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Design rules for defect-free 3D perovskite-perovskite interfaces 
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A B S T R A C T   

The understanding of defect dynamics at all 3D (bulk phase) hybrid organic-inorganic perovskite heterojunctions 
is necessary for improving the stability and performance of perovskite based devices. In this work, using density 
functional theory calculations, we study the effect of interfacial defects on the stability and electronic properties 
of a bromine based lead-tin perovskite heterojunction. We find that antisite defects are not stable at this interface 
and relax to form Pb/Sn interstitial and halide vacancy defects. Interstitial Pb/Sn defects result in the formation 
of dimer bonds along with associated mid bandgap states. The halide vacancy defects enhance the interaction 
between the neighboring B site cations at the interface and result in the formation of charge localizing mid 
bandgap states. Our results indicate that the bulk Pb-Sn perovskite heterojunction is vulnerable to the formation 
of charge localizing interfacial defects and adopting a Br rich synthesis condition is necessary to obtain a het-
erojunction with promising optoelectronic properties.   

1. Introduction 

With their superior optoelectronic properties and ease of fabrication 
at room temperature, organic-inorganic halide perovskite has been 
envisioned as an impending material for application in solar cells [1,2], 
light-emitting devices [3], lasers [4], detectors [5,6], and transistors [7]. 
These devices exhibit promising performance in various device archi-
tectures and employ heterojunctions between different materials. The 
imminent adaptation of these devices in commercial applications is 
currently hampered by their stability issues and lead (Pb) content 
associated toxicity. Perovskite composition and interface engineering 
are proposed as two effective strategies in this regard. 

Initial studies suggested that mixed halide hybrid perovskites (ABX3) 
where I− at X position in methylammonium lead iodide (MAPbI3) is 
substituted by Br− or Cl− can be employed to achieve high device per-
formance along with improved stability under the ambient conditions 
[8]. Compared to MAPbI3, MAPbBr3 is environmentally more stable [9], 
results in higher open-circuit voltage [10], exhibits high absorption 
coefficients [11], and is optimal for application in tandem and 
triple-junction solar cells [12]. Further, tin based perovskites (ASnX3) 
are proposed as an alternative to mitigate the Pb-toxicity in Pb-based 
perovskites. Notably, a piezoelectric generator with better ambient 
stability and mechanical durability is realized by employing MASnBr3 in 
place of MAPbI3, demonstrating the versatility of compositional engi-
neering for device performance and stability enhancement [13]. The 

photo conversion efficiencies (PCE) so far achieved with pure Sn-based 
perovskite solar cells (PSCs), however, has been low due to the spon-
taneous oxidation of Sn2+ to Sn4+ at room temperature. The synergies of 
Pb- and Sn- based perovskites are utilized in mixed Pb-Sn perovskites 
where Br passivation reduces the lower dark current density and results 
in PCEs in excess of 19% [14]. 

The studies targeted towards device interface engineering focussed 
primarily on multi-dimensional perovskite (MDP) interfaces made up of 
a lower-dimensional perovskite (0D, 1D, or 2D) phase and 3D (bulk) 
phase. Pb-free PSCs demonstrating efficiencies in the range of 9% are 
achieved by carefully designing the 2D/3D interface [15,16]. The Br 
doping in the 2D perovskite capping layer part of the 2D/3D MDP 
interface resulted in an interfacial defect passivation with enhanced 
photoluminescence lifetimes and PCE of 20% [17]. A bilayer interdif-
fusion growth process for synthesis of Pb-Sn mixed perovskite when 
combined with a 1D pyrrolidinium perovskite based film passivation 
resulted in perovskite films with carrier lifetimes of 1.1 µs and PSCs of 
more than 20% PCE [18]. The extensive research studies on MDP in-
terfaces have resulted in devices with enhanced stability and perfor-
mance but similar studies are limited for all bulk phase perovskite 
heterojunctions [19]. 

All perovskite heterojunctions with the same phase (bulk 3D phase) 
on either side of the interface can be experimented to achieve the ad-
vantages of interface engineering and optimization of individual layer 
properties. The initial stagnation towards the development of all 
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perovskite interface was associated with the difficulty in perovskite 
multilayer fabrication and facile ionic migration existing in these ma-
terials [20]. These initial challenges are now mastered and the recent 
forays to experimentally synthesise these heterojunctions have been 
highly encouraging [19]. In particular, a sequential solution and vapor 
processing method to create an all-bulk perovskite heterojunction is 
shown to create synergy between composition and grain size engineer-
ing and enabled the formulation of general design rules for fabricating 
perovskite-perovskite heterojunctions [19]. A solution-phase sequential 
growth approach enabled the fabrication of 2D perovskite based lateral 
heterostructures with an atomically sharp interface [21]. Replacing the 
charge transporting layers used in perovskite LEDs with MAPbCl3 drives 
the conformal deposition of light-emitting CsPbBr3 layers without 
increasing the driving voltage [22]. 

While mixed Pb-Sn perovskites have received considerable attention 
for their application in PSCs, bi-layer Pb-Sn perovskite interfaces have 
been rarely studied [23]. A recent experimental study reported that 
MAPbBr3-MASnBr3 interface exhibits ambient atmospheric stability of 
more than 1500 h demonstrating the sturdiness of the bi-layer interface 
[19]. DFT-based studies can be effectively utilized to obtain a mecha-
nistic understanding of all perovskite heterojunctions aiding the exper-
iments in robust heterojunction design with desired optoelectronic 
properties [24,25]. For MAPbI3-CsPbI3 superlattices, such DFT-based 
study suggested that vacancy defects have shallow transition states 
and the activation barrier for halide ion migration is high across the 
interface, indicating the beneficial impact of interface formation to-
wards the stability enhancement of the PSC device which was later 
confirmed in experiments [26,27]. 

In this work, we employ DFT calculations to study the interface 
formation between Br-based lead- and lead-free perovskites, namely, 
MAPbBr3 and MASnBr3. The effect of interfacial defects on the stability 
and electronic properties of all perovskite heterojunction is examined by 
creating interfacial antisite, interstitial, and vacancy defects. 

2. Computational details 

The DFT calculations are performed using a Perdew Burkew Ern-
zerhof generalized gradient exchange correlation functional with plane- 
wave basis set and projected augmented wave pseudopotential as 
implemented in Vienna Ab Initio Simulation Package [28,29]. The 
plane-wave kinetic energy cut-off is fixed at 400 eV, and the Van der 
Waals interactions are modeled using the DFT-D3 method of Grimme 

[30]. The structure relaxation is carried out by sampling the electronic 
Brillouin zone corresponding to simulation supercell with a 
Gamma-only wavevector grid, and using an electronic convergence 
criterion of 10− 5 eV per formula unit. All degrees of freedom including 
atomic positions, cell shape, and cell volume are allowed to change 
during the structure relaxation to minimize forces to less than 0.05 eV/ 
Å. All geometry optimizations are performed without including the ef-
fect of spin-orbit coupling (SOC), while the SOC is taken into consider-
ation during the density of states (DOS) calculation for pristine and 
defective interfaces. A minimum vacuum of 15 Å is ensured in the di-
rection perpendicular to the interface in all calculations. 

Previous studies have reported that at ambient pressure, MASnBr3 
exists in its cubic phase (pm3′m space group) and a stable heterojunction 
between MAPbBr3 and MASnBr3 in their pm3′ m cubic structure was 
experimentally realized [19,31]. Further, it was experimentally 
observed that MASnBr3 perovskite films preferentially grow along (100) 
direction over indium tin oxide thin films [32]. Considering these facts, 
an all-perovskite interface is created by modeling a 3 × 3 × 3 supercell of 
the (100) surface of MAPbBr3 with a 3 × 3 × 3 supercell of the (100) 
surface of MASnBr3 consisting of a total of 648 atoms (Fig. 1). 

The antisite defects (AD) are created at the interface by randomly 
exchanging the positions of interfacial Br atom with the Pb/Sn atom. 
Interstitial defects (ID) are generated by introducing an additional Br/ 
Pb/Sn atom (charged ID) or by shifting the respective atoms from their 
original position to the interface (charge neutral ID). Vacancy defects 
(VD) are created by randomly removing the desired specie atom from 
the interface. Consequently, VD are charged defects, AD are charge- 
neutral defects and IDs have both charge neutral and charged compo-
sitions. For the AD and VD three random defect configurations are 
created for each defect, while four and six random defect configurations 
are generated for charged and uncharged ID, respectively. 

The formation energies of the pristine interface is obtained as 

EFE =
EInterface − Esurface1 − Esurface2

S
(1)  

where EFEis the formation energy of the pristine interface, EInterface is the 
relaxed energy of the interface, Esurface1and Esurface2 are the relaxed en-
ergy of the first and second molecular material surface which make up 
the interface, respectively, and S is the total surface area of the interface 
supercell. FE of defective interfaces are calculated by subtracting the 
relaxed energies of defective supercells from their pristine supercell 
counterparts. Out of the similar defect configurations, the defects having 
the lowest FE (most stable) values are used for analysis. 

The density of states (DOS) is obtained by including the spin-orbit 
coupling to identify the defects with mid bandgap electronic states. 
Wavefunction visualization happening at the defect position is 
employed to understand the charge carrier localization at the defective 
interfaces. The inverse participation ratio (IPR) of the defective states is 
calculated to quantify the extent of wavefunction localization. The lower 
IPR value corresponds to a completely delocalized state while an in-
crease in IPR value is indicative of the localization happening at the 
defective site [33,34]. 

3. Results and discussions 

We begin our analysis by evaluating the formation energy of all-3D 
perovskite MAPbBr3 –MASnBr3 interface. It was previously reported in 
the literature that the preferential orientation for the case of MAPbBr3 
interface is MABr and as such the interface is created between MAPbBr3 
and MASnBr3 with MABr and SnBr2 termination, respectively [35,36]. 
The formation energy of the pristine interface as obtained from Eq. (1) is 
− 2.11 eV/nm2 which is comparable to that of a 2D/3D perovskite het-
erojunction (− 3.06 eV/nm2) [37] indicating that the interface is highly 
likely to form and is inherently stable. 

The DOS of the pristine interface is shown in Fig. 1. The valence band 

Fig. 1. The DOS of pristine MAPbBr3-MASnBr3 interface. The inset image 
shows MAPbBr3-MASnBr3 interface employed in this study. The interface is 
formed between 100 facets of cubic phases of MAPbBr3 and MASnBr3. 
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Fig. 2. The DOS of (a) Pb and (b) Sn AD at the MAPbBr3-MASnBr3 interface. The inset image shows the relaxed defect configurations of the corresponding interface 
where the black circle indicates an interstitial Pb/Sn atom. The interfacial AD relaxes into an Interstitial Pb/Sn and a halide vacancy defect configuration. 

Fig. 3. The DOS of charged (a) Pb, (b) Sn and (c) Br ID at the MAPbBr3-MASnBr3 interface. The inset image shows the relaxed defect configurations at the interface 
where the black circle indicates an interstitial Pb/Sn/Br atom. Top right inset image in (a), (b) shows the wavefunction localization happening at the interfacial Pb, 
Sn ID site. Pb/Sn ID leads to the formation of mid bandgap states and charge localization while halide ID in (c) leads to the formation of a bridge atomic configuration 
without formation of mid bandgap states. 
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states are found to be dominated by the Sn orbitals with significant 
contribution from Br orbitals while conduction band states originate 
mainly from the Pb/Sn atoms. The inclusion of equal amounts of Sn to 
Pb-based perovskite introduces strongly hybridized Sn orbitals to the top 
of the valence band, which is clearly observable in Fig. 1. [38] 

Moving forward, we next focus on charge-neutral AD. The negative 
FEs indicate that Pb (− 1.23 eV) and Sn (− 1.73 eV) AD are likely to form 
at the interface though, as can be seen from Fig. 2a and b, the formation 
of such defects does not result in any midgap states. The relaxed 
configuration of these defects show they are not stable and decompose 
into a combination of vacancy and interstitial defect as reported previ-
ously (Fig. 2a & b) [39]. The interstitial Pb/Sn atom forms bonds with 
the nearby Br atoms resulting in the formation of an interfacial PbBr3

−

unit with reduced bond lengths (Fig. 2). The Pb-Br bond length for the 
pristine interface is 3.05 Å and it reduces to 2.81 Å for interface with AD 
defects. Similarly, in the case of Sn AD, the Sn-Br bond length reduces 
from 2.95 Å to 2.67 Å in defective configuration. The reduced Pb/Sn-Br 
bond lengths was associated with formation of deep level defects in the 
case of lead tri-halide perovskites which is not observed in Fig. 2. [40]. 
Similarly, bond length reduction with the formation of secondary tin 
phases MA2SnI6 and SnI4 was related to the formation of Sn(IV) phases, 
which is not observed in relaxed defect configuration of interfacial ADs 
(Fig. 2) [41]. 

The charge neutral ID are created by shifting a Pb/Sn atom from their 
original position to an interstitial site. The charged ID are created by 
introducing an additional Pb/Sn atom at the interstitial position. We 
find that the charge neutral ID relaxes back to the pristine interface and 
are as such not stable. Charged ID exhibit similar behavior as that of Pb/ 
Sn AD defects where the additionally introduced Pb (Sn) atom forms an 
interfacial structure with three bromine and one Pb (Sn) atom, respec-
tively. The Pb-Br/Sn-Br bond length after relaxing the defect structure 
was found to be 2.95 Å and 2.89 Å for Pb and Sn ID, respectively. 

In case of charged Pb/Sn ID (Fig. 3a & b), the additional dimer bond 
formed between Pb/Sn atoms lead to the formation of a mid-bandgap 
state. The IPR value for charged Pb/Sn ID is found to be 29/25 
(compared to 4 for pristine interface) which is indicative of the strong 
charge localization happening at the defective site. A similar dimer 
formation due to the presence of interstitial Pb defect was also reported 
in the case of MAPbI3 due to its strong covalent nature [42]. The for-
mation and strength of these covalent bonds is in competition with the 
structural distortion and defect chemical state, respectively [43]. Similar 
observations are reported in literature for CsPbBr3 where the presence of 

excess lead atoms at the surface was found to form a Pb dimer resulting 
in the formation of a deep hole trap [44]. 

A charged interstitial halide defect also leads to a large degree of 
structural rearrangement at the interface (Fig. 3c). The interstitial halide 
relocates from its initial position to the plane of Pb-Br-Sn bond, pushing 
down the Br atom located in between the interfacial Pb and Sn and forms 
a double bridge configuration at the interface. The formation of double 
bridge configuration by interstitial halide atoms coordinated by Pb 
atoms has been previously reported in MAPbI3/Br3 and was found to be 
unstable when the fermi energy was close to the valence band maximum 
[45]. It was reported that interstitial bromine ion can recreate a tin 
environment of Sn (IV) phases, but the DOS shows that halide ID does 
not create any detrimental state in the bandgap (Fig. 3c) [41]. 

Compared to interfacial halide ID, the creation of halide VD results in 
a minimal interfacial rearrangement of atoms. The Br mediated bond 
length between interfacial neighboring cations Pb-Sn was 5.98 Å at the 
pristine interface. After creation of VD, the distance between the 
neighboring B site cations reduce to 3.73 Å. The reduction in interatomic 
distance results in an enhanced covalent interaction between interfacial 
Pb-Sn atoms leading to the formation of a mid-bandgap state with defect 
localization properties (Fig. 4a). This is further corroborated by the 
wavefunction visualization shown in Fig. 4a (top right inset image). The 
calculated IPR value is 29 for the VD at the MAPbBr3-MASnBr3 interface 
compared to 4 for the pristine interface, suggesting that the wave-
function is highly localized for halide VD. Preceding studies have shown 
that the creation of a halide VD results in covalent interaction between 
the neighboring B site cations leading to the formation of a deep donor 
level (DX centre) [39]. In contrast to a halide ID, the presence of 
interfacial Pb/Sn VD does not result in the formation of any mid 
bandgap state as observed in Fig. 4b. 

Previous reports suggest that the bromine substitution in MAPbI3 
results in higher formation energies for vacancy defects and reduces the 
migration of methylammonium ions due to lattice contraction; thus 
resulting in better efficiencies and stabilities [9,46]. In case of Br based 
perovskites, Pb interstitials forming Pb dimers was found to be the 
dominant source of defects and consequently a Br rich growth envi-
ronment was suggested for them [47]. The necessity of circumventing 
the Pb content associated toxicity led to the development of Sn and 
mixed Pb/Sn based perovskite solar cells where they were found to 
exhibit perfectly balanced charge carrier transport [38]. Mixed perov-
skites were found to exhibit an intermediate behavior regarding their 
defect chemistry compared to their Pb/Sn counterparts and were 

Fig. 4. The DOS of (a) Br and (b) Pb VD formed at the MAPbBr3-MASnBr3 interface. The top left inset image shows the relaxed defect configuration of VD where the 
black circle indicates the position of a Br/Pb vacancy. In figure (a) top middle inset image shows the wavefunction localization, and bottom right inset image shows 
the zoomed image of the mid bandgap state and the inset image in figure (b) shows the relaxed defect configuration of VD. Br VD at the interface lead to the 
formation of a midgap state resulting in significant charge carrier localization. 
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predicted to be potentially free of deep traps [48]. The introduction of 
Sn into PSC architecture introduces an additional bottleneck of ambient 
atmosphere Sn oxidation. Theoretical studies showed that the oxidation 
process was energetically unfavorable in the bulk Sn perovskite and was 
highly favorable at the surface. Hence surface passivation was proposed 
as an effective strategy to obtain stable and efficient Sn based PSCs [41]. 
Recently, a multitude of all bulk phase (3D) perovskite-perovskite 
interface are experimentally fabricated and their ambient atmosphere 
stability is studied. Among studied interfaces, MAPbBr3-MASnBr3 
interface are found to be stable for more than 1500 h [19]. From our 
study it is observed that the all 3D Pb-Sn perovskite interface is highly 
prone to defect formation and localization of charge carriers. Adopting a 
halide rich synthesis condition can reduce the probability of formation 
of charge trapping halide vacancy and Pb/Sn interstitial defects thereby 
opening a pathway to further enhance the inherent stability demon-
strated by the interface. 

4. Conclusions 

In conclusion, we have investigated the effect of interfacial defects 
on the electronic properties of an all 3D Pb-Sn perovskite interface. We 
found that Pb/Sn antisite defects do not result in the formation of 
midgap states. The relaxed defect configurations suggest that these de-
fects are not stable and relaxes to form a Pb/Sn ID and a halide VD. 
Charged ID leads to a large interfacial structural rearrangement result-
ing in the formation of mid bandgap states by the creation of Pb/Sn 
dimer bonds. Formation of halide VD results in an enhanced covalent 
interaction between the interfacial neighboring B site cations leading to 
a charge localizing mid band gap state. 

Our results show that, even though interfacing MASnBr3 with 
MAPbBr3 can significantly reduce the Sn oxidation, the associated 
interfacial defects can significantly affect the charge transfer across the 
interface. The presence of excess Pb/Sn or absence of halide ion at the 
interface can lead to detrimental charge trapping states which points to 
the fact that a Br excess synthesis environment is highly essential to 
further enhance the stability and performance of MAPbBr3/MASnBr3 
interface. 
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