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The performance of perovskite solar cells (PSCs) is critically influenced by the quality of interfaces,

including grain boundaries and perovskite surfaces. These interfaces are often highly defective, leading

to non-radiative recombination and impaired charge transfer. Additionally, operational conditions
can induce undesirable chemical reactions, affecting long-term stability. This review summarizes
advancements over the past five years in achieving high-efficiency (near or above 25%) through

interface passivation. Notably, using two-dimensional/three-dimensional (2D/3D) hybrid perovskites,
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which combine the stability of 2D perovskites with the efficiency of 3D perovskites, has emerged as a
promising strategy. We reviewed recent progress in interface passivation strategies, focusing on the
implementation of 2D/3D perovskite passivation across buried interfaces, grain boundaries and top

interfaces. Finally, we discussed challenges and future directions for multi-interface cooperative

rsc.li/frontiers-materials

1. Introduction

Metal halide perovskites have garnered significant attention as
a revolutionary class of semiconductor materials, primarily due
to their exceptional physical and chemical properties. These
materials exhibited ultra-high optical absorption coefficients
(exceeding 10° cm ™), tunable bandgaps (ranging from 1.4 eV to
2.5 eV), long carrier diffusion lengths (more than 1 um), and
high defect-tolerance."® These qualities make these perovs-
kites widely applicable in various domains such as solar cells,
photodetectors, and lasers.”® In the field of photovoltaics,
perovskite solar cells (PSCs) have exhibited power conversion
efficiency (PCE) reaching 26.54%,° which is comparable to
around 26.81% of commercial crystalline silicon cells."
Despite these impressive efficiencies, the instability of perovs-
kite materials under conditions such as temperature fluctua-
tions, oxygen, humidity and light exposure remains a
significant barrier to their commercialization.

To address the instability issues, researchers have identified
two-dimensional (2D) perovskites as more thermally, chemi-
cally and environmentally stable compared to their three-
dimensional (3D) counterparts."'* However, pure 2D PSCs
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passivation, charge dynamics and degradation mechanisms.

(19.24%"") typically exhibit lower PCE than 3D PSCs. This
performance gap is mainly attributed to a wider optical band
gap (>2 eV) of 2D perovskites, which results in partial light
absorption loss, and their lower carrier diffusion coefficients,
which hinder effective charge transport across organic cation
interlayers."®° Therefore, leveraging the high stability of 2D
perovskites, while maintaining the high efficiency characteris-
tics of 3D perovskites is a challenge. This has led to increasing
interest in mixed-dimensional 2D/3D perovskite structures,
which aim to combine the advantages of both dimensions
while mitigating their respective weaknesses.

Emerging 2D/3D hybrid perovskite structures have shown
promise, with achieved efficiency being as high as 25.6%.>
These structures are usually constructed by introducing long
chain organic spacer cations, which are not suitable for 3D
perovskite frameworks, into the interfaces of the bulk perovs-
kite materials. The variations in molecular structures,
functional groups, organic cation concentrations, and other
synthesis conditions lead to diverse 2D/3D structures with
different performances.”> Despite this diversity, the PCE
improvement mechanism of 2D/3D hybrid structures is gener-
ally attributed to effective interface passivation.>?

This review aims to summarize recent advancements in
achieving high efficiency PSCs (near or above 25%) through
interface passivation strategies over the past five years.
We observed that the most high-efficiency PSC research studies
focused on interface passivation, and frequently employed 2D/
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3D perovskite methods. Therefore, we begin by discussing the
most commonly reported organic ammonium salt precursors
and then explore rational design strategies for other precursors
and methods for low-dimensional perovskite crystallization.
Following this, we delve into methodologies for implementing
these strategies at three critical interfaces: buried interfaces,
grain boundaries and top interfaces. Finally, we discussed
current challenges and future directions in the realm of 2D
perovskite passivation agents, including multi-interface coop-
erative passivation, charge dynamics and degradation mechan-
isms. The optimization of interface passivation strategies,
especially those involving 2D/3D hybrid perovskite structures,
holds significant potential for enhancing the efficiency and
stability of PSCs, paving the way for their commercial viability.

2. Strategies of 2D/3D perovskite
passivation

Passivation refers to treatment that renders a material less
sensitive, less reactive, or more corrosion-resistant.?* Since
the 1980s, surface passivation has been employed in crystalline
silicon solar cells to achieve PCE exceeding 20%.>> Recently,
interface passivation becomes critical for the rapid develop-
ment of PSCs, significantly boosting their efficiency and
stability.>"?¢33

The 2D/3D passivation strategy for PSCs was first introduced
by Li et al. in 2017.>* They introduced PEA" cations into the
FAPbI; perovskite, revealing that PEA" can assemble at inter-
faces to form 2D/3D perovskite structures, thereby passivating
surface defects and improving both phase and moisture stabi-
lity. In 2020, Sutanto et al. demonstrated that a 2D perovskite
capping layer protected the underlying 3D bulk perovskite from
degrading into lead iodide, further enhancing its stability.*
Furthermore, the 2D/3D structure improved crystallinity and
reduced defects responsible for non-radiative recombination,
leading to a reduction in the voltage-current hysteresis."'
Consequently, the 2D/3D perovskite passivation strategy signifi-
cantly improves the efficiency and stability of PSCs. It is worth
noting that many studies do not explicitly distinguish the roles
of 2D perovskites as capping layers versus molecular passivation
layers. The passivation layer may also form a 2D perovskite layer,
and the 2D perovskite layer itself may serve as a passivation layer.

The mechanisms through which 2D perovskites passivate
interfaces include:'>™° (1) passivation of surface defects such
as dangling bonds, interstitial defects and vacancy defects at
the interface, (2) optimization of the energy level alignment to
promote carrier transport across the interface between the
perovskite and charge transport layers, (3) enhancement of
moisture resistivity via hydrophobic long chain groups in the
2D perovskite, (4) improvement of thermal stability due to the
strong interaction between 2D organic cations and iodide, and
(5) inhibition of ion migration through restriction imposed by
the anisotropy of 2D perovskites.

In this review, we focus on the role of passivation played by
2D perovskite layers discussing on outstanding works reported

View Article Online

Materials Chemistry Frontiers

related to ultra-high efficiency PSCs. We summarized the 2D/3D
interface passivation strategies, classifying them according to
various pathways: formation of passivators, rational design, and
specific crystallization methods to achieve interface passivation.

2.1 Organic ammonium salts as 2D perovskite precursors

The interface of a 2D perovskite is usually formed in situ
through a reaction between residual excess Pbl, at the interface
and organic halide salts, such as butylammonium iodide (BAI),
phenylethyl ammonium iodide (PEAI), and octyl ammonium
iodide (OAI).>*® Different organic halide salts could form
distinct 2D perovskite structures with varied performances.
Among these, PEAI, composed of PEA" cations and I anions,
is the most frequently employed precursor in the interface
passivation of high-efficiency PSCs.**™*° Given its prevalence,
we will begin our discussion on 2D/3D perovskite passivation
strategies with PEAI and its derivatives, before exploring other
precursors containing different types of long-chain organic
cations.

2.1.1. PEAI and its derivatives. In 2016, Wang et al. for the
first time reported the application of a PEAI (a salt composed of
PEA" and 1) passivation perovskite interface to improve the
performance, in which a small sized hydrophobic aromatic
group and the edge-on packing of the benzene rings on the
perovskite surface were formed.”® Surprisingly, the organic
halide salt PEAI, rather than the 2D layered PEA,PbI, perovskite
proposed in other studies,>" serves as a much more effective
passivation additive for a 3D perovskite. And similar articles
have been reported by Wang and Jiang. Wang et al. found that it
was difficult to form a 2D or quasi-2D perovskite capping layer
by post-treatment of the CsPbl; surface using PEAI through
either solid state or sequential cation exchange instead of using
a defect-passivating organic cation terminated surface.”” Jiang
et al. carefully controlled the conversion process of PEAI to
PEA,Pb], in the actual devices using direct XRD evidence and
showed the existence of PEAI instead of PEA,Pbl, in the
perovskite thin-film devices, which played the key role in
increasing the PCE to as high as 23.32%, which was the highest
in 2019 (Fig. 1a).””

The PCE improvement by PEAI is mainly attributed to the
suppression of the undesirable surface properties that impede
carrier transport and induce recombination. Wang et al. used
ultrafast transient transmission and reflection microscopy
to distinguish the near-surface and bulk carrier diffusion
coefficients, which found that PEAI surface functionalization
increased the diffusion coefficient of the carriers in the 40 nm
subsurface region from 0.6 to 1.0 cm® s~ * similar to the value
for bulk carriers resulting from both reduced electron-phonon
scattering and defects on the perovskite surface (Fig. 1b).>*

Aside from the improved PCE, PEAI was found to form a 2D
perovskite to improve the stability of PSCs. For example, Zhu
et al. successfully introduced two-dimensional nanoplates between
perovskite grain boundaries by introducing PEAI, which remark-
ably improves the humidity and thermal stability (retained
85% and 90% of its initial PCE value after storing for 200 h in
~ 85% humidity and for 500 h at 100 °C, respectively, Fig. 1¢).>"
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Fig. 1 (a) PEAI passivation of a perovskite surface.*’ (b) Schematic diagram of carrier diffusion on the perovskite and PEA-terminated perovskite

surface.>® (c) Modification of grain boundaries by PEA,Pbl, nanoplates.>*

(d) Dual interface (HTL/perovskite and ETL/perovskite) passivation using

PEA-based organic cations.>* (e) PEAI derivatives with different functional groups.®® (f) Structure comparison between CEAl and PEAI.>®

Feng et al.>” also found that Eu-porphyrin complexes (Eu-pyP)

acted as 2D (Eu-pyP)osMA,_;Pb,ls,.; platelets inlaying the
GBs of 3D polycrystalline interstices to improve perovskite
Stability.37’41’47’55’58_61

Further than single-surface passivation, PEAI and its deri-
vatives can realize double-surface modification. Recently, Gran-
cini’s group presented a dual interfacial modification approach
by inserting PEA-based organic cations at both the bottom and
top perovskite interfaces (Fig. 1d). The modification of the
bottom interface led to an improved wettability, which elimi-
nates the formation of nano-voids at the interface with the HTL.
And the modification of the top perovskite surface led to its
efficient passivation and a reduction in nonradiative recombi-
nation losses. Next, the dual interface modification approach
was effectively combined with the incorporation of ionic liquids
into the perovskite active layer, leading to both efficient and
stable improvement, reaching a maximum PCE of 23.7%.>*
More interestingly, Mahmud et al modified the uniform
double-sided passivation strategy by using a discontinuous
2D perovskite (BAI) layer, which passivated the interface with-
out sacrificing the charge transport,® similar to that of TOPC
on silicon solar cells.

PEAI has been modified to various derivatives by adding
functional groups to PEA" (Fig. 1e),”®> which further improved
the passivation effect compared to that of PEAI in the 2D
perovskite interface passivation. For example, Li et al. intro-
duced a novel brominated passivator 2-bromophenethyl-
ammonium iodide (2-Br-PEAI) with multiple passivation func-
tions at a perovskite interface. It not only formed a 2D

perovskite on top of the 3D perovskite but also created multi-
interactions (halide vacancy filling, anion bonding ability and
interaction of hydrogen bonding N-H. - -Br with FA cations and
[PbI¢]*") with the 3D perovskite surface.®® In addition to using
PEAI and its derivatives, there are some passivators similar to
PEAI but with different main structures, which are constructed
to form 2D/3D structure passivation interfaces.

2.1.2. Other types of 2D long-chain organic cations.
To further improve the efficiency and stability of PSCs, more
and more organic long-chain cations are being developed to
replace the PEA" (and derivative) ions, such as BA", OA" etc. Xu
et al. illustrated that 4-(aminoethyl)pyridine (4-AEP), a kind of
long-chain cation, would induce a 2D crystal phase with a lower
n-value at the 3D grain boundaries, while PEA would induce a
quasi-2D phase with a higher n-value. As a result, the 4-AEP
incorporated MAPDI; (2D/3D) PSCs exhibited a higher power
conversion efficiency (PCE, 20.7%) and exhibited better moist-
ure resistance and long-term stability than those of the PEA
based quasi-2D/3D ones (PCE, 18.8%).%* Similarly, Yang et al.
inspired by well-established passivation salts containing ben-
zene rings like PEAI used cyclohexylethylammonium iodide
(CEAI) with a weaker (compared with PEAI) intramolecular
interaction to prevent undesirable aggregation and passivate
the surface defects, leading to a more uniform film and reduced
nonradiative recombination (Fig. 1f).>®

BAI is widely used as a passivation material to construct 2D/
3D passivation layer structures. In 2018, Jokar et al. investigated
the doping effect of bulky organic cations with ethylenedi-
ammonium diiodide (EDAL) and butylammonium iodide (BAI)
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as additives to passivate surface defects in tin-based perovskite
solar cells. They found that the addition of BAI altered signifi-
cantly the orientation of crystal growth and improved the
connectivity of the crystal grains.®> Simultaneously, BAI was
applied to construct 2D/3D hybrid structures to achieve the
passivation effect. For example, Zou et al developed an
n-butylammonium iodide (BAI) post-treatment process to
fabricate a 2D-3D hybrid perovskite with a thin layer of 2D
perovskite covered on the surface of the 3D CH;NH;Pbl;
perovskite. The chemical reaction between BAI and the residual
Pbl, improves stability and reduces the number of crystal
defects of the 3D perovskite with an optimized stoichiometry,
leading to a PCE of 18%.°°

Like BAI, octylammonium jodide (OAI) is also a long-chain
passivator which is frequently used to enhance the perfor-
mance of PSCs. Recently, Lee et al. demonstrated combining
n-octylammonium iodide (OAI) and 1,3-diaminopropane (DAP)
can effectively suppress the grain boundary defects and ion
migration through grain boundaries by the synergistic effect of
OAI and DAP, resulting in improved efficiency and stability of
PSCs. In this work, they also revealed that a mixed ammonium
ligand passivation strategy (MAPS) not only enhances crystal-
linity and reduces grain boundaries but also improves
charge transport while suppressing charge recombination.
A MAPS-based opaque PSC shows the best power conversion
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efficiency (PCE) of 21.29% with improved open-circuit voltage
(Voc) and fill factor (FF), and retained 84% of its initial PCE
after 1900 h at 65 °C in a N, atmosphere.®” Besides, Lv et al.®®
introduced hexylammonium iodide (HAI) to form a HAI-derived
2D perovskite, which is reported to be more efficient in decreas-
ing interfacial defects than the BAI-derived 2D perovskite
(Fig. 2a), and achieved a PCE of 20.62% (3D + HAI) as compared
to 18.83% (3D). Moreover, the long-term durability of the
corresponding PSCs against humidity and heat is simultaneously
improved.

However, the mechanisms of these long-chain cation passi-
vators are still under debate. For example, Zhang et al. con-
structed a thin BAI layer on the CH;NH;PbI; surface, which was
then transformed into either a 2D perovskite layer (BA,Pbl,) or
the organic salt itself by controlling the post-annealing process.
According to the surface morphologies, the BA,Pbl,-passivated
perovskite films show lower root mean square roughness
than BAl-treated films (Fig. 2b). This indicates that BA,Pbl,-
passivation is more easily achieved at the grain boundaries
than BAI-passivation, which enabled achieving a PCE of 20.6%
in the modified inverted perovskite solar cells in 2021.%°
Similarly, Jiang et al. reported that PEAI itself shows a much
better passivation effect than the 2D perovskite of PEA,Pbl, in
their work.*” However, almost all of the passivation works
default that compared to 2D layered perovskite PEA,Pbl,,
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Fig. 2 (a) Top view and cross-sectional view of SEM images of different perovskite films: 3D, 3D + BAI, and 3D + HAI deposited on the top of the SnO,
layer.®® (b) AFM images of the control, BAI-passivated, and BA,Pbl,-passivated perovskite films.®° (c) Schematic diagram of BA* diffusion at the perovskite

grain boundary.”®
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organic halide salt PEAI is a more effective passivator for 3D
perovskites,” and the same applies to BAI and other long-chain
cations.

The steric hindrance of the long-chain cations plays an
important role. To reveal this effect, Zhao et al. explored BAIL
derivatives with different steric hindrances, namely, n-BAI, iso-
BAI (i-BAI), and tert-BAI (¢-BAI). They found that the efficiency
and humidity stability of devices gradually increase in the order
of t-BAI-, i-BAI-, n-BAI-modified ones (Fig. 2c), and reducing the
steric hindrance (¢-BAI-, i-BAI-, n-BAI-, in the descending order)
is favorable for BAI diffusion to the grain boundary, thereby
improving the grain boundary passivation effect and resulting
in the formation of a residue of excessive BAI on the surface of
perovskite films. A device modified with n-BAI shows the high-
est power conversion efficiency (PCE) of 20.67% with excellent
stability in air with a humidity of 20-30%, retaining 80% of the
original PCE after 60 days.”®

2.2 Rational design of 2D perovskites

Building on the success of PEAI (and derivatives) and other 2D
long-chain cations in interface passivation, recent optimization
efforts have focused on introducing functional groups to those
long-chain cations, investigating high n-value 2D perovskites,
optimizing orientation of 2D perovskites along the Z axis
(perpendicular to the perovskite plane) and exploring unique
molecular/electronic structure designs. These advanced strate-
gies have emerged as new focal points in the field. In this
section, we review the rational design of 2D perovskite passiva-
tion cations, emphasizing how subtle differences in the mole-
cular structure can lead to varying passivation effects.

2.2.1. Modification group attached to a long-chain cation.
Strategies based on PEAI and other long chain cation defect
passivation and dimensional engineering have been widely
employed to improve the performance of 3D perovskites.
Actually, due to the use of single passivation molecules, the
strategies reported so far are difficult to simultaneously realize
crystallization modulation and thorough passivation. This
challenge has been overcame indirectly by introducing func-
tional branch chains (such as Cl~, F~, methyl, methoxyl and so
on) into organic passivation molecules.

Using halogen elements for functional group modification is
a straightforward and effective method to achieve passivation.
Different halides bring different passivation effects which is
related to the binding energy between passivating molecules
and perovskite layer materials. Liu reported that glycine-X (Gly-
X, X = Cl, Br, I) can not only modulate the crystallization
process of the CsPbI,Br perovskite to increase crystal quality
but also generate a 2D Gly,Pbl, perovskite along the GBs of the
3D CsPbI,Br perovskite to block the migration of halide ions
and enhance the photostability of the perovskite (Fig. 3b). As a
result, the champion device based on the 2D/3D hybrid configu-
ration exhibited an excellent stability. An unencapsulated
device retained 96.6% of its initial efficiency after 50 day
storage in ambient air, and the efficiency of the encapsulated
device decreased only by 14.1% after 340 h continuous illumi-
nation (AM 1.5) under ambient conditions.””
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Additionally, it is worth mentioning that this functional
group modification has also proven effective in recent research
with the highest PCE. Chen et al fabricated a benzene-
sulfonate-based (BZS) new passivation molecule which could
align parallel on the perovskite surface. Their research aimed to
solve the problem that previously reported passivation mole-
cules aligned in a perpendicular packing manner on a surface
resulting in an uneven interface. Therefore, in their molecular
design, they considered three passivation molecules with addi-
tional binding sites by introducing different functional groups,
including BZS, 4CH3;-BZS and 4CIl-BZS (Fig. 3c). The results
showed that conf-para (ligands adopted a parallel orientation
with respect to the perovskite surface) was energetically more
favorable for 4CI-BZS because of the additional Pb*" surface
binding provided by the CI functional groups (Fig. 3d and e).
Based on this, they report a certified quasi-steady state PCE of
26.15% for a 0.05 cm? illuminated area, which is a record PCE
at that time.”

Besides, the increased polarity by the fluorine atom can
promote the growth of perovskite grains.”® Khadka et al. intro-
duced a fluoroarene anchored functional material, pentafluor-
ophenylhydrazine (5F-PHZ), for interface treatment onto the 3D
FAp.84CS0.12RDy 04PbI; film. The 5F-PHz treatment improved the
optoelectronic properties and provided a polar environment for
the better crystallization of the perovskite, coupled with a
relatively shallower defect level E., E, ~ 0.254, 0.405 eV in
the control device, Ey, E, & 0.237, 0.378 eV in the device with
5F-PHZ with suppression of defect densities (N, Ny, & 1.36 X
10", 8.76 x 10'® cm™ for the control device to Ny, Ny ~
3.28 x 10", 4.26 x 10" cm ™ for the 5F-PHZ treated device).
This approach enhanced the device performance to as high as
22.29% with superior operational stability.”?

In order to improve the performance of PSCs further,
researchers have explored different functional groups. Zhuang
et al. investigated the passivation effect of PEAI derivatives
modified with four different functional groups (Fig. 3a), finding
that PEAI with electron-donating groups (methoxyl and methyl)
presented more favorable passivation effects than the salt with
electron withdrawing groups (nitro) that delivered undesirable
impacts.>> Thus, the addition of different functional groups
causes different modifications in the interface passivation.

2.2.2. N-Value regulation of 2D perovskites. The n-values
have been proven to influence optical bandgaps (E,) of perovs-
kite materials. Large-n 2D halide perovskites have low formation
energies, smaller bandgaps and larger light absorption ranges,
which favor the fabrication of high-efficiency PSCs.”* Especially,
the n-values of 2D/3D perovskites directly influence the 2D
quantum-confinement effect (Fig. 4a), which provides additional
modulation in the electronic structure design.’*”* The organic-
inorganic quantum well structure of 2D/3D is shown in Fig. 4a.
One feasible approach for overcoming the higher bandgap value of
2D perovskites is mixing 2D/3D perovskites as the absorption
layers to decrease both the optical bandgap and exciton binding
energy together with enhancing the charge collection efficiency
(Fig. 4b). Therefore, we reviewed several strategies for regulating
the n values of 2D perovskites, including rational molecule design,
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perovskite surface.”?

annealing temperature control and tailor-made processing
solvents.

In general, perovskite films at 2D/3D interfaces without any
special processing show spatially graded n values. For example,
Bai et al constructed a 3D-2D (MAPbI;-PEA,Pb,l,) graded
perovskite interface (confirmed by the ToF-SIMS depth profile
results) in which the intensity of the PEA" fragment decreased
steeply at the near-surface of the film and then settled at a
steady level much lower than that of MA', indicating the
successful deposition of an ultrathin layer of PEA" on the
perovskite surface. This 3D-2D graded interface provides a
continuous upshift of the LUMO level, which facilitates the
charge transfer from the perovskite to PCBM. At the same time,
the higher LUMO level of the 3D-2D graded perovskite prevents
the backflow of electrons from PCBM to the perovskite, thus
suppressing the charge recombination. The consequent
reduced interface charge recombination leads to an ultrahigh
Voc at 1.17 V.77

Firstly, rational molecule design can regulate the n value of
2D perovskite layers. Chen et al. discussed why different ligands

produce different low-dimension perovskite distributions.
In situ transient absorption spectra of a spin coated quasi-2D
perovskite indicated that n—-r stacking ligands form wider low-
dimension perovskites (higher n) due to slower crystallization.
In addition, they calculated the formation energies for each
ligand (Fig. 4c), showing that only 3F-PEA shows preference for
n > 3. They discovered that a large spacer cation forms a 2D
heterostructure slowly, resulting in wider RDPs; and that tailor-
made fluorine atom position in PEA molecules in 3F-PEA could
slow down the nucleation rate of a large-n value 2D perovskite,
resulting in changing or regulation of the formation energy,
consequently inducing preferential growth of n > 3 low-
dimension perovskites. Leveraging these insightful findings,
their group developed efficient inverted PSCs (with a certified
quasi-steady-state PCE of 23.91%). Unencapsulated devices
operate at room temperature and around 50% relative humidity
for over 1000 h without loss of PCE.*®

Du et al. used in situ GIWAXS measurements to reveal the
mechanism of the formation process of the 2D/3D perovskite
structures. Their results showed that the GAI organic ligand

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3528-3557 | 3533


https://doi.org/10.1039/d4qm00560k

Published on 18 September 2024. Downloaded on 5/30/2026 12:05:14 PM.

Materials Chemistry Frontiers

a) o o e b)
o 08P @ @ @ G8
; % :,:._ . >4 ’ :? :,:. ‘ Increasing Dimensionality
5B <bIP < @ & ¢8s X
Y Y N 2 o Decreasing Bandgap and Exciton Binding Energy
¢ A& ! !
— - Low Efficiency Tunable Properties High E
i High Effici
[ Tl WSy Theewde” WD
Eg3° Vconl.CB s
Vconl.VB ¥
UL i}
: LOW —
c) L >
€
s -3.5 1
&
>
2 4.0
8
2
5 45 3F-PEA
S
g -5.0 - 2D Perovskites Mixed Dimensional 3D Perovskites
b T CHSS R ST Perovskites
1 2 3 4
Perovskite layer thickness, n 5
- PNA" § FA" « PO o1
d) Nobbotadahatah
NHy® T TSP | PNAI-20°C
i y PNAI deposition layer ¢ with raw PNAI layer
PNA"IPA ‘1’0 -----------------------------
_— AN § PNAI-90°C :
‘with high n-value 20 phases:
Spin coating 3D perovskite \{ ‘Ié\o ............................
©UpNAkI0C
+ with low n-value 2D phases
) @ Nonpolar @ Polar protic @ Polar aprotic
o DMPU
30} -2 Qo g omso
S 3 5 © Dlssolves both 3D and 2D
3 S Ether utanol Nmp DMAc perovskite
= \ IPA
£ 20 4 § oL
= = nw ®—e
S 3 Acetone @ Oms @rc ©Ec
=103 MeCN Dissolves 2D but not 3D
z 3 Toluene
m) 3
3 /@csz @ONME Does not dissolve 2D or 3D
0 S @@cHF
1 l 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1 I 1

0

Fig. 4

1022023084050 = 6070

80 90

Dielectric const. (g,)

100

View Article Online

Review

(a) Schematic of a 2D/3D perovskite structure and possible energy-level schemes that can arise within these structures, where semiconducting

inorganic sheets alternate with organic layers having much wider bandgaps, resulting in a Type | quantum well structure. (b) Illustration of a 2D crystalline
structure, mixed-dimensional 2D/3D perovskites, and 3D perovskites. (c) The formation energy of different RDPs dependent on the layer width n and the

ligands (BTA, PEA and 3F-PEA).3° (d) The fabrication processes using different interfacial treatments.”

(e) Plot showing different solvents based on the

dielectric constant and the Gutmann number to identify the differences in solubility of the 3D and 2D perovskite powders for making a 3D/2D bilayer

stack.”®
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formed a n =1 2D phase, and BAI formed both the 7 = 2 and the
n =1 2D phases while PBAI could convert part of the 3D CsPbl;
surface into a 2D perovskite with larger n values (n = 3) at the
first stage and subsequently form a 2D perovskite with smaller
n values (n = 2 and n = 1). The difference in the crystallization
process is mainly attributed to the difference of the effective
radii (GAI < BAI < PBAI) and reactive sites (PBAI < BAI <
GAI). Moreover, only BAI could spontaneously form 2D quan-
tum wells with a graded bandgap which was ideally aligned
with the 3D perovskite, thereby facilitating the charge carrier
separation and transport at the perovskite/HTL interface. The
solar cells based on ambient-air blade-coated CsPblI; with a 2D/
3D structure exhibited a PCE of 20.33%, which was the highest
reported value for the PSCs based on printed CsPbl;.”®

Moreover, control of annealing temperature can affect the n
value of 2D perovskite layers. He et al. introduced isopentyl
ammonium iodide (PNAI) as the large organic ammonium salt
to in situ grow high n-value 2D phases (n > 3, n is the number
of inorganic layers). They found thermal treatment can affect
the n-value of the 2D perovskite and the residual amount of
PbI, (Fig. 4d). PNAI-90 treatment (annealing at 90 °C) was more
likely to form high n-value 2D phases, reducing the confine-
ment within the 2D capping layer to reduce the electron barrier
between the 3D and 2D layers, leading to an effective carrier
transport pathway in the 2D-3D heterojunction. Consequently,
this treatment strategy significantly improves the efficiency of
planar PSCs to 22.62% with an outstanding open-circuit voltage
of 1.16 V. Moreover, the unencapsulated PNAI-90 treated
devices retain 89% of their initial PCE after storing under a
relative humidity of 30 4 5% for 1000 h.””

Furthermore, tailor-made processing solvents can also affect
the n value of 2D perovskite layers, namely, the ligand solution
with a certain concentration can form a 2D perovskite with
specific n values. Proppe et al.>® showed progressive dimen-
sional reduction from 3D to n = 3 — 2 — 1 when the
(MAPDBTr3), o5(FAPDI;), o5 perovskite was exposed to vinylbenzy-
lammonium ligand cations during spin-coating, which is evi-
denced by in situ GIWAXS. DFT simulations suggested that
ligands incorporate sequentially into the 3D lattice, driven by
phenyl ring stacking, progressively bisecting the 3D perovskite
into lower dimensional fragments to form stable interfaces. In
addition, they also posited that increasing the concentration of
IPA in the ligand solution facilitated the interface formation,
resulting in thicker and more disordered RDP layers, thus
leading to poorer charge extraction at 2D/3D interfaces.

Sidhik et al. found that processing solvents with dielectric
constant ¢ > 30 and Gutmann number, 5 < DN < 18 kcal mol ™!
could effectively dissolve the 2D perovskite powders without
dissolving or degrading the underlying 3D perovskite film
during processing by using spin coating. This is because the
dielectric constant (¢;) and the Gutmann donor number (DN)
can regulate the coordination between the precursor ions and
the solvent (Fig. 4e). They also used different n values and film
thicknesses to progressively tune the heterostructure from type
I to type II, thus successfully promoting the charge extraction
at the 2D/3D interface. Based on the stacking of a phase-pure
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two-dimensional (2D) halide perovskite with the desirable
composition, thickness, and bandgap onto 3D perovskites
without dissolving the underlying substrate, they achieved a
5PCE of 24.5%, with exceptional stability of Ty, (time required to
preserve 99% of initial photovoltaic efficiency) of >2000 hours.”®

2.2.3. Orientation optimization. A slight difference of a 2D
perovskite molecular structure will have a strong impact on the
preferred orientation of crystallization. DJ type 2D perovskites
(such as 2,2’-ethylenedioxy-bis-ethylamine, EDOEA) were used
as the optimal crystallinity regulator for perovskite nucleation
and crystal growth with a preferential orientation and for
availably releasing tensile stress.”’ Regarding this, Zhong
et al. also confirmed that reoriented perovskite crystals were
related to the binding energy and the hydrogen-bonding inter-
action between [PbX,]"~ layers and diammonium spacer cations
with different molecular configurations (octane-1,8-diamine,
ODA, triethylenetetramine, TETA, and EDOEA, Fig. 5a). And
another type of 2D perovskite, an RP molecular structure, is also
used to control the preferred orientation of crystallization. Choi
et al. used a vacuum deposition method to obtain a highly ordered
butylammonium-RP perovskite layer in the out-of-plane direction,
which enables solving the charge transport problem because of
the traditional RP perovskite’s anisotropic structural features
(Fig. 5b and c). Benefitting from this passivation and hydrophobic
layer, the PCE of a BABr-based inverted PSC was enhanced to
21.4% with high humidity/thermal stability.*

Besides, Jeong et al. used a simple post-treatment to intro-
duce the novel 2D layered perovskites with a preferred orienta-
tion in the direction of [002] for CHA,Pbl, (CHAI = cyclohexyl
ammonium iodide) and CHMA,Pbl, (CHMAI = cyclohexyl
methylammonium iodide), which promotes the charge trans-
port. Theoretical simulations demonstrated that the graded n-
value perovskite phase can spontaneously form due to the low
formation energy of CHA,Pbl, (—2.71 eV) and CHMA,PbI,
(—3.03 eV), and funnel-like energy level alignment during sur-
face treatment, resulting in efficient charge transport. Notably,
both 2D perovskite films feature the preferred oriented planes
of (002). As a result, the devices with a 2D/3D perovskite
heterojunction exhibited an improved PCE from 20.41% to
23.91% primarily because of the increased open-circuit voltages
(1.079 to 1.143 V) and fill factors (78.22% to 84.25%).%*

Changing the seeds of perovskite crystallization can also
realize its orientation adjustment and optimization. Luo et al.
proposed a seed-induced growth method, in which highly
oriented 2D (BDA)Pbl, perovskites were used as seeds to
optimize the growth kinetics of 3D perovskite and confine its
crystallization directly to stride over the nucleation stage
(Fig. 5d). In the crystallization process, the 2D perovskite seeds
firstly acted as templates to epitaxially grow a 3D perovskite
with the desired facet orientation and stacking mode. And
then, these seeds would transform into the grain boundary to
improve the stability. As a result, the high-quality mixed-
dimensional perovskite film delivers a superior PCE of
23.95%, accompanied by a remarkable FF of 0.847. The unen-
capsulated perovskite solar cell (PSC) retains 93% of its original
efficiency after 1,056 h of storage and retains 91% of its initial
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Fig. 5 (a) Device structure and molecule structure (ODA, TETA and EDOEA) of 2D/3D perovskite solar cells.”® Schematic of (b) PCE distributions and
(c) the perovskite crystal structure and charge transport for control, BABr (S), and BABr (V) films.° (d) Schematic diagram of film growth 2D-seed-induced

and without 2D seeds.®!

efficiency after 500 h of operation at the MPP under simulated
AM1.5 illumination at 60 °C. Zhao et al. also found the seeds,
with different n values (n = 1, 2, 3, and 4), had almost no
obvious effect on the photovoltaic performance of PSCs. In
addition, a flexible PSC with a PCE of more than 20% and DJ
phase (3AMP)PbI, as seeds with a PCE of 23.5% was obtained,
indicating the versatility of 2D-seed-induced growth.®!

2.2.4. Polarity design of 2D layers. Appropriately designed
electronic polarity (such as ferroelectricity, polarity, electron
donating groups, etc.) can facilitate the charge transfer across a
2D/3D perovskite interface. Recently, Han et al. uncovered that

incorporation of a ferroelectric 2D material based on a pyridine
heterocyclic ring as the organic interlayer into a 3D perovskite
induces an increased built-in electric field, which enhances the
exciton dissociation efficiency in the device. This ferroelectric
2D seeds could assist the 3D crystallization by forming more
homogeneous and highly oriented perovskite crystals (Fig. 6a).
As a result, an impressive power conversion efficiency (PCE)
over 23% has been achieved by the f-PSCs with outstanding
ambient stability.®?

The addition of polar materials (such as dipoles) in 2D/3D
interface processing could also improve the performance of
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PSCs. Yue et al. applied 4-(trifluoromethyl)benzamidine hydro-
chloride (TFPhFACI) as an organic spacer cation to construct a
2D perovskite on top of a 3D perovskite. The TFPhFA" layer with
large polarity formed a dipole layer, which could facilitate the
carrier transport. Meanwhile, these molecules could suppress
the nonradiative recombination through the chemical inter-
action between TFPhFA' and Pbl,, and recrystallization of the
3D perovskite induced by Cl™ anions (Fig. 6b). As a result,
the PCE of a PSC with TFPhFACI treatment was improved
from 21.9% to 24.0% mainly due to the increase in the FF
and Voc. There is no decrease in efficiency for TFPhFACI treated
PSCs after 1500 h storage in a dry box, indicating their good
air-stability.®* Yan et al found that the mild polarity of
X-bromobenzylamine (X = 2, 3, 4) salts plus the ambient
moisture stimulated the growth of 2D perovskites to form a
trans-GBs structure (Fig. 6¢). Therefore, trans-GBs 2D/3D based
flexible-PSCs exhibited a certified PCE up to 22.1% and main-
tained ~ 80% of their initial PCE after 8000 bending cycles
(R = 4 mm).*

Li et al® reported that the grain boundary and interface
have been dual optimized in a 2D@3D/2D perovskite by

h.85

introducing 2-(2-pyridyl)ethylamine (2-PyEA) molecules with a
2D structure and as a negative dipole for electron donating into
the perovskite. As an additive, 2-PyEA promoted the generation
of a 2D@3D perovskite; as a post-treated modifier, 2-PyEA
facilitated the formation of a 2D@3D/2D perovskite. Based on
this dual optimized strategy, crystallinity of the perovskite film
was optimized with released residual stress, matched energy
level, reduced defect density, and prolonged carrier lifetime.
Consequently, the dual-optimized PSC achieved a maximum
PCE of 23.2% with a negligible hysteresis and satisfactory
stability. They also used 1,8-naphthyridine (1,8-ND) with
electron-rich properties as an interfacial modification material
to form effective coordination with Pb>" ions and construct
a stable 2D/3D interface.’” Because of the passivated surface
defects and improved hydrophobicity, the targeted devices
achieved a champion PCE of 23.8% and retained 83.2% of
initial PCE after 50 days of exposure in air with 30% humidity.

Constructing 2D/3D perovskite heterojunctions is effective
for surface passivation of perovskite solar cells (PSCs). The
interface passivation strategy of 2D materials is utilized to
continuously improve the PCE of PSCs by updating the types
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of materials and implementing reasonable passivation mole-
cule design methods, such as functional group modification
and n-value regulation.

2.3 Methods to achieve low-dimensional perovskite
crystallization

In addition to constructing 2D/3D perovskite heterojunctions
and employing interface passivation strategy with 2D materials,
various other techniques have been developed to regulate 2D
perovskites. These include the formation of low-dimensional
perovskite structures, the creation of self-assembly layers, the
application of small molecule permeation methods, and the
implementation of multiple interface co-passivation strategies.

2.3.1. Low-dimensional control of perovskite. It has been
reported that a layer of a low-dimensional (LD) perovskite
could improve the performance of 3D-based PSCs effectively.
In contrast to three-dimensional (3D) perovskites, low-
dimensional (0-2D) perovskites show superior moisture stabi-
lity due to the hydrophobicity of their large organic cations.®**°
It could passivate the defects on the interfaces, improve carrier
lifetimes, alter band alignment, prevent the penetration of water
molecules into the perovskite bulk and so on.”>*" A 2D perovskite
layer was usually used to construct 2D/3D mixed structure PSCs
and improve performances, but there are relatively few reports on
1D perovskites. Herein, we will discuss and compare the work
based on two types of low dimensional perovskites.

View Article Online
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To form a LD layer for high-performance devices, Hu et al.
introduced 4-aminobutyric acid (C4I) and 6-aminocaproic acid
iodides (C6I) onto the surface of a perovskite layer. They found
that C4I forms a 2D perovskite layer, while C6I forms a 1D
perovskite layer on a 3D perovskite surface (Fig. 7a). These low-
dimension capping layers can passivate the surface defects,
improve the carrier lifetimes, and alter the band alignment,
leading to improved solar cell efficiencies as high as 23.48%
(C41) and 23.11% (C6I), respectively.”’ Meanwhile, Kim et al
investigated the effect of the chemical bonding types of the
post-treatment materials on the photovoltaic performance and
photoexcited carrier behavior based on two materials of Pyl
(pyridinium iodide) and PpI (piperidinium iodide) with geome-
trically similar chemical structures but distinctly different
chemical bonding natures (the m orbital for Pyl and the sp3
orbital for Ppl in the N-bearing heterocyclic ring). They found
that an insulating 1-D PpPbl; formed by Ppl treatment blocks
the charge separation, which is pronounced at high concen-
tration. As a result, a monotonical increase in PCE from 20.13%
to 22.26% is observed as the Pyl concentration increases from
0 to 40 mM, while for Ppl, the PCE is optimized at a relatively
low concentration of 5 mM, which suggests that the optimal
concentrations (or thicknesses) are different for each material
(Fig. 7b).*

However, the insulated organic cations of low-dimensional
perovskite impede the transport of carriers, decreasing the

.. . 4 § .. &
wio Pyl (40mM)  Ppl (5 mM)

©

[ Dual 1D/3D heterojunction ]

One-step Spontaneous
functionalization cation migration
}.. >
L [
| | .i‘)-.
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Fig. 7 (a) Dimensional regulation using the different 2D perovskite organic salt (HOOC(CH,)sNH3),Pbl, and (HOOC(CH,)sNHx),Pbl,, respectively).®t
Passivation method using (b) molecules with different chemical bonding natures (Pyl and Ppl)®? and post-treatment-free dual-interface by TEATFA.%®
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power conversion efficiency (PCE) of PSCs. Yang et al. intro-
duced an in situ cross-linking polymerizable propargyl ammo-
nium (PA") to a 3D perovskite film at surfaces and grain
boundaries to form a 1D/3D perovskite heterostructure. They
reported that this passivation strategy significantly improves
the interfacial carrier transport and releases residual tensile
strain in perovskite films simultaneously. And the corres-
ponding devices achieve a champion PCE of 21.19%, while
maintaining 93% of their initial efficiency after 3055 h of
continuous illumination under MPP operating conditions.”*

Recently, low dimensional perovskites have been further
explored. Wei et al. introduced a dual-interface passivation
method without using post-treatment through the construction
of buried and capped double 1D/3D heterojunctions, which is
achieved through facile tetraethylammonium trifluoroacetate
(TEATFA) prefunctionalization on a transport layer substrate
(Fig. 7c). The functional TEATFA salt is first deposited onto the
transport layer substrate and then reacts within the interface
between the transport layer and the perovskite layer. Once the
FAPDI; perovskite precursor solution is dripped, a portion of
the TEA" cations spontaneously diffuse to the top surface over
film crystallization. The TEATFA-based water-resistant 1D/3D
TEAPDI;/FAPDI; heterojunctions at both the buried and capped
interfaces led to much better photovoltaic performance and
higher operational stability, and a PCE of over 20% was
achieved following the proposed route.”> Meanwhile, Wang
et al. developed a strategy to modify the perovskite surface by
passivating the surface defects and modulating the surface
electrical properties by incorporating morpholine hydriodide
(MORI) and thiomorpholine hydriodide (SMORI) on the perovs-
kite surface. Compared with the PI treatment that we previously
developed, the one-dimensional (1D) perovskite capping layer
derived from PI is transformed into a two-dimensional (2D)
perovskite capping layer (with MORI or SMORI), achieving dimen-
sion regulation. It is shown that the 2D SMORI perovskite capping
layer induces more robust surface passivation and stronger n-N
homotype 2D/3D heterojunctions, achieving a p-i-n inverted solar
cell with an efficiency of 24.55%, which retains 87.6% of its initial
efficiency after 1500 h of operation at MPP.*>

Through this work, they transformed the 1D perovskite
structure into a 2D perovskite structure. And in Hu’s work we
mentioned before, they also showed the 2D capping was more
suitable for enhancing the performance of 3D perovskites than
1D capping, which reflects the reason why researchers choose
fabricating 2D layers more to improve the performance of PSCs
to some extent.

2.3.2. Control of the crystallization process with a self-
assembled 2D perovskite. In order to avoid additional fabrica-
tion steps to construct a perovskite film at interfaces, especially
at buried interfaces, researchers developed a self-assembly
strategy to form a 2D perovskite passivation layer directly at
the interface. Zuo et al. reported a facile, spin-coating-free,
directly scalable drop-cast method, in which the precursor
solutions self-assemble to form highly oriented, uniform 2D-
perovskite films in air, yielding perovskite solar cells with a PCE
of 14.9% in 2019.%° This self-assembling method reduced the
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anthropogenic nonideal factors and increased reproducibility
of sample preparation. Chen et al. introduced an isobutyl
amine (iBA) self-assembling large-n-value 2D perovskite
(Fig. 8a) to fabricate 2D/3D perovskite films in air, realizing a
champion power conversion efficiency of 18.29%.°” Wang et al.
added cyclohexylammonium bromide (CMABr) as a p-dopant
into HTL solution to form a 3D/2D heterostructure perovskite
bilayer (the buried interface is a HTL/perovskite surface in this
work). Interestingly, a 3D/2D interface could be generated
spontaneously without additional annealing process through
the reaction between CMABTr at the bottom of the HTL and the
excess Pbl, on the surface of a 3D perovskite film (Fig. 8b). They
found that the exotic CMA" ammonium group and Br~ ions
could easily insert into the ABX; perovskite crystal lattice to
compensate A-site cation and X-site vacancies at the perovskite/
HTL interface, which reduced the undesirable non-radiative
recombination centers within PSCs.®

In addition, a self-assembly strategy can also be used in the
crystallization process to improve the perovskite crystals.
Chen et al. found that after adding thiomorpholine1,1-dioxide
hydrochloride (TdCl) to the precursor solution, the colloid in
the target precursor with TdCl was significantly larger (over
1000 nm) than that of conventional colloid without TdCl, which
may be the pre-nucleation clusters caused by Td".°® Due to the
low solubility of Td", the preferential low-dimensional 2D
Td,Pbl, perovskite crystals formed in solution prior to nuclea-
tion (Fig. 8c). As a result, 2D perovskite crystallite seeds in the
bottom of perovskite films can be used as bottom-up templates
to promote the crystal growth of 3D perovskite films, which
might further improve the grain size and crystal orientation of
3D perovskites. Meanwhile, in addition to improving the crys-
tallinity, 2D Td,Pbl, accumulated at the buried interface passi-
vated the defects, lowered the carrier transport barrier and
inhibited interfacial redox reactions. As a result, PSCs showed
an encouraging PCE of 22.09% and high stability, retaining
85% of their original PCE after 500 h of continuous operation
under MPP conditions in a N, atmosphere.

Meanwhile, self-assembled monolayers (SAMs) are also cur-
rently widely used structure in self-assembly methods.'*'
The advantage of SAMs is their construction methods are
independent of the 2D/3D passivation methods. The head-
groups on top of SAMs can be modified to adjust their wett-
ability and facilitate better interactions with the perovskite
coated on top to passivate the interfacial defects. The more
hydrophilic SAM surface can facilitate the nucleation and
growth of perovskite films fabricated, forming a compact and
uniform interface, especially a buried interface.'®® Recently,
Tang et al. created an indium tin oxide substrate with a fully
covalent hydroxyl-covered surface for SAM anchoring, and a
SAM with a trimethoxysilane group that exhibited strong tri-
dentate anchoring to the substrate, achieved PCE of 24.8%
(certified 24.6%).""*

2.3.3. Post treatment control with osmosis of small mole-
cules. In addition to direct passivation in the corresponding
preparation process, there are also some passivation strate-
gies that achieve passivation by osmosis of small molecules at

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3528-3557 | 3539


https://doi.org/10.1039/d4qm00560k

Published on 18 September 2024. Downloaded on 5/30/2026 12:05:14 PM.

Materials Chemistry Frontiers

View Article Online

Review

self-assembly high n value

20 pen‘)vskl(e

PCBM f} . >
/ ){ A

000000004

LeLLLLLY

1523223551

DMF/DMSO
- [

Redissolve

————— i ——————

N

[ b)

Homogencous nucleation
with large nucleation barrier

S —————— e <

_ g Lim

Random crystal growth

00000
00000

S0-PL

[
I
I
: Precursor solution
I
I
|
| s
| Pre-nucleation with

small nucleation barrier

600060006
——
Oriented crystal growth

with 2D template

by R S S S S Ml R S N S S S S Sl N R R S S N, S, S N S N—_ —

Fig. 8 (a) Schematic diagram of the protective layer of the fabricated self-assembled large-n-value 2D perovskite films.®’ (b) Proposed mechanism
for in-situ formed 3D/2D perovskite heterojunctions by CMABr.%8 (c) Schematic diagram of a pre-nucleated small molecule to passivate the buried

interface by Td*.%°

the interface post-treatment to form a 2D perovskite. This
method is of advantage in passivating the buried surface of
perovskite.

A guanidine 2D perovskite (Gu,Pbl,) was used to passivate
the buried interface, in which guanidine salt was added into
the precursor solution and even post-treatment solution to
realize it."”” Chen et al. sought to use perovskite precursors
mixed with large organic cations (including n-butylammonium,
BA, ethylammonium, EA, dimethylammonium, DMA, and gua-
nidinium, GUA) for the spontaneous formation of a 2D passiva-
tion layer at the buried interface. Due to the symmetry of its
structure and strong bonding affinity of a cation to a substrate,
only a GUA-containing precursor formed a 2D GUA,Pbl, buffer
layer at the buried interface (Fig. 9a). The results show that

the 2D interlayer suppresses non-radiative recombination at
the buried perovskite/CTL interface, leading to a 72% reduction
in surface recombination velocity, resulting in 22.9% PCE for
1.55 eV bandgap perovskites.'”® Zhu et al. reported a depth-
dependent manipulation strategy to modulate the perovskite-
related interface (i.e., bulk, the top surface and the buried
interface) defects via a one-step treatment with a binary mixture
of guanidine iodine (Gual) and 4-tert-butyl-phenylmethyl-
ammonium iodide (tBPMAI). Time-of-flight secondary-ion
mass spectrometry (ToF-SIMS) results confirmed that Gua
could penetrate from the top surface of the perovskite bulk to
the buried interface (Fig. 9b)."*°

Based on the various above methods, the passivation of
2D/3D perovskite interfaces is flourishing and continuously
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Fig. 9 (a) Mechanism of substrate-induced preferential crystallization of GUA,Pbl, with different GUA concentrations on NiO, and PTAA substrates.1%®
(b) ToF-SIMS depth profiles and ToF-SIMS 3D images of the binary GUAI/tBPMAI-treated perovskite film.1°°

improving via diverse aspects: material selection, molecular
adjustment and specific strategies.

3. Interface passivation

The 2D perovskite passivation strategy is considered as a
promising direction for device performance optimization.
There are many high PCE works that have adopted the passiva-
tion strategy using 2D perovskites,>"*'*™"*? which fully prove

the advantages of the 2D perovskite passivation strategy in
improving efficiency and stability. In the previous section,
according to different design strategies, we summarized and
divided the implementation of PCE > 25% into three pathways
(forming passivators, rational design and some specific crystal-
lization methods of 2D perovskites to realize interface passiva-
tion). All these passivation strategies will work at the specific
positions of PSC interfaces, to improve the efficiency and
stabilization of PSCs. Herein, we investigate these strategies
on three main passivation positions (buried interface, grain

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024  Mater. Chem. Front., 2024, 8, 3528-3557 | 3541


https://doi.org/10.1039/d4qm00560k

Published on 18 September 2024. Downloaded on 5/30/2026 12:05:14 PM.

Materials Chemistry Frontiers

View Article Online

Review

o The road mapping of efficiency
{’P é}fl Passivation with
e Additives

Passivation Layer

Templated/Seed

Ton Modified Mediated Crystallization

Crystallization

Grain Boundary Road

Organic Molecules
Passivation Defects

Functional
Interlayer

<,

=
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boundary interface, and top interface) at the interface (Fig. 10).
We will discuss this roadmap in detail according to the device
fabrication sequence in the following sections.

3.1. Optimization of buried interfaces

In conventional n-i-p PSCs, the interface between electron
transport layer (ETL) and the perovskite is usually referred to
as the buried interface. In contrast, in inverted p-i-n PSCs, this
term refers to the interface between the hole transport layer
(HTL) and the perovskite. Due to the challenges associated with
accessing and characterizing these interfaces, their interfacial
properties are often overlooked. Notably, charge trap densities
at grain boundaries (GBs) and interfaces were reported to be
significantly higher than those within the perovskite grains.'*?
In addition, both donor-type and acceptor-type defects, which
are generally deep-level defects, can coexist at these buried
interfaces."**® These defects contribute substantially to inter-
facial non-radiative recombination,""” a crucial limiting factor
for the PCE of PSCs. As a result, increasing attention is being
directed towards passivating these buried interfaces to enhance
PSC performance. Strategies for optimizing buried interfaces
can be broadly categorized into two main approaches: (1) passi-
vation via introduced additives, and (2) insertion of additional
passivation interlayers at the buried interface.

3.1.1. Passivation with additives. To passivate vacancies
and interstitial defects in the buried interface, organic mole-
cules with special functional groups are introduced, which
improved the performance of PSCs. Yang et al. reported that
incorporating DL-carnitine hydrochloride (DL) into a buried
(perovskite/ETL) interface could reduce oxygen vacancies
and interstitial tin atoms on the ETL surface and control FA'/
Pb>"-related defects to achieve high performance FACsPbI,
PSCs simultaneously (Fig. 11a). The DL-dimer modification

N
PCE=25% 0

Buried Interface Road

2D/3D Interface
Optimization Road

Top Interface Road

% 2D Perovskite Layer

@ {0 How to achieve high PCE above 25%

effectively passivates interfacial defects and improves the qual-
ity of the resultant perovskite film, leading to a high PCE of
25.24%.""® Furthermore, Gong et al. proposed a buried inter-
face stabilization strategy that relies on the cooperation of
fluorine (F) and sulfonyl (S=O). When using a series of salts
containing halide and non-halogen anions (including KFSI,
KTFSI, KMS and KCl) to modify an ETL (SnO,) buried interface
(Fig. 11b), the ions (anions and cations) in salts form ionic
bonds with charged defects in perovskite films and passivate
the positively and negatively charged defects at the same
time."™* Multiple chemical bonds including hydrogen bonds,
coordination bonds and ionic bonds were constructed in this
passivation method, which strengthen the interfacial contact
and the defect passivation effect.

Besides being a common material for constructing a per-
ovskite film, Pbl, also plays a critical role in passivating the
defects at the interfaces. An appropriate amount of Pbl, in
perovskite films (mainly distributed in the grain boundary)
could improve the photovoltaic performance of devices, but
excessive Pbl, aggravates the instability of devices.''>'**'!
Therefore, Zhao et al. converted Pbl, into an inactive (Pbl,),RbCl
compound by RbCl doping. The XRD results (Fig. 11c) and the
SEM results both proved that more Pbl, phases appeared in the
samples without RbCl after the perovskite film was heated at
85 °C for 48 hours.”® This means that compared with Pbl,, it is
more difficult for (PbI,),RbCl to react with FA and I to cause FA
and I formation, and more difficult to provide ion migration
channels, thus inhibiting perovskite degradation and stabilizing
the perovskite phase effectively and solving the instability pro-
blem caused by excessive Pbl,.

Recently, buried interface passivation engineering has been
developed by introducing passivation additives to form co-
passivation which could modify more than one interfaces in
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Fig. 11 Diagram of (a) DL*® and (b) KFSI*** interface passivation mechanism. (c) XRD patterns of perovskite without RbCl and with 5% RbCL.*©
(d) Schematic illustration of a chemical mechanism for regulating the crystallization of lead iodide films and passivating defects using SID.1° (e) Simulation
of the formation and (f) HR-TEM for the multilayers obtained from Cl-cPP on Cl-bSO.* (g) ToF-SIMS depth profile of a full perovskite solar cell based on
the control and OAI/GACI-treated perovskite. '
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PSCs together. Li et al reported an auxiliary passivation
method (Fig. 11d) for enhancing the performance of PSCs by
passivating both the perovskite phase and the buried interface
using succinimide (SID). They demonstrated the remarkable
ability of SID to coordinate with Pb** through Lewis-base
coordination and bind the iodide ion with hydrogen bonds,
thereby reducing defects within the perovskite and suppressing
nonradiative recombination. Additionally, SID could passivate
oxygen vacancies and hydroxyl defects on the ETL surface,
facilitating carrier separation and extraction. This multilayer
passivation strategy enables achieving a PCE of 24.47% based
on a two-step process."°

3.1.2. Insertion of passivation layers. In addition to intro-
ducing passivation additives, PSC performance could also be
improved by introducing an interlayer to the buried interface.
Buried interface passivation is more difficult to access com-
pared to other interface passivation, because the organic passi-
vation molecules added for surface-treatment on the buried
interface may dissolve while coating the perovskite layer, result-
ing in a minimal passivation effect. For example, Zhou et al.
adopted a 2D (NpMA),Pbl, (NpMA denotes naphthalene methy-
lammonium) perovskite to passivate the defects at the grain
boundary and improve the crystallinity. But the prefabricated
2D perovskite in the buried interface has been dissolved in the
second-step organic salt deposition process, and then failed to
modify the buried interface."®* If a passivation layer could be
successfully formed between the transporting layer and per-
ovskite layer without dissolution, the issue of interfacial defects
may be further alleviated.

In order to completely avoid the dissolution of a pre-
deposited 2D perovskite at the buried interface, researchers
have developed a post-treatment passivation method, namely
adding a passivator to the buried interface after depositing the
perovskite layer. This method usually uses small molecular
materials which can cross the perovskite layer as the passivator,
and it is a kind of small molecule osmosis strategy. For
example, Shen et al. applied double interactive salts of octy-
lammonium iodide (OAI) and guanidinium chloride (GACI)
onto a 3D perovskite surface, modulated the top interfaces,
buried interfaces, and grain boundary interfaces (i.e., grain
boundaries) of the perovskite film. They found that the
hydrogen-bonding interaction between OA" and GA' decele-
rates the OA" diffusion, favoring the growth of 2D perovskites
with a high n-value (n > 2) on the 3D perovskite surface.
Meanwhile, the diffusion of the smaller anions Cl~ to the
buried interface of the 3D perovskite formed a chloride-rich
perovskite region, and the GA" diffuses to the bulk crystal
(Fig. 11g). These ion diffusions lowered the defect densities
and further enhanced the Vo, facilitating to achieve five-layer
structured PSCs (n-inter-i-inter-p) with a champion PCE of
25.43% (certified 24.4%)."""

In addition, Seok’s team used Cl as a medium to construct a
FASnCl, atomically interlayer at the interface between the
ETL (SnO,) and perovskite, which could improve the carrier
transport capability and the efficiency of the corres-
ponding devices*' (Fig. 11e). From analytical characterization
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(HR-TEM in Fig. 11f, ToF-SIMS), they found that the crystalline
FASnCl, phase formed an atomically coherent interlayer between
the perovskite and SnO,. This interlayer reduces the interfacial
charge recombination loss and contact resistance, enabling PSCs
with this interlayer to exhibit a PCE of 25.8% (certified 25.5%),
and unencapsulated devices maintained about 90% of their initial
efficiency even after continuous light exposure for 500 hours. In
this work, FASnCl, interlayers have not been clearly identified as
2D perovskites. From this, it can be seen that there is still a
difficulty in constructing a 2D perovskite interface passivation
layer at the buried interface.

3.2 Optimization of grain boundary interfaces

Grain boundary passivation in PSCs is a crucial aspect that
affects the photovoltaic performance and stability. Due to
the quantum confinement effect from insulating organic
components,'®'*>'>* the 2D perovskites constructed for inter-
face passivation may adversely affect the charge carrier trans-
port, facilitate ion migration, and even produce deep sub-band
energy levels within the bandgap, leading to significant non-
radiative losses that limit photovoltaic performance.'>>'*®
Thus, in order to avoid the adverse effects of randomly dis-
tributed 2D perovskites on carrier transport and device perfor-
mance, it is necessary to carefully control the morphology,
grain size, preferred orientation, charge recombination, and
defect density in perovskites. Various techniques have been
explored to optimize the crystallization process and passivate
grain boundary defects in the perovskite layer. These techni-
ques encompass three main approaches: templated crystal or
seed mediated crystallization, ion modified crystallization and
organic molecule passivated defects.

3.2.1. Templated or seed mediated crystallization. Regulat-
ing the morphology of a perovskite during the crystallization
process is important to obtain a high quality film with an
appropriate crystal orientation and grain size. Templated
crystallization and seed-mediated crystallization are two kinds
of efficient methods to achieve a high quality perovskite, which
could lead the crystal to exhibit a growth orientation along
the specific direction with reduced defect density'® or an
accelerated crystallization rate.®!

Seed-mediated crystallization can improve the film quality
as it provides nuclei where the crystallization commences
without overcoming the critical Gibbs free energy for nuclea-
tion. Zhang et al. reported that low-solubility ligands can be
used as seeds to manipulate the nucleation and crystal growth
of a perovskite during solvent evaporation (Fig. 12a)."*® And
Zhao et al. grew a layer of a 2D perovskite seed for in situ
epitaxial growth of a 3D perovskite on top of it, resulting in a
high-quality 2D/3D heterojunction (Fig. 12b). It is found that
the epitaxial 3D perovskite film exhibits a preferred [112]
direction, which is different from usual perovskites with a
preferred [001] orientation (Fig. 12¢). The modified perovskite
layer has a smooth surface, an increased grain size and fewer
grain boundaries, leading to lower defect density, longer
charge-carrier lifetime, better stability, and higher efficiency
(24.83%).*
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perovskite based on PCA-assisted growth.1%°

However, the solution-based seed-mediated method usually
showed a random distributed seeds which could possibly be
damaged by the subsequent solution process, limiting the
controllability of the whole process. To solve this issue, a
deposition method using a template layer at the buried inter-
face to control the crystallization kinetics process of perovskite
has been proposed. Shen et al. proposed a strategy, which uses
a prepared patterned perovskite crystal array (PCA) as a tem-
plated crystal, to realize a high-quality perovskite film whose
average grain size is over 3 pm (Fig. 12d). The PCA provides
nuclei where the crystallization can commence without over-
coming the critical Gibbs free energy for nucleation and
induces a controllable bottom-up crystallization process under
solvent annealing. Thus, the devices achieved a PCE of 25.1%
(certified 24.3%) with an aperture area of 0.0784 cm” and 23.1%
(certified 22.3%) with an aperture area of over 1 cm”.'*®

3.2.2. Ion modified crystallization. In addition to control-
ling the crystallization process by kinetics, adding appropriate

ions can also affect the crystallinity, crystal structure and grain
orientation of the perovskite layer, and the passivation of
defects at grain boundaries.

On the one hand, introducing long chain cations (2D) could
control the crystallization process, and form a 2D/3D hetero-
junction simultaneously. Recently, Yang et al. first designed a
2D/3D heterostructure composed of a FAPbI;-based 3D perovs-
kite and an amidino-based DJ-type 2D perovskite ((4AP)Pbl,,
4AP = 4-amidinopyridine) (Fig. 13a)."*° The 2D perovskite
assisted the nucleation of 3D perovskite during spin coating,
followed by thermal annealing through in situ optical diagnos-
tics, which decreases concentrations of voids and bulk defects
of perovskite films for efficient charge transport (Fig. 13b).
Devices based on 2D/3D heterostructures deliver PCEs of up to
24.9% on rigid substrates and 22.3% on flexible substrates.
For rigid solar cells without encapsulation, 97% of original
efficiency was retained after 1000 hours of ambient storage (30-
40% RH), and 92% for flexible solar cells after 3000 bending

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024 Mater. Chem. Front., 2024, 8, 3528-3557 | 3545


https://doi.org/10.1039/d4qm00560k

Published on 18 September 2024. Downloaded on 5/30/2026 12:05:14 PM.

Materials Chemistry Frontiers

a)

View Article Online

Review

NH; - :
N/ \ amidino-based Dion-
— NH  Jacobson 2D perovskite s plb
ac o C
4-amidinopyridine L— o N
b)
25 1 0 3
Certified PCE
—_— For(\,«:alr(’icscan 24.76% WN\
20 - —— Reverse scan 25.02% \!\
® ¢
15 4 _‘H
o | ¢
10 &4
5 Ea= 45”69\1
o b ¢
00 02 04 06 08 10 12
Voltage (V)
HCOO-
CI-
Br
- I-
BF,~
0.0/105 1.0 15 2:0: 2:5 3.0

Binding affinity towards
iodide vacancy site (eV)

Fig. 13 (a) Molecular and crystal structures of (4AP)Pbl,, and (b) SEM surface images, the grains became more compact by adding 2D perovskites.*° (c)
Schematic illustration of a passivation strategy using atomic-Cl containing organic molecules.*® (d) Binding affinity of different anion passivated iodide

vacancies in the HCOO™ passivation strategy.**

cycles. Meanwhile, Fang et al. reported a generic pre-annealing
treatment for reconstructing sequentially deposited perovskite
crystallites and GBs by OACI. Specifically, they treated the
perovskite upper surface with OACI prior to annealing of the
perovskite film, so that OA" of the perovskite was deposited on
the grain boundary of the perovskite, and PbI, was transferred
from the grain boundary to the top interface. With this strategy,
robust GBs are created via defect suppression with preferred
oriented large perovskite grains. As a result, the OACI pre-
annealing treated devices yielded a PCE of nearly 25% with
an extremely high FF of 85.5%."*" However, it should be noted
that despite the widespread use of 2D/3D heterostructures to
augment device stability or performance, the location where
nucleation/growth begins and the influence of the addition of
2D perovskites on the crystallization pathway of 3D perovskites
have not been completely explored yet.'***33

On the other hand, the anions also affect the crystallization.
Chloride ions are the most common additive agents which
could regulate crystallization through volatilization. According

to Seok group’s work,"'° CI~ of different ammonium salts (such
as MACI, BACI], and PACI) could interact with Pbl, to form
intermediates, making it more inclined to form an octahedral
structure of Pbls, which affected the transformation of the o
into o phase and improved the quality of perovskite films.
Meanwhile, Wu et al. reported a passivation strategy using
atomic-Cl containing organic molecules with a large radius
instead of the widely used ionic-Cl salts, which were prone to
incorporate into the perovskite lattice and distort the lead
halide octahedron, resulting in degraded photovoltaic
performance.*’ This strategy can efficiently passivate surface
defects via strong Pb-Cl bonding while preventing the Cl
incorporation into the perovskite lattice through the strong
covalent bonding between Cl atoms and organic frameworks in
molecules (Fig. 13c). They investigated the relationship between
passivation effectiveness and molecular configuration via regulat-
ing the spatial position of Cl in organic frameworks. They found
that only when the distance of Cl atoms in single molecules
matches the distance of halide ions in perovskites, maximized

3546 | Mater. Chem. Front., 2024, 8, 3528-3557 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024


https://doi.org/10.1039/d4qm00560k

Published on 18 September 2024. Downloaded on 5/30/2026 12:05:14 PM.

Review

surface defect passivation is achieved. Using this optimal configu-
ration of Cl atom-containing organic molecules, they achieved a
certified PCE of 25.02% for PSCs which can retain 90% of their
initial PCE after 500 h of continuous operation.

Aside from chloride ions, there are other anions that could
be used to modify the grain boundary interfaces of perovskite
layers. Kim et al used the pseudo-halide anion formate
(HCOO™) to suppress anion-vacancy defects that are present
at grain boundaries and at the surface of the perovskite films
and to augment the crystallinity of the films. Molecular
dynamics simulations illustrate that the HCOO™ anion, which
has higher binding energy to V; than other anions (Cl~, Br—, I
and BF47), is more effective to passivate the V;  defects
(Fig. 13d). In addition, the FA" cations at the interface also
form stronger bonds with HCOO™ than with other anions in
this work, which thereby suppresses the FA" volatilization. The
resulting PSCs attained a PCE of 25.6% (certified 25.2%) and a
long-term operational stability (450 hours).*

3.2.3. Passivation of defects using organic molecules.
Besides the crystallization process control and crystallization
modification by ions, introducing organic molecules to passi-
vate through stress relief, phase segregation inhibition, defect
passivation, and other pathways is also a critical strategy to
improve the performance of PSCs. Min et al. reported that
trioctylphosphine (TOP) as a neutral ligand was introduced in
FAPDI; solution, which relieved the preferred orientation issue,
induced a redshift of the band gap through the reduction of
microstrain and suppressed the defects by passivating the
surface termination of grain boundaries, thus achieving an
efficiency close to 25%.*> Meanwhile, Li et al. inserted homo-
genous CsPbBr; crystals into the FAPbI; perovskite to tailor the
crystallinity and defects, leading to a phase-pure FAPbI; with
an enlarged grain size and also improved crystal orientation
uniformity and diminished deep-level defect densities. As a
result, the champion PSCs exhibited a PCE of 25.09% (certified
24.66%), with a record FF of 86.9%."**

Phase segregation inhibition is another kind of modification
method. Shi et al. proposed a method for in situ grain boundary
passivation in PSCs by introducing 3,4,5-trifluoroaniline iodide
(TFAI) into the perovskite precursor to address energy loss in
grain boundaries. They found the TFAI triggers the combi-
nation of nano-sized colloids into microclusters and facilitates
the complete phase transition of a-FAPbI; at room temperature.
The strong steric hindrance spontaneously fixes the TFAI at
perovskite grain boundaries and suppresses defects there
(Fig. 14a). The TFAlI-incorporated device achieved a champion
PCE of 24.81% finally, showing almost no decay over 280 h
testing without pre-processing.'**

Defect passivation is also an efficient way to passivate the
grain boundary interface. In the perovskite layer of PSCs, under-
coordinated Pb*" was a common deep-level defect, which leads to
severely nonradiative recombination loss. Thus, excess Pbl, was
introduced into perovskite precursor solutions to passivate grain
boundary defects effectively in many studies on high-efficiency
PSCs."?” ! Recently, Xie et al. utilized a deformable coumarin as
an additive for a formamidinium-cesium (FA-Cs) perovskite,
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which passivated Pb>", iodine, and organic cation defects during
the perovskite annealing process, achieving a high PCE of over
24%."*> Wang et al.'** introduced an aromatic zwitterion of 1-(3-
sulfopropyl) pyridinium hydroxide inner salt (SPHI) into a
perovskite precursor to improve the film quality via regulating
the crystal growth, and suppressing the charged defects (under-
coordinated Pb>" and FA vacancies) via coordination and elec-
trostatic interactions from the sulfonic group and pyridine N* in
SPHI (Fig. 14b), and achieved a champion device with a high PCE
of 25.01% (certified 24.60%) along with the highest Jsc of
25.7 mA cm~? for Br-free RbCSFAMA quadruple cation PSCs.

Meanwhile, passivation of iodine defects at grain boundary
interfaces could improve the stability of PSCs.'** Li’s group
found that 3-amidinopyridine (3AP) molecules (Fig. 14c) could
form strong chemical bonds with the Pb-I framework to fix
anions effectively, which increased the energy barrier of the
formation and migration of anion vacancies. Density functional
theory (DFT) results illustrate that after the addition of 3AP
molecules the formation energy of I~ vacancies further
increased from 1.42 eV to 3.812 eV and the migration barrier
energy of I vacancies increased from 0.737 to 1.467 eV. The
resultant devices exhibited a PCE as high as 25.3% (certified
24.8%). And the device with encapsulation retained 95%
of its initial efficiency after >500 h working at the MPP under
continuous light irradiation and under ambient conditions."*?
Wu et al. introduced fluoro-N,N,N’,N"-tetramethylformamidi-
nium hexafluorophosphate (TFFH) into a (FAPbI;)-based per-
ovskite. The results show that TFFH could effectively inhibit the
oxidation of I~ while also reducing the newly generated 1° to I,
weakening the negative effects caused by iodine vacancy
defects."®® 1t also formed a strong FA'-.-TFFH.--Pb-I inter-
action, which has a favorable impact on the perovskite crystal-
lization dynamics and in situ passivation during crystallization,
leading to larger perovskite grain sizes, better crystal orienta-
tion, fewer defects, and more efficient charge extraction in
PSCs, as shown in the SEM images (Fig. 14d and e).

3.3 Passivation of the top interface

Due to the high ionic properties of perovskite materials, even
stable polycrystalline perovskites devices tend to deteriorate
when exposed to unstable environments."*® Thus, various inter-
face passivators have been developed to improve the device
stability and efficiency of PSCs. Among these methods, top
interface passivation is the most accessible and frequently
employed. Many studies have demonstrated continuous
improvements in device performance through the passivation
of top interface defects, including post-treatment strategies."""
In this section, we review recent advancements in top interface
passivation, categorizing them into two main approaches based
on their methodologies and effectiveness.

3.3.1. Functional interlayers. The first strategy to optimize
the top interface is introducing functional interlayers after the
formation of a perovskite layer through post-treatment. Metal
oxides, polymers, molecules, or organic halides have been
selected as functional interlayers.
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At the interface of PSCs, defects are one of the most primary
issues which impact the efficiency and stability and should be
taken seriously. Among all the defects, the most common point
defects in PSCs are defects of lead and iodine. In the previous
section, we mentioned that Pbl, on the top interface could
suppress the defect formation.™*”"**! These defects could also
be solved by forming an organometallic compound layer, such
as ferrocenyl-bis-thiophene-2-carboxylate (FcTc,) and 3-(amino-
methyl)-pyridine (3-APy).

Zhu et al.**’ reported that a functional interlayer formed by
an organometallic compound, ferrocenyl-bis-thiophene-2-
carboxylate (FcTc,) on the multi-cation and halide perovskite

136

interfaces, exhibited an enhanced PCE of 25.0% (certified
24.3%), with an increased Vo of 1.184 V, a Jsc of 25.68 mA cm™?,
and an FF of 82.32% with an ignored hysteresis. DFT calculation
results showed that the oxygen in FcTc, can form a strong bond
with lead of the perovskite, thus passivating the surface defects of
the perovskite (Fig. 15a). The insertion of FcTc, could effectively
inhibit the migration and even break away the volatile components
(MA) from the perovskite under continuous light conditions of
85 °C for 1000 hours, thus suppressing the degradation of the
perovskite. Therefore, FcTc,-optimized PSCs still maintained 98%
of the initial efficiency after 1500 hours of operation at the MPP
and 95% after 1000 h under the dual 85 test conditions.
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148 (d) Two possible arrangements of

asymmetric DMePDA?* and the sole arrangement of asymmetric BDA**° (e) Cross-sectional HR-STEM image and energy-dispersive x-ray

spectroscopy elemental map of the cross-sectional STEM image of the 2D-RT samples.!

(f) Work function distributions and root-mean-square surface

roughness (Rg) of the films measured by KPFM and AFM, (g) elemental distributions of bromine, and (h) the PCE distributions of the devices obtained with

OA" and TSO™ passivation strategy.*>°

Meanwhile, Zhu et al.'**> demonstrated a simple post-growth
treatment of 3-APy on the top interface of perovskite films.
3-APy molecules were used to reduce surfaces roughness and
surface potential fluctuations associated with steps and ter-
races on perovskites by selectively interacting with FA" ions on
the surface. Consequently, the formation energy of charged V;*
is reduced, leading to an effective n-type doping and a reduced
work function on the surface (Fig. 15b). Benefitting from this
reactive surface engineering, the optimized inverted PSCs

exhibited a PCE of 25.35%, along with retention of 87% of
the initial PCE after over 2400 hours under 1-sun operation and
at about 55 °C in air.

Similarly, many works reported on fabrication of a 2D
perovskite layer at the top interface intentionally or uninten-
tionally, to achieve passivation and improve the efficiency and
stability of PSCs. Chen et al. demonstrated that the reaction of a
3D perovskite with 1,4-butanediamine iodide (BEAI,) vapor
promotes the crystallization of the perovskite film with a large
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grain size (~500 nm), resulting in efficient and stable PSCs.
And interestingly, the formation of a 2D perovskite on the top
interface is proved via XRD results. The devices fabricated with
the obtained 2D/3D structure exhibited a PCE of 19.58%
(compared to 17.93% of the control group).””

3.3.2. 2D perovskite layers. 2D perovskites are also promis-
ing materials to realize top interface passivation. The perfor-
mance of PSCs could be adjusted by controlling the structure
and thickness of the 2D perovskites. Bu et al introduced
phenylmethylamine bromide (PMABr) to modify FAgsCs,,P-
b(Iy,Bry3); perovskite films, and investigated structure engi-
neering of hierarchical layered perovskite interfaces (Fig. 15c).
And they found that the structure of the 2D layer at the surface
depended on the concentration of the PMABr solution.'*®
With the development of constructing 2D/3D structures for
top interface passivation, researchers utilized different types of
passivators and methods to achieve different structures of 2D
perovskite layers. Especially the two common types of 2D
perovskite, “Dion-Jacobson” and ‘‘Ruddlesden-Popper” types,
are often applied for top interface passivation.

Zhu et al. reported that a layer of metastable 2D D] DMeP-
DAPbI, perovskite was formed on the surface of the perovskite,
and the 2D perovskite orientation arrangement was regulated
by the asymmetry of block organic molecules (Fig. 15d), thus
reducing the barrier at the interface of perovskite/hole trans-
port layer and promoting the hole transport. Accordingly, for a
triple cation-mixed-halide PSC, PCE reached 24.7% and 90% of
the initial PCE was retained after 1000-hours of 1-sun operation
at ~40 °C in N,.**° And Wolf et al. reported that the surface of a
3D perovskite was treated with a layer of olamiodide (OLAI),
which was used to form a 2D perovskite with an RP structure,
and the n value of the 2D layer was controlled by annealing
temperature. The 2D layer annealed at 100 °C (2D-TA) tends to
form a structure of n = 1, while the unannealed 2D layer (2D-RT)
forms a mixed structure of n = 1 and n = 2 (Fig. 15¢). Both 2D
treatment can shift the Fermi level of the perovskite. And the
2D-RT sample’s conduction band was closer to the C60 con-
duction band than that of 2D-TA, which led to more efficient
carrier transport. The device based on unannealed 2D treat-
ment exhibited a PCE of 24.3%, compared with 22.8% of the
2D-TA sample, which also implies that 2D layer n-value dis-
tribution could significantly affect device’s performance.*

2D perovskite top surface defect passivation could also affect
the heterointerface energetics. Tan et al.*>® found that using
ammonium iodide salts (such as butanium iodide BAI, octy-
lium iodide OAI, dodeconium iodide DAI, etc.) to passivate a
perovskite surface could generate a reduced work function,
which made the perovskite surface a n-type semiconductor.
Furthermore, with the increase of the carbon chain, the work
function would decrease even more (DAI > OAI > BAI). When
the cation OA" was retained unchanged and I~ was replaced
with other anions (such as Br~, TFA™ trifluoroacetate, BF,~
tetrafluoroborate, TsO~ benzenesulfonic acid, etc.), the
reduction of perovskite work function was relieved (Fig. 15f),
which was attributed to the stronger electron-absorbing ability
of these anions, which would make it more difficult for
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electrons to accumulate on the perovskite surface. Among
them, TsO™ can even increase the work function of a perovskite
(p-type), which facilitates the transfer of charge carriers at the
interface (perovskite/spiro) (Fig. 15g). PSCs after the OATsO
treatment exhibited a PCE of 24.41% with a significant
reduction in hysteresis (Fig. 15h). In addition, the devices
passivated by OATsO had no obvious degradation after 800 h
at the MPP. Meanwhile, they maintained 94.9% and 88.5% of
the initial efficiency after 1014 h and 2092 h, respectively, under
the open-circuit and light-soaking conditions.

The reviewed critical materials in the interface passivation
section, along with their benefits, structures, photovoltaic para-
meters and stability properties are summarized in Table 1. After
reviewing recently published works reporting high PCEs (close
to or greater than 25%), we found that these works are mostly
focused on passivating the three main interfaces, suggesting
that interface engineering has become the most important
strategy in optimizing the PSC performance. Among all of these
works, the formation of 2D/3D perovskite heterostructures was
becoming a common strategy for passivating interface defects
of perovskites recently, so we hoped to summarize the recent
work on two-dimensional perovskites for passivating three-
dimensional perovskite interfaces to explore the future devel-
opment direction of 2D/3D perovskites.

In addition to passivating the three main interfaces indivi-
dually, some works attempt to passivate more than one interfaces
simultaneously by adding the same or different passivators.
Recently, Luo et al. proposed Cl,-dissolved chloroform as a
multifunctional solvent, and constructed a 2D/3D perovskite
heterojunction on the top interface and induced the secondary
growth of the bulk grains at the same time. The generated Cl™
further diffuses to passivate the bulk crystal and the buried
interface of PSCs, simultaneously passivating three inter-
faces."" Similarly, Wang et al. proposed the use of a multi-
functional molecule, a-amino-y-butyrolactone (ABL), as a mod-
ulator to simultaneously enhance crystallization and passivate
defects, improving film quality and reducing recombination
losses."> Wang et al. proposed a synergetic co-modulation
and co-passivation strategy by adding 4-fluoro-phenethyl-
ammonium iodide (4F-PEAI) in the precursor solution and
adding poly(9-vinylcarbazole) (PVK) in an antisolvent to
simultaneously enhance crystallinity and passivate the grain
boundaries and surface defects."”® Phenethyl ammonium
chloride (PEACI) was incorporated into the perovskite precursor
solution and PEACI surface treatment was carried out to
simultaneously passivate defects at the perovskite/C60 interface
as well as in the grain boundaries, which increased the charge
carrier lifetime and activation energy for ion migration.'**

Overall, these works highlight the importance of defect
passivation in enhancing the performance and stability
of perovskite solar cells. Various passivation materials and
strategies have been explored to reduce recombination losses,
improve carrier transfer, and enhance efficiency in PSCs.
Future research in this area may continue to focus on develop-
ing new compositions, processing methods, and passivation
techniques to further advance the field of PSCs.

3550 | Mater. Chem. Front., 2024, 8, 3528-3557 This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024


https://doi.org/10.1039/d4qm00560k

View Article Online

Materials Chemistry Frontiers

Review

(uns 1 ‘ddIN
ST ‘U S06) paurewal A0d %08 9£7c  1THT 8ST8  89T'T  OV'ST IVIN/IVA YD uoneaissed-00 20BJIIUI-DINA
154 (ddN ‘4 00S) paurewa 40d %06 68'CC TO'ST  ¥'T8  L9T'T  €0°9C £10dva _ID uoneaissed-0d 90BIINUI-NINA
11T (ddN ‘4 002T) paurewa1 Dd %E8 99'CC €¥'ST  89'C8 T0T'T  8S°ST g(rooagooon)qd (¢ VN4 OvA0sD) [0 ,¥D ,VO  uonealssed-00 20BN
61T  (%0€ = HY ‘D, 0T ‘4 000£) pPaurewal 40d %7c8 09'CC L¥V'¥T 08°¢8 TST'T  9€'ST IdVIN/S1qd VA ‘1qd-dlS uonealssed-0d 90BISIUI-BNA
0ST (ddIN ‘4 008) paurewa1 40d %00T LTT TPPC  S9T8  99T'T  TE'ST S00(e1gqdvIN)*° °(F1qd V) _OSL ‘,VO soeyaa3ur dog,
(%58 = HY ‘D, S8 ‘Y 00TT) paurewal 0d %S6
1€ {(ddIN ‘Y 00S) paurewal 0d %S6 €TT €T 8 TT  69'7C E1qg 4o 0(OF Oy 06 Oy IN) €0 0D IVIO aoryiaqul dog,
6V (ddIN ‘4 000T) paurewa1 40d %06 60C LV¥T £¥8  8ST'T STST (o1g®?1)qd (0 0sO T OVINE OV ) vadsna soejaa3ul dog,
TIT (118 ‘D, 9 ‘uns T ‘Y4 00¥¢) paurewal 40d %L8 68'CC  LE'ST T8'E8 9T'T 609  E(001g56°01)qd (8 OV OVINS 0sD 0 Oqy) Adv-€ aoryiaqul dog,
LVT (DS'T NV 4 00ST) paurewal 40d %86 §cc  0°ST  TET8 ¥8T'T  89°ST £(001g86°01)q 56 (0 OIS OV )50 0D [ONRE | soeyiaul dog,
(ddIN ‘4 005 <) paurewa1 ADd %S6
28 {(are ‘4 000S) paurewal ADd %7T6 69'cc €St 1TT8  I8T'T  ¥0°9T F1QdVIN/1qdVA dve £repunoq urein
€F1 (ddIN ‘4 00S) paurewal g0d %08 §'Tc 10T 8'€8  TIT'T  69°ST SOSd PIseq-VINVASOQY IHdS Arepunoq urein
GET (56T WV ‘Y4 08¢) paurewal gDd %00T Sh'cc 18T 16°C8 LT'T  SS°ST £1qdvd VAL Arepunoq urein
VET (Are ‘q 0012) paurewal 40d %S6 LE€C 60°ST 698 €Tl TLST £19qdsD-*19dv4d £19qdsO Arepunoq urein
47 — vve 6vC  L'18 LTT 19T [DOVIN/CIDOVAN/$1qd VA dOL Arepunoq urern
T€T (ddN ‘4 000T) paurewa1 Dd %18 66'1C S6'YT  TF8 LTT  €ST f19d" 'Y/ 19dVa/S1qdVIN _ID VO Arepunoq urein
47 (ddN ‘4 00F) paurewal 40d %S8 98'€T  6S°ST  LT8  68T'T  SE€9T £1qdv4 _OODH Arepunoq urein
0TT (ddN ‘4 009) paurewa 4Dd %88 —— 80'9C ST'98  8LT'T 69'ST £19dvd ,vd/,vd Arepunoq urein
(9%0%-%0¢ = HA
0T ‘4 000T) paurewa1 0d %L6 L'TC  6'FC 1818 ST'T  L'ST f1qdvd "1qd(dv¥) A1epunoq urein
6CT (ddN ‘4 0007) paurewa1 Dd %06 9¢€C  1'ST €¥8  S6T'T 61T £19dvd vOd Arepunoq urein
(D, S8 ‘U 00S) paurewas 0d %68
44 {(are ‘g 0591) paurewar ADd %S6 LETT €8T 19°C8 6T'T 1T'ST 194 VNS 0w ava Arepunoq urern
(449 (ddIA ‘4 00ST) paurewa1 40d %86 €8°1C LE£FT 9E°18 8T'T 0€ST [OVIN/IVIW/IVA ~ "Iqd%(VINAN) Arepunoq urein
|47 (4 00S) paurewa1 Dd %06 —— 8ST TE8  88T'T ¥LST £1qdvd *IDusvd 90BJI9)UI paLIng
(%0%-0€ = HYA ‘D, S8 ‘Y 00S)
paurewral d0d %08 ‘(o8e103s
o¥ J12US ‘Y 000T) paurewral I0d %S6 9'¥vC 9°ST L'C8 °8T'T €9¢C f1qdv4a ki d0BJIdIUI pating
YT (0, ST ‘4 ¥977) paurewa1 40d %¥6 0TIT T1T€C LTI8  8YT'T TIL'ST [OVIN/IVIN/IVA IS 90BJI2IUI paLIng
(dd ‘4 00S) paurewal g0d %06
8TT {(1re ‘4 00¢T) paurewal A0d %¢ 66 79'tC VTSt 8¥°€8 0T'T 1T'ST £1qd* 9sD%0va 1a 90BJI9IUT PaLIng
6¢ (Are ‘q 0007) paurewa1 40d %S6 ¥0'€C 18%C  T1°€8 VLU'T  €%°ST F1qdBO VNG OV VL J0eyIAUI paLng
REN| (suontpuod yiom pue  (9%) 4Dd (%) a4 (A) 2% osf [BLIIBW 2IDSAOIdJ [el1o3eW uonisod
‘QuInayI| ‘uonualal A0d) AIfiqe’s  [onuod  gDd UOIJBAISSBJ

"INd ¥T:S0:2T 920Z/0€/S UO papeo|umoq 20z Squieldss 8T uo paustiand

Ayigels pue siayawieled dleyoroioyd ‘Sainyoniys DSd ‘Sieralew uoneaissed buipnioul ‘(%62 Al@yewixoldde) sDSH Aduaiduyga ybiy 404 pasaiyoe sybnoaypieaiq 1esnid ayy jo Alewwns T 9)gel

3551

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2024  Mater. Chem. Front., 2024, 8, 3528-3557


https://doi.org/10.1039/d4qm00560k

Published on 18 September 2024. Downloaded on 5/30/2026 12:05:14 PM.

Materials Chemistry Frontiers

4. Outlook

Using two-dimensional (2D) perovskites has emerged as a
highly effective strategy for enhancing the efficiency and stabi-
lity of perovskite solar cells (PSCs). By passivating grain bound-
ary defects, reducing ion migration channels and restricting
ion migration, 2D/3D mixed perovskites have significantly
improved device performance. However, several challenges
remain that need to be addressed to fully leverage the benefits
of 2D perovskite passivation.

Firstly, the concept of multi-interface cooperative passiva-
tion using 2D perovskites is not yet fully understood. Current
strategies often focus on passivating a single interface, for
instance, the buried interface, perovskite grain boundary inter-
face or the top interface, while some studies have explored
co-passivation approaches, where multiple interfaces were treated
simultaneously. For instance, Chen et al."®® used a guanidinium-
based (GUA,Pbl,) 2D perovskite to treat both the buried interface
and the bulk of the PSCs, while Shen et al. employed a combi-
nation of octylammonium iodide (OAI) and guanidinium chloride
(GAC]) to modulate top interfaces, buried interfaces, and grain
boundaries. And Ma et al. successfully post-treated the upper
surface of a perovskite with a mixed solution of GUAI/tBPMAI,
achieving an efficiency of 24.56%."> Despite these advances,
there is a lack of comprehensive solutions that address all three
interfaces effectively. The challenge lies in developing feasible
buried interface passivation techniques that do not dissolve
during subsequent processing steps, thereby enabling a truly
multi-interface cooperative passivation strategy.

Secondly, the charge dynamics and transport mechanisms
at a 2D/3D perovskite interface are not completely clear. The
prevailing view is that 2D perovskite layers can improve the
band structure and align energy levels, facilitating carrier
extraction and transport while inhibiting recombination.
However, recent studies have presented conflicting views. For
instance, Yang et al. suggested that a 2D/3D interface operates
as a type II heterojunction, promoting carrier extraction;'>®
while Koch’s team posited a type I heterojunction, which could
inhibit carrier extraction.'®” Furthermore, some research
indicates that 2D perovskites might impede carrier transport
under illumination, contradicting the mainstream belief that
they facilitate it.">® These discrepancies highlight the need for
further investigation into the charge dynamics and transport
mechanisms at 2D/3D interfaces to provide a solid theoretical
foundation for designing highly efficient and stable PSCs.

Thirdly, a deeper understanding of the degradation mecha-
nism of 2D/3D PSCs is required. While 2D perovskites can
improve the stability by providing hydrophobic long-chain
cations and inhibiting ion migration, there are concerns about
their long-term stability."®?*'*® For instance, although 2D
perovskite layers can improve moisture resistance and thermal
stability, they may also increase ion migration, potentially
compromising device stability. Studies have shown that 2D
perovskites can cause negative work function migration, acti-
vating halide ion migration and thus reducing stability.”®*3%*%°
Moreover, Correa-Baena’s group found that interface reconstruction
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involving a Ruddlesden-Popper structure can negatively affect
thermal stability, suggesting that large cationic interface layers
used in high-efficiency solar cells can induce instability.'®*
Therefore, while 2D perovskite passivation offers significant
benefits, its potential for achieving increased ion migration and
other degradation pathways must be better understood mitigat-
ing the problems associated with it.

Addressing these challenges requires a multifaceted
approach. Developing new methodologies for multi-interface
cooperative passivation is crucial. This may involve innovative
materials that can form stable, ultra-thin passivation layers
resistant to dissolution during subsequent processing steps.
Additionally, advanced characterization techniques should be
employed to gain insights into the charge dynamics and trans-
port mechanisms at 2D/3D interfaces. Computational model-
ing and experimental studies should go hand in hand to resolve
the conflicting views and establish a clear understanding of
how 2D perovskite layers interact with 3D perovskites. Further-
more, exploring the degradation mechanisms in detail will help
identify and mitigate factors that limit the long-term stability of
PSCs. This includes studying the interaction between different
ions and perovskite materials, understanding the role of envir-
onmental factors such as humidity and temperature, and
developing strategies to counteract negative effects like ion
migration.

In summary, while 2D perovskite passivation has brought us
closer to achieving highly efficient and stable PSCs, overcoming
the current challenges requires concerted efforts in materials
science, device engineering, and theoretical studies. By addres-
sing these issues, we can unlock the full potential of 2D
perovskite passivation paving the way for the commercial
viability of PSCs.
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