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Here the optoelectronic, defect, and mechanical properties of strain-induced a-FAPbIs are investigated.
The strain range of —5% to 5% induces bandgap variation from 0.98 eV to 1.91 eV, and the strain along
the [111] crystal orientation maintains a direct bandgap, while the strain along the [100] and [110]
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orientations may transform the direct bandgap into an indirect bandgap. Compressive strain shifts the
iodine vacancy energy from the deep level to a shallow one, which stabilizes the photoactive material by
elevating the a-FAPbIs phase. The [111] orientation under —2% strain achieves a photoelectric conversion
efficiency (PCE) of 31.9%, providing an optimized strategy for designing efficient and stable perovskite
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1. Introduction

In recent years, organic-inorganic hybrid perovskites (OIHPs)
have emerged as promising materials for photovoltaics due to
their high power conversion efficiency (PCE),"” broad spectral
absorption,*® long carrier diffusion lengths,” and versatile
chemical tunability.®® Singlejunction OIHP solar cells now
achieve PCEs exceeding 26%, while the PCEs of tandem architec-
tures theoretically reach 33%."*'" However, their practical appli-
cations face challenges from structural degradation under light,
humidity, and mechanical stress. For instance, the photoactive
cubic phase of formamidinium lead iodide (NH,CHNH,PbI;,
o-FAPDI;) readily transforms into a non-photoactive hexagonal
phase (3-FAPbI;) at room temperature, leading to performance
decay.'®"® Residual lattice strain during fabrication, identified as
a key instability factor,' arises from interfacial lattice and thermal
expansion mismatch between perovskite films and substrates,
resulting in coupled in-plane compressive and out-of-plane tensile
strains.”® > To address this, strategies such as low-temperature
annealing, flexible substrate matching, and solvent engineering
have been proposed. For instance, Yang et al.** demonstrated that
high-boiling solvents (e.g., DMF, DMSO) induce tensile strain via
lattice contraction, whereas low-boiling solvents (e.g., isopropyl
acetate) decelerate crystallization kinetics to mitigate strain
accumulation.
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Notably, strain exerts dual effects on perovskites. On one
hand, residual strain can exacerbate lattice degradation under
UV irradiation and shows close correlation with photoinduced
phase segregation.”*>” On the other hand, strain engineering
enables proactive regulation of material properties. For exam-
ple, Li et al.>® found that cyclic lattice expansion and contrac-
tion under light and temperature fluctuations generate deep-
level defects, which are stabilized by phenylselenyl chloride
(Ph-Se-Cl) surface modification, extending device lifetimes
tenfold. Similarly, Zheng et al.>* utilized Rb* doping combined
with Cl™ to achieve uniform cation distribution and suppress
phase separation through strain regulation. Additionally, the
soft lattice nature of perovskites allows strain to modulate
bandgap and carrier transport."**® For example, Yin et al.*°
applied 2.7 GPa pressure to (110)-oriented 2D perovskites,
increasing octahedral distortion and boosting exciton mobility
to 93.6 cm V' s~'. Wang and colleagues®' reduced the band-
gap of lead-free MA;Sb,I, from 2.43 eV to 1.64 eV under high
pressure, observing a shift from ionic-electronic hybrid con-
duction to purely electronic conduction. Subbiah et al.** further
demonstrated that solvent engineering reduces lattice strain
(0.81%) and surface defect density (2.29 x 10° cm™?) in
FAo.82MA, 11Csg.9; perovskites, achieving high hole mobility
(77.58 ecm® V' s71). These findings highlight the profound
impact of strain on perovskite properties. Despite these
advances, systematic studies on strain effects in FAPbI; remain
limited. Previous theoretical work, such as DFT calculations by
Mahajabin et al** and non-adiabatic molecular dynamics
(NAMD) simulations by Ma et al,** primarily links strain to
bandgap modulation and non-radiative recombination but
overlooks interactions between defects (e.g., iodine interstitials)
and mechanical properties. This study employs first-principles
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DFT calculations to comprehensively investigate axial strain
(—5% to 5%) effects on the optoelectronic properties, defect
behavior, and mechanical performance of a-FAPbI;. The results
provide a theoretical foundation for mechano-optoelectronic
co-design of FAPbI;-based photovoltaics, advancing strain engi-
neering for high-efficiency and stable perovskite solar cells.

2. Calculation methods

All calculations were performed using the Vienna ab initio
Simulation Package (VASP)***° with projector augmented wave
(PAW) pseudopotentials.’” The exchange-correlation functional
was approximated by generalized gradient approximation (GGA)
parameterized by Perdew-Burke-Ernzerhof (PBE).*® A plane-
wave energy cutoff of 600 eV and a I'-centered 5 x 5 X 5
k-point grid were utilized. Structural relaxations were conducted
until forces on atoms fell below 0.03 eV A™' and the energy
convergence reached 1 x 10° eV. To account for van der Waals
interactions, the rev-vdW-DF2 functional proposed by Hamada®®
was employed, ensuring full optimization of atomic positions
and lattice parameters. For accurate electronic structure analy-
sis, ground-state geometries obtained from DFT were further
refined using the GW method to compute quasiparticle energies
and bandgaps.*®™** For systems containing heavy elements, it is
essential to consider the spin-orbit coupling (SOC) effect. Opti-
cal properties were evaluated by solving the Bethe-Salpeter
equation (BSE)**** based on GW results. Data extraction and
post-processing were performed using VASPKIT.**

3. Crystal structure

The initial structure of FAPbI; was constructed using experi-
mentally reported perovskite geometries.’®*” As shown in
Fig. 1, a-FAPDI; has a Pm3m space group with lattice parameters
a=b=c=6.36 A. 5-FAPbI; has a P6;/m space group with lattice
parameters a = b = 8.507 A, ¢ = 7.591 A. Full structural relaxation
was performed to optimize atomic positions and lattice con-
stants. Previous studies indicate that perovskite single crystals
exhibit exceptional deformability under mechanical strain (up
to 30% compression), maintaining structural integrity due to
multiple slip systems, low slip energy barriers, and strong Pb-X
bonding.*® This high strain tolerance®**®*® motivated the
investigation of strain effects in this work. Strains ranging from
—5% (compression) to 5% (tension) were applied to the
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Fig. 1 Structures of FAPbIs for different phases.
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optimized FAPDbI; structure. To ensure structural reasonable-
ness, atomic positions were fully relaxed with fixed lattice
parameters. Average bond lengths, bond angles, and energies
for the optimized structure are presented in Table S1 (ESIT).
Bond length and bond angle variation trends are shown in
Fig. S1 (ESIt). Compressive strain was found to enhance
octahedral distortion, altering the Pb-I-Pb bond angles and
reducing symmetry. These structural modifications directly
correlate with changes in electronic and optical properties, as
discussed in subsequent sections.

4. Results and discussion
4.1. Electronic properties

Bandgaps were calculated using multiple theoretical approaches.
While the bandgaps calculated using the Perdew-Burke-Ernzer-
hof (PBE) functional are close to experimental values, this
agreement is considered fortuitous.”® When SOC is included,
the bandgap of o-FAPbI; becomes significantly underestimated
compared to experiments.>">> To improve accuracy, GW calcula-
tions incorporating SOC effects (GoW,) were employed, and the
selected bandgap was determined to be 1.54 eV. The bandgaps
obtained by different methods are presented in Table S2 (ESIf).

Previous studies show that a-FAPbI; thin films mainly adopt
the (100) crystal plane orientation, which exhibits higher carrier
mobility in this orientation.>® However, (100) and (111) orienta-
tions are likely to coexist, with the (111) orientation demon-
strating improved stability.>>*> To study how strain affects
different orientations, we applied —1% and 1% strains along
the [100], [110], and [111] crystal orientations perpendicular to
the (100), (110), and (111) planes, respectively (see Fig. S2,
ESIt). Band structures and transition dipole moments were
calculated, with results shown in Fig. 2. Under compressive
strain, the bandgap progressively narrows, while tensile strain
induces a widening trend, consistent with prior studies.**>®
Bandgap changes primarily originate from shifts in the con-
duction band minimum (CBM), driven by enhanced orbital
hybridization due to Pb-I bond contraction.*"*”*® The band-
gap exhibits minimal variation under strain along the [110]
orientation, whereas the largest modulation occurs in the [111]
orientation. When strain is applied along the [100] crystal
orientation, tensile strain changes the band structure from
direct to indirect bandgap. For strain application along the
[110] orientation, both tensile and compressive strains induce
indirect bandgap transitions. Only the [111] orientation main-
tains direct bandgap characteristics under strain. We further
applied larger strains (up to 5% tensile/compressive) along the
[111] orientation and calculated the band structure (Fig. S3,
ESIT), confirming that the direct bandgap persists even under
larger strain. Direct bandgaps enable electron transitions with-
out phonon assistance, which enhances the performance of
FAPDbI; photovoltaic materials. The calculation of transition
dipole moments reveals that, under compressive strain, the
transition dipole moment exhibits an increasing trend, indicat-
ing an enhanced probability of electron transitions.’*®°

This journal is © the Owner Societies 2025
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Fig. 2 (a)-(c) Band structures and transition dipole moments under 1% compressive strain applied along the [100], [110], and [111] crystal orientations;

(d)=(f) the corresponding results under 1% tensile strain.

In summary, when strain is applied along the [111] crystal
orientation, FAPbI; exhibits greater changes in band structure
while maintaining a direct bandgap feature, which is highly
favorable for band structure modulation. Consequently, we
systematically investigated the strain-induced modifications
in carrier dynamics and optical characteristics of the [111]
crystal orientation.

This journal is © the Owner Societies 2025

4.2. Changes in properties under strain

4.2.1. Carrier behavior and optical properties. Fig. 3 shows
the electron effective mass m, hole effective mass m;, and
exciton binding energy E., under different strains, and the
specific values are presented in Table 1 (calculation details in
the ESIL, S1.1) and polarizability values are shown in Table S3
(ESIT). As shown in Fig. 3, both m} and mj decrease under
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Fig. 3 (a) Carrier effective mass under different strains; (b) exciton binding energy.

Table 1 Computed carrier effective mass and exciton binding energy of
FAPbI3

Strain (%) ns(my) m; (mg) ni(mo) E.p (meV)
-5 0.128 0.085 0.051 11.01
—4 0.132 0.100 0.056 13.81
-3 0.136 0.115 0.062 16.81
-2 0.139 0.130 0.067 19.91
-1 0.143 0.147 0.072 23.36
0 0.147 0.164 0.077 26.92
1 0.151 0.183 0.082 30.75
2 0.155 0.203 0.087 34.75
3 0.159 0.225 0.093 38.9
4 0.164 0.249 0.098 43.46
5 0.168 0.276 0.104 54.59

compressive strain but increase under tensile strain, governed
by curvature changes in the valence band maximum (VBM) and
CBM. Notably, m; exhibits greater strain sensitivity due to
stronger orbital hybridization and localization in the valence
band (primarily Pb 6s and I 5p orbitals).®"**

Reduced effective mass under compression enhances
carrier mobility, whereas tensile strain degrades transport
properties,®"®*°® which aligns well with findings reported in
studies where compressive strain induces lattice contraction
and significantly enhances hole mobility, facilitating charge
transport.'® The calculated E, values (11.01-54.59 meV) align
with experimental reports for FAPbI; and MAPbI;.®”7® Strain-
induced lattice distortions modulate E., through changes in
dielectric constants and carrier effective mass. Elevated E.p
under tension impedes exciton dissociation, increasing recom-
bination losses,'*”*”> which is detrimental to photovoltaic
performance.”®’” However, enhanced E., may also enable
narrower optical bandgaps and broader spectral response via
excitonic absorption, potentially improving photocurrent
generation.”®

Optical properties were analyzed using dielectric functions
(0-3 eV range, Fig. S4, ESIT). The absorption coefficient was
calculated as shown in Fig. 4(a). Absorption edges blue-shift
with tensile strain magnitude, indicating bandgap widening.
Although the joint density of states (JDOS) shown in Fig. 4(c) is

16786 | Phys. Chem. Chem. Phys., 2025, 27,16783-16793

reduced under compressive strain, the enhanced transition
dipole moment increases the electron transition probability,
ultimately still strengthening optical absorption.”® Fig. 4(b)
shows that the energy loss trends suggest trade-offs between
light absorption enhancement and electron-phonon energy
dissipation.”**°

The Shockley-Queisser (S-Q) method predicts photoelectric
conversion efficiency (PCE) based solely on material bandgap
while ignoring light absorption effects, prompting our use of
the spectroscopic limited maximum efficiency (SLME)
approach to address this limitation,*"** which incorporates
absorption spectra, to predict more realistic PCE values as a
function of material thickness. The predicted PCE is presented
in Fig. 4(d). Since perovskite films in experimental studies are
typically fabricated with a thickness of approximately 0.5 um,*?
the PCE values corresponding to this thickness are listed in
Table 2.

Under tensile strain, the PCE of FAPbI; is consistently lower
than that of the unstrained system. Compressive strain initially
enhances the PCE, but when compressive strain exceeds 2%,
the PCE gradually decreases. At 5% compressive strain, the PCE
becomes even lower than that in the unstrained case. This
occurs because the Shockley-Queisser (S-Q) limit corresponds
to an optimal bandgap of 1.34 eV, and excessive compressive
strain further reduces the bandgap (as shown in Fig. S3, ESIt),
deviating from this optimal value. In practical terms, when the
bandgap becomes too small, the energy of incident photons is
dissipated as heat. Combining these results with exciton bind-
ing energy calculations, the optimal compressive strain range
for FAPDI; is determined to be —2% to —3%, which maximizes
photovoltaic performance while avoiding efficiency losses.

4.2.2. Defect properties. FAPbI; thin films in photovoltaic
devices exhibit high defect densities ranging from 9.6 x 10" to
1.37 x 10" ecm 3 ® significantly exceeding those of conven-
tional semiconductors (10° to 10"> cm>.%>"%8%). While FAPbI,
shows inherent defect tolerance,®® suppressing defects
remains critical for improving performance. Previous studies
suggest that most defects in OIHPs form shallow traps with
minimal impact on carrier transport.”*°> However, interstitial

This journal is © the Owner Societies 2025
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Table 2 PCE of a 0.5 pm thick FAPbIs thin film predicted by SLME under
different strains

Strain (%) PCE (%)
-5 29.08
—4 31.16
-3 31.26
-2 31.90
-1 31.22
0 30.30
1 29.17
2 28.21
3 27.28
4 26.30
5 24.04

defects, particularly iodine interstitials, introduce deep-level
traps within the bandgap,
mobility.”

Fig. 5 shows the vacancy defect formation energy (DFE)
under different strains (computational details in the ESLT S1.4).
Under compressive strain, the vacancy formation energies for
iodine and lead increase, while tensile strain reduces them,
suggesting compressive strain may decrease vacancy defect den-
sity. No trap levels occur within the bandgap under applied
strains, indicating vacancy defect levels have minimal influence
on carrier transition.

severely degrading carrier

This journal is © the Owner Societies 2025
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Fig. 6 illustrates the DFE and trap levels of iodine and lead
interstitials under different strains. Under compressive strain,
the DFE for both interstitials increases, indicating suppressed
defect formation. For iodine interstitials in Fig. 6(a), deep-level
traps in the unstrained case shift toward shallow levels near the
VBM under compression, reducing carrier trapping and
enabling ionization for optimized transport.”**® In Fig. 6(b),
the thermodynamically stable (2+/0) trap level for lead inter-
stitials under zero strain lies near the CBM. However, tensile
strain induces a shift of the trap level toward the midgap
region, which may lead to the formation of deep level traps.
This enhances the carrier capture capability of the trap level
and should be actively avoided.

In addition to defect formation energy (DFE) and trap levels,
defect migration is critically important.®” Higher migration
rates may lead to perovskite phase separation or structural
degradation.>*°® Previous studies have demonstrated that
iodine-related defects exhibit higher mobility compared to
lead-related defects,”®'*° suggesting that iodine-related defects
likely dominate migration processes.'®* "% To investigate inter-
stitial defect migration under strain, supercells under compres-
sive strain, tensile strain, and no strain were selected.
Molecular dynamics simulations were conducted using the
NVT ensemble (canonical ensemble) with a Langevin thermo-
stat at 300 K,'°*'% employing a time step of 1 fs for a total
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Fig. 5 (a) lodine vacancy DFE and (b) lead vacancy DFE versus the Fermi

duration of 10 ps. To ensure accurate root-mean-square dis-
placement (RMSD) calculations, RMSD values after an initial
5 ps equilibration period are shown in Fig. 7. The results clearly
indicate that iodine interstitials exhibit significantly larger
RMSD values compared to lead interstitials. Therefore, the
focus was placed on iodine interstitials, and diffusion coefti-
cients as well as ionic mobilities were calculated from the
RMSD data (computational details in the ESI,f S1.5). These
values are summarized in Table 3. Under compressive strain,
both the diffusion coefficient and ionic mobility of iodine
interstitials show a pronounced decrease, confirming that
compressive strain effectively suppresses iodine interstitial
migration.

Additional studies indicate that the presence of iodine
interstitial defects facilitates the phase transition from the
photoactive a-FAPbI; to the non-photoactive §-FAPbI;;'* com-
pared to the defect-free case, the energy barrier for phase
transition with iodine interstitials is nearly halved, decreasing
from 689 meV to 354 meV. % This occurs because the phase
transition pathway involving iodine interstitials promotes
atomic displacements, enabling rapid transformation from
corner-sharing to face-sharing structures, accompanied by
lower energy barriers and faster transition rates. In this study,
we simulated the phase transition of o-FAPbI; and §-FAPDbI;
with iodine interstitials under different strains, ensuring a one-
to-one correspondence between initial and final atomic states.
The phase transition barrier under zero strain as shown in
Fig. 8 is 379 meV, consistent with previous studies.'®® As
compressive strain increases, the energy barrier between the
cubic and hexagonal phases gradually rises, reaching 668 meV
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at —3% strain. In contrast, tensile strain reduces the phase
transition barrier. Previous experiments have demonstrated
that compressive strain can suppress the phase transition from
a-FAPbI; to 8-FAPbI;, maintaining the stability of FAPbI; at
room temperature for over one year.'® The calculations show
that compressive strain plays a significant role in stabilizing the
FAPDI; photoactive phase.

Compressive strain decreases interstitial defect density and
converts deep-level traps into shallow-level ones in FAPbI; with
interstitial defects, enhancing carrier transport. Simulta-
neously, diminished defect mobility and elevated phase transi-
tion barriers improve photoactive phase stability, ensuring
long-term structural and functional stability.

4.2.3. Mechanical properties. The mechanical properties of
FAPbI; are strongly correlated with defect behavior.'”” Mechan-
ical parameters under different strains are shown in Fig. 9; as
presented in Table 4, compressive strain significantly enhances
lattice rigidity. The bulk modulus increases from 13.9 GPa
(unstrained) to 28.45 GPa under —5% strain (105% increase),
and the shear modulus increases from 4.29 GPa to 7.69 GPa
(79% increase). These changes result from shortened Pb-I bond
lengths (Table S1, ESIT) and increased octahedral distortion,
which improve resistance to shear strain. Young’s modulus
increases from 11.68 GPa (unstrained) to 21.28 GPa (—5%
strain), indicating reduced elastic deformability under com-
pression. Studies suggest that a higher Young’s modulus ele-
vates ion migration barriers, suppressing ion motion at grain
boundaries and reducing trap-state density."%%'°

Notably, the strain dependence of mechanical properties is
nonlinear. Beyond —3% compressive strain, the rates of

This journal is © the Owner Societies 2025
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increase in bulk and shear moduli are slow, suggesting proxi-
mity to the elastic limit.*® Under 5% tensile strain, Young’s
modulus plummets to 3.6 GPa (83% reduction), reflecting
severe lattice softening due to elongated Pb-I bonds. This
softening correlates with enhanced iodine interstitial mobility
(Table 3) and reduced phase transition barriers (Fig. 8).

Poisson’s ratio is slightly higher under compression (0.36 to
0.38), indicating dominant transverse expansion that may
relieve lattice strain. Lower Poisson’s ratio under tension
(0.34 to 0.36) suggests axial elongation-driven deformation,
exacerbating lattice anisotropy.'**'"*

In summary, compressive strain enhances lattice rigidity
(high bulk/shear moduli) and suppresses deformation (high
Young’s modulus), synergistically reducing defect migration

This journal is © the Owner Societies 2025

and phase instability. Conversely, tensile strain softens the
lattice, accelerating defect dynamics. These findings establish
a mechano-defect coupling mechanism, providing a theoretical
basis for designing stable FAPbI;-based photovoltaics.

5. Conclusion

Through first-principles calculations, this study systematically
investigates strain effects on the optoelectronic properties,
defect behavior, and mechanical performance of o-FAPDI;.
The [111] orientation maintains direct bandgap characteristics
under strain, while [100] and [110] orientations exhibit indirect
bandgap transitions under tensile strain. Moderate

Phys. Chem. Chem. Phys., 2025, 27,16783-16793 | 16789
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Table 3 The diffusion coefficient and ion mobility obtained through
molecular dynamics calculations

Ionic mobility

Strain Diffusion coefficient (absolute value)
(%) (em®s™h) (em*v's™h
-3 0.275 x 107° 0.106 x 1073
0 0.818 x 10° 0.316 x 10°
3 0.244 x 107* 0.945 x 107°
800
3
=2 "

~ 600 —o—-1 ;

>

%)

E | o, AR .

< 400 5

0 P

5 E 379 meV
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&

-200 |
L
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Fig. 8 Energy barrier for the phase transition of FAPblz between the cubic

(x-FAPbI3) and hexagonal (8-FAPbls) phases under varying strain
conditions.

Hexagonal

compressive strain (—2% to —3%) optimizes the bandgap to the
Shockley-Queisser ideal value (~1.34 eV) while reducing exci-
ton binding energy and carrier effective mass. Compressive
strain suppresses deep-level defects by increasing defect for-
mation energy and migration barriers while stabilizing the
photoactive phase through elevating the o-FAPbI; to 8-FAPDI;
phase transition barrier to 668 meV. Molecular dynamics
simulations confirm reduced iodine interstitial diffusion coef-
ficients under compression, effectively inhibiting ion migra-
tion. Mechanical analysis reveals compressive strain enhances
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Fig. 9 Calculated mechanical parameters under different strains.

Table 4 Calculated mechanical parameters under different strains

Strain Bulk modulus Young’s modulus Shear modulus Poisson’s
(%) (GPa) (GPa) (GPa) ratio
-5 28.45 21.18 7.69 0.38
—4 25.22 20.94 7.69 0.36
-3 19.50 14.00 5.07 0.38
-2 18.01 12.97 4.70 0.38
-1 16.25 12.66 4.62 0.37
0 13.90 11.68 4.29 0.36
1 10.75 10.34 3.86 0.34
2 10.74 9.22 3.40 0.36
3 9.30 8.93 3.33 0.34
4 8.40 7.56 2.80 0.35
5 4.28 3.60 1.32 0.36

the bulk modulus and shear modulus, improving lattice rigid-
ity, whereas tensile strain induces lattice softening and accel-
erates defect dynamics. By integrating crystal orientation
control and interfacial stress regulation, the [111] orientation
under —2% strain achieves a 31.9% photoelectric conversion

This journal is © the Owner Societies 2025
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efficiency, providing a theoretical foundation and design strat-
egy for synergistic optimization of stability and efficiency in
perovskite solar cells.
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