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ABSTRACT: All-inorganic lead-halide perovskites have emerged as
promising photoelectronic materials for space applications due to their
excellent optical properties and irradiation tolerance. However, a
comprehensive understanding of the structure−function relationship between
defects and properties is essential for their application. The present study
employs density functional theory (DFT) data and Monte Carlo (MC)
simulation to explore the effects of irradiation dissociation and displacement
in CsPbI3 and CsPbBrI2 systems. The results demonstrate that CsPbI3 and
CsPbBrI2 are more susceptible to damage at 50 keV, with CsPbBrI2
exhibiting slightly higher damage under flux at 105 p/cm2. The ab initio
molecular dynamics (AIMD) and optical properties calculations indicate that
CsPbBrI2 possesses higher defect tolerance and optical stability, especially concerning lattice distortion induced by Frenkel defects.
Our study provides a methodology for elucidating the impact of irradiation on the complex elementary perovskites and establishes a
novel theoretical foundation for optical property changes with dynamic structure evolution under a radiation environment.

■ INTRODUCTION
The lead-halide perovskites (LHPs) are among the most
promising optoelectronic materials with superior photovoltaic
properties, which received considerable research due to their
excellent light absorption, high mobility, and tunable band
gap;1,2 mainly, their photodetector properties can be used as
optical sensors.3−5 Organic and inorganic hybrid perovskites
(OIHPs) were synthesized earlier compared to all inorganic
perovskites (AIPs) with excellent power conversion efficiency
(PCE) and are regarded as a potential alternative material to
Si-based materials for future commercial photovoltaic materials
in space. Studies have shown that current density (Jsc) and
PCE were observed with a reduction of around 10% and 40%
for proton doses of 1012 and 1016 p/cm2, respectively, better
than Si-based cells in a similar situation.6 In particular, α-
CsPbI3 has excellent optical absorption and carrier mobility for
photovoltaic devices.7,8 Although it was previously reported
that the CsPbI3 phase was influenced by temperature,9 the
existing research has indicated the stability of the α-phase
depends on the crystal size.10,11 AIPs exhibited higher spatial
stability due to the nonorganic composition of their A+

position, which can decrease the spillage of organic
components due to intensive ultraviolet.12,13 The advantages
utilization means the application prospect are that is more
suitable for space environments with radiation environment,
thermal cycling, and high vacuum conditions,6,14 which arouse
extensive discussion.

In the space environment, two main damage events,
displacement damage and ionization damage, occurred during
the designated service period.15 The predominant source of
ionization damage is an accumulation of charge photonics like
X/γ-rays, which weaken the chemical bonds until they
decompose. Displacement damage, on the other hand, is
when the high-energy particles directly knock the atoms,
resulting in the formation of Frenkel defects. Collision events
are inevitable occurrences in the irradiation environments and
exhibit a certain degree of continuity, leading to progressive
lattice mismatch. This effect, along with increased dark current
and parasitic field during carrier transport, causes the
degradation of optical properties on the surface (such as
reduced absorption, increased reflectivity, increased refraction,
etc.). However, a comprehensive understanding of the
irradiation−structure, damage−optical property relationship
between irradiation and perovskites has not been fully
achieved. In particular, the materials that consist of multiple
elements with minimal discrepancies, for example, CsPb/Sn/
Ag/Mn−Cl/Br/I et al., become exceedingly challenging for
conventional molecular dynamics (MD) and Monte Carlo
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(MC) methods to assess their irradiation capacity. The reasons
can be attributed to three categories. (1) MD is used to
employ large systems in irradiation simulations to accurately
describe the primary knock-on atoms (PKA) process,16,17

which depends on a high-quality potential field. The
complexity of fitting the potential field due to the multi-
elemental composition of perovskite makes it challenging to
achieve. (2) Experimental observations of irreversible damage
necessitate complex setups to collect data on performance,
increasing costs.15,17 (3) The coupling of ionization and
displacement effects in the experiment obscures where the
damage originates. Prior to conducting actual irradiation
experiments, preliminary assessments of both penetration
depth and radiation dosage are typically performed, with
SRIM emerging as a predominant computational tool for such
evaluations.18−20 Nevertheless, the accuracy of MC simulations
is limited by estimated parameters, particularly for multi-
component systems, due to insufficient data on (1) the
interatomic bond energy during collision events, (2) the
minimum displacement threshold energy required for lattice
site vacancy formation, and (3) the precise device layer
thickness.
Previous research has investigated the phase degradation of

LHPs after irradiation. The researchers found that the energy
of irradiation dissociation of AIPs was higher after replacing
MA+ with Cs+, implying that AIPs were more advantageous in
terms of phase stability relative to OIHPs.21 Xiao et al.
compared the irradiation resistance of MAPbI3 and CsPbI3
using electron beams, demonstrating CsPbI3’s enhanced
stability.22 The main displacement damage under 1 MeV
electron beam irradiation is from H, C, N, and I atoms in
OIHPs.23 The defect of the I atoms through irradiation can act
as an unintentional doping source and partially compensate
deep traps, thereby avoiding the substantial degradation of
carrier transport.24 Moreover, a potential thermodynamic
caused the phase transformation from the cubic phase (α-
phase) to the orthorhombic phase (γ/δ-phase) in perovskites,
which is detrimental to optical properties.25 The reason is that

the crystal structure, ambient temperature, and elemental
composition can influence the dielectric functions, which are
essential data for optical calculations. Various compositional
engineering strategies, including A-site, B-site, and X-site
doping, have been reported to enhance the stability of
CsPbI3.

26−30 Br doping in the Cs−Pb−I lattice to form
CsPbBrI2 improves both thermal and phase properties while
maintaining favorable optical properties.2 However, the
atomic-scale mechanisms between irradiation dissociation
and displacement damage in iodine-containing perovskites
are incompletely understood.
Density functional theory (DFT) has been instrumental in

computational investigations of irradiation-induced defects.
Meanwhile, recent advances in ab initio molecular dynamics
(AIMD) have provided researchers with a robust methodology
for precisely determining displacement threshold energies.
Herein, we propose a novel approach utilizing the DFT data
passed to the MC as a pivotal input parameter for executing
destructive irradiation simulations, ensuring a more accurate
evaluation of irradiation damage in perovskite materials. The
lattice binding energy, surface binding energy, and displace-
ment threshold energy were calculated by DFT. SRIM code
based on MC was employed to assess the displacement
damage of CsPbI3 and CsPbBrI2. Furthermore, a mechanism
explanation including lattice distortion and optical stability
induced by Frenkel defects was discussed through the NVT
ensemble. The present study provides potential insight into
how radiation-induced defects affect the optical properties of
CsPbI3 and CsPbBrI2. These findings substantially advance the
development of perovskites as a radiation detector for
application in space.

■ EXPERIMENTAL SECTION
DFT Calculation Details. The first principle calculations

were implemented via Vienna ab initio simulation package
(VASP) codes31,32 and performed based on projector
augmented wave (PAW) pseudopotential in reciprocal space
by the generalized gradient approximation (GGA) with

Figure 1. Schematic crystal structures of CsPbI3 (a) and CsPbBrI2 (b). The ELF of CsPbI3 (c) and CsPbBrI2 (d). Density of states (DOS) of
CsPbI3 (e) and CsPbBrI2 (f). (g) The Bader charge transfer of CsPbI3 and CsPbBrI2.
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Perdew−Burke−Ernzerhof (PBE) functional for exchange−
correlation. A supercell of 3 × 2 × 2 was created. It contains 12
formula units that were used to calculate formation energies.
Plane waves with energies reaching 520 eV were employed to
describe the electronic wave functions for CsPbI3 and
CsPbBrI2. The Brillouin zone was sampled with 7 × 7 × 7
and 3 × 3 × 3 Monkhorst−Pack grids of k-points for geometry
optimization and defect calculations, respectively. All struc-
tures were fully relaxed until the force converged above 0.05
eV/Å. The spin coupling effect must be considered to
adequately represent the interaction between the magnetic
moment of the electron spins and the atomic orbitals between
Pb and X (X = Cl, Br, I), which is utilized to correct the final
Hamiltonian energy and, more accurately, calculate the
dielectric constant.33 The AIMD was operated at the initial
and final state temperatures of 300 and 600 K under the NVT
ensemble, respectively, and the whole system relaxed for 6 ps.
The displacement threshold energy was obtained by using the
AIMD method based on the aBEST-master code.34 The
running times of NVT and NVE reached at least 6 ps.
MC Calculation Details. The results obtained from DFT

were then transferred as the input parameters in the SRIM
code. Figure S1 schematically illustrates the complete
execution process in detail for carrying out the full destruction
simulations. Irradiation calculations for damage detail events
were executed by the SRIM code with H+, and all flux was set
as 105 p/cm2. The material structure is shown in Figure S2,
including the Au layer as the ohmic contact in the device and
perovskite as the unit for photoelectric conversion. The
simulation parameters included an irradiated area of 1 cm2, and
the device side length was 1 cm. Equation S11 quantifies the

relationship between particle flux and irradiation damage. The
densities of materials were ρAu = 19.31, ρCsPbId3

= 5.38, and
ρCsPbBrId2

= 5.17,35 and the thicknesses of the Au and perovskite
layers were 800 Å and 3000 Å, respectively. The energies of the
incident particles in the irradiation were 10 keV, 50 keV, 100
keV, and 1 MeV with directions as shown in Figure S3.

■ RESULTS AND DISCUSSION
The electric structure of α-CsPbI3 (space group Pm3̅m) was
constructed according to the experimental data.36 The
CsPbBrI2 structure was built by replacing the I atom with
the Br atom and underwent sufficient structural relaxation to
obtain α-CsPbBrI2; the crystal structures are shown in Figures
1a and 1b. The basic information on these two perovskites was
calculated in the ground state. The optimized lattice constants
of CsPbI3 were a = b = c = 6.29 Å and of CsPbBrI2 were a =
5.96 Å and b = c = 6.40 Å with spin−orbital coupling (SOC),
which were consistent with previously reported values.36,37 The
electron localization function (ELF) method was employed to
analyze interatomic bonding.38,39 The discrepancy of Pb−I (X
= I, Br) interactions between CsPbI3 and CsPbBrI2 was further
analyzed and is shown in Figures 1c and 1d. The ELF of the
(100) lattice plane found that both systems showed typical
ionic bonding between Pb−I. The minimum value of the ELF
free electron region between Pb−I atoms was 0.29 in CsPbBrI2
compared with 0.35 in the CsPbI3 system, indicating strong
electron localization around the Br-containing compound. To
clarify the critical role of Br in the regulation of the valence
band (VB) and conduction band (CB), DFT was used to
calculate the density of states (DOS) of CsPbI3 and CsPbBrI2
in Figures 1e and 1f. The I 5p orbital mainly contributed to the

Figure 2. (a) The bulk structure of CsPbI3 and CsPbBrI2 used for the binding energy calculation. The red circles in the figure illustrate the vacancy
of I. The blue dashed line shows the adjacent cell where the vacancy existed. The red dotted line shows the major mismatched Pb−I framework.
(b) Schematic representation of the two surface models (Pb−X (X = I, Br)-rich and Cs−I-rich) in CsPbI3 and CsPbBrI2. (c) The bulk and surface
binding energy of CsPbI3 and CsPbBrI2. (d) The displacement threshold energy of CsPbI3 and CsPbBrI2.
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valence-band maximum (VBM), whereas the main contribu-
tion of the conduction-band minimum (CBM) was the Pb 6p
orbital. Figure 1f shows that the contribution of Br to VBM
was lower than the I atom. The partial density of states
(PDOS) results showed that the VBM was composed of Pb
6s−I 5p antibonding states, which was consistent with the
results of previous research.37 The electron transfer was further
quantitatively analyzed, and the results are shown in Figure 1g.
Following the addition of Br to the lattice, an increase in the
number of lost electrons was observed in the Cs and Pb atoms.
The transfer process occurred between Pb−I and Pb−Br, with
a significantly higher electron transition for Br. This
phenomenon can be attributed to the higher electronegativity
of the atoms, which facilitates more significant electron gain
during ionic bonding interactions. Ionic force enhancement
inhibits irradiation-induced dissociation, explaining why
CsPbBrI2 is more stable than CsPbI3 at room temperature.40

The results suggested that electronegativity calculation on the
atomic scale derived from Bader analysis can serve as an
effective criterion for screening AIP components to optimize
phase stability.
The accuracy of the full destruction simulation depends on

the DFT-derived parameters characterizing atomic bonding
disruption. Accordingly, both bulk and surface binding
energies along with displacement threshold energy values
were further calculated by DFT. A notable discrepancy exists in
the binding energy of atoms within the material’s bulk and
surface regions. The binding energy of bulk atoms was
calculated by utilizing the periodic lattice like Figure 2a, which
exhibits the atomic structure model of CsPbI3 and CsPbBrI2
containing one I vacancy. However, the calculation of the
binding energy on the surface requires a distinction between
different atomic environments. Previous studies have shown
that the Pb−X (X = I, Br) octahedral structure is more
energetically stable, especially (001), which is the most stable
lattice plane.37,41 Two types of surfaces were constructed as

Cs−I-rich and Pb−X-rich for calculation based on (001), as
shown in Figure 2b. The formula of calculations can be
expressed as eq S1 with perfect lattice and surface models. The
atomic binding energy in the surface used the average values of
Cs−I-rich and Pb−X-rich surfaces for meeting the MC
simulation.
Figure 2c summarizes the results, showing that the I atom is

more likely to break the bond in both bulk and surface systems.
The binding energy values of the bulk system are higher than
the surface, indicating that the bonding break of the internal
position is more challenging than that in the surface. Notably,
the energy (2.62 eV) of the I atom in the CsPbBrI2 system
exceeds that in CsPbI3 (1.85 eV) in the bulk system, and the
Br atom in the CsPbBrI2 was among the second lowest
compared with the Cs, I, and Pb, which is consistent with our
Bader analysis confirming Br enhances the ionic interaction in
the octahedron. However, the binding energy of I (1.19 eV) is
slightly higher than that of Br (1.18 eV) on the surface, and Cs
and Pb atoms were significantly higher than I and Br in both
CsPbI3 and CsPbBrI2. While the binding energy of CsPbBrI2 at
the surface remains slightly higher than that of CsPbI3, this
discrepancy value is reduced. The results establish a clear
dissociation hierarchy: irradiation-induced damage preferen-
tially initiates at the Pb−I pair, followed by the Pb−Br pair.
CsPbI3 and CsPbBrI2 exhibit slightly higher binding energy at
surface sites of Pb−X than Cs−X. The results suggest that the
Pb−X octahedron of CsPbBrI2 requires greater dissociation
energy, with Pb−X demonstrating enhanced stability over the
Cs−X-rich surface, which agrees with the previous reports.41,42

Furthermore, the minimum initial velocity of atomic displace-
ment is employed by the NVT combined with NVE to
calculate the displacement threshold energy. As demonstrated
in Figure 2d, halogen atoms show the lowest displacement
threshold energies with I being more susceptible to displace-
ment than Br. The displacement threshold energy of Pb in
CsPbI3 (21.9 eV) is significantly higher than that of CsPbBrI2

Figure 3. Damage depth under irradiation with (a)10 keV, (b) 50 keV, (c) 100 keV, and (d) 1 MeV of CsPbI3; (e)10 keV, (f) 50 keV, (g) 100 keV,
and (h) 1 MeV energy incident particles; the number of vacancies of CsPbI3 and CsPbBrI2 at (i)10 keV, (j) 50 keV, (k) 100 keV, and (l) 1 MeV.
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(19.55 eV). These findings contradict the conclusions drawn
from binding energy trends, which suggest that the dominant
mechanisms underlying dissociation and displacement are
entirely different. While it is evident that the energy expended
in bond breaking during atomic displacement constitutes a
significant component of the overall process, it is crucial to
acknowledge the potential of resistance to atomic movement.
This resistance might be attributed to the larger ionic radius of
the I atom, which induces greater lattice strain during
displacement in the CsPbI3 system. Similarly, the Cs atoms
exhibit high displacement thresholds due to the interaction
with the octahedron by van der Waals coupling of its Wyckoff
position (1b in space group Pm3̅m) and atomic radius, which
places the displacement in terms of high energy landscape
dynamics.

MC was employed to describe the difference in displace-
ment damage between CsPbI3 and CsPbBrI2. SRIM code was
set for particle incident energies of 10 keV, 50 keV, 100 keV,
and 1 MeV, respectively. The final damage results are shown in
Figure 3. The maximum irradiation damage occurred at 50
keV, which means the entire energy is deposited inside the
device (Figure 3b,f). Upon reaching an energy of 1 MeV, the
incident particle directly penetrates the device, as shown in
Figures 3d and 3h. The most significant damage happened
between 50 and 100 keV. Statistical analysis revealed
comparable displacement counts between the Pb−X pair,
indicating similar radiation resistance under 10 keV (Figure
3i), even when the incident energy reaches 100 keV and 1
MeV. The discrepancy between CsPbI3 and CsPbBrI2 in terms
of displacement damage is not particularly pronounced. A
disparity of displacement damage was shown at 50 keV (Figure

Figure 4. Structure of Frenkel defects is presented in CsPbI3 and CsPbBrI2; (a) and (c) are the Frenkel structures including the interstitial atom at
the 8g and 3c Wyckoff positions in CsPbI3; (b) and (d) are the relaxation structure of (a) and (c) in CsPbI3; (e) and (g) are the Frenkel structures
including the interstitial atom at the 8g and 3c Wyckoff positions in CsPbBrI2; (f) and (h) are the relaxation structure of (e) and (g) in CsPbBrI2.
The red atom represents the interstitial atom of Frenkel defects, which layer was located by the marked Cs atoms.

Figure 5. Lattice distortion caused by Frenkel defects after 6 ps of complete relaxation of AIMD: CsPbI3 system at (a) 0 K, (b) 300 K, and (c) 600
K and CsPbBrI2 system at (d) 0 K, (e) 300 K, and (f) 600 K.
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3j) in depth between 2700 and 3800 Å, with CsPbBrI2
exhibiting a higher displacement of atoms than CsPbI3. The
evidence indicates that displacement damage is the predom-
inant form in perovskites within the energy range of 50 keV to
1 MeV, thereby confirming that the initial damage is located at
the displacement of the halogen atoms. Similar results have
reported that displacement damage to I atoms dominated
MAPbI3, whereas the damage for Pb was not significant under
low-energy electron irradiation.23,43 In summary, our findings
indicated that CsPbBrI2 had relatively significant displacement
damage compared to CsPbI3 under high-energy irradiation.
Although CsPbBrI2 exhibits more robust ionic bonding
properties during electron transfer, once the interatomic
irradiation dissociation process is completed, the atoms of
CsPbBrI2 might produce more atomic displacement relative to
CsPbI3 under sustained specific energy irradiation.
To elucidate the atomic-scale mechanisms of displacement

damage in CsPbI3 and CsPbBrI2, a Frenkel defect of the I atom
was inserted into the matrix for simulating the one event of
displacement damage. Two types of neighboring interstitial
positions (3c (between Cs−Cs) and 8g (Cs−Pb) of the
Wyckoff position) were initially calculated, as was shown in
Figure S4. The interstitial energies of the I atom at 3c and 8g in
the crystalline structure of CsPbI3 were 0.76 and 0.48 eV, while
the energies were 0.38 and 0.03 eV for CsPbBrI2, respectively,
which means the defect tolerance of CsPbBrI2 has an energetic
advantage for interstitial atom relaxation. The generation of
vacancies is initiated with I atoms of the nearest neighboring
lattice, with the subsequent filling of the interstitial position
occurring at positions 3c and 8g, like in Figure 4a,c,e,g. It is
noteworthy that the interstitial position following relaxation
atoms exhibits a degree of similarity, situated close to 24l
(Figure S5) in the Wyckoff position, which can be seen in
Figure 4b,d,f,h. The Frenkel defect formation energies of
CsPbI3 were 0.853 and 1.195 eV in the 8g and 3c positions,
respectively, which is close to the reported value.44 The

Frenkel defects formation energies of CsPbBrI2 were found to
be 1.28 and 1.301 eV in the 8g and 3c positions, respectively,
which was higher than the formation energies observed in
CsPbI3. The results can be inferred that the 24l position has
the potential to accommodate I atoms, which are more readily
implicated in the formation of Frenkel defects.
The lattice distortion of CsPbI3 and CsPbBrI2 was studied to

understand the structural damage of Frenkel defects by the
AIMD under 0 K, 300 K, and 600 K, as shown in Figure 5. The
value of 0 K represents the absence of any thermodynamic
factors during structural evolution. The distribution pattern of
the atoms in the Pb-−X nearest neighbors (NN) was
characterized by the radial distribution function (RDF).
From Figures 5a and 5d, the lattice distortion of CsPbBrI2
was found to be more significant than CsPbI3, which was
exacerbated at 300 K (Figure 5b,e) than at 0 K for both CsPbI3
and CsPbBrI2. Subsequently, the lattice distortion becomes
larger in CsPbI3 and CsPbBrI2 with thermal relaxation at 600
K, as shown in Figures 5c and 5f. The relaxation structure after
thermal analysis is shown in the inset image. The RDF results
showed that the main atomic pair generating the displacement
is 1NN (2.8−3.2 Å). The integration of the RDF concludes
that an enlarged integration area and a heightened half-width
imply a greater incidence of lattice distortions. The statistical
results are presented in Table S1, demonstrating a significant
increase in lattice distortion after thermal relaxation at
temperatures of 300 K and 600 K in 6 ps. The bond length
in Figure S6 shows that the maximum displacement distances
of Pb−I and Pb−Br pairs are beyond 20%, consistent with the
typical characteristics of irradiation amorphization in irradi-
ation damage.45,46 However, the lattice distortion produced at
300 K and 600 K compared to that at 0 K, the rate of change of
CsPbBrI2 is less than that of CsPbI3. The reason can be
attributed to the substitution of Br along the a-axis direction,
which caused the mismatch in the lattice constant. The
squared mean square displacement (MSD) at 600 K of CsPbI3

Figure 6. Calculated absorption coefficient of (a) CsPbI3 and (b) CsPbBrI2 with different temperatures, (c) absorption coefficient of thermal
relaxation systems and perfect crystal systems, and (d) reflectivity of different temperature systems and perfect crystal systems.
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and CsPbBrI2 was further obtained from AIMD (Figure S7).
The results showed that the displacement of I and Br atoms
generated by the CsPbBrI2 system was more than that of I
atoms in CsPbI3, which meant that more atoms in CsPbBrI2
exceeded the vibration modulus to diffusion. And the bonding
length change between Pb−I and Pb−Br is beyond 20%, which
exhibited an amorphization characterization.45,46 Moreover,
the results showed that the average ionic mobility of I and Br
in CsPbBrI2 was 0.142 × 10−3 cm2/s/V, which was higher than
0.114 × 10−3 cm2/s/V of I in CsPbI3. The average diffusion
coefficient was 0.734 × 10−5 cm2/s in CsPbBrI2, which was
higher than 0.590 × 10−5 cm2/s in CsPbI3. According to the

Arrhenius equation, ( )D D exp E
T0

a= . The results reflected a

more favorable energy landscape Ea in terms of the
thermodynamic diffusion of Br, which caused more significant
lattice distortion with ion migration. This might be attributed
to Br ions having a smaller ionic radius relative to I. In other
words, the formation of structure created by I displacement
facilitated the migration of Br. Therefore, the increased lattice
distortion by the movement of Br in the lattice positively
affects its stability and optical properties. Overall, the lattice
distortion in both CsPbI3 and CsPbBrI2 systems increased as
the temperature increased, which meant that Frenkel defects
suffered thermal influence and caused significant irradiation
amorphization.
The lattice distortion will further influence the dielectric

function (DF) form. Therefore, the absorption coefficients and
reflectivity of CsPbI3 and CsPbBrI2 were calculated based on
the structure obtained from AIMD. Figure 6a shows the
absorption coefficients for CsPbI3 in the visible light region
(1.55−3.1 eV). The absorption coefficients at 300 and 600 K
are higher than 0 K, indicating that their optical absorption
properties were better after thermal relaxation (1.55−2.82 eV).
The transition point of light absorption existed at 2.82 eV, at
which the absorption coefficient decreased rapidly post thermal
relaxation at 600 K. Unrelaxation systems of CsPbI3 had a
higher absorption peak in the ultraviolet (UV) region,
indicating a higher absorption in UV than the thermal
relaxation systems. The previous report suggests that UV
solid absorption might hurt the stability of perovskites.6

Furthermore, a similar phenomenon occurred in CsPbBrI2,
which has higher values of absorption coefficients at 300 and
600 K than at 0 K in the visible light region (1.55−3.1 eV), as
shown in Figure 6b. The absorption coefficient at 600 K is very
close compared to 300 K with a slight decrease after 2.86 eV in
CsPbBrI2. Therefore, we inferred that thermal treatment
similar to an annealing process effectively restored the optical
absorption properties in the visible light region after the
formation of Frenkel defects.
Based on the above-mentioned results, a comparison of the

thermal relaxation systems with a perfect crystal of CsPbI3 and
CsPbBrI2 is shown in Figure 6c. CsPbI3 with perfect crystalline
structure had better optical properties than perfect crystalline
CsPbBrI2, which agrees with previous studies.37 CsPbI3
exhibited slightly higher absorption coefficients at 600 K
thermal relaxation compared with those at 300 K thermal
relaxation in the visible light region. At the same time, CsPbI3
postthermal relaxation was higher than that of the perfect
crystal after the photon energy reached 2.82 eV. Although the
thermal treatment had a favorable effect on the maintenance of
light absorption, the UV absorption of the irradiated system
increased compared with that of a perfect crystal. The thermal

relaxation of CsPbBrI2 under 600 K reduced the absorption in
the UV region but maintained its visible light absorption.
Therefore, thermal relaxation after forming Frenkel defects in
CsPbBrI2 is a very effective method to maintain the optical
properties after radiation exposure. The Pb−I and Pb−Br
octahedra in Figure 5 show the degree of lattice distortion.
However, the optical properties are not significantly impacted
by this distortion. Consequently, the defect in question does
not cause nonradiative loss. On the other hand, the Pb−Br
system exhibits a somewhat increased light absorption
coefficient, indicating that the energy level of the Br-induced
defects offsets the negative impact of octahedral distortion.
One possible explanation is that the synergetic effect of
“irradiation-annealing” is the partial compensation by the
displacement atoms produced in the inorganic Pb−I
octahedral framework.24,47−49 The phenomenon is more
significant in CsPbBrI2, which might benefit from the
migration of Br under a thermal influence. Figure 6d shows
the reflectivity variation of thermal relaxation and perfect
crystal. The thermal treatment of CsPbI3 can reduce the
reflectivity value, especially for a 600 K thermal relaxation.
Even the reflectivity increased in reverse, which is why the
volume of CsPbBrI2 was smaller than CsPbI3, making it
challenging to reduce its reflectivity. In a word, this study
found that the materials produced a significant lattice
distortion at 600 K but did not cause a substantial degradation
of light absorption.

■ CONCLUSION
Our research exhibited an assessment method to describe
perovskite irradiation damage by combining DFT and MC.
From the DOS, ELF, and Bader analyses, CsPbBrI2 exhibits
more robust ionic bonding properties due to its stronger
electronegativity, contributing to enhanced stability and
resistance to irradiation dissociation. However, once the
displacement threshold is surpassed, the dynamic self-healing
behavior enables more efficient defect compensation through
thermally activated migration to maintain the optical proper-
ties, which becomes the dominant mechanism during the
displacement damage stage. The results indicate that both
CsPbI3 and CsPbBrI2 have a specific optical recovery ability
when subjected to dissociation damage and even displacement
damage; especially CsPbBrI2 exhibits better recovery by
moving with a more favorable landscape. Overall, the stronger
ionic bonding of the octahedron in perovskites increases the
energy barrier for bonding dissociation. A potential positive
effect of “irradiation annealing” indicated that the system of
CsPb−Br3−x−Ix has great stable optical performance as a
radiation device. Our study provides a reference for the
irradiation damage evaluation method for perovskite and
complex element systems, potentially expanding the commer-
cial viability of perovskite technologies in aerospace.
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