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perovskites with the general formula ABXs, where partial substitution of the
A-site methylammonium (MA") cation was performed using NH.*, (NHz).CH*
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emgg ;erovskites DET calculations (formamidinium, FA"), and Cs*. The impact of these substitutions on lattice
cation substitution, band gap modulation, parameters, band gap energies, and ionic mobility was systematically analyzed.
ionic mobility, structural stability. The results revealed that partial cation substitution introduces notable lattice

distortions and modulates the band gap of the perovskite structures. A
correlation was established between the ionic radius of the substituting cation
and the reduction in band gap energy, with larger cations contributing to
narrower band gaps. Moreover, the incorporation of rigid and dipolar cations
Corresponding author: Nurgaliev 1. was found to suppress ion migration, potentially enhancing the long-term
ilnarvodnik@gmail.com stability of perovskite materials. The findings suggest that targeted cation
engineering in halide perovskites can serve as an effective strategy for
optimizing both electronic properties and operational durability, opening
pathways for the design of high-performance, stable perovskite solar cells.

Introduction

Halide perovskite solar cells have emerged as highly promising candidates for large-scale
photovoltaic applications, owing to their exceptional power conversion efficiencies (currently
reaching a record value of 26.7% for a single-junction device) [1] and relatively straightforward
fabrication processes. Nevertheless, the widespread commercialization of these materials remains
constrained by their pronounced operational instability under real-world environmental conditions
[2,3]. At the atomic scale, intrinsic lattice defects in perovskite structures act as nucleation centers
for degradation phenomena by promoting ionic migration [4-6], facilitating parasitic chemical
reactions [7,8], inducing structural phase transitions [9,10], and driving phase segregation processes
[11].

Given the inherent complexities and limitations of experimental techniques for probing the
atomic-scale structure of defects, the predominant insights into the defect physics of halide
perovskites have been obtained from first-principles electronic structure calculations within the
framework of density functional theory (DFT) [11-17]. In accordance with established paradigms
in semiconductor defect chemistry, research efforts have primarily focused on fundamental point
defects, including vacancies, interstitial species, and antisite substitutions. A key finding
consistently reported across these computational studies is that, under thermodynamic equilibrium
growth conditions, the dominant point defects in these materials are characterized by shallow
electronic levels, thereby minimally perturbing the optoelectronic properties of the host perovskite
lattice.
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Despite the predominance of shallow-level point defects under equilibrium conditions, their
presence is not benign, as they can significantly influence ion transport dynamics, enhance non-
radiative recombination pathways, and catalyze the formation of more complex defect aggregates
under operational stress. Furthermore, under realistic device conditions—such as illumination,
electric fields, and thermal gradients—the population and distribution of defects may deviate from
equilibrium predictions, leading to dynamic defect formation and annihilation processes that
exacerbate long-term instability.

In particular, the migration of mobile ionic species, often initiated at vacancy sites,
contributes to field-induced ion redistribution, which is directly linked to current—voltage hysteresis
and transient performance losses in perovskite solar cells [18, 19]. Concurrently, defect-assisted
chemical reactions at grain boundaries and interfaces, driven by external stimuli, accelerate the
degradation of both the perovskite absorber and adjacent charge transport layers [20]. Additionally,
localized structural instabilities can trigger phase transitions from the photoactive perovskite phase
to non-perovskite polymorphs [21], while compositional inhomogeneities arising from phase
segregation further deteriorate device stability and efficiency [22].

To systematically address these challenges, a comprehensive understanding of defect
thermodynamics, migration Kkinetics, and their coupling to external perturbations is imperative.
Advanced DFT-based methodologies, incorporating hybrid functionals, spin—orbit coupling, and
finite-temperature effects, are increasingly employed to provide accurate defect formation energies,
charge transition levels, and migration barriers. These computational insights are essential not only
for identifying defect-tolerant perovskite compositions but also for guiding targeted defect
passivation strategies, optimized synthesis protocols, and the design of robust device architectures
that mitigate the detrimental impact of defect-related phenomena.

The complete substitution of Pb** with Sn** in halide perovskites has already been
successfully demonstrated; however, the stability of such compounds remains a significant
challenge [23]. Additionally, both theoretical and experimental studies have investigated the partial
replacement of Pb** with Sn** and Sr?* in various perovskite systems, including those based on Ca*",
Cd?*, Bi-Ti, and chalcogenide perovskites. In [24] performed computational screening of isovalent
lead substitutions, identifying Mg as a promising candidate for partial Pb replacement. Their results
revealed that the bandgap can be tuned by approximately 0.8 eV through variation of the A-site
cation radius in the ABOs-type perovskite structure. The incorporating a mixture of guanidinium
(HNCHNHs") and methylammonium (MA) at the A-site of APbls leads to an enhancement in short-
circuit current. These studies demonstrate that the combination of metal cations and organic cations
introduces substantial structural and electronic diversity, offering a versatile approach for tailoring
the properties of halide perovskites.

Enhancing the stability of halide perovskites is a critical objective for the further development
of this research field. In the context of perovskite solar cell stability, understanding the origins of
current-voltage hysteresis is of particular importance. Haruyama et al. conducted theoretical
investigations of ion diffusion barriers for both cations and anions in tetragonal CHsNHsPbls and
trigonal (NH2).CHPbI; phases [25]. Their calculations indicated that ion displacement could
explain the hysteresis observed in current—voltage characteristics, and that suppressing ion diffusion
would likely improve device stability. Despite the remarkable progress in perovskite research, the
detailed mechanisms underlying degradation and long-term stability remain insufficiently
understood, posing a major obstacle to commercialization and large-scale application.

To gain deeper insights into the durability of ABXz3 organic-halide perovskites, we carried
out theoretical investigations on the statistical and dynamic properties of partially substituted halide
perovskites in which methylammonium (MA) cations are partially replaced with NHa*, (NH2).CH",
or Cs* (hereafter referred to as X). This work focuses primarily on the suppression of organic cation
diffusion through partial substitution. Figure 1 presents a schematic illustration of possible defect
states, explaining the mechanism of reduced A-site cation (MA or X) mobility in perovskite
structures with partial cation substitution.
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Figure 1. Schematic representation of the ideal perovskite lattice with the formula ABXs and possible defects
within the structure (green, black, and blue dots represent the A-, B-, and X-sites, respectively; red and gray dots
indicate impurity atoms).

Computational Study

First-principles calculations based on density functional theory (DFT) were performed to
investigate the electronic properties, specifically the band gap, of a series of halide perovskites with
the general formula ABXs. Here, A represents various organic cations including methylammonium
(MA"), formamidinium (FA*), ammonium (NH4"), and guanidinium (GUA"), while X denotes
halide anions such as I, Br, and Cl". The central focus was to systematically evaluate the effect of
the B-site cation (Ge?*, Pb*', Zn?*, Mg?*, Sn?*) and A-site organic cation substitutions on the band
gap tuning in these perovskite frameworks.

The structural optimizations and electronic structure calculations were carried out using the
Vienna Ab initio Simulation Package (VASP). Projector augmented-wave (PAW) pseudopotentials
were employed, and the exchange-correlation interaction was treated within the generalized
gradient approximation (GGA) using the Perdew—Burke—Ernzerhof (PBE) functional. To account
for the known underestimation of band gaps in GGA calculations, additional hybrid functional
calculations using the Heyd-Scuseria—Ernzerhof (HSE06) functional were performed for selected
compositions. Spin—orbit coupling (SOC) effects were included for Pb- and Sn-based perovskites
due to their significant influence on the electronic structure.

All structures were fully relaxed until the forces on each atom were less than 0.01 eV/A, and
the total energy convergence criterion was set to 10 eV. A Monkhorst—Pack k-point mesh of
5x5x5 was used for Brillouin zone sampling in the cubic perovskite phases. The cutoff energy for
the plane-wave basis set was fixed at 500 eV.

The calculated band gaps were analyzed in relation to the ionic radius and electronegativity
of the B-site metal cations, as well as the steric effects and dipole moments of the organic A-site
cations. Correlations between the structural distortions induced by different cation combinations
and the resulting band gap values were established. The obtained results provide insights into the
compositional engineering of halide perovskites for optoelectronic applications, highlighting
potential lead-free alternatives with optimized electronic properties.
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Results and Discussion

When incorporating organic cations with different ionic radii into the perovskite structure,
distortions of the crystal lattice are observed. These distortions arise due to both the size mismatch
of the cations and the differences in interactions between the A-site cations and the surrounding
perovskite framework. The introduction of larger cations can restrict the migration of smaller
cations by narrowing migration pathways and increasing energy barriers, while the diffusion of
larger cations is also hindered by local lattice distortions and enhanced structural rigidity.

In this study, we investigate the effect of partial substitution of CH:NHs" (methylammonium,
MA) cations in perovskites based on CHsNHsPbls, CHsNHsSnls, and mixed CHsNHsPb(Sn)ls
systems on the band gap, lattice parameters, and cation diffusion properties. The obtained results
provide insights into the potential of compositional engineering to design stable perovskite solar
cells with improved durability (Fig. 2).

Our calculations show that partial substitution of MA* with alternative organic cations, such
as NH4" or (NH2).CH™, leads to noticeable changes in the structural parameters of the perovskite
lattice. The organic cations contribute minimally to the frontier electronic states but may indirectly
affect the band structure through induced lattice distortions and electrostatic interaction. This
compaction of the lattice contributes to enhanced structural stability, potentially mitigating ion
migration pathways that are commonly associated with long-term material degradation.

Additionally, the calculated band gaps of the substituted systems exhibit moderate variations
compared to the pristine structures. The mixed CHs:NH:Pb(Sn)lz (1.61 eV) composition, in
particular, demonstrates a reduced band gap, which may improve light absorption in the visible
spectrum, thereby enhancing photovoltaic performance. These findings are in agreement with
previous experimental observations and theoretical predictions indicating that cation substitution
can serve as an effective tool for fine-tuning the electronic properties of halide perovskites.

Moreover, the analysis of cation diffusion barriers reveals that the incorporation of larger or
more rigid cations reduces the mobility of A-site species within the lattice. This suppression of
ionic migration is crucial for improving operational stability and minimizing hysteresis effects in
current-voltage characteristics.

Structural and electronic property calculations were performed for systems in which half of
the MA* cations in the unit cell were partially substituted with NH4* or (NH2).CH" (formamidinium,
FA"). The calculated parameters, including the Goldschmidt tolerance factor ttt and ionic radii of
the cations, are presented in Table 1. Analysis of the ttt values indicates that the proposed cation
combinations are compatible with stable perovskite structure formation, although deviations of ttt
from the ideal value of 1 suggest the possibility of local lattice distortions. The coexistence of two
types of cations with different ttt values at the A-site is expected to induce further structural
modifications while preserving the overall perovskite framework.

To evaluate the influence of dispersion interactions, additional calculations were performed
using the Tkatchenko—Scheffler (TS) correction scheme. According to Table 1, the lattice
parameters of the optimized supercell without dispersion corrections were a = 12.87 A, b = 12.88
A, ¢ =13.03 A with a volume of 2149 A3. Upon inclusion of dispersion corrections, the optimized
lattice parameters were a = 12.66 A, b = 12.68 A, and ¢ = 12.82 A with a volume of 2057 A2,
Accounting for dispersion interactions results in a more compact structure and brings the lattice
parameters closer to those characteristic of the cubic perovskite phase.

The calculated band gap, including dispersion corrections, showed good agreement with the
experimental value of approximately 1.55 eV [26]. The improvement in band gap estimation upon
inclusion of dispersion corrections has been previously discussed in [89], where similar trends were
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reported. Therefore, to increase the accuracy of electronic structure and band gap calculations in
such systems, it is essential to include dispersion interactions, which significantly affect both the
lattice geometry and its electronic properties.

Table 1

Optimized structural parameters of partially substituted MAPDIs calculated using DFT with
dispersion correction.

MA5Xo5Pbls Band gap, eV
X=NHs* 135
X = (NH2).CH* 1,35
X =Cs" 1,53

Figure 2. Structural models of CHsNH3Pbls, CHsNH3Snis, and CHsNH3Pb(Sn)1s.
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We partially substituted the organic cation (CHsNHs*, MA*) with other cations, namely NHa",
(NH:2):CH*, and Cs". In all cases, four MA" ions were replaced by substituent cations within a
supercell while the remaining four MA* cations retained their original positions. The substitutions
were introduced in the ab-plane to create an ordered distribution, as this planar arrangement induces
stronger structural distortions compared to random substitution.

The unit cell volumes of the substituted perovskites vary compared to the pristine MAPbLs.
Generally, the cell volume increases with the ionic radius of the substituent organic cation.
However, in the case of the inorganic Cs* it is a rigid spherical cation without a dipole, unlike
organic ions with the perovskite framework compared to those of organic cations.

The lattice angles of the partially substituted perovskites slightly deviate from those of the
unsubstituted MAPDI; structure. Among the studied systems, the ((NH:2)2CH")o.sMAo.sPbls
structure exhibits the most pronounced distortion, which correlates with the fact that the ionic radius
of the (NH2).CH" cation is the largest among the considered A-site cations. These results indicate
that partial substitution in lead halide perovskites can effectively modify the internal volume of the
perovskite framework, influencing ion mobility within the A-site.

Fig. 3 (a) shows the partial density of states (PDOS) of MAPbIs. The PDOS analysis reveals
that the valence band maximum is primarily derived from | 5p orbitals, while the conduction band
minimum originates from Pb 6p orbitals, which is consistent with previous reports [27]. Fig. 3 (b—
d) present the PDOS of the partially substituted perovskites. These figures demonstrate that the
overall electronic structures of the substituted perovskites remain similar to that of pristine MAPbIs.
As reported in earlier studies [91-95], the A-site organic cation typically stabilizes the crystal
structure but has minimal contribution to the frontier electronic states near the band edges. This
observation is confirmed in our study of partially substituted MAPbIs perovskites.
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Figure 3. Calculated partial density of states (PDOS) of (a) CH3sNH3Pbls, partially substituted MAPbI3 by:
(b) (NH2)2CH™, (c) (CH3)2NH2™ (d) Cs*, (e) CH3sCH:NH3™, (f) NH2NHs*. Where: blue - total, black - | 5p, yellow - Pb
6p, green - organic cation

Table 2

Calculated band gap and HOMO-LUMO gap values of the electronic structures of mixed
perovskites and organic cations

Perovskite Band gap, eV Cation HOMO-LUMO gap of
isolated cation molecule, eV

CHsNHsZnls 0.667 (CH2)sNH2" 6.565
CH3NHsGels 1.549 (CH3)2NH," 6.3086
CH3NH3PblI3(Cl) 1.444 (CH3)sNH* 6.3396
CH3sNHsPblz(Br) 1.396 (CH3)aN"* 6.3498
0.754 (NH2).CH* 6.6961

NH2CHNH2Pb
NH2CHNH.Ge 0.736 C(NH2)3" 7.4204
NH>CHNH:Mg 0.74 C3sNoHs* 6.4821
NH2CHNH-2Sn 0.725 CsH1oN2* 6.4037
NH>CHNH»Zn 0.73 CH3CH2NH3* 6.3346
CHsNHs* 9.2492
N(CsH7)4" 6.4347
NH>NHs* 6.2594

Nevertheless, the calculated band gaps of the partially substituted perovskites and HOMO-
LUMO gap of isolated cation molecule, summarized in Table 2, are slightly smaller than that of
pristine MAPbI. Additionally, we performed electronic structure calculations on mixed perovskites
containing various organic cations and different divalent metal cations (Ge?*, Pb*", Zn**, Mg?*, Sn*")
combined with halide anions (Br~ or Cl"). CHsNHsGels and CH;NH3Pbl3(Cl) show moderate band
gaps of 1.549 eV and 1.444 eV, respectively, while halide substitution (Cl™ and Br") in CH:NHsPbls
slightly reduces the band gap compared to the pristine structure, aligning with previous observations
that halide composition modulates the electronic properties.

Regarding formamidinium (NH.CHNH:")-based perovskites, relatively narrow band gaps
between 0.725 eV and 0.754 eV are observed, regardless of the B-site metal (Pb?*, Ge?, Sn**, Zn?",
Mg?>"). This suggests that the incorporation of the formamidinium cation generally stabilizes lower
band gap values, which may be beneficial for enhancing light absorption in photovoltaic
applications.

For the isolated organic cations, the calculated HOMO-LUMO gaps are substantially larger,
ranging from 6.2594 eV for NH.NHs* to 9.2492 eV for CH:NHs". These values confirm that the
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organic cations do not directly contribute to the frontier electronic states (valence band maximum
and conduction band minimum), as their electronic levels are located far from the perovskite's band
edges. This supports the widely accepted understanding that the A-site cations primarily stabilize
the lattice structure and modulate the tolerance factor, rather than significantly altering the band
gap.

Interestingly, cations such as C(NH);" and (NH2).CH* exhibit slightly higher HOMO-LUMO
gap s(7.4204 eV and 6.6961 eV, respectively) compared to other organic species, which may relate
to their larger size and specific electronic configurations.

According to the calculated electronic properties of mixed perovskites and various organic
cations (Table 2), it is possible to control the band gap through compositional tuning. A correlation
Is observed between the ionic radius of the substituting cation and HOMO-LUMO gap reduction,
likely due to induced structural distortions and electronic environment modifications. Additionally,
the study demonstrates the ability to modulate donor and acceptor levels through the incorporation
of specific dopant cations, thereby allowing for targeted adjustment of the band gap and electronic
properties of mixed perovskites. This strategy opens new prospects for the purposeful design of
perovskite materials with tailored electronic characteristics.

A computational investigation of the structural and electronic properties of partially
substituted cubic perovskites with the composition MAo.sXo.sPbls (where X = NHa*, (NH2).CH",
and Cs") was carried out using density functional theory (DFT). The electronic structure analysis
revealed that the band gap of all partially substituted perovskites is slightly reduced compared to
pristine MAPbIL.

The findings also suggest the possibility of controlling defect states and trap densities in wide-
bandgap perovskites through cation engineering. This can be achieved by incorporating dipolar
cations and optimizing their orientation within the lattice, effectively enhancing defect tolerance.

Overall, this study demonstrates that partial substitution of the organic cation with larger
cations can suppress ion migration at the A-site and potentially improve the long-term stability of
halide perovskite-based solar cells.

Conclusions

This work demonstrates the potential of partial A-site cation substitution in halide perovskites
as an effective approach to tune structural and electronic properties. DFT calculations revealed that
replacing methylammonium (MA*) with NH4*, (NH2).CH*, and Cs" leads to moderate lattice
distortions, reduced band gap energies, and decreased ionic mobility, all of which contribute to
enhanced material stability. A clear relationship was observed between the size of the substituting
cation and the reduction in the band gap, indicating that larger cations induce more significant
electronic modifications.

Additionally, the study confirmed that organic cations, while structurally stabilizing the
perovskite lattice, have minimal direct impact on the frontier electronic states. However, through
compositional tuning, it is possible to influence defect formation, carrier dynamics, and ultimately
the optoelectronic performance of perovskite solar cells.

Overall, the findings highlight that cation engineering, particularly through partial
substitution strategies, is a promising route to design halide perovskite materials with optimized
band gaps and improved resistance to ion migration. This approach provides new opportunities for
the development of durable, high-efficiency perovskite-based photovoltaic devices suitable for
long-term practical applications.
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