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Intrinsic defects have a significant impact on carrier transport properties of Methyl Ammonium Lead Iodide (MAPI) Perovskite
CH;NH3PbI;. In this paper, we investigated how lead vacancies affect the photovoltaic properties of MAPI using density functional
theory (DFT) studies. Lead vacancies in perovskite materials can significantly impact carrier dynamics and device efficiency. Our
findings indicate that the lower energy configuration of the Pb vacancy does not create deep trap states that would otherwise reduce
carrier lifetime. This suggests that Pb vacancies in MAPI might not be as detrimental to carrier dynamics as previously thought. Pb
vacancies could potentially be compensated by other defects or dopants in the material, which might mitigate their negative effects on
carrier dynamics. The introduction of a Pb vacancy leads to additional electronic states near the conduction band minimum (CBM)
within the fundamental band gap. This indicates that the vacancy introduces localized electronic states that influence carrier behavior.
The Highest Occupied Molecular Orbital (HOMO) becomes more localized around the vacant area, while the Least Unoccupied
Molecular Orbitals (LUMOs) are only partially localized. This localization around the vacancy does not create strong trapping states
that could hinder carrier movement. The presence of vacancies causes atomic movements that result in a more distorted optimized
structure. This structural distortion can influence the overall material properties and potentially impact device performance. The HOMO
and LUMO levels are primarily derived from the p orbitals of the atoms involved. This highlights the importance of p orbital
interactions in determining the electronic properties of the material
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INTRODUCTION

Hybrid organic/inorganic perovskites (HOIPs) have drawn significant research interests due to the incomparable
rapid rise in energy conversion efficiency seen in photovoltaic devices based on CH3NH3PbI3. Current research attempts
in this field have concentrated on searching for similar perovskites with better properties, manifested by good carrier
mobility and long carrier lifetime with efficient transport properties. Defects play a vital role in carrier transport in
semiconductors [1]. The carrier traps and nonradiative recombination center are basically created due to the presence of
deep defect centers which are still detrimental for carrier transportation [1]. A great deal of studies has been examined a
large number of native point defects under density functional theory (DFT) [2-5] that show the conflicted results regarding
the positions of defect level in CH3NH3Pbls. Indeed, a list of particular native defect can introduce deep charge transition
in the band gap whenever other native defects have been shown a shallow level of transition. Due to the record of
discrepancy outcome in the calculated defect level of CH3;NH3Pbls, it might be expeditious to reexamine the
computational calculation of defected structure. Additionally, the point defects undergo a critical role in determining the
electron hole diffusion length which are responsible for non-radiative recombination center [6]. A long electron hole
diffusion length resumed the unusual defect properties of CH3NH3Pbls. On the other hand, the thermodynamic stability
under a humid condition and/or irradiation of CH;NH3Pbls and the formation mechanism of the dominant intrinsic defects
are crucial for the efficiency improvement of halide perovskite based thin film solar cells [6]. Therefore, understanding
defect properties is immensely important for optimizing the performance of halide perovskite solar cells.

In this letter, we discussed the electronic properties of intrinsic vacancy (Lead) defect of CH3NH3Pbl; as the
representative material for the methylammonium lead halide (MALHs). More importantly, the defect in CH3NH3Pbl; with
low formation energy creating only shallow levels can be ascribed to the unique electronic properties through DFT. The
HOMO and LUMO level electronic charge distributions both of bulk and defected conditions and their corresponding
optimized distorted structure are also considered under this discussion.

Computational Details: All calculations were performed with the Vienna ab initio simulation package (VASP,
version 5.4.1), [7] based on DFT and the results were visualized by the VESTA (visualization for electronic and structural
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analysis). The projector augmented wave (PAW) method [8] was used to describe the electron-ion interaction with the
kinetic energy cutoff set to 600.0 eV. The Brillouin-zone was sampled with a gamma I" centered k-point grid for structural
relaxation. Spin-polarized calculations were performed, using the Perdew-Burke-Ernzerhof (PBE) [9] functional under
electronic and ionic self-consistent, with convergence criteria of 10—8 eV and -10—7 eV-A—1, respectively. In this study,
the simple PBE calculation is performed for pristine CH3;NH3Pbl; and CH3;NH;3Pbl; with Pb vacancy mediated defected
structure without incorporating the effect of spin-orbit coupling (SOC). We have considered the following valence
electrons for the atomic species involved: Pb (5d106s26p2), I (5s25p5), O (2522p4), N (252 2p3), C (2s2 2p2) and H(1s1).
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Figure 1. The structures of a) pristine super cell includes 48 atoms and b) defected structure after removing one Pb
from the center of the bulk

We reproduced the experimentally verified simple orthorhombic CH3;NH;3Pbls super cell that consists of lattice
parameter units (a = 8.836A, b = 12.580A, ¢ = 8.555A) at low temperature [10]. The supercell of CH;NH;PbI; includes
48 atoms where the reference unit cell was fully relaxed until the atomic configuration converged to within convergence
criteria. The orthorhombic phase [10] (space group Pm3m) of CH3NH3PbI3 with the optimized supercell structure
consisting the geometry of (a) 48-atoms ideal CH3NH;3;Pbl; and (b) 47-atoms with Pb vacancy mediated defected
CH;NH3Pbl; structure as depicted in (Figure la,1b) respectively. Here, this elementary Pb vacancy leading structure
shows the smallest formation energy, in excellent agreement to search the activation energies for diffusion processes that
can be computed from the total energy difference between the diffusing species in their ground-state configuration and at
the saddle point of the diffusion process. We found the smallest formation energy by the formula:

24EGpn = EGpn— Epulk. 1)
Where, 4Eqp = energy difference in GB structures, n = consecutive configuration number, Ej. = energy of a bulk system

RESULT AND DISCUSSION

We have examined how Pb vacancies in CH;NH3Pbl; perovskites affect their properties through simulations. The
low formation energy of these defects means they are likely to occur and can significantly impact the material’s electronic
characteristics, which is crucial for optimizing the performance of devices like solar cells. In organic —inorganic MALH
crystalline structure, we focus on the role of elemental defects in the perovskite structure, specifically in the context of
methylammonium lead iodide (CH3NH;3Pbls). The general formula for a perovskite structure is ABX3, where 'A' and 'B'
are cations and 'X' is an anion. In CH3NH;Pbl;, 'A' is methylammonium (CH;NH?*"), 'B' is lead (Pb?"), and 'X' is iodide
(I-). Defects such as vacancies (missing atoms) in the perovskite structure can significantly impact its properties. In our
case, we are focusing on lead (Pb) vacancies. The formation energy of defects refers to the energy required to create these
defects within the crystal lattice. A low formation energy suggests that defects are more likely to occur under certain
conditions. To study defects, simulations are often conducted in a supercell, which is a larger unit cell that can
accommodate defects while still representing the material's bulk properties. Perovskite materials like CH3NH3;Pbls
typically have a low band gap and adjustable Fermi levels, the creation of charged defects is more feasible [4]. These
defects can influence the electronic properties of the material, such as conductivity and optical properties.

To investigate the impacts of vacancy defect on electronic properties of CH;NH3PbI; perovskites, we calculate the
density of states (DOS) of pristine crystalline structure as well as defect mediated supercell structure in relaxed conditions.
DOS calculations provide valuable information about the electronic structure of both pristine and defected perovskite
structures. By comparing the DOS of the ideal (pristine) structure with that of the defected supercell, we observed how
the presence of vacancies affects the material’s electronic properties. The reduction in the band gap energy for the defected
structure indicates that the material's electronic properties are altered by the presence of vacancies. A smaller band gap
generally suggests that the material may have increased optical absorption in the visible range, which is beneficial for
applications like solar cells. However, this can also lead to increased recombination rates of charge carriers if not properly
managed. The absence of new deep trap states within the band gap (as indicated by Figure 2) suggests that the vacancies
do not introduce significant mid-gap states that could act as electron or hole traps.

This is a positive aspect, as deep trap states can negatively impact carrier mobility and recombination efficiency.
The Valence Band Maximum (VBM) moving slightly downward indicates that the energy of the valence band has been
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lowered. This could be due to the creation of localized states near the valence band edge, which can affect the material’s
ability to absorb light and participate in charge transfer. An additional peak near the Conduction Band Minimum (CBM)
appears in defected cell due to the effect of surrounding atom near the vacancy and CBM coming closer to the Fermi level
suggests that the conduction band is now more accessible to electrons. This can improve the material’s electrical
conductivity and make it easier for electrons to transition from the valence band to the conduction band. The extended
CBM edges implies that the conduction band states are spread over a wider energy range. This can facilitate better electron
transport because the smaller potential barriers and wider band edges allow for more efficient movement of charge
carriers. This is beneficial for the overall performance of devices like solar cells, where efficient electron transport is
crucial for high power conversion efficiencies.
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Figure 2. The total density of state (DOS) of bulk and detected structure

To clarify and enhance the accuracy of our findings, we conducted a detailed analysis comparing the Projected
Density of States (PDOS) of a representative atom near the defect with that of a non-defective atom in the bulk structure
(see Figure 3a and 3b). The addition density of State in Figure 3b is generated due to the charging contribution of
surrounding atoms as indicated by red circle. This comparison clearly shows that an additional peak appears in the band

gap region of the defected structure, whereas no such peak is present in the pristine material.
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Figure 3. The partial density of state (PDOS) of one the representative atom (Iodine) nearer the vacant area of a) bulk and
b) defected structure

We propose that the observed peak in the PDOS is responsible for generating the additional feature in the
fundamental energy gap of the defected structure. This phenomenon is consistent with the behavior of shallow dopants [4],
which are known to exhibit extended states within the band gap. Since the conduction and valence band edges are
primarily contributed by the p orbitals of iodine (I) atoms, the additional charge introduced by vacancy defects creates a
shallow level near the band edge that extends throughout the CH3;NH3PbI; material. Consequently, it is important to note
that vacancy defects are unlikely to act as non-radiative recombination centers.

Figure 4. represents the HOMO and LUMO level charge density distributions of ideal CH3NH3Pbl; as well as
defected structure, calculated at 0 K using the optimized structure.
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Figure 4. Iso-surface electronic charge distributions of crystalline (left two figures) and defect mediated
condition (right two figures)

The charge distributions of both systems reveal the wave function of individuals has no overlapping each with others
that mostly composed by orbitals of inorganic atoms. Consequently, the organic group do not show the favor of
contribution on electron hole recombination and shows the disabilities to bring the electron and vibrational quanta closer
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to resonance. In ideal structure, the HOMO is mostly localized on the iodine atoms with a slight contribution from the
lead atoms, while the LUMO is primarily derived from the lead atoms, with some contribution from iodine atoms. This
indicates a clear separation of the HOMO and LUMO contributions based on their respective atomic origins. In the
presence of a Pb vacancy, both HOMO and LUMO become significantly influenced by the iodine atoms. This suggests
that the absence of lead atoms alters the charge distribution, with the electronic charge becoming more concentrated
around the vacancy. The HOMO is now more localized around the vacancy area, and while this could indicate a localized
trapping site, it actually does not trap carriers dynamically, which is a favorable outcome for electronic and optical
properties. The HOMO becomes more localized around the Pb vacancy. However, this localization does not negatively
impact carrier dynamics as one might expect in other semiconductor materials with trap states. In fact, this is advantageous
because it prevents the formation of detrimental trap states that could reduce solar conversion efficiency. The LUMO
remains partially localized, but without the formation of bonding between adjacent atoms as observed in the bulk phase.
This implies that the Pb vacancy does not introduce new bonding interactions that could disrupt carrier dynamics. Unlike
CH;NH3Pbl3, conventional semiconductors such as silicon (Si) [11] and cadmium telluride (CdTe) [12] suffer from trap
states due to structural defects, which decrease their solar conversion efficiency. The presence of the Pb vacancy in
CH;3NH3Pbl; does not exhibit such detrimental effects, suggesting a superior performance in solar optoelectronic
applications. [13]. The Pb vacancy in CH3NH;Pbl; leads to significant changes in the charge density distribution of
HOMO and LUMO, but these changes are beneficial for the material’s performance in solar optoelectronic applications.
Unlike traditional semiconductors, the Pb vacancy does not create harmful trap states, making CH3;NH;3Pbl; an efficient
material for these applications.

Figure 5. The structural distortions due to the Pb vacancy are compared with the bulk structure to show the changes
in geometry. This helps visualize how the defect influences the overall structure and its implications for charge distribution
and carrier dynamics. The optimized vacant area shrinks as surrounding atoms move toward the vacancy. This atomic
movement is primarily demonstrated by lead atoms, although there are also some organic atoms, though they are relatively
far from the inorganic ones. As a result of the vacancy-induced motion, the overall atomic positions are altered, leading
to the formation of dangling bonds between unsaturated atoms. Consequently, the organized structure is distorted due to
the presence of the vacancy. In this distorted structure, the representative atom indicated by the green arrow contributes
to a new density of states near the edge of the Conduction Band Minimum (CBM), as shown in Figure 3(b). This new
density of states is consistent with experimental evidence suggesting that intrinsic defects may be prevalent in the MALHs
layer [4]. Our theoretical results align with the findings of Edri et al. [14], indicating that MALHs could achieve high-
performance photovoltaic operation at a low fabrication cost. Further research on organic-inorganic hybrid materials is
needed to identify additional potential candidates for photovoltaic applications.
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Figure 5. Structural distortion (Fig. 5a); vacancy-oriented movement of surrounding atoms in the optimized structure (Fig. 5b)

CONCLUSION
The Pb vacancy in CH3NH3Pbl; does not create deep trap states that could severely impact carrier dynamics but
instead introduces shallow states that could potentially influence doping characteristics. The localized nature of the
HOMO and LUMO suggests that while there is some localization of electronic states around the vacancy, it does not lead
to significant bonding or trapping issues. The structure’s adaptation to the vacancy suggests that the material maintains
some level of disorder while accommodating the defect.
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AHAJII3 BIACTUBOCTEN MEPOBCKUTY METHJIAMMOHUAIO MOJIUIY CBUHIISI, OMOCEPEIKOBAHOI'O
BAKAHCISIMU: JOCJLKEHHS HA OCHOBI DFT
M. Abayuia Aab Acag?®, M. Aoaya AaimP, Mc. Xanima Xaryn®, A6inam Yanapo Capkep?, M. Apigyp Paxman®
4Jlenapmamenm eleKmMpomexHiku ma elekmpontoi inocenepii, Haykoso-mexuiunuil ynieepcumem imeni wietixa Myoowcubopa Paxmana
baneabanoxy, I'onaneanoorc, Banenaoew
b Tenapmamenm ximii, Hayroso-mexnonoeiunuti ynieepcumem imeni wetixa Myoocubopa Paxmana Baneabanoxy, Ionanzanooic, banenadew
“/lenapmamenm izuxu, Hayrxoso-mexniunuii yrisepcumem imeni wetixa Myoowcioypa Paxmana baneabanoxy, Ionaneanoorc, Banenadew
4Tenapmamenm ximii, Ynisepcumem Beaym Poxes, Panenyp, Banenadew

¢Jlenapmamenm enekmpomextixu ma eneKmporHoi inocenepii, Iepwuii cmonuynuil ynieepcumem banenadew, Yyadanea, banenadew
BHyTpimHi geexT MaloTh 3HaUYHMH BIUIMB Ha TpaHCHOpTHI BiactuBocTi neposckity CH3NH3Pbl; MernnamoHiro iffoquny cBUHIIO
(MAPI). V¥ wuiii crarTi ME ZOCIiKyBaH, K BaKaHCii CBUHIIIO BIUIMBAaIOTh Ha (oroenekrpuuni BaactuBocti MAPI, BHKOpHCTOBYIOUH
nocnimkeHns teopii ¢yukuionany rycturd (DFT). Bakancii cBHHIIO B MEpOBCKITHUX MaTepianaX MOXYTh CYTTEBO BIUIMBATH Ha
IUHAMIKy HOCIS Ta e()eKTHBHICTh MPHCTPOr0. Harri BHCHOBKM IMOKa3yrOTh, IO HW)KYAa €HEpreTHYHa KoHQiryparmis Bakancii Pb ne
CTBOPIOE CTaHIB NNTMOOKOT MACTKH, SIKi B IHIIOMY BHIAIKy 3MEHIIMIN O Yac HUTTS HOCis. Lle cBigunTh mpo Te, M0 BaKaHCii CBUHIIIO B
MAPI MoxyTh OyTH HEe TaKMMHM IIKi/UIMBIMU JUIS TUHAMIKH HOCIS, SIK BBakaylocs paHime. BaxaHcii Pb morenmiiino MoxyTs OyTi
KOMIICHCOBaHI IHIIMMH AedeKkTaMu a0 JEeryIOUMMH PEYOBHHAMHU B MaTepiaii, 10 MO)Ke IOM SIKIIUTH iXHilf HeraTHBHHH BIUIMB Ha
JIMHaMiKy Hocisl. BBeneHHs BakaHcii Pb mpu3BoIUTE 10 T0MaTKOBHX €IEKTPOHHUX CTaHIB MO0OIM3Y MiHIMyMy 30HH poBigHOocTi (CBM)
y byHaameHTanbHii 3a00poHeHii 30Hi. [le Bka3ye Ha Te, 110 BaKaHCis BBOMUTH JIOKAJTi30BaHi CJICKTPOHHI CTaHH, SIKi BIUIMBAIOTH Ha
noBeniHky Hocis. HaiiBuina 3aiinsita Monexyssipaa op6itans (HOMO) crae Ginbii J10KaTi30BaHOK HaBKOJIO BAKAHTHOI 00JacTi, TOA1
SIK HAMEHII He3aiHATI MonekyisapHi opbitani (LUMO) nokanizoBaHi juie 4acTkoBo. L5 Tokastizaiiisi HABKOJIO BaKaHCIl HE CTBOPIOE
CHIIPHHX CTaHIB 3aXOIUICHHS, SIKi MOTIM O MEpPEeIIKOMKaTH pyXy HoOcCis. HasBHICTD BakaHCIi BHUKIMKAE MEPEMILICHHS aTOMIB, IO
TIPU3BOIUTH [0 OUIBII CIOTBOPEHOI ONTUMI30BaHOI CTPYKTYpH. Lle cTpyKTypHE CIOTBOpPEHHS MOKE BIUTMHYTHU Ha 3arajibHi BIACTHBOCTI
Marepially Ta IOTEHIIi{HO BIUIMHYTH Ha NPOAyKTUBHICTH npuctporo. PiBni HOMO i LUMO B ocHOBHOMY IOXOIATH BiJ| p-opOiTaneit
3aydeHux atoMiB. Lle mimkpeciioe BaXIIMBICTh p-OpOiTaIbHAX B3a€MOIiH y BU3HAUECHHI IEKTPOHHUX BIIACTUBOCTEH Marepiaiy.
Kurwuosi ciioBa: CH3NH;PbIs; meopis ¢ynkyionany eyemunu, eakaucis Pb; enepeis 3a60ponenoi 30Hu; cmpykmypHe cnomeopeHHsi



