Notably, the ionization phenomena caused by high-energy pho-
tons (e.g. x-rays and �-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. �e impact of ionizing 
radiation e�ects is summarized in Table  2 . Due to the destructive 
nature of cosmic rays, their radiation e�ects 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 ]. �us, 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, 

e.g., generation/recombination centers, traps, compensators, 
and tunneling states. Each of these defects considerably in�u-
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. 

   �ese radiation-induced defects arise from 2 primary mecha-
nisms: ionization-induced charge trapping and displacement 
damage via knock-on atomic collisions. Ionization e�ects result 
in the generation and accumulation of mobile holes and electron 
traps within gate dielectric layers (e.g., SiO2), followed by charge 
neutralization at the semiconductor�oxide interface. �is process 
leads to pronounced threshold voltage shi�s, as characterized in 

Table 1. The space environmental e�ects [119]

Mechanism E�ect Source

 Surface charging  Biasing of instrument readings 
 Power drains 
 Physical damage

 Dense, cold plasma 
 Hot plasma

 Deep dielectric charging  Biasing of instrument readings 
 Electrical discharges causing physical damage

 High-energy electrons

 Structure impacts  Structural damage 
 Decompression

 Micrometeoroids 
 Orbital debris

 Drag  Torques 
 Orbital decay

 Neutral thermosphere

 Total ionizing dose (TID)  Degradation of microelectronics  Trapped protons and electrons 
 Solar protons

 Displacement damage dose (DDD)  Degradation of optical components and some electronics 
 Degradation of solar cells

 Trapped protons and electrons 
 Solar protons 
 Neutrons

 Single-event e�ects (SEE)  Data corruption 
 Noise on images 
 System shutdowns 
 Electronic component damage

 GCR heavy ions 
 Solar protons and heavy ions 
 Trapped protons 
 Neutrons

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

 Particle radiation 
 Ultraviolet 
 Atomic oxygen 
 Micrometeoroids contamination

Table 2. The impact of ionizing radiation e�ects on 2DMs [15,16]

Defects Particles Influences

 Generation bit 
 Composite bit

 Heavily charged particles  Scattering, carrier concentration modulation

 Trap state  Heavily charged particles  Scattering, reduced carrier lifetime, charge accumulation
 Tunneling  Heavily charged particles, ion beams  Defects, leakage current
 Doping  Heavily charged particles  Scattering, charge accumulation
 Vacancies  Electrons, ion beams, x-rays, �-rays  Deep energy level traps, direct to indirect band gap transition
 Superposition states  Heavily charged particles, �-rays  Scattering, reduced carrier lifetime, charge accumulation
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SiO2-based devices [  17 ]. Electric-�eld-assisted thermal annealing 
is commonly employed to mitigate radiation damage in hardened 
oxides, where the recovery e�ciency depends on both the applied 
bias �eld 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 SiO2 main-
tains a trapped hole fraction below 10% to preserve radiation 
hardness. Si-based photodetectors and �eld-e�ect 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 e�ects eventually lead to catastrophic device 
failure. Speci�cally, FETs demonstrate a logarithmic degrada-
tion trend under prolonged irradiation, attributed to defect-
induced phonon scattering and carrier trapping dynamics. 
�ese �ndings 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 speci�c 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 e�ects, interlayer distance reduction, 
and folding e�ects [  18 ,  19 ].  

Defect generation
   Common defects in 2DMs include vacancies, anti-sites, substitu-
tions, and grain boundaries, among others. Although these 
defects are o�en considered to have negative impacts, controlling 
their types and concentrations can achieve bene�cial functions. 
Ionizing radiation can e�ectively 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., MoS2, MoSe2, etc.), the 
radiations by electron beams, plasmas, Au ions, �-rays, proton 
beams, neutron beams, etc., can also generate defects, consider-
ably changing their PL, electrocatalytic, optical, frictional, and 
electrostatic properties. Fig.  2 A shows the structure, formation, 
and evolution of rotational defect in WSe2 [  20 ].           

Doping e�ects
   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 e�ective 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 

Fig. 2. The ionizing radiation induced (A) defects [20] and (B) doping e�ects [21].
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in a decrease in mobility and electrical conductivity. Additionally, 
low-energy He+ ion radiation of MoS2 can form hole doping, 
and an H+ ion beam with keV-level energy can generate n-type 
doping in the layered WSe2 structure, improving the electrical 
and optical properties of the materials [ 21 ].   

Spatial structure e�ects
   Ion-beam treatment can achieve the compression and folding 
e�ects of the lattice structure of 2DMs. Ion radiation can com-
press the interlayer of few-layer graphene nanosheets, enhancing 
the interaction with the evanescent �eld and improving the 
polarization-dependent light-absorption ability. �-particle, �-ray, 
and �-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 ]. �e syn-
ergy of ion-beam radiation and thermal annealing treatment can 
also form adjustable-sized protrusions and bubbles [  23 ].    

Physical property modulations
   �e introduction of defects and doping into the 2DMs can 
greatly a�ect their physical properties, e.g., carrier transport 
characteristics, band structure, and bandgap, thereby profoundly 
in�uencing 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 �ne-tuned optimization of 2DMs proper-
ties. �is modulation o�ers 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 e�ects on material properties.  

Electrical properties
   Defects and doping induced by ionizing radiation can a�ect the 
carrier mobility of 2DMs, thereby in�uencing the performance of 
optoelectronic devices. Di�erent ions (e.g., heavy ions, neutrons, 
protons, and He+ ions) and irradiation �uences have varying 
e�ects on electrical properties. Low-�uence heavy ion irradiation 
is able to repair the defects to enhance conductivity, while high 
�uences 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. �e 
electrical performance of MoS2 FETs is di�erentially a�ected by 
proton and He+ ion irradiation at varying �uences [  24 ] (Fig.  3 A).           

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 MoS2, altering its PL spectrum. Argon ion irradia-
tion can directionally modulate the optical properties of WS2, 
while oxygen plasma treatment enhances the PL intensity of 
monolayer MoS2. � radiation modi�es the Raman spectrum and 
PL intensity of WS2, and focused ion beams can tune the optical 
properties of large-area monolayer WS2 (Fig.  3 B) [ 25 ,  26 ].   

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

irradiation can alter the magnetic transport properties of gra-
phene �lms. Di�erent ions (e.g., niobium, cobalt, and nickel) and 
irradiation parameters have varying e�ects on the magnetic prop-
erties of MoS2. �-ray irradiation can induce room-temperature 
ferromagnetism in few-layer MoS2 �lms (Fig.  3 C) [ 27 ].   

Mechanical properties
   Defects introduced by ion irradiation considerably a�ect 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 �rst 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 MoS2 reduces 
its fracture stress, strain, and Young�s modulus (Fig.  3 D) [ 28 ,  29 ].

   �e 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 �/x-rays undergo 
photoelectric absorption or Compton scattering, generating 
electron�hole pairs and Auger electrons. Radiation e�ects 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 signi�cant 
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 (104 to 106 K) that induce amor-
phization tracks or phase transitions, making it e�ective for 
ordered nanostructure creation in layered materials. �is energy-
dependent interaction continuum enables precise control over 
defect generation, doping pro�les, and structural modi�cations 
in 2DMs for advanced device applications.      

Computational Techniques of 2DMs under 
Ionizing Radiation
   �eoretical 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. �ese 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 e�ects across multiple orders of magnitude. �is 
synergy allows for more realistic representation of damage 
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accumulation processes while maintaining computational trac-
tability. �is section presents di�erent 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 �rst-principles quantum mechanical method, DFT 
enables accurate prediction of ground-state properties and 
provides critical insights into defect e�ects in 2DMs. DFT elu-
cidates how defects in�uence structural, electronic, and optical 
characteristics, making it indispensable for interpreting experi-
mental observations of defect phenomena, including magneto-
optical measurements. �e vacancy formation energy can be 
calculated as follows [  30 ]:
﻿﻿   

   As shown in Fig.  4 , Kumar et al. [ 31 ] explored defect engi-
neering in H+ irradiated layered �-MoO3 �akes through �rst-
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 coe�cients for defective and pristine �-MoO3. It 
indicated that oxygen vacancies at distinct �-MoO3 sites induce 
new absorption peaks in the �2.2 to 1.25 eV range. Entani et al. 

[  32 ] demonstrated a nonchemical method for heteroatom dop-
ing in h-BN via high-energy ion irradiation. First-principles 
calculations on �uorinated sp3-hybridized BN revealed that 
F-atom adsorption induces sp2-to-sp3 hybridization transitions 
in host atoms, elongating bonds between sp3- and sp2-hybridized 
atoms on h-BN basal planes and causing buckling in �uorinated 
regions. Electron spectroscopy for chemical analysis code under 
the �nal-state single-electron approximation reproduced experi-
mental near edge x-ray absorption �ne structure spectroscopy, 
including the emergence of peak iii and broadening of peaks � 
and �. Peak ii intensity was attributed to substitutional defects, 
while peak iii�exclusive to �uorinated h-BN on Cu substrates�
originated from electron density redistribution due to �uorine�s 
high electronegativity. Peak iv correlated with hybridization 
between BN pz and Cu d orbitals.        

   As shown in Fig.  5 A, 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). �eir study 
revealed a direct correlation between lattice temperature and 
enhanced SE emission yields. Speci�cally, the thermal character-
istics of the substrate and its thermal coupling e�ciency with the 
2DM were identi�ed as critical modulators of lattice temperature 
within the graphene layer. �is thermal interplay indirectly in�u-
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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Fig. 3. Ionization radiation controlled (A) electrical [24], (B) optical (adapted with permission from Ref. [25]; Copyright 2017 American Chemical Society), (C) magnetic 
(adapted with permission from Ref. [27]; Copyright 2018, American Chemical Society), and (D) mechanical properties (reprinted with permission from Ref. [28]; Copyright 
2023, American Chemical Society).
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