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Perovskite solar cells have been attracting considerable attention because of their high power conversion
efficiency (PCE). However, their efficiency is compromised by the defect sites on the perovskite surfaces,
where charge carriers (excitons) are trapped and recombined. In this study, based on the density
functional theory method, we theoretically explore a molecular passivation process for coating a
perovskite surface to reduce the defect concentration. This study focuses on Pb-free perovskite materials,
such as MASnl;, MAGels, and MASngsGegsls (MA = CHsNHz), employing ethylenediamine and

Received 4th October 2024, iodopentafluorobenzene as excellent passivation molecules. Our theoretical calculations show that the

Accepted 11th March 2025 adsorption of these passivation molecules on the Pb-free perovskite surfaces could remove defect energy
DOI: 10.1039/d4cp03817g levels from the bandgap. Particularly, we discuss the effectiveness of a Lewis base to reduce deep defect

levels for a Sn—Ge-mixed perovskite. Furthermore, we present a molecule-defect-level interaction model
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1. Introduction

Recently, perovskite solar cells have been attracting considerable
research interest because of their high power conversion effi-
ciency (PCE), low production cost, lightweight, and flexibility."
Notably, Pb-based perovskite solar cells with high PCEs of over
20% have been reported, and further studies have been focusing
on promoting their industrial applications.® Conversely, due to
the toxicity of Pb, Pb-free perovskites have been actively
studied.>*? A perovskite crystal has the general form ABX;, where
A, B, and X represent a (organic) cation, (metal) cation, and halide
anion, respectively. Sn and Ge have been explored as potential
candidates for replacing Pb in the B site. Moreover, Pb-free
perovskite solar cells have a considerable room for improvement
in terms of their PCEs. This study focuses on Sn- and Ge-based
perovskite materials.
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to understand the passivation mechanism, focusing on the chemical effects of Lewis bases/acids.

To improve the PCE of solar cell devices, controlling the
defects in perovskite materials is indispensable because defect
sites trap excitons, promoting electron-hole recombination. Par-
ticularly, deep-level defects, whose energy levels are located near
the center of the bandgap, work as efficient recombination sites
and largely compromise the PCE of solar cell devices."**® Further-
more, compared with the defects in the bulk, the defects at the
interface between the perovskite layer and the electrode cause
large PCE losses." Therefore, reducing the concentration of deep-
level defects on the perovskite surfaces is critical for achieving a
high PCE. For this purpose, molecular passivation is frequently
employed, where a perovskite surface is coated with small mole-
cules during device fabrication.>*" For this process, various types
of molecules, such as acetylacetone, fullerene and its derivatives,
pyridine, ethylenediamine (EDA), and iodopentafluorobenzene
(IPFB), have been experimentally employed.'®?**"%32 In our
previous study, we explored the molecular passivation mechanism
of a Sn-based perovskite surface and reported that Lewis base
(acid) molecules are effective for p-type (n-type) surface defects. To
explain the passivation mechanism, we presented a molecule-
defect-level interaction model, focusing on the interactions
between the surface defect and the molecular orbital.>®

Notably, Ge doping has been actively studied for improving the
properties of Sn-based perovskite materials.>*° Correspondingly,
this study investigates the molecular passivation of perovskites
containing Ge, such as MAGel; and MASn, sGe, 513, and compares
the results with those for MASnI; (MA = CH;NH;). At present,
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various Ge dopant concentrations have been experimentally
examined to improve the PCE of Sn-based perovskite solar cells,
but it is difficult to precisely perform simulations for all of them.
Thus, we present calculation results for a Ge-based perovskite to
consider materials with high Ge dopant concentrations. Further-
more, we attempt to explain the molecular passivation process
using the molecule-defect-level interaction model, evaluating the
similarities and differences between Sn-based and Ge-based
perovskites. Particularly, this study will show the effect of a Lewis
base for not only Sn/Ge-based but also Sn-Ge-mixed perovskites
on the removal of surface defect levels.

A variety of perovskite materials have been obtained through
modifications of the ABX; perovskite structure with molecules,
elements, and halogens. For example, the replacement of the
A- and X-site elements with methylammonium, formamidinium
or Cs and I, Br or Cl has been explored for solar cell materials.
Thus, attempts to improve perovskites will lead to continuous
development and modifications with materials of varying com-
positions. Correspondingly, it would be inefficient to explore
optimal passivation molecules for various perovskite materials
individually, underscoring the need for a transversal under-
standing of the molecular passivation mechanism. Our calcula-
tion results and discussions will provide insights for evaluating
various types of perovskite materials.

In the following section, we explain the computational
methodology, presenting perovskite surface models with a
point defect. In Section 3.1, we discuss an approach for
recognizing important surface defects that largely compromise
the PCE of solar cells, considering both the defect formation
energy and the defect level. From the computational results, we
focus on Vg, and Ig, defects as p-type defects and MA; as the
n-type defect. In Section 3.2, we discuss the passivation mecha-
nism against the p-type defects, achieved through the adsorp-
tion of EDA on MASnI;, MAGel;, and MASn,, ;Ge, sI5. In Section
3.3, we present the results of IPFB passivation against the
n-type defect. Finally, we provide a summary in Section 4.

2. Computational models and method

We performed geometry optimization calculations to construct
surface defect models and determined the structures of the
passivation molecules adsorbed on surfaces using the density
functional theory (DFT) method. Thereafter, we calculated the
defect formation energy, adsorption energy, and density of states
(DOSs) using single-point calculations for detailed analysis. We
investigated several perovskites with different compositions,
including MASnI;, MAGel;, and MASn, sGegsl;. For MASn, 5
Geg 513, we employed a NaCl-like structure for the Sn and Ge
geometrical compositions. For these perovskite materials, we
prepared 2 x 2 x 3 slab surface models with the plane direction
of (001), terminated by the Snl,, Gel,, or Sny sGe, 51, layer (Fig. 1).
Conversely, the importance of I-MA termination has been
addressed.”” The calculation results using the I-MA-terminated
models are provided in the ESLf
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Fig. 1 Clean surface model of the MASNngsGegsls perovskite. Here, we
employed 2 x 2 x 3 slab surface models with a plane direction of (001),
terminated by the SngsGeg sz layer. For MASnls (MAGels), a similar clean
surface model was adopted, terminated by Snl, (Gely).

Surface defect states such as density and type are not under-
stood enough for the Sn-based perovskites, although those yield a
large negative impact on the PCE of solar cell devices. Surfaces with
high defect densities can have a significant negative impact on the
PCE. The surface models used in this study may be considered a
case where defects densely exist. In this study, we will discuss that
the molecular passivation technique is effective in improving the
PCE of Sn-Ge-mixed perovskites even against such situations.

For the DFT calculations, we employed the projector-
augmented wave method with the pseudopotential approach,*®*°

Table 1 Stable defect formation energies [eV] of MASnls, MAGels, and
MASNo sGeg sls under several chemical potential conditions

MASnI, MAGel, MASD, sGeg 515

p-type Vaia 0.60 0.86 0.80
Ven —0.21 —0.02
Ve —0.16 0.02
L 0.02 0.34 0.21
MAg,, —0.44 0.12
MAge 0.20 —0.28
Iva 1.58 1.20 1.85
Isn —0.06 0.16
Te 0.28 0.07

n-type Vi 0.84 1.12 1.13
MA; 0.24 0.75 0.54
Sn; 1.32 1.71
Ge; 1.47 1.56
MA, 0.69 1.15 1.22
Shpa 1.68 1.56
Gena 1.77 1.94
Sny 1.72 2.54
Ge; 2.18 2.35
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Fig. 2 Top view of the (a) p-type defects of Vy and Iy (M = Sn or Ge) on MASnls, MAGels, and MASng sGeg sls and the (b) n-type defect of MA, on MASnhIs,

MAGE|3, and MASHOFSGeo‘5|3.

using the Perdew-Burke-Erzerhof functional®® with Grimme’s
dispersion correction (D3).*' We adopted an energy cut-off of
450 eV and employed the k-point sampling of 2 x 2 x 1 based
on the Monkhorst-Pack method** for the optimization calcula-
tions. The &-point samplings of 4 x 4 x 1 and 5 x 5 x 1 with the
I'-centered mesh were employed for single-point and DOS calcula-
tions, respectively. Perovskites discussed in this study are not
magnetic materials and the spin polarized calculation condition
is not considered. All calculations were executed using the Vienna
Ab initio Simulation Package 5.4.4.*>*

3. Results and discussion

3.1. Important defects on the Sn-, Ge-based and mixed
perovskite surfaces

To distinguish important surface defects that severely compro-
mise the PCE of solar cells, we considered the defect formation

This journal is © the Owner Societies 2025

energy in addition to the defect level. Here, the defect for-
mation energy was employed to indicate whether the target
defect is easily generated on the perovskite surface. We calcu-
lated the defect formation energy of 42 surface models with a
point defect, considering 12 models for MASnI; (MAGel;) and
18 models for MASn, 5Ge, 5I3. As point defects, we employed
vacancy (Vx), interstitial (X;), and substitution (Yx) defects on
perovskite surfaces with MA, Sn, Ge, I, and their combinations.
These components (elements) are removed, added, or substi-
tuted with the neural charge state from the clean (pristine)
surface models without defects. The clean perovskite surfaces
are neutral, and hence the defect surfaces also become neutral.
For the Vg, model, an Sn atom is removed from the pristine
perovskite surface.

The defect formation energy depends on the experimental
conditions. To handle complicated experimental conditions
theoretically, the chemical potential concept has been widely
employed.’>*® We describe the detailed procedure in the ESI,}

Phys. Chem. Chem. Phys., 2025, 27, 7429-7439 | 7431


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cp03817g

Open Access Article. Published on 12 March 2025. Downloaded on 2/24/2026 5:23:56 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

(a) MASnI;

Pt TR
Vg, + EDA I, + EDA
—1.08 eV -0.85eV
(b) MAGel,

o 7

o0 PP o™ | | ‘og*o‘;o&f’ o

7 ‘oov).r?" o° S 70 Chr 0@, ¥4
V. + EDA I, + EDA
-0.91 eV -0.88 eV

View Article Online

PCCP

(c) MASn, sGe, s,

T d
?cﬁ‘g ‘ f e { ? X I,b' g
Vg, T EDA Vgt EDA
-1.79 eV -1.10eV

<4 f o 1

<

%oPs %P ° o@A, o°
s RO LR AN PR 2 s

I, + EDA
—-1.32eV

I;. + EDA
~0.66 eV

Fig. 3 Passivated surface models with p-type defects of Vi and Iy (M = Sn or Ge) on (a) MASnls, (b) MAGels, and (c) MASng sGeg sls. The adsorption
energy of EDA is described below the label of each model. A schematic illustration of these models is also shown in Fig. 5a.

where the chemical potentials of MA, Sn(Ge), and I are con-
sidered using phase diagrams. We examined three chemical
potential conditions: Sn-rich (Ge-rich), I-rich, and moderate. In
Table 1, we show the defect formation energies under which
the most stable energies are achieved among these chemical
potential conditions. Additionally, we show all the defect
formation energies observed under these chemical conditions
in the ESI.{ From these calculations, we confirmed that p-type
defects are more easily generated on the perovskite surface
than n-type defects. Here, p-type defects are those with no
electrons in the defect level, whereas the n-type defect pos-
sesses electrons in the defect level. Particularly, the generation
of p-type surface defects of Vy;, Iy, and MAy on perovskite
surfaces is energetically favorable, regardless of the Sn or Ge
composition (here, “M” represents Sn or Ge). For example, the
defect formation energies of Vg, in MASnI; and MASn, 5Ge, 513
are —0.21 and —0.02 eV, respectively. Formation energies
of —0.16 and 0.02 eV are obtained for Vg. on MAGel; and
MASN, 5Gey 513, respectively.

Next, we consider the defect level to distinguish important
surface defects. If the defect energy level is located between the
valence band maximum (VBM) and the conduction band mini-
mum, the defect behaves like an efficient recombination site and
significantly compromises the PCE. We confirmed that the
defect energy levels of Vy; and I, are located within the bandgap.
Thus, we recognized eight p-type surface defects as particularly
important: Vg, and Is, for MASnI;; Vg. and Ig. for MAGel;; and
Vsns Ve, Isn, and Ig. for MASn, 5Ge, 515 (Fig. 2). In addition, by
comparing these simulation results, we observed that similar
defect structures are obtained, regardless of the Sn or Ge
composition. However, this trend may be slightly different from
those for Pb-based perovskites. Studies have shown that

7432 | Phys. Chem. Chem. Phys., 2025, 27, 7429-7439

relatively shallow surface defects of Iya, Ipp, Pb;, Vi, and Pb;
are easily generated on the Pb-based perovskite surface.**” In
this study, we discuss the Ge dopant effect for a Sn-based
perovskite and hence pay attention to the MASn, sGe, sI; model.
For the Sn—-Ge-mixed perovskite, the defect formation energies of
—0.02 and 0.52 are obtained for the Vg, defect on the Sny 5Geg 51,
and I-MA terminated surfaces, respectively. In addition, defect
levels with the low formation energy are shallow or are not in the
bandgap on the I-MA terminated surface. For example, Vg, on
the I-MA terminated surface does not have the defect level within
the bandgap, although it has a deep defect level on the
Sn, 5Gey 51, terminated surface. This tendency can be observed
for other surface defects. This study discusses the removal of
(deep) defect levels from the bandgap based on the molecular
passivation technique. Thus, this study mainly discusses the
Sn, 5Gey sI, terminated surface. We will show molecular passiva-
tion calculations next.

3.2. Ethylenediamine (Lewis base) passivation against p-type
surface defects

In this section, we discuss the passivation process against Vi,
and I, surface defects, considering eight surface defect models
for MASnI;, MAGel;, and MASn, sGe, 5I;. Here, EDA is exam-
ined as a passivation molecule, because the effectiveness of
EDA passivation is experimentally confirmed for Sn-Ge-mixed
perovskite solar cells. The geometrically optimized structures
with EDA of these models are shown in Fig. 3. All EDA
adsorptions on these surface defects are energetically favorable.
For example, the EDA adsorption energy against Vg,, on MASnI;
is —1.08 eV, and that against Vg. on MAGel; is —0.91 eV.
Similarly, the adsorption energies against Vs, and Vg. on
MASN, 5Geo 513 are —1.79 and —1.10 eV, respectively. Here,

This journal is © the Owner Societies 2025
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Fig. 4 The density of states (DOSs) before and after the EDA passivation (adsorption) against the p-type defect of Vy on (a) MASnl3, (b) MAGels, and (c)
MASNno 5Geg sls. Here, the valence band maximum (VBM) energy of each system is adopted as the energy reference. The total DOS is depicted by the
black line, and the pDOSs for the surface | atoms are drawn with the red dashed line.

EDA has a monodentate structure, where a nitrogen atom is
coordinated with the iodine atom on the perovskite surface for
both Vy; and I, defects, regardless of the Sn or Ge composition.

To investigate the molecular passivation mechanism, we
present the DOSs of the surface defects of Vy; before and after
the EDA adsorption (passivation) in Fig. 4. The DOSs of Iy
before and after the EDA adsorption are shown in the ESIL.f The
projected DOS (pDOS) for the I atoms around the defect site is
also depicted with a filled red line. Here, the VBM energy of
each system serves as the energy reference. Before the EDA
adsorption, we confirmed that defect levels are located within
the bandgap, mainly originating from the I atoms. In addition,
we found that two I atoms form a dimer-like structure of I,, as
schematically illustrated in Fig. 5a. A similar dimer structure is

This journal is © the Owner Societies 2025

observed on the Pb-based perovskite surfaces.'® These calcula-
tion results highlight the influence of surface halogens on
p-type defects. After the EDA passivation, we confirmed that
the defect levels were removed from the bandgap, as shown in
Fig. 4. For the Sn-based perovskite, we have already demon-
strated that the EDA passivation is effective against p-type
defects, such as Vg, and Ig,.** In this study, we showed that
the EDA passivation is also useful for p-type defects on MAGel;
and MASn, sGeysl;. In the passivation process, EDA mainly
interacts with the I site; consequently, we may observe similar
passivation effects.

To elucidate the interaction between EDA and surface
defects, we show the electron densities before and after the
EDA adsorption. Fig. 6 shows the electron densities of each

Phys. Chem. Chem. Phys., 2025, 27, 7429-7439 | 7433
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Fig. 5 Schematic illustration of the (a) passivation mechanism against p-
type defects using EDA and (b) against n-type defects using IPFB. For the
p-type defect, EDA interacts with the I, dimer-like structure. For the n-
type defect, IPFB interacts with the Sn—Sn, Ge—Ge, and Sn—Ge structures
(M, M’ = Sn or Ge).

defect level at the I' point. To determine the defect levels, we
focus on the electron density localized around the defect sites.
Before the EDA passivation (adsorption), the defect level is
localized around I dimer atoms, which is consistent with the
pDOS calculations without EDA (see Fig. 4). Conversely, the
EDA adsorption significantly modifies the surface state. The
hybridization with the highest occupied molecular orbital
(HOMO) of EDA leads to a significant modification of the
surface defect state. Furthermore, we observed significant
changes in the HOMO of EDA before and after the molecular
passivation, based on the pDOSs. These results demonstrate
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the importance of the interaction between the HOMO of EDA
and the surface I atoms. To consider the interaction between
the passivation molecule and the surface defect, it may be
useful to pay attention to the energy difference between the
HOMO energy of the passivation molecule and the defect level.
For example, the energy difference of 0.20 (0.11) eV is obtained
between the HOMO of EDA and the Vg. defect level for
MASn, 5Gey 513 (MAGel;). An energy difference of 0.27 (0.32) eV
is calculated for Vg, on MASn,sGeosl; (MASnI;). Thus, such a
small energy difference between the HOMO energy and the defect
level leads to strong hybridization, and the defect level is removed
from the bandgap.

For the Sn-based perovskite, we have proposed a molecular-
defect-level interaction concept to explain the removal of the
surface defect. The passivation mechanism for the p-type
defects is shown in Fig. 7a. In the p-type defect, there are no
electrons; instead, the defect state is occupied by holes. In such
a situation, the HOMO of the passivation molecule can more
strongly interact with the defect state, donating an electron pair
toward the p-type surface defect. In other words, the passiva-
tion molecule can work as a Lewis base. Our calculations
demonstrated that the molecular-defect-level interaction con-
cept is useful for various perovskite materials, including those
containing Ge as a dopant. Thus, we discussed that p-type
defects tend to be generated more easily on not only the Sn/Ge-

(c) MASNn, ;Ge, sl,

Ve, + EDA ‘
q D:p) ° o@

Ve

l

before
passivation

EDA adsorption

Fig. 6 The electron density of the p-type defect of Vy before and after the EDA passivation (adsorption) on (a) MASnls, (b) MAGels, and (c)
MASNg 5Gegsls. (d) The electron densities of the HOMO and LUMO of EDA. The HOMO of EDA mainly contributes to the removal of p-type defect

levels through interactions with surface defect states.
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Fig. 7 Schematic diagram of the molecular passivation using the Lewis base and acid against (a) p-type and (b) n-type defects, respectively.
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Fig. 8 Surface structures passivated with an IPFB molecule against the n-
type defect of MAl on (a) MASNIs, (b) MAGels, and (c) MASng sGeg sls. The IPFB
molecule adsorbs on the Sn or Ge site lifted from the surface. For MASngs-
Gegsls, we show the IPFB adsorptions on both of the Sn and Ge sites. The
adsorption energy of IPFB is described below the label of each model. The
schematic surface structure for these models is shown in Fig. 5b.

based but also Sn-Ge-mixed perovskite surface, and hence the
Lewis base can effectively work to remove p-type defect levels.
In the next section, we discuss the Lewis-acid case against the
n-type defect.

3.3. Iodopentafluorobenzene (Lewis acid) passivation against
n-type surface defects

Here, we focus on the n-type surface defect, which is less easily
generated on the perovskite surfaces compared with p-type

This journal is © the Owner Societies 2025

defects. We previously investigated the passivation mechanism
against MA; on MASnI; and reported that the IPFB molecule is
useful for removing the defect level from the bandgap,
although EDA was not satisfactorily effective.”® The effective-
ness of IPFB passivation is confirmed to improve the PCE of the
Sn-Ge-mixed perovskite solar cell devices. Here, IPFB behaves
as a Lewis acid against the n-type defect. We describe the
passivation process using IPFB against MA; on MASn, sGe, 513
and MAGel; and compare the results with those for MASnI;. In
Fig. 2b, we show the MA, defect structures on MASnI;, MAGel;,
and MASn, 5Ge, sI3. We observe that two Sn/Ge atom pairs are
in proximity and are lifted from the surface (see Fig. 5b). The
Sn-Sn(Ge-Ge) pair is formed on MASnI; (MAGel;) and the Sn-
Ge pair on MASn, sGe,sl;. Several research groups have
reported similar dimer-like structures observed on the Pb/Sn-
based perovskite surface.'**®™®

In Fig. 8, we show the IPFB-passivated surface structures.
For MASnI; (MAGel;), IPFB adsorbs on the Sn(Ge) atom of the
Sn-Sn(Ge-Ge) pair lifted from the perovskite surface. For
MASn, 5Geg 515, either the Sn or Ge atom of the Sn-Ge pair
becomes the adsorption site. The adsorptions of IPFB are energe-
tically favorable, regardless of the Ge composition; adsorption
energies of —0.88 and —0.67 eV are obtained for MASnI; and
MAGels;, respectively. For MASn, sGe, 513, —0.55 and —0.67 eV are
obtained for the Sn and Ge site, respectively.

We summarize the DOS analyses before and after the IPFB
passivation in Fig. 9. The black solid line depicts the total
DOSs, and the filled blue dashed line indicates the pDOSs of
the Sn/Ge atoms located on the perovskite surface. Here, the
VBM of each system is employed as the energy reference. From
these pDOS and electron density analyses, it is evident that the
Sn/Ge atoms around the defect site mainly contribute to the
MA, defect level. Fig. 10 shows the electron density of the defect
level at the I" point before and after the IPFB passivation. Before
the IPFB passivation (adsorption), the defect level is localized
around the Sn/Ge atoms, which is consistent with the pDOS
results (Fig. 9). After the IPFB adsorption (passivation) on the
perovskite surfaces, the defect levels are tuned by shifting
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Fig. 9 The density of states (DOSs) before and after the IPFB passivation (adsorption) against the n-type defect of MA, on (a) MASnls, (b) MAGels, and (c)
MASNo 5Geg sls. Here, the valence band maximum (VBM) energy of each system is adopted as the energy reference. The total DOS is depicted by the
black line, and the pDOSs for Sn and Ge are drawn with blue-dashed lines.

downward, where the lowest unoccupied molecular orbital
(LUMO) of IPFB interacts with the defect sites. These results
suggest that the interaction between the LUMO of IPFB and the
defect state is essential for removing the n-type defect level
from the bandgap. Here, we discuss the several effects exerted
by the Ge component. For MASnI;, the defect level is completely
removed by the IPFB passivation. Conversely, for MAGel; and
MASN, 5Geg 515, the defect levels are still located within the
bandgap, although those are improved by the IPFB passivation.
These behaviors may be due to the bandgap differences of each
material. The Ge composition slightly widens the bandgaps; for
example, bandgaps of 0.71, 0.79, and 1.05 eV are obtained for
clean surfaces of MASnI;, MASNO 5Ge, 513, and MAGels, respec-
tively. Therefore, the defect level may not have been pushed

7436 | Phys. Chem. Chem. Phys., 2025, 27, 7429-7439

completely outside the bandgap in the Ge-containing materials.
Moreover, the interaction with IPFB may also be different on
the Sn and Ge sites.

The passivation mechanism against the n-type surface defect
may be explained using the molecule-defect-level interaction model
in Fig. 7b. For the n-type defect, electrons exist in the defect site.
Therefore, the LUMO of the passivation molecule can more easily
interact with the n-type defect site. In other words, Lewis acids
become effective for passivation against n-type defects. Conversely,
the molecule-defect-level interaction model may be oversimplified
to handle realistic surfaces. For example, understanding the overall
interaction mechanism between the defect state and the orbital of
the passivation molecule is important for effective passivation.
However, a simple concept may be required to understand the
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Fig. 10 The electron density of the defect level before and after the IPFB passivation (adsorption) against MA; on (a) MASnls, (b) MAGels, and (c)
MASNo 5Geg sl3. (d) The electron density of the HOMO and the LUMO of IPFB. The LUMO of IPFB mainly contributes to the removal of n-type defect levels

through interactions with the surface defect states.

passivation mechanism for various types of perovskites. The calcu-
lation results and discussion in this study will facilitate the explora-
tion of passivation molecules against surface defects.

4. Conclusion

We discussed the molecular passivation effect of Lewis acids/
bases on MASnI;, MAGel;, and MASn,sGesl; using the DFT
method. Defect-formation-energy calculations showed that p-type
surface defects are more easily generated on perovskite surfaces
than n-type defects. This trend was observed for all surface models
examined in this study, regardless of the Ge composition. Notably,
we focused on Vg, and Ig, as p-type defects and MA; as the n-type
surface defect because they are easily generated with their defect
levels lying within the bandgap.

To remove the defect level from the bandgap, we examined
the passivation process of the p-type and n-type defects using
EDA and IPFB molecules, respectively. For the p-type surface
defects such as Vg, and Ig,, I atoms mainly contributed to the
surface defect state. In the passivation process, EDA was
adsorbed on the I (dimer-like) site, and it successfully removed
the defect level from the bandgap. Thus, the I site became the
main target in the p-type defect case. The experiments also
revealed the effectiveness of EDA as a passivation molecule
against Sn-based perovskites, aligning with our calculation
results. For the n-type surface defect, the defect level was due

This journal is © the Owner Societies 2025

to surface Sn(Ge) atom pairs. Thus, the Sn(Ge) site became the
main target for the molecular passivation, and the IPFB passiva-
tion on the Sn(Ge) site proved effective for reducing the concen-
tration of surface defects. To consider the passivation process,
we presented a molecule-defect-level interaction concept.
Therein, the interaction between the passivation molecule and
the surface defect state was highlighted, focusing on the energy
difference (match) between the molecular orbital and the surface
state. Based on this concept, we also discussed the Lewis base
(acid) passivation against the p-type (n-type) surface defect.
Perovskites exhibit high adaptability; consequently, various
perovskite materials have been developed by replacing the con-
stituent components with elements/molecules or introducing
dopants. Particularly, based on the molecule-defect-level inter-
action model, we explained that a Lewis base can effectively
remove p-type defect levels on the Sn-Ge-mixed perovskite surface
as well as the Sn/Ge-based surface. The interaction model will be
useful for comprehensively considering the passivation mecha-
nism of various types of perovskites. We believe that our compu-
tational results and discussion will provide valuable insights for
improving perovskite materials through molecular passivation.
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