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Abstract

Recently, while 3D perovskite solar cells (PSCs) have achieved a power conversion efficiency
(PCE) above 26%, their inherent instability has hindered commercial progress. In contrast, 2D
perovskites offer greater stability but lag in PCE due to the poor conductivity of bulky organic
spacers that hinder carrier transport. This thesis aims to narrow the PCE gap between 2D and
3D PSCs by refining crystallization processes, optimizing crystal orientation, and improving
film quality, thereby advancing the practical application of 2D PSCsin renewable energy.

In Chapters 1-2, we introduce the origins of solar cells, tracing developments from the initial
discoveries of the photovoltaic and photoel ectric effects to the evolution of crystalline silicon
and thin-film solar cells, culminating in the innovative perovskite solar devices. Initialy, we
outline and detail the chemical structure of perovskite. We then introduce the unique physical
and chemical properties that perovskites contribute to solar devices and analyze the device's
operational principles. The basic configurations and components essential to perovskite
devicesare outlined, along with key parameters critical for evaluating the performance of these
photovoltaic devices. Finally, we outline the challenges the primary challenges faced by 3D
perovskite solar cells, particularly stability issues, and discuss how 2D perovskites offer
promising solutions to these challenges, setting a foundation for further exploration in solar
technology. Then we move to 2D PSCs. We first introduced the crystal structure and unique
characteristics of 2D perovskites, crystallization and growth theories, and the crystallization
mechanisms of 2D perovskite films. We then discussed the multiple quantum well structures
that limit the photovoltaic performance and systematically summarized avariety of innovative
process engineering techniques to fabricate high-efficiency 2D perovskite films. Thisincludes
the hot-casting method, which optimizes molecular aignment and phase purity; vacuum-
assisted strategies that enhance film uniformity and minimize defects, and post-annealing
strategies that refine crystal orientation and enhance electrical properties. Furthermore, we
discuss scalable technologies that demonstrate the potential for transitioning from laboratory
to industrial-scale production, ensuring that advancements in 2D perovskite film preparation
are aligned with commercial viability. Each technique uniquely contributes to the progression
of 2D perovskite technology, paving the path for the next generation of high-efficiency and



durable optoelectronic devices.

In Chapter 3, we introduced some fabrication methods used for each layer of perovskite solar
cells, mainly including techniques like magnetron sputtering for transparent conductive oxides,
spin-coating for transport layers, and thermal evaporation for back electrodes. We focus on the
fabrication of perovskite film, mainly using hot-casting, spin-coating, and anti-solvent methods.
Next, we introduce the principles and detailed methods of the primary characterization
techniques. These include imaging and mapping techniques such as SEM, AFM, and TEM
techniques to analyze film morphology, and XRD and GIWAXS techniques for studying
crystallization kinetics. Optical characterization methods such as UV and TA spectroscopy are
used to study the optical properties and dynamics of 2D perovskite films. Additionally, we
present characterization methods for perovskite devices, including J-V Curve, EQE, SCLC,

and stability testing.

In Chapter 4, We aim to address the inherent stability in FA-based 2D perovskites, especialy
lattice strain and poor carrier transport. Through spacer cation engineering, we achieved a
stable perovskite lattice structure with relaxed microstrain and reduced carrier-lattice
interactions. In order to prevent the photocurrent degradation caused by the parallel orientations,
we used a selenourea (SENA) additive that controlled the crystallization process, inhibited the
formation of low-n phase, and consequently promoted vertical quantum well structures. The
resulted FA-based 2D PSCs achieved a high PCE of 20.03% and excellent stability, maintaining

over 90% efficiency after rigorous thermal and thermal cycle stresstests[1].

In Chapter 5, we aim to addresstheissuesrelated to low crystallinity and disordered orientation
in low-n 2D perovskite solar cell, which restrict carrier transport and efficiency. By
systematically exploring the effects of ionic additives of ammonium (NH*") and thiocyanate
(SCN") additives on crystalization dynamics and orientation, we found that effectively
NH*SCN additives retarded non-uniform crystallization, promoting vertical quantum well
growth. The resulting devices achieved a PCE of 18.14% and demonstrated excellent stability,
retaining over 90% of their initial efficiency under 1 Sunillumination for 720 hoursin a humid

environment [2].

In Chapter 6, we introduce a novel de-templated crystallization strategy designed to control the

v



crystallization kinetics of 2D perovskite film through a stable intermediate phase created during
atwo-step deposition process. By precisely adjusting the chemical interactionsin the precursor
solutions and driving the crystallization process, we successfully eliminate the templated in-
plane growth near the liquid-air interface and promote the formation of highly out-of-plane
orientated crystals, with carrier lifetime increased by four folds. The optimized 2D perovskite
solar cell achievesa PCE of 21.16%. Additionally, the devices demonstrate remarkabl e stability,
with a PCE decrease of less than 5% after exposure to 65+£10% humidity for 1100 hours,

operation under 85°C for 1077 hours, or continuous illumination for 1045 hours.

In Chapter 7, we summarized the devel opment and advantages of PSCs, focusing oninnovative
crystallization control techniques and engineering to optimize the orientation and film quality
of 2D perovskite. This discussion highlights the advanced strategies for narrowing the
performance gap between 2D and 3D PSCs and promoting their commercial potential.
Additionally, we provided the perspective research directions in 2D halide perovskites for
further optoelectronic applications. Firstly, quantum well tuning is explored to enhance
bandgap control, crucial for optimizing tandem solar cell performance. Secondly, theoretical
simulations and machine learning are employed to accel erate the discoveries of new perovskite
materials with superior properties. Lastly, advanced photophysics research using in-situ

spectroscopy is essential for understanding carrier dynamics and improving device efficiency.
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Chapter 1Introduction

The effect of sunlight on certain materials

leads to the generation of electricity.

this phenomenon, though not yet fully understood,
promises great advancements in power generation

------- Edmond Becquerel

The history of human civilizationis, in fact, an evolutionary history of the way of continuously
obtaining and using energy. From slash-and-burn farming in ancient times to the modern
industrial revolution and technological revolution, thisjourney islike amagnificent epic. Each
significant change in energy acts as a crucial driving force for the progress of human society.
With the continuous growth of human demand for energy, the consumption of traditional
energy is also increasing dramatically. The reserves are limited and non-renewable. How to
use and develop new energy has become a common concern of countries around the world.
Solar energy stands out as the most efficient and sustainable among the numerous emerging
renewable energy sources [3], due to it comes directly from solar energy and can directly

harness solar radiation and transform it into electrical power.

In 1839, the French scientist Alexandre Edmond Becquerel first opened the door to the world
of photovoltaics and was hailed as the founder of photovoltaic, he observed that under
illumination, a photovoltage was generated between the platinum electrodes plated with silver
in the electrolyte. This discovery is credited as a foundational figure due to semina work
revealing the "photovoltaic effect”, a phenomenon where voltage and current are produced at
the junction between a semiconductor or a semiconductor-metal combination when exposed to
light or other electromagnetic radiation. Then, why can light be converted directly into
electricity? This can be explained by the "photoelectric effect”. When photons possess
sufficient high energy, typically from ultraviolet light or X-rays, they can cause electronsto be
gjected from the metal surface, asillustrated in Figure 1-1a. The discovery laid the foundation

for the development of quantum mechanics. In 1905, Albert Einstein proposed that the photon
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energy is quantized, meaning that each photon's energy is proportional to its frequency.
Electrons can only be emitted from a metal surface if the photon's energy exceeds its work
function. Thistheory successfully explained the experimental observations of the photoel ectric
effect and led to Einstein being awarded the Nobel Prizein Physicsin 1921[4]. Typically, when
amaterial absorbslight, the photon's energy could el evate the el ectrons to higher energy levels,
but the excited electrons usually quickly return to their ground state. In the photovoltaic effect
observed in solar cells, the internal asymmetric structure of p-n junction enables electrons to
be transported to the external circuit before they return to ground state. A potential difference,
obtained by the excited electron, drivesthe load in the external circuit to form acomplete loop,
asillustrated in Figure 1-1b. In 1953, Calvin Fuller, Daryl Chapin, and Gerald Pearson, three
scientists at Bell Labs, created a crystalline silicon solar cell, measuring approximately 2 cm?
in size with a PCE of around 4%. This breakthrough provided a solid foundation for the

progress of modern solar energy technology.
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Figure 1-1. (a) The diagram of the photoelectric effect (Source: Wikimedia commons, by W.
Oelen, CC BY-SA 3.0). and (b) the photovoltaic effect in solar cells[5].
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Chapter 2 2D Perovskite Solar Célls

Solar power is afantastic energy source.
Our scientific advancementsin

nuclear energy have shown its potential,
but solar power is safer and cleaner.

------- Albert Einstein

Recently, the solar photovoltaic market has grown exponentially, and the primary mechanism
for converting solar energy directly into electricity mainly relies on the photovoltaic effect
exhibited by semiconductor materials [6-8]. Traditional solar cells primarily consist of P-type
and N-type materials that form a light-absorbing layer, where energy conversion occurg[9].
When photonswith sufficient energy strikethe p-n junction, they generate electricity internally.
At present, a variety of semiconductor materials have been applied to photoelectric fields
utilizing solar energy, and solar energy technology has mainly experienced three important

stages of development [10].

The first generation of solar cells was developed using crystalline silicon as the foundation
materials, both monocrystalline and polycrystallinesilicon[11, 12]. Dueto the abundant silicon
production, easy access, high efficiency of light energy conversion, and good stability, such
cells occupy a dominant position in the photovoltaic field, contributing to about 90% of the
annual output of the global photovoltaic industry [13, 14]. The second generation of solar cell
mainly includes thin-film solar cell, including cadmium telluride (CdTe) solar cells, multi-
compound copper indium gallium selenide (CIGS) photovoltaic cells, and amorphous silicon
(a-Si) devices [15-18]. However, the low quality of the thin film poses significant challenges,
this type of cell enhanced the non-radiative recombination losses. Additionally, the materials
used are toxic, limited reserves, making challenges for the commercialization manufacturing.
The third generation is a new type of photovoltaic cells [19, 20], including organic
photovoltaics [21], dye-sensitized solar cell [22], and other innovative materials such as

graphene and perovskite thin-film solar cell§23-27]. The emerging solar cell is called future
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photovoltaic products because of their "high performance and low cost" characteristics. As
research progresses, the photovoltaic effect and stability of this class of material have been

substantially enhanced, and the industrial application prospects are broad.

Among these, PSCs have gained significant attention for the cost-effective raw materials,
simple manufacturing methods, and high photovoltaic conversion efficiencies. Data from the
U.S. National Renewable Energy Laboratory illustrates that in just over adecade, the certified
PCE of PSCs has exceeded 26% [25]. In contrast, it took half a century for crystalline silicon
solar cells to achieve similar efficiency levels. Therefore, PSCs are expected to potentially
replace crystalline silicon-based solar cells as the forthcoming generation of photovoltaic

material, and they are heralded as the "dark horse of the energy revolution”.

In this chapter, we will provide the perovskite properties and explore the applications in solar
cell. Firstly, we outline the definition, chemical structure, and basic properties of perovskite
materials. Next, we explore the distinct physical and chemical properties in solar devices,
including superior light absorption coefficient and exceptional charge transport. Then, we
analyze the operational principle of perovskite solar cells, focusing on generation, separation,
and transport process of photogenerated electron-hole pairs. And we also introduce the basic
configuration and components of perovskite devices, such as electrodes, active absorption
layers, and transport layers. Additionally, we introduce the Shockley-Queasier limit in
perovskite solar cells. We outline the challenges currently faced by 3D perovskite solar cells,
mainly the challenge of stability, which 2D perovskites have the potentia to address. In the
study of 2D perovskite, understanding the crystal structure and crystallization mechanism is
crucial to optimize their solar cells performance. We first introduce some unique crystal
structure characteristics of 2D perovskite. Following this, we explored the crystallization and
growth mechanisms of 2D perovskite film using classical nucleation and growth theories. On
thisbasis, we review various optimization strategies aimed at improving the film quality. These
strategies include spacer cation engineering, additive engineering, solvent and antisolvent
engineering, and process engineering, which regul ate the crystallization and growth processes

to achieve excellent 2D perovskite solar cell performance.
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2.1 Hybrid halide perovskites
2.1.1 What is perovskite?

Electrode

Metal ion (Pb, Sn, etc.)

Halides (1, Br, Cl, etc.)
W Perovskite absorber

H
Organic cation 1,
HZNZ\NHQ HoC=N=H

Charge transport layer

Substrate (Glass/flexible)

e
C 35+ 18
AM15G __.o777m==0T e .. SQlimit 16 )
30 i GaAs \'\. e Y
. c-SiA A A 144 __"' GalnP
25." A c-InPA APerovskite i 1.2 1 oy ,1’."' ‘@) p-i-n perovskite
8 Y =5 . neip kit
:\j 20 CIGS CdTe Ga‘%p \>; 1.0 - - ol B R Rerovskite
9 Sy > 084 =27 cinp ACdTe AOrganic
15 rganic A : RSV Nelle
A A 0.6 - Dye-sensitized
10 CZTSSe Dye-sensitized o N CZTASSe
3] 0.2
0 T T T T T T 0.0 T T T T T T
0.8 1.0 1.2 1.4 1.6 1.8 0.8 1.0 1.2 1.4 1.6 1.8
Bandgap (eV) Bandgap (eV)
f
Mesoporous n-i-p Planar n-i-p Planar p-i-n

Electrode Electrode Electrode

n-interface

p-interface
Perovskite . Perovskite

Mesoscopic TiO, n-interface p-interface
Compact TiO,

Electrode

p-interface
Perovskite

Electrode Electrode

Figure 2-1. (a) Image of perovskite material (Source: Wikimediacommons, by Rob Lavinsky,
iRocks.com, CC BY-SA 3.0). (b) Perovskite crystal structure. (¢) Multi-layer configuration in
a perovskite solar cell showing the man functional layers, (Source: CSIRO,
https://research.csiro.au/printedpv/perovskitel). (d) Relationship between the PCE limit and
bandgap, as determined by the SQ theory (dotted line) [10]. (e) Relationship between the
radiative Voc limit and bandgap (dotted line), alongside the Voc of deviceswith record-breaking
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PCEs (represented by triangles). (f) Perovskite solar cells (PSCs) with mesoporous nip
architecture, standard nip planar heterojunction PSC, and pin planar heterojunction PSC [10].

The word "perovskite" comes from a mineral called perovskite (Figure 2-1a), which was
initially discovered by Gustav Rose in 1839 in Russias Ural Mountains, this mineral was
named to honor the contributions of Russian mineralogist Lev Perovski [28]. The chemical
formula of perovskite is typically derived from calcium titanate (CaTiOs), which exhibits a
particular crystal structure known as the perovskite structure [29]. Lately, many scientists and
scholars have adopted hisnameto designate all compounds with a perovskite structure, denoted
as "perovskite". Therefore, perovskite isadistinctive crystal structure that can be expressed by
a formula ABXs[10], as illustrated in Figure 2-1b. within this structure, the A-site cation
typically occupies the cavities between octahedra. And the B-site metal cations, together with
six surrounding X-site anions, form an octahedral structure, where the B-site metal ion is
positioned at the octahedron center. These octahedra share corners with six adjacent octahedra,
forming a corner-shared [BX¢]* octahedral framework that repeats to form a 3D network
structure. In PSCs, the A-site typically consists of monovalent cations such as formamidinium
(FA*) [30], methylammonium (MA*), or cesium (Cs'); while B-site commonly includes the
divalent metal ions (Pb?, Sn?") [31]; while X-site is generaly filled by halide anions such as
chloride (CI), bromide (Br-), or iodide (1) [32, 33]. And in thisthesis, only the inorganic FA*
cations at the A-site and Pb?* cations at the B-site cations have been considered. Theionic radii

of these elements are crucial for the stability of the perovskite structure.

In the perovskite structure, the octahedral factor (1) and tolerance factor (t) are vita indicators
of stability [34, 35]. A stable perovskite structure is formed when 0.44<.<0.90 and 0.9<t<1.0
[36], otherwise, a non-perovskite phase may appear. A modified 7 is also used for halide
perovskite, where ri denotes the ionic radius, ra represents the oxidation state of A, withra is

greater than re, and 7 < 4.18 signifies the perovskite structure [37].
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Additionally, due to mismatches of ionic sizes, the crystal phase of perovskite materials can
change with temperature. The halide perovskite structures are usualy with lower symmetry
than the cubic perovskite (a-phase) structure when it is at room temperature. Consequently, the
lattice tends to transform into atetragonal (#-phase) or orthorhombic (d-phase) structure. Such
as, the crystal phases of MAPbIs perovskite transform at different temperatures[38]. When the
temperature is below 165K, the perovskite exists in the form of an orthorhombic phase (o-
phase); when between 165K and 327K, it transitions to tetragonal phase (5-phase); and when
above 327K, it existsin cubic phase (a-phase). These phase transitions are attributed to changes

in the superlattice symmetry at different temperatures[39].

2.1.2 Properties of perovskites

PSCs have garnered widespread attention for high photovoltaic conversion efficiencies,
primarily due to the exceptional optoelectronic characteristics of perovskite [40, 41]. First,
perovskites possess suitable and easily tunable bandgap widths (Energy Gap, E). For example,
the band gap widths (Eg) of MAPbIs and FAPbIs perovskitesare 1.5eV and 1.48 eV [42], which
ensures the effective absorption of sunlight by PSCs and belongs to the most suitable range for
active materials of photovoltaic devices. The band gap can be adjusted from about 1.48 eV to
2.9 eV, by changing the combination of cations (such as Cs', MA*, FA*) and halogen ions
(suchasCl-, Br, 1) [43]; In addition, machine |earning algorithms can a so effectively predict
and optimize the band gap of perovskite [42]. Second, perovskites are characterized by
exceptionally high absorption coefficients. The absorption coefficient of FAPDbIs perovskite
film is about 10° cmt [44], which is ten times greater than GaAs film of the equivalent
thickness. The high absorption coefficient indicates that PSCs can fully absorb sunlight, thus
ensuring the utilization rate from the source. Moreover, organic-inorganic hybrid perovskites
exhibit a low exciton binding energy, which is approximately between 2 meV and 50 meV,
much lower than that of materials such as GaAs and CIGS. This low exciton binding energy

means that in PSCs, photogenerated excitons easily split into free electrons and holes [45],
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reducing the carrier recombination and consequently enhances the photoelectric conversion
efficiency. Additionally, the electrons and holes in perovskite materials possess high mobility,
which means that carriers can move quickly and reduce the recombination [46]. This long
diffuson distance is due to the low defect concentration and bipolar transmission
characteristicsin perovskite films, which effectively reduces the recombination rate of carriers
through the diffusion process. Based on above advantages, investigation on perovskite devices

has become one of the latest frontiers and cutting-edge area in modul ation technology.

2.2 Perovskite solar cells

2.2.1 Operational principles

The working mechanism of PSCs is introduced using an inverted device as an example, as
shown in Figure 2-1c. The fundamental principle of perovskite solar cellsis primarily divided
into five key processes.: i. Photon absorption process: The light absorption layer captures
photons, generating electron-hole pairs. ii. Exciton diffusion process: in this process, excitons,
with a long diffusion length, travel within the crystal lattice, reducing recombination and
allowing most excitons to reach the interface. iii. Exciton dissociation process. due to the
internal electric field, excitons dissociate into free carriers [47, 48]. iv. Carriers transport
process. the hole transport layer carrier free holes to the anode while the electron transport
layer directs free electrons to the cathode. v. Charge collection: Free electrons and holes are
collected by the cathode and anode, respectively, forming a potential difference that, in

conjunction with an external load, establishes a closed circuit and produces a current [48].

2.2.2 Device structure

The basic structure of perovskite solar cells (PSCs) includes five main functional layers: anode
layer, ETL, light-absorption layer (perovskitelayer), HTL, and the cathode layer. The materials
of each layer and their arrangement order vary according to the specific structure type, mainly
including nip-type structure and pin-type structure, as shown in Figure 2-1f. In the nip-type
structure, the sequence of layers from bottom to top is the cathode, followed by the electron
transport layer, the middle is the light-absorbing layer, followed by the HTL, and finaly the
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anode. Conversely, in the pin-type structure, the sequence of ETL and HTL are opposite. In
addition, there is a special mesoporous structure that contains a mesoporous layer, such as
Al20s nanoparticles or TiOz, which not only plays the role of transmitting electrons but also
supports the perovskite layer. However, due to the complex process and the mesoporous layer
morphology affecting the overall performance of device, the device structure of PSCs has

gradually developed towards a planar structure [49].

The anode layer material typicaly is composed of FTO or ITO transparent conductive glass,
and its main function is to collect holes and form the cell's anode. Common materials for the
HTL include PTAA, spiro-OMeTAD, etc. Its function is to effectively transport free holes
generated by the active layer while blocking the movement of free electrons, thereby
preventing the recombination of electrons and holes. The light-absorbing layer, constructed
from perovskite materials, consists of materials like 3D MAPbIs and FAPDIs. Itsfunctionisto
generate electron-hole pairs, serving as the core of the entire solar cell structure. Common
materialsfor the ETL include PCBM, Ceo, TiO., SnO,, etc. Itsfunctionisto efficiently transport
free electrons produced by the active light-absorption layer, prevent free holes' transfer, and
provide an ohmic contact. The cathode layer typically uses highly conductive metals such as
aluminum, silver, copper, etc., and its function is to collect electrons and form the cathode of
the cell. The different layers and structural designs of perovskite solar cells enable them to

efficiently absorb and utilize solar energy, showing great potential and advantages [10].

2.2.3 Shockley-Queasier limit

When a single-junction solar cell absorbs sunlight (AM 1.5G) and operates at a 300 K ambient
temperature, the Shockley-Queisser limit [50] can be employed to cal cul ate the maximum PCE
and Voc that are achieved at the radiation limit. Figure 2-2e shows the relationship between
PCE and band gap, as well as the record efficiencies achieved by various solar cells. The band
gap of halide perovskites, usually about 1.60 eV, could be tuned by mixing different ions at
different components[10]. For instance, the mixed-cation halide perovskites achieved a band
gap of about 1.50 eV, with a PCE of over 26%. Nevertheless, this value remains much below
the theoretical limit of about PCE of 32% [10] (Figure 2d). From Figur e 2-2f, the Voc of PSCs
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is higher than GaAs and GAInP-based solar cells that approach the Voc limit. However,
perovskite solar cells have not yet achieved this limit, mainly because of the recombination
loss. Meanwhile, the Voclossin PSCsis markedly lower than that in organic and dye-sensitized

solar cells[51-53].

2.2.4 Stability problemsfaced by 3D perovskite

Despite the high efficiencies of 3D PSCs already meet commercial solar cell requirements,
they still face significant stability challenges. Referring to the outdoor application model of
current commercia silicon solar cells, PSCs need to demonstrate stable performance under
real-world conditions, including exposure to solar radiation, high temperatures, and
atmospheric humidity and oxygen, for a duration of up to 25 years. For this reason, the long-
term stability of perovskites concerns not only their intrinsic stability, but also their resistance
to external environmental changes like light exposure, temperature variation, and high
humidity [54]. The structural stability of perovskite and their tolerance to external
environmental stress are key factorsto ensure their long-term application. Considering thermal
stability, perovskite materials are prone to decomposition at high temperatures. For example,
the commonly used perovskite material MAPbIs easily decomposes into Pbl. and CH3NH: at
temperatures above 85 °C, resulting in a significant decline in cell performance. This
decomposition process not only affects the photovoltaic conversion efficiency, but also
destroys the lattice structure, and then shortens the lifetime of the device. In addition, 3D
perovskites are highly sensitive to moisture and degrade rapidly. For instance, when exposed
to water, MAPbIs will hydrolyze to Pbl. and CHsNH:l, which destroys the physical structure
of the material and greatly reduces the photovoltaic conversion efficiency. Additionaly,
inorganic perovskite degrades easily under long light exposure, especially under high-intensity
UV light. Such degradation is mainly due to the interaction of photo-generated electrons and
holes produced in the lattice with defects or impurities, which causes structural damage and
reduced electrical properties. Further, light exposure may induce the breakdown of organic

components in perovskite, and accel erate the degradation process [10].

To address the previously mentioned stability challenges of PSCs, researchers have proposed
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a variety of strategies, including component engineering, additive engineering, interface
engineering, and package technique. In terms of composition engineering, the thermal and
operational stability of perovskite materias is effectively enhanced by the inclusion of
elements such as FA *, cesium (Cs*) [55, 56], Eu** and bromine (Br -) [57, 58]. For example,
FAPbI; is superior thermal stability to MAPbIs and FA* doping facilitates to stabilize the alpha
phase (cubic structure) in perovskite lattice. Cesium doping has been shown to significantly
stabilize the crystal structure of perovskite and reduce the decomposition at high
temperatures. Eu*-Eu?* functions as a “redox shuttle”, which specifically oxidizes Pboand
reduces lo defects [59]. Bromine doping improves the phase stability and optimizes the
photoelectric performance by selectively adjusting the specific band gap. For high bandgap
perovskites, however, phase segregation of iodide and bromide phases can still be observed. In
additive engineering, researchers promote the growth of perovskite crystals and enhance their
crystal properties by introducing additives such as Lewis acid, Lewis basg[60, 61], ammonium
salt [61, 62], small molecules [63], or polymerg[64]. In interface engineering, researchers use
ionic liquids [65], low-dimensional perovskites|66], fullerenes[67] and other materials to
optimize the contact between perovskite and the underlying interface, reduce the defect states
and impurities at the interface, optimize energy level matching, and further improve the light
stability and performance of PSCs [65]. With the advances in packaging technology, such as
the "superstrate package" and "flip-chip package'[68], have effectively isolated the erosion of
perovskite materials by water and oxygen, thus greatly improving its stability in high humidity

environments.

These strategies have improved the external stability of 3D perovskite solar cells, but these
methods often cannot fundamentally solve the instability of the intrinsic structure of the
material. Its stability has been improved, but it still cannot meet the standards for
commercialization. Thus, more attention was turned to 2D perovskite with better natural
stability. In this sense, long-chain organic cationsin 2D perovskites bring hydrophobicity and
inhibit internal ion migration, providing much better intrinsic structural stability. Quasi-2D
perovskites have better operational stability compared to their 3D counterparts. The instability
of 3D structuresis partly due to the low formation energy, which will be further aggravated by
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humid conditions. On the contrary, 2D perovskites that have higher formation energy have
unique hydrophobic organic ligands, which demonstrate better stability. Most importantly, ion
migration has also been amajor factor that leadsto irreversible device degradation. The quasi-
2D perovskites, having a lower rate of ion migration, could give a state of stable ion

accumulation and therefore have a huge potential for cell stability.

2.3 2D Perovskite solar cells

2D layered hybrid metal-halide-organic perovskites are constructed by intercalating organic
Spacer cations into a continuous inorganic framework to reduce dimensionality. Within the 2D
perovskite structure, the lead iodide octahedral inorganic framework facilitates essential
photophysical properties including high carrier mobility, light absorption, and extended
diffusion length, which makes these materials suitable candidates for efficient solar cells [69-
72]. Additionally, the introduction of organic spacer cations provides several advantages for
tuning the performance of 2D perovskites: (i) Hydrophobic cations act as an intermediate layer,
various opt-electronic devices enhancing the material's moisture stability [73]; (ii) Van der
Waals forces within organic spacer contribute to maintaining the structural stability [74, 75];
(iii) Introducing additional spacer cations into the lattice could induce distortions in the
perovskite lattice, allowing adjustment of the bond angles between metal and halide elements,
along with overlapping of metal and halide orbital s, thus modifying the bandgap independently
of the number of the layers[76, 77]; and (iv) theincorporation of spacer cations createsinherent
guantum well structures featuring high dielectric constants, mitigating the mismatch in work
function between inorganic and organic layers, as shown in Figure 2-2 [78-80]. Thus, the
introduction of organic spacer cations enables tunable optical and electronic characteristics.
The distribution of quantum wells and the crystallographic orientation significantly impact the
performance of PSCs[81, 82].
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Figure 2-2. Schematic diagram of semiconductor materials with different dimensions (from
3D bulk to 2D quantum wells, 1D quantum wires, and OD quantum dots) showing changesin
structure and el ectronic density of states (DOS). Asthe dimensionality decreases, the electronic

energy levels transition from a continuous to a discrete state [80] .

2.3.1 Crystal structure of 2D perovskite

Layered 2D perovskites, developed by incorporating bulky, hydrophobic organic spacers into
the crystal lattice to segment the 3D structure, have been identified as an effective strategy for
enhancing the stability of the perovskitelattice. The crystal structure of 2D perovskite generally
can be classified into <100>, <110>, and <111> orientations in Figure 2-3a. Among them, the
<100> orientation in two-dimensional perovskites is the most common and has been the most
extensively studied [78]. Research has shown that <100> orientated 2D perovskites are the
most appropriate structure for cells when compared to those with <111> and <110> orientated
perovskite [83]. And <100> oriented 2D perovskites are typically categorized into the
Ruddlesden-Popper (RP) phase, Dion-Jacobson (DJ) phase, and Alternating cations in the
interlayer (ACI) phases[78, 84-86]. The RP phase's structure is denoted by aformula of A2Bn.
1MnX3n+1, the DJ phase by A'A n-1BnX3zn+1, and the ACI phase by A'AnBnXa3n+1. Figure 2-3b.
illustrates these related crystal structures. In these formulas, A is monovalent organic or
inorganic cations; B denotes the divalent metal site (Pb?*, Sn?*); X isthe halide anion site (I,
Br~, Cl7); and n indicates the thickness of the [PbXe]* octahedral layer [87].
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Figure2-3. (a) Two-dimensional perovskites cut along <100>, <110>, and <111> crystal plane
[88]. Corresponding crystal structure of 2D perovskite, including (b) RP phase, DJ phase, and
ACI phase, respectively [88].

2.3.2 Unique properties of 2D perovskite

The unique structure of 2D perovskite leads to multiple properties and novel applications in
various optoel ectronic quantum well effects devices[89-92]. The Goldschmidt tolerance factor
(t) is employed to measure the impact of component atomic radii r on the perovskite lattice
structure[93-95] (Figure 2-4a). For 3D perovskites, t typically ranges between 0.8 and 0.9 [ 75,
96] (e.g., MAPbIs, FAPbI3). 2D perovskites are composed of larger amine cations, for example,
HA and PEA, coordinate within the cages of inorganic BXs octahedra [86]. Because of the
larger radius of these organic amine cations (where t > 1), inorganic sheets positioned at the
upper and lower layers are unable to connect via shared corners, thus forming the 2D structure
composed of aternating organic and inorganic layers [83]. The apparent relaxation of the t-
values allows for the larger and more exotic A' cations, thus providing a new platform for

getting the in-depth correlation between lattice distortions and material properties, especially
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for the structure stability [97-99].
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Figure 2-4. (a) The difference of tolerance factor in 2D and 3D perovskites structures [83]. (b)
The structural characteristic of quasi-2D perovskite and illustration of crystal structuresfor 2D
perovskites with varying layers. (c) The relationship between the exciton binding energy and
bandgap with the layer numbers. (d) The relationship between quantum effects and dielectric

confinement effects of two-dimensional perovskites and electronic properties [100].

The selection of organic spacer cationsis crucia to regulating the lattice structure, durability,
and optoelectronic properties of 2D perovskite [20, 101]. These cations mostly are the
monoammonium and diammonium types, in linear, cyclic, aromatic, and heteroatom-
containing varieties. Each cation could affect the perovskite interlayer interaction through its
different chemical and physical properties. For instance, linear cationstypically could facilitate
the formation of simpler layered structures, cyclic and aromatic cations are known to enhance
structural stability through n-n stacking and other intermolecular interactions. Additionally,
when heteroatoms like O, F, or S are introduced into a cation, it can help optimize the
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crystallization process in perovskites by hydrogen bonds and halogen interactions, which is
significant to enhance the environmental stability and optoelectronic response of

perovskite[ 102].

The terminal cationic groups of larger organic molecules interact with extended inorganic
anions through hydrogen bonding. This interaction promotes the formation of natural quantum
well structures (QWSs) in perovskites (Figure 2-4b), where the organic insulation layer
functionsasapotential "barrier" and theinorganic layer functionsasa"well”, respectively [88].
Thewidth of QWSsinfluencesthe band gap of perovskite. An atomic-level sharp interface exists
between the "barrier” and "well" (Figure 2-4c). Owing to quantum well effects and dielectric
confinement effects, the E» of 2D perovskitesisgreater than their 3D counterparts. Specifically,
electrons and holes are trapped in the inorganic wells; this higher binding energy promotes to
formation of stable excitons at room temperature, thus enhancing radiative recombination
efficiency [100, 103]. The elevated E» and notable exciton luminescence performance make
quasi-2D perovskites exceptional candidates for LED applications [100]. Moreover, the
confinement strength also depends on the thickness of the quantum wells; the Eb value can be
influenced by selecting barriers with varying dielectric constants, as dielectric confinement
diminishes with an increased n (Figure 2-4c) (16). Additionally, Sargent et al. demonstrate the
quasi-2D perovskite family combines the superior stability of 2D perovskite with the
outstanding optoelectronic properties of 3D perovskite. Density Functional Theory (DFT)
results reveal introducing PEA between perovskite layers induces quantifiable van der Waals
interactions, thereby increasing formation energy and enhancing material stability. Lower n
values correspond to higher stability; higher n values|ead to increased optoel ectronic efficiency
(Figure 2-5a) [104]. Thus, quasi-2D perovskites show tremendous potential in achieving

efficient and stable solar cells.

2D perovskites, which are created by incorporating large ammonium cations within the three-
dimensional perovskite structure, consist of alternating layers of insulating organic spacer
layers and inorganic (BXse) planes [88, 105, 106]. These organic spacer layers provide an
effective barrier against ion and water penetration. Additionally, the strong van der Waalsforces

among the spacer cations result in higher formation energy [107], thus imparting inherent
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lattice stability. Furthermore, the inherent dielectric disparity between layers leads to the
formation of multiple quantum wells (MQWS) [88]. The disordered tendency of quantum wells
to grow paralélly inevitably leads to serious charge recombination. Moreover, the path of
carrier transport is obstructed by the insulating spacer layers, resulting in poor carrier mobility
and diffusion rates, significantly limiting the photovoltaic performance (Figure 2-5b). Thus,
achieving vertical growth and fine phase alignment of spacer layers is crucial for realizing

efficient 2D PSCs.
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Figure 2-5. (a) Illustrations of halide perovskite with different layer numbers (n). These
structures transition of perovskite with the dimensions from low-n to high-n phase of 2D
perovskite. The relationship between device performance and the function of n. Asnincreases,
performance improves, but stability declines [104]. (b) The diagram illustrates the advantages

of 2D perovskites regarding their optoel ectronic performance and stability [88].

2.3.3 Crystallization and growth theory

During the crystallization process of perovskite, nucleation is an essential initial stag involving
two basic forms of homogeneous nucleation and heterogeneous nucleation. The solution must
be supersaturated to initiate crystallization [108]. This factor ultimately determines the overall
quality of perovskite film. In homogeneous nuclei, the crystal nuclei can form naturaly in the

precursor solution, and this process is mainly analyzed from athermodynamic perspective and
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can be described by Gibbs free energy (AG) [86, 109-111],

AG=AG. +AG =4mr2y+2 m3k_TINS) (Equation 2-3)
S v 3 B v

Where y denotes the nucleus surface energy, ks represents Boltzmann constant, and Vis nucleus
molar volume. AGs is the surface free energy, which is directly proportional to the square of
the nucleus radius (r?). And AGy isthe volume of free energy, which is proportional to the cube
of the nucleus radius (r3). The surface free energy is positive, reflecting the increase in the
solid-liquid interface area when new nuclel are formed; the volume free energy is negative,
indicating the decrease in free energy when transitioning from liquid phase to solid phase [ 106,
112]. The homogeneous nucleation rate can be expressed by an Arrhenius-type equation [86,
111, 113];

dN _ Aexp{‘AGN } - A@(p{;l?mjvzz} (Equation 2-4)
dt KT 3K3T*N2(InS)

where AGn is critical free energy, N, A, and Na represent the number of nuclei, the pre-
exponential factor, and Avogadro's constant, respectively. Equation (2-6) reveals the effects of
the supersaturation of the solution, the temperature, and the surface free energy of nucleation
rate. When the solution’s supersaturation temperature is high, the critical nucleation energy
decreases, |eading to a corresponding increase in the nucleation rate. In practice, heterogeneous
nucleation is more common, and nuclei are typicaly preferentially formed on the surface,
substrate, defects, suspended particles, or impurities because these locations provide lower
nucleation energy barrierg114, 115]. Therefore, to adjust the free energy in heterogeneous
nucleation, the correction factor f () is introduced, which is dependent on contact angle 6,

reflecting the influence of the substrate or impurity on the nucleation process.
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(Equation 2-5)

(6) =[2—3cosj+cos3 6J

cosg=to"1 (Equation 2-6)
Y

The relationship between homogeneous nucleation and heterogeneous nucl eation-free energy

isasfollows:

2—3c0s8 +cos’ 8
4

AG;, = ( jAG;O (Equation 2-7)

Where res, I o, I o represent the surface energy between crystal and substrate surface, crystal
and liquid and substrate surface. f (6) is a correction factor, 0< f(d) <1. When the saturation of
the solution is low, heterogeneous nucleation is more likely to occur, inhibiting homogeneous

nucleation on colloidal particles and promoting high-density heterogeneous nucleation.

Crystal growth primarily progresses along two pathways: first, monomers diffuse from bulk
solution to particle surface; second, the monomer molecules undergo chemical reactions on the
particle surface. The diffusion process can be explained using Fick's first law of diffusion [86,

109, 116],

J= 47rr2Dc:j—C (Equation 2-8)
X

Here, J denotes the total monomers flux, D represents the diffusion coefficient, C represents
the monomers concentration, and r denotes the radius of particles. When the system reaches a

steady state, J at the surface of particles could be represented using the formula as follows
[117]:
J =4rDr(C,-C,) (Equation 2-9)

Where Cy» and Cs respectively represent the monomer concentration in the bulk solution and at
the interface between the particles and the solution. During the surface reaction phase of the
monomers, J denotes the rate of monomer consumption at the surface of particle. This

relationship can be described as follows:
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J = 4xr?k(Ci-Cr) (Equation 2-10)

In this context, k denotesthe rate constant for the surface reactions, The solubility of a spherical
particle, denoted by C:, is associated with a particle of radiusr. In the growth modes governed
by diffusion control and reaction control, the former tends to produce particles of uniform size,
while the latter equalizes the concentration of monomers at the surface of particle with that in
the solution. Both diffusion and surface reactions can become the rate-limiting steps in the

overall growth process.
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Figure 2-6. (a) LaMer model for explaining the nucleation and growth of perovskite crystals
in precursor solutions [118, 119]. Ostwald maturation model of dynamic coarsening of
perovskite particlesincluding (b) the beginning phase, (c) the early phase, (d) the middle phase,
(e) and the end phase [113].

The classic LaMer mechanism typically is used to explain nucleation and crystal growth
process of perovskite[118]. According to the LaMer model (Figure 2-6a), the nucleation and
growth process can be separated into three stages. the first region is the pre-nucleation stage.
Due to the substrate annealing process, which promotes solvent evaporation, the solution
concentration continues to increase until it reaches the saturation concentration (Cs), but no
obvious nucleation has occurred at this stage[120]. The second stage is the nucleation stage.

Asthe continued evaporation of solvent, the solution concentration reaches the critical limiting
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supersaturation. At this time, the nucleation rate increased significantly and formed many
crystal nuclei. Meanwhile, the consumption rate of the monomer exceeds the solvent’'s
evaporation rate [121]. The precursor solution concentration gradually decreases, the
nucleation rate drops to zero at t2, and the nucleation process terminates. The third stageisthe
crystal growth stage. The crystal nucleus continues to grow, under the continuous supply of
monomers. When the solution concentration falls below Cs, crystal growth terminates, and
finally the perovskite film is formed [122]. Therefore, controlling the processes of nucleation
and growth is essential for perovskite films. Rapid nucleation, followed by slowed crysta
growth through shortening the supersaturation period, results in a high-quality film. This
mechanism shows that the crystal quality and uniformity of perovskite films can be optimized
by precisely regulating the concentration and evaporation rate of the precursor solution [109,
123]. The Ostwald ripening theory is also an important crystal nucleation growth model used
to explain the growth process of perovskites. Based on the Gibbs-Thomson mechanism [111],
it explains the coarsening of particles via the dissolution of smaller grains and the growth of
larger ones, driven by surface chemical potential differenceg120]. This theory effectively
accounts for the competitive growth of particles in solution, promoting perovskite formation
through the dynamic coarsening of smaller particlesand the redeposition of material onto larger
ones in Figure 2-6(b-e). This classic Ostwald ripening process has been shown to promote

perovskite growth [124].
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2.3.4 Crystallization mechanism of 2D perovskite films
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Figure 2-7. (a) Optical images along with GIWAXS data depict the stages of a top-crust
scraping experiment. (&) the optical image and (d) corresponding GIWAXS pattern displays a
yellow fluid indicative of the absence of crystalline structures (g). As the process into stage 2,
the surface darkens upon thermal treatment (b), and the GIWAXS pattern (e) reveals avertica
orientation of 2D perovskite (h). In the subsequent stage 3, this top-crust of 2D perovskite is
mechanically removed using a blade-scraping technique to reveal the underlying yellow
precursor solution that remains uncrystallized (c). The GIWAXS pattern (f) from this newly
exposed area shows only diffuse scattering, suggesting it retains its non-crystalline precursor

form (i) [125].

The nature of layered 2D perovskite leads to anisotropy in its conductivity and carrier mobility,
and the PSC efficiency depends on the orientation corresponding to the desired charge transport
direction [120]. The organic and inorganic layers have the potentia to grow parallel or
perpendicular to the substrate, and the insulating cations in the parallel organic layers could
hinder vertical charge transport. To achieve vertical growth of 2D perovskitefilm, it isessential

to investigate the fundamental mechanisms governing their vertical orientation during
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crystallization[126]. Typicaly, the crystalization of perovskites begins with precursor
solutions and primarily includes two stages: nucleation and growth. As the solvent gradually
evaporates, the perovskite concentration increases, prompting rapid nucleation of aggregated
particles under supersaturated conditions [40]. Within the perovskite precursor solution
deposited on substrates, nucleation can occur at three potential sites: the air-liquid interface,
the bulk solution, and the solid-liquid interface [125]. Uniform nucleation within isotropic bulk
solution typically results in randomly oriented crystal growth. In contrast, the substrate-liquid
interface, characterized by anisotropic environmental conditions and interactions like van der
Waals forces between the crystal and substrate, tends to favor parallel rather than vertical
orientation [127]. Chen et.al., demonstrated the top-crust scraping test to investigate the
crystallization process via the in-situ GIWAXS technique, as illustrated in Figure 2-7. They
meticulously traced the nucleation process based on BA2MA3Phal13 perovskite across three
phases, The first stage involves a yellow precursor solution; in the second stage, following
annealing, the air-liquid interface immediately displays a black phase. The third stage, through
the top crust test, reveals a yellow uncrystallized perovskite beneath the black phase. These
findings reveal that the crystallization starts at the air-liquid interface into spreads throughout
the interior of film. Nucleation beginning at the interface between air and liquid can facilitate
to form a vertically oriented top layer of solid crystal film, acting as a growth template for
subsequent crystals. The heterogeneous environment plays a crucia role in promoting the
vertical orientation of 2D perovskite film [128]. Similarly, Yuan et al. reported a mechanism
for the templated crystal growth of 2D perovskites based on 3D-like phase perovskite, which
also initiative at the surface of solution [129]. The rapid drying of the solvent on the liquid
surface leaves behind a3D-like perovskite with a periodic network of corner-sharing octahedra,
driving the formation of 2D perovskites. When A-site small-sized organic cations are
continuously consumed, more L-site bulky organic cations engage in the coordination process,
which results in the formation of higher-n 2D perovskites [129]. Additionally, the lattice
matching between the layered perovskite phase and 3D-like perovskite phase is also
responsible for the preferred out-of-plane orientation growth, and this matching offers valuable

insightsinto controlling the layered perovskite's orientation [125].
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2.4 Optimization strategiesfor crystallization

To obtain a highly vertical orientation of 2D perovskite films, researchers have adopted many
optimization strategiesto control the crystallization kinetics. Inthis part, wewill systematically
review efficient optimization techniques, including spacer cation engineering, additive

engineering, solvent and antisolvent engineering, and solution processing techniques.

2.4.1 Spacer cations engineering

The strategy of spacer cations engineering plays a crucial role in stabilizing lattice structures
and promoting vertical orientation in the field of 2D perovskite film. These spacer cations are
crucial for maintaining the stability of the layered structure of 2D perovskites, supporting the
stacking of inorganic layers, and significantly influencing the materials electronic and optical
properties [130]. Functionalized spacer cations, which may contain amino, carboxyl, or other
polar groups, are critical in research and devel opment for enhancing interlayer bonding through
strong hydrogen bonding or electrostatic interactions. These interactions not only stabilize the
material structure but also modify the pathways and rates of carrier transport. Martin
Kaltenbrunner et. a., have innovated by incorporating a novel large organic cation, alpha

methylbenzyl ammonium iodide (MBALI), into the photoactive layers of perovskites.

The interaction of the ammonium groups (-NH3*) of MBA with the sulfonic groups (-SO*) of
the hole transport layer induces surface dipoles at the interface due to electrostatic attraction,
enhancing charge extraction and elevating the open-circuit voltage (Figure 2-8a). This
breakthrough has enabled the development of lightweight, flexible, ultra-thin, and transparent
conductive oxide-free 2D perovskite solar cells. A photovoltaic module composed of 24
interconnected 1 cm? solar cells has been demonstrated to power a hybrid solar-operated
guadcopter autonomously [131]. Additionaly, Wel Huang et. a., introduced a bulky
alkylammonium species, 2-(methylthio) ethylammonium chloride (MTEACI), which
facilitates sulfur-sulfur interactions. These interactions, extending beyond the weaker van der
Waals forces, enhance interlayer cohesion and result in pinhole-free perovskite films with
preferred orientation, as illustrated in Figure 2-8b. This optimized orientation is crucial for

efficient charge transfer processes, significantly enhancing the stability of 2D PSCs [132].
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Additionally, Huang et. al., innovatively introduce a molten salt spacer, n-butylamine acetate
(BAAC), asareplacement for traditional halide spacers, n-butylamineiodide (BAl), to achieve
pure phase QWsin 2D RP perovskite devices. The formation of strong chelation and hydrogen
bonds formed by BAAc inhibit the colloid aggregation and form a uniform distribution of
intermediate phase gel, which promotes the formation of pure phase QWs filmg135]. Prof.
Liu's team also has made significant advances in developing new spacer cations, synthesizing
various new thiophene derivatives that markedly improve the orientation and electronic

properties of 2D perovskites[136-139].
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Figure 2-8. (a) lllustration of the 2D perovskite structure of MBA2(Cso.12MAo.s8)ePb7l22, a
diagram of the assembly of six ultra-light PSCs, and a photograph of the Solar Hopper in flight
[131]. (b) GIWAXS data and corresponding explanations of 2D perovskite orientation
regulated by large molecular cations BA and MTEA [132]. (c) Formation diagram of 2D
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perovskite films with/no additional PEAI spacer cations [133]. (d) 2D GIWAXS pattern
showing the intensity distribution along the gz direction for Sn-based 2D perovskite films
inserted on different large-volume cations, such as BA, OA, and DA, respectively [134].

Fluorination of large cationsin 2D perovskites al so represents a potent strategy to enhance the
vertical orientation, by increasing the dipole moment of the selected organic ions. This
improvement immediately increases carrier lifetime, charge separation efficiency, and crystal
overall quality [140]. For example, Professor Yongsheng Liu and his research team have
developed a high-performance 2D RP perovskite device using B-fluorophenethylamine (B-
FPEA) asits spacer cation within perovskite. The introduction of fluorine atoms on the phenyl
rings of PEA cations, synthesized through reactions with glycolic acid, attained an optimal
PCE of 19.11%. The improvements in device performance are attributed to the high dipole
moment of B-FPEA, which improves the interaction between spacer cation and [Pbls]*
octahedra, facilitating charge separation and promoting the growth of high-quality, large
crystals preferentially oriented in the vertical direction [140]. Additionally, Ming Shao et al.
developed anovel fluorinated phenethylammonium (PEA) cation used as a spacer to fabricate
2D perovskitefilm. By replacing the hydrogen atom located at the para position of PEA cation's
conjugated benzene ring with a fluorine atom, 4-fluorophenethylammonium (4FPEA) was
synthesized as the organic spacer. The strong dipole field induced in this structure significantly
promotes the dissociation of charges and enables the fluorinated-2D perovskite preferred
vertical direction. These improvements significantly improved the efficiency of solar cell from

11% to over 17% [141].

Furthermore, binary spacer cations are also an effective method to improve the orientation. For
example, Baomin Xu et a. successfully prepared a series of novel binary spacer 2D perovskite
films. The interaction of binary spacers is demonstrated by adding 50% BA to the PBA-based
2D perovskite precursor solution. This decreases the nucleation sites and increases the colloidal
size, producing a highly smooth film with bigger grains and greater crystal orientation [142].
Jianbin Xu et al. proposed that by adding guanidine (GA™), a symmetrical cation with three
amino groups, to BA-based 2D perovskites, GA molecules can be inserted into 2D lattice by

occupying BA positions [143]. Due to the enhanced interlayer interaction, the crystallinity,
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optoel ectronic properties, and stability can be improved simultaneously. The resulting new 2D
RP perovskite films show a preferential vertical orientation. Additionally, BA/PEA series
mixed cations also have been widely demonstrated to improve the vertical orientation of 2D
perovskites films [81]. As illustrated in Figure 2-8c, Lian et al. demonstrated that the
incorporation of 2-phenylethylamine iodide (PEAI) into the BA2MA4Pbslis perovskite
precursor solution results in aggregation behavior. Due to pre-aggregation reducing the

nucleation site, the grain size increases, and the (111) orientation is enhanced [133].

In selecting spacer cations for 2D perovskite materials, it is essential to consider not only their
chemical properties and structural forms to ensure charge balance and structural stability, but
also their shape of amino head and organic tail. The size of the amino head should be moderate
so that it can be accurately embedded in the gap of the inorganic layer. The shape of the organic
tail can be branching, linear, or cyclic form [78]. Among them, linear spacer cations can
provide the greatest flexibility, which is conducive to optimizing the interlayer spacing and
enhancing the dynamic adjustment ability of the structure. However, larger tail structures may
lead to increased steric hindrance and reduced freedom of movement, which could detriment
the stability of the perovskite structure in some cases. Too large tail structures may lead to
increased interlayer spacing, thereby affecting the charge transfer efficiency and the overall
stability[ 78]. For instance, Li et al. investigated the impact of different alkyl chain lengths on
the orientation of 2D Sn-based perovskite films by incorporating BA, OA, and DA, alkylamine
Spacer cations, respectively. These results show that increasing the alkyl chain lengths in
perovskite disrupts the phase distribution and reduces the vertical orientation, as depicted in
Figure 2-8d. Conversely, shorter alkyl chains facilitate the vertical orientation of 2D
perovskite films[134].

2.4.2 Additive engineering

Additive engineering is acommon method to improve crystallization quality of perovskite. By
introducing specific additivesinto the precursor solution, such as chloride, hydrohalic acid, and
sulfur-containing additives, the growth direction and crystallization orientation of perovskite

can be precisely controlled. These additives not only affect the crystallization process, but also
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participate in the trap passivation of the perovskite surface or bulk, and adjust the interface

structure and energy level, thereby improving the overall performance of electronic devices.
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Figure 2-9. (a) Optical transmission images of 2D perovskite films, including @) undoped with
MACI, b) doped with MACI. c) Brownian trees generated through DL A-induced simulations.
d—f) SEM images of 2D perovskite films captured at different magnifications [144]. (b)
Diagram of lattice matching of BA-based RP films determines crystal orientation via NH4Cl
additive [129]. (c) Diagrammatic representation of the microscale growth dynamics of 2D
perovskite films facilitated by FACI [105]. (d) Illustrative diagrams showing the formation of
well-graded 2D perovskite film with NH4Cl additives. (€) Color coordinates of the NMA-
inserted 2D perovskite films, depicted on the CIE 1931xyY chromaticity diagram. (f)
Transmission spectra of NMA-inserted 2D perovskite films with different n [145].

Chloride is a common additive used in halide perovskite (Cl"). Kenneth P. Ghiggino et al.

proposed that adding chlorine-containing additives such as methylamine hydrochloride (MACI)
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hel psthe perovskite film grow preferentially along the (110) direction [146]. Cl- can effectively
reduce the trap density and extend the charge diffusion time and carrier lifetime. Fel Zheng et
al., report the formation of Brownian tree-like dendrites in 2D perovskite films by doping
methylammonium chloride (MACI) in Figure 2-9a. Studies reveal dendrites consist of grains
dominated by large-n phase, whereas the non-dendritic areas of the film are made up of small-
n RPPsgrains, related to surface pits on the film resulting from the evaporation of MACI [144].
It is suggested that dendritic structures in MACI-doped 2D perovskite films result from
diffusion-limited aggregation of MA-rich domains, which first crystallize from the precursor,
leading to enhanced organization and crystallinity of 2D perovskite. This is beneficial to
improve the photovoltaic performance[144, 147]. Yongbo Yuan et al., suggest that the addition
of NH4CI primarily controls the crystal orientation of 2D perovskites from in-plane to out-of-
plane direction, revealing the mechanisms behind the directional growth in 2D perovskite film.
Growth initiates with the precipitation in 3D perovskitein the solution during theinitial crystal
growth phase. Since 2D perovskites dissolve poorly in DMF solutions, the 2D perovskite
subsequently grows followed by the 3D-like phase, which serves as a growth template,
facilitating the vertical orientation of 2D perovskite layers, with preferential orientation likely
due to the lattice matching between the 2D perovskite lattice and 3D-like phase in Figure 2-
9b. GIWAXS results show that NH4Cl can increase crystallinity and enhance the quality of
films, as evidenced by sharp and discrete diffraction spots [129]. Additionally, Gang Chen et
al., have proposed a well-oriented 2D perovskite films using formamidinium chloride (FACI)
additives and comprehensively studied the role of chloride in crystallization process. As
depicted in Figure 2-9c, during therma annealing with a high temperature, three-phase
transitions occur: (1) FAPbIs converts from the energetically unstable §-phase into a-phase; (I1)
chloride intermediates undergo the transformation into 2D perovskite through ion exchange of
I/Cl, followed by the evaporation of FACI additives; (I111) PDA molecules bond with the
perovskite slabs through hydrogen interactions. Consequently, the 2D perovskite film treated
with FACI demonstrates a strong preference for vertical orientation [105].

To improve the vertical orientation of 2D perovskite films, the application of sulfur-containing

additives, such as thiocyanates (SCN™) using guanidinium thiocyanate (GuaSCN), also plays
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animportant role [148]. Theinorganic lead (Pb?*) within the perovskite interacts with the sul fur
and nitrogen donors in the thiocyanate, forming Lewis's acid-base adducts. During the
annealing process, the thiocyanate ions facilitate the release of gases such as methylamine
(CH3NH2) and hydrogen thiocyanate (HSCN). This release of CHsNH2 gas enhances the
crystallinity and grain size. Moreover, the addition of thio-semicarbazide (TSC) induces
significant vertical growth orientation, resulting in superior 2D perovskite performance.
Furthermore, Hualin Zheng et a. also demonstrated that by utilizing the synergistic effect of
DM SO and TSC in the perovskite precursor solution, which resultsin 2D perovskite film with

increased grain size, uniform morphology, and vertical orientation [121].

The perovskite precursor solution consists of colloids that feature a framework of organic and
inorganic lead halide. The colloids can serve as nucleation sites, affecting the coverage and
morphology of deposited films. Controlling the dispersion of colloids in precursorsis critical
to producing uniform films. Changes in colloid concentration can alter the morphology of the
perovskite during deposition. He et al. developed a dense(4-AMP) MAn-1Pbnlsn+ perovskite
film by using a 2-aminophenol-4-sulfonic acid (APSA) additive to inhibit the colloids
formation. The introduction of APSA enhances the precursor solution solubility and substrate
coverage. Additionally, the fine control of crystallization kinetics viaAPSA additives produces
2D perovskite films with a uniform energy landscape. Electrical analysis reveals that this
uniformity significantly reduces defect density and energy disorder. Consequently, the quasi-
Fermi level splitting is suppressed, and Shockley-Read-Hall recombination isgreatly decreased
by the uniform energy landscape, thereby minimizing voltage losses [149]. Additionally, Yi
Yang et a. optimized the deposition dynamics of organic cation colloids, by the strategic
introduction of ammonium chloride. As shown in Figure 2-9d, the addition of the yellow
NH4Cl-Pbl2 colloid effectively separates the MAI-Pbl2 colloid and the NMAI-Pbl2 colloid into
two distinct regions, and increases their physical distance, thereby achieving an extended and
well-ordered phase distribution that facilitates efficient charge transport within low-n 2D
perovskite films [145]. The optical properties of various 2D perovskite films with different
layers were also investigated using transmission spectroscopy as shown in Figure 2-9f. The

chromatic coordinates (X, y) were computed and plotted in Figure 2-9e, to assess the color-
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rendering properties of semitransparent photovoltaics (ST-PVs). Two-dimensional perovskite
films with the lowest feasible n-value and a gradient multiphase distribution could be
considered potential light absorbersfor ST-PV s applications. The resulting 2D perovskite films
achieved a high average visible transmittance (AVT) of approximately 47%, and realized a
gradient phase structure (n=2), thus meeting the stringent requirements of ST-PVs[145].

2.4.3 Solvent and antisolvent engineering
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Figure 2-10. (a) Solvent Engineering Strategies for 2D-Perovskite Crystallization, adapted
from [L. Andrés Guerrero-Ledn, 2024]. (b) Crystallization process of 2Dperovskite with/no
DM SO addition to DMF solvent [150]. (c) Fabrication of 2D RP perovskite films by adding
tFM-PMA into IPA antisolvent [151]. (d) Schematic representations illustrating the

crystallization process of forming filmsusing nBA and iPA as antisolvents [152].

Therole of solventsin preparation of perovskite films by solution deposition isimportant. The
nucleation and crystal growth are controlled to a large extent by the solvent through its
physicochemical properties, such as polarity, evaporation rate, boiling point, and coordination
ability with precursors, which influence the crystalization kinetics. Particularly, solvents with
a high boiling point and low volatility enhance the stability of the solution, thereby promoting

more uniform and orderly crystal growth. In contrast, rapidly evaporating solvents may
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accelerate nucleation process and often lead to uneven crystal size and increase the grain
boundaries number. The coordination ability of the solvent modifies the surface energy, adjusts
the threshold of the nucleation-free energy, and effectively controls the orientation of the

perovskite films.

Polar aprotic solvents, such as DMF, DM SO, and NMP, due to their moderate boiling points,
have found great utility in perovskite film preparation [115, 153, 154]. DMSO and DMF, in
particular, have been extensively studied for their strong interactions with inorganic octahedral
frameworks [155]. Due to the lower DMF polarity resulting in weak coordination with
precursor components, perovskite films often exhibit random crystal orientation and poor film
morphology when DMF is used as a single solvent. The higher relative polarity of DMSO
compared to DMF (0.444 for DM SO compared to 0.386 for DMF) allows it to form stronger
interactions with its precursors, resulting in better film formation. For example, Zhiwen Jin et.
al. demonstrated that controlling the crystallization rate and crystal growth can be achieved by
adjusting the DM SO content. Adding 10% DM SO to pure DMF optimizes the solvent mixture,
stabilizing the intermediate phase. This stabilization yields perfect coverage, fewer grain
boundaries, larger grains, and improved orientation perpendicular to the substrate [156]. Ke
Fanet a., innovatively applied binary solvent engineering with DMF/DM SO to 2D perovskites
in Figure 2-10b [150]. While the rapid evaporation of DMF as a single solvent favors uniform
nucleation resulting in randomly oriented 2D perovskite crystals, the binary solvent system
slows down the crystallization process. The presence of an intermediate phase further slows
the crystallization, alowing the perovskite cap to function as a seed, promoting the vertical
alignment of subsequent perovskite crystals within the film'sinner layer. Chan Myae Soe et al.
also reported the deposition of highly oriented films from DMF/DM SO mixtures based on 2D
RP perovskite using hot casting method, through adjusting the solvent ratio in the film to

achieve the crystal growth direction and grain size [157].

In the production of perovskite film, transitioning to eco-friendly solvents represents a
significant step towards more sustainable and renewable energy solutions. Against this
background, L. Andrés Guerrero-Ledn and colleagues explored innovative solvent

formulations in their study for 2D-perovskite crystallization, tailored specifically to the
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manufacturing needs of 2D perovskites (Figure 2-10a). By optimizing the solubility
parameters of the solvent, as well as predicting and experimentally verifying new green
solvents, they successfully promoted the efficient formation of 2D perovskite by focusing on
new solvent formulations. According to the solubility parameters of the solvent and the
prediction of new green solvents, the development of 2D perovskite can be considerably
promoted by focusing on developing new solvent formulations. These new solvents, together
with cutting-edge production procedures, are intended to improve control over crystal
formation and reduce defects. It also emphasizes sustainable and environmentally beneficial
green techniques, adapted from [L. Andrés Guerrero-Ledn, 2024]. Additionally, Jinpeng Li et
al., proposed triethyl phosphate (TEP), an environmentally friendly solvent, together with
petroleum ether (PE), alower polarity antisolvent, to synthesize FA-based quasi-2D perovskite
precursor [157]. The study reveaed that TEP together with PE, greatly enhances the film's
quality, leading to larger grain sizes and reduced defect density. Notably, this approach yielded
a PCE of 17.42%. Additionally, Yigiang Zhan et al. developed a simple yet effective surface
polishing method using 2,2,2-trifluoroethanol (TFEA), a naturally friendly green solvent.
TFEA isregarded as an ideal solvent because of its robust hydrogen bond donor ability, high
ionization capacity, and environmentally friendly characteristics[158]. After solvent polishing,
the surface's randomly oriented phase containing trap sites is successfully removed, revealing
the dense, vertically oriented phase beneath. This phase has fewer defects and a smoother
surface, significantly enhancing carrier transport and charge extraction at the interface.
Therefore, selecting appropriate solvents is crucial for fabricating high-quality 2D perovskite

films, with green solvents emerging as a forward-looking trend in materials processing.

In general, polar aprotic solvents are frequently employed in the preparation of perovskites
including DMF, NMP, DMSO, Acetonitrile (MeCN), gamma-butyrolactone (GBL), Methyl
acetate (MeOAC), and so on. These solvents exhibit low evaporation rates and high room-
temperature boiling points, generally resulting in slow evaporation under mild annealing
conditions. Thismay inhibit the nucleation process of perovskitefilms, trigger random growth,
and ultimately affect both crystallinity and morphological integrity. To mitigate these effects,

researchers explored the antisolvent drip technology, by depositing the antisolvent into the
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center of the film to support the effective nucleation and crystallization of the perovskite film.
Common antisolvents include some of the less polar or non-polar solvents, commonly used
antisolvents such as chlorobenzene (CB), toluene (Tol), and diethyl ether (Et?0) [78]. The
antisolvent polarity is different from the solvent in the perovskite precursor, so it can be mixed
with the precursor solvent, but not with the solute itself. This property enables anti-solvent
could rapidly eliminate residual solvent and supply essential driving force required for crystal
growth [159]. Through the introduction of anti-solvent in the spin coating process, the substrate
surface quickly produces a local supersaturation state, which greatly promotes heterogeneous
nucleation, thus improving crystal quality and morphology of films. Yongsheng Liu et al.
developed an organic salt-assisted crystal growth technique using toluene as an antisolvent.
High-quality 2-D perovskite films were prepared by adding 4-(trifluoromethyl) benzyl
ammonium iodide to the antisolvent in Figure 2-10c [151]. The method effectively inducesthe
crystal orientation and growth, minimizes the charge recombination loss, optimizes the surface
energy level, and the PCE reaches 19.1%. In addition, Y uan et al. reported a green solvent ethyl
acetate (EA) as an antisolvent for the production of two-dimensional perovskite films with
uniform energy landscapes[151]. And Chun-Chao Chen et. al. used agreen alcohol antisolvent
of medium polarity (isopropy! alcohol) to regulate the crystallization kinetics of 2D perovskite
[152], a quantum well reversely graded 2D perovskite film is obtained (Figure 2-10d), the
vertically oriented layer structure with larger grains appeared on film surface, and the PCE

reached arecord 20.12%.

Antisolvents play a critical part during the crystallization of 2D perovskite films by rapidly
extracting the solvent. The timing of antisolvent addition significantly influences the
crystallization process. Premature addition of antisolvents generally causes the antisolvent to
be washed away by the precursor solution, while delayed addition leads to the appearance of
large pinholes, which could be attributed to the long growth time of the solvent intermediates.
Antisolvent-assisted treatment can quickly increase the precursor solution concentration and
accel erate nucleation. This effect can produce dense and homogenous perovskite films but may
result in 2D random orientation. Therefore, the rational selection of antisolventsis an effective

way to regulate the crystallization process and improve film quality [160].
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2.4.4 Process engineering

Spin-coating has remained the favored technique for fabricating quasi-2D perovskite filmsin
laboratory settings. This method allows for controlled deposition of the material, which isvital
in achieving the precise crystal orientation required for optimal photovoltaic performance. The
films vertical aignment is particularly significant, as it directly influences the efficiency and
stability of the resulting PSCs. To meet the rigorous demands for high-performance
photovoltaic devices with highly ideal crystal orientation, a variety of auxiliary methods
refining spin-coating processes and exploring aternative methods have been applied, such as
hot casting, post-annealing, vapor-assisted, vacuum poling methods, etc. [40, 161]. In order to
meet the needs of scalable preparation for further industrialization, the scraper coating method,
and dlit die coating are applied to prepare 2D perovskite films on a large scale. Hence, it is
crucial to select an appropriate technique for manipulating the structure and alignment of 2D

perovskite to achieve superior performance in PSCs.
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Figure2-11. (a) Hot casting method for 2D perovskite film based on different substrate heating
temperatures [72]. (b) Diagram depicting various assisted strategies for spin-coating in quasi-
2D perovskite deposition [125]. (c¢) Vacuum poling techniques [162]. (d) Diagram of the
crystallization process of 2D perovskite film with/no DMOSO atmosphere [163]. (€) The
doctor blade technique utilizes room temperature (RT) substrates, precursor solutions, and hot
air flow, narrow 3D perovskite nucleation region induced by hot air flow on the liquid surface,
and dispersed 3D perovskite nucleation region induced by slow evaporation (without hot air
flow) inside the precursor solution [129]. (f) Hot air-assisted annealing, including the evolution

of the primary diffraction peaks of 2D perovskite film [164].
Hot casting

Among various deposition strategies, hot casting is regarded as one of the most common
methods for 2D perovskite films [165-167]. In 2016, Tsa et al. for the first time used hot
casting spin coating technology for synthesizing high-quality 2D perovskite by preheating the
substrate [72]. (BA2MA3sPbsliz (n =4) 2D perovskite films achieved a near-single crystal
characteristic, as shown in Figure 2-11a. GIWAXS analysis proved that in the traditional
method, the film displays a continuous ring shape, signifying random crystal orientation.
Conversely, the hot-casting film presents a dot pattern, which suggests an orientation
perpendicular to the substrate. Hot casting technology significantly promotes the phase
transformation of perovskite through the preferential orientation mechanism, which is mainly
based on the high-temperature preheating substrate. The high-temperature environment
accelerates the transform of perovskite phase from an intermediate phase. In the hot-casting
process, the substrate is initially heated, which rapidly evaporates the solvent from the
intermediate product. Subsequently, the residue of Pbl. can interact with organic cations,
accelerating the transition from the sol-gel state in the precursor into crystalline 2D perovskite.
The gradient QWs distribution in 2D PSCs enhances the spontaneous transit of charge carriers
and energy, resulting in improved photoelectric conversion efficiency and performance.
Preheating the substrate increases the solubility of the perovskite precursor, which in turn
decreases supersaturation and reduces the formation of crystal nuclei. Therefore, the hot-

casting temperature is key in determining the orientation and phase distribution of 2D
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perovskite films, crucia for the transition from intermediate states and facilitating
heterogeneous nucleation. However, a limitation of this technique is that the film is the non-
uniformity of the film, often resulting in a thinner central region of the film. Because the
process requires rapid execution using a heated substrate, it is challenging to replicate, and

prone to more human error compared to room-temperature spin-coating [40].
Vacuum-assisted strategy

During the crystallization process, the atmospheric pressure has a significant effect on the
solvents evaporation rate and then affects the overall crystalization kinetics [168]. Vacuum
guenching, a technique that rapidly removes solvents, has been extensively employed to
enhance the nucleation rate of 3D perovskites. This approach is equally important in 2D
perovskites, the rate of solvent evaporation is directly associated with the supersaturation
degree in the solution and the crystal nucleation. At the gas-liquid interface, the solution first
reaches critical supersaturation. This initiates the emergence of 3D-like crystals on the upper
surface, which then guide direct the formation of organized 2D perovskite phases in a
downward orientation. Thus, vacuum processing's major goa is to improve crysta
development by adjusting the rates of solvent evaporation and crystallization [169, 170]. Bin
Hu et.al., adopted a technique called vacuum poling and applied it to the preparation of 2D
perovskites to evenly arrange nanoplates with different n-values [162], asillustrated in Figure
2-11c. Firstly, the precursor solution was spin-coated on a preheated substrate by spinning
coating to rapidly form high-density crystal nuclei. This is followed by an 8-minute vacuum
poling in a chamber where the gauge pressure rapidly drops to -1 bar within 14 seconds,
initiating the effects of vacuum poling. This vacuum polarization treatment not only promotes
the nucleation process but also effectively limitsthe grain size by rapidly removing the residual
solvent, thus achieving a uniform distribution of nano-plates with different n-values. This
uniform distribution is essentially achieved by a mechanically forced nucleation mechanism
under vacuum polarization conditions, ensuring isotropic charge transfer from the low-n phase

to the high-n phase [162].
Post-annealing strategy

Common techniques like spin coating with rapid annealing present challenges to effectively
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control the crystallization in 2D perovskites. To address this, seeking fine management of the
environmental conditions during deposition, like temperature and humidity, can improve the
uniformity and quality of the films. The post-annealing technique has proven to be an effective
method for promoting grain growth and recrystallization, strain release, defect repair, and
passivation. For instance, Yuan Zhang et a. developed a low post-annealing technique to
optimize perovskite film structures, enhancing crystal orientation and layer-specific phase
arrangement from 2D to quasi-3D. This technique boosts carrier mobility and reduces the
Shockley-Read-Hall charge recombination [171]. The solvent vapor post-annealing technique
is also used to remold the film structure, progressively enhance the crystal quality, and
thermodynamically adjust the crystal orientation. Yueh-Lin Loo et a. reported the use of
isopropyl alcohol (IPA) solvent vapor annealing (SVA) as a universal post-deposition method
that promotes preferred vertical orientation and improves grain growth [172]. During the
annealing process, Chen et al. proposed a DM SO solvent vapor atmosphere, which promoted
the formation of 2D perovskite from the gas-liquid contact (Figur e 2-11d). The corresponding
solar devices based on the optimal films (n<3) show arecord -breaking PCE of 15.04% [163].

Scalable technology

Traditional 2D perovskite films often require tightly controlled environments, such asin glove
boxes, by non-scalable techniques like spin coating. This limits its actual industrialization
application. To address this problem, Wang et al. proposed a technique using a hot-air-assisted
doctor blade coating at the liquid-air interface surface (Figure 2-11€), significantly increasing
the nucleation rate in the crystallization process. Under the condition that the solution and the
substrate are not heated, the DMF volatilization is accelerated by the hot gas flow, and the
narrow-saturated region is quickly formed on the liquid surface, which realizes the main out-
of-plane orientation in the RP 2D perovskite [129]. Mei Gao et al. described a straightforward,
scal able drop-casting technigue that eliminates the need for spin coating. This method involves
directly depositing the precursor solutionin air, leading to the self-assembly of highly oriented
2D perovskite films. In addition, they investigated the method of depositing 2D perovskite
layers using a dlit die coating process, and achieved PCE of 12.5% and 8.0%, respectively,

using batch dlit die coating techniques on glass substrates or implementing roll-to-roll (R2R)
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dlit die coating on flexible substrates [173]. Chen et al. developed a method utilizing hot air to
fabricate 2D perovskite films. (Figure 2-11f), achieving a Ba-based 2D perovskite film with
optimal orientation, superior crystallinity, and ideal morphology by controlling the hot air
temperature [164]. Hot air induced solute solidification and formed intermediates at the gas-
liquid interface, and then transformed into 3D perovskite phase to facilitate the downward
growth of 2D phase. The resulting HAA film preparation technology includes high material
utilization, insensitive to environmental humidity, suitable for large area production, suitable
for different 2D perovskites, etc., which is suitable for the actual commercial deployment of

perovskite-based optoel ectronic device.
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Chapter 3 M ethodology

The energy from the sun isimmense,
and we must striveto learn
how to convert it into useful work.

------- William Thomson, Lord Kelvin

3.1 Fabrication methods

Perovskite solar cellstypically consist of a multi-layered structure, and the synthetic methods
of each layer arecritical to the overall performance of the device[86, 161, 174]. Thetransparent
conductive oxide layer, such as ITO, or FTO, is usualy prepared using physical vapor
deposition (PVD, e.g. magnetron sputtering) techniques or chemical vapor deposition (CVD)
techniques [175, 176], acting as a light entry point and electron extraction layer. The electron
transport layer (TiO., ZnO, SnO,, and PCBM) is generally deposited via spin-coating of
colloidal solutions, followed by annealing to form a dense and uniform film. Typically, C60 is
deposited on PCBM layer using vacuum thermal evaporation [177-179]. Because it can be
easily sublimed at a high temperature, the evaporation rate and deposition thickness can be
precisely controlled. The hole transport layer (Spiro-OMeTAD, PEDOT, PTAA) is usualy
applied using spin-coating, with the subsequent solvent evaporation and device annealing. For
large-area fabrication, spray coating is frequently employed, whereas NiOy is commonly
deposited via PVD method. The back electrode, made of materials such asAu, Ag, carbon, or
Al, isusually formed by thermal evaporation under vacuum to produce a dense metallic film.
Additionally, sputtering technique is widely employed for the deposition of metal or carbon
electrodeg[180], particularly in industrial-scale production. Carbon electrodes can also be
produced cost-effectively using blade coating techniques [181]. More details on the parameters
of certain devices chosen in this thesis will be provided in the experimental sections of each

chapter.
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The perovskite layer is the core of solar cells, responsible for capturing light and generating
electron-hole pairs, which are fundamental to electricity generation. Common laboratory
fabrication techniques mainly include spin coating [182-186], hot casting [108, 187], and
antisolvent deposition [108, 188], as illustrated in Figure 3-1. The one-step spin coating
technique, known for its simplicity, involves dissolving perovskite components in an organic
solvent, spin-coating onto a substrate, and annealing to crystallize the film (100°C to 150°C).
The two-step method offers more control, with metal halides deposited first, followed by
organic halides to form the perovskite structure. Hot casting improves grain size by spin-
coating onto a heated substrate (70°C to 150°C). While the antisolvent method modul ates the
crystallization by removing the solvent rapidly, by using the properties of insolubility to the
perovskite phase and the immiscibility with the precursor solvent. Advanced fabrication
techniques like blade coating [189], inkjet printing [190], and roll-to-roll processing [191]
enhance efficiency and scalability, paving the way for the large-scale commercialization of

perovskite photovoltaic devices.

After perovskite film is prepared, it is necessary to systematically analyze the various

characteristics of the perovskite film, which requires the use of various testing and
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characterization methods. In this section, we will detail the principles and methods of serval
main characterization methods involved in film morphology, crystalization dynamics,
absorption spectrum, and photoluminescence ability of perovskite. Each of these provides
critical insights into the material properties and device performance, it's a powerful tool for

further optimization and application development.

3.2 Perovskite film characterization

3.2.1 Imaging and mapping char acterization

Scanning Electron Microscope (SEM) is an effective method for detecting surface
micromorphology of perovskite film. The working principle of SEM is shown in Figure 3-2a.
First, the electron beam is produced by the electron gun and then focused and modulated by
the electromagnetic lens. The scanning coil can make it scan the surface of the sample along
the trgjectory. The signal emitted after interacting with the sample, such as secondary electrons
or backscattered electrons, is captured by the detector and converted into an electrical signal.
After processing, a high-resolution image can be generated (Figure 3-2b). Generaly, the
secondary electron detector (SED) can provide high-resolution images of the sample surface
morphology, and then the backscattered electron detector (BSE) mainly can provide relevant
details about the composition and relative density of a sample. SEM characterization iswidely
employed to detect the surface morphology and microstructure, size and shape, the distribution
of grains, and the cross-section and top view of PSC, which can reflect the crystallization
quality and uniformity of films, grain boundaries, defects, etc. It can also be combined with an
energy dispersive spectrometer (EDS), through the detection of characteristic X-rays, and
elemental anaysis of perovskite films, to determine the distribution of elements and

composition ratio.

Atomic Force Microscopy (AFM) is a highly effective method for analyzing surface texture,
roughness, and uniformity of perovskitefilms[192] (Figure 3-2c). AFM is conducted by using
a nanoprobe to contact with the perovskite film surface. The move and scanning are controlled
by the piezoelectric actuator. The existence of interaction between the probe and the films will
cause the probe to deflect, and the deflection and displacement signal can be measured by an
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optical detection system installed on the back of the probe. It is then converted into electrical
signals, and after processing, the corresponding high-resolution surface morphology images
can be generated. Additionally, AFM also facilitates the measurement of contact potential
difference, providing insightsinto the electrical propertiesand carrier distribution of perovskite.
Furthermore, AFM can also gather photocurrent and voltage data at the nanoscale, enabling
detailed analysis of the photovoltaic conversion efficiency and charge transport characteristics

in perovskite devices.
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occurred in that area. The pattern in (g) was recorded after the area was completely damaged
[195].

Transmission Electron Microscope (TEM) is a powerful microscopic technique used to obtain
detailed information about the internal structure of an ultra-thin sample, by penetrating a high-
energy electron beam through it [196]. TEM offers higher resolution than SEM and AFM
methods, allowing for the observation of crystal structures at the atomic level. Figure 3-2d
shows the schematic diagram of the final imaging of a parallel beam, following the same Abbe
imaging theory [197]. When this parallel beam penetrates the ultra-thin sample (usually tensto
hundreds of nanometers thick. The atomic structure inside the sample produces €elastic or
inelastic scattering of the electron beam. Consequently, the electron wavefront becomes
modulated, carrying comprehensive information about the sample. The modulation includes
amplitude changes and phase changes, after which the outgoing wave continues to propagate
forward and is further modulated by the objective lens. Finally, the detector (such as a
fluorescent screen, CCD, or CMOS camera) captures the transmitted electron signal and
convertsit into an electrical signal. After processing, a high-resolution 2D image of the sample

is generated.

TEM technology enables a detailed study of defects (such as dislocations, vacancies, and
impurity atoms) and phase interfaces in perovskite films. By in-situ TEM technology, we can
observe the dynamic change process of perovskite materials in real time under external
conditions such as heating and illumination and study its stability and degradation mechanism.
When studying halide perovskites, their beam sensitivity under the electron beam makes
research challenging. The all-inorganic compound CsPbBrs is relatively stable when exposed
to electron beams and can endure moderate doses of electron radiation [198], that is, thousands
of electrons per square angstrom (e*—/A?) [10]. However, these structures possess higher
sensibility to the incident electron beam when perovskite contains organic ammonium cations
(e.g., formamidinium (FA*) or methylammonium (MA™)) [199]. At radiation doses below 100
e"—/Az2, their structures may collapse [200]. Figur e 3-2e shows a comparison of the perovskite

structure before and after TEM imaging, revealing irreversible changes and damage to its
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structure. Therefore, this electron beam sensitivity has somewhat limited the use of TEM

technique for perovskite characterization [195].

3.2.2 Crystallization kinetics characterization
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X-ray Diffraction (XRD) isacrucial method to study atomic structure of perovskite. It is based
on Bragg's Law, asillustrated in Figur e 3-3a, and was formulated by William Henry Bragg in
1913. Bragg's Law can be formulated as [4]:

SQ+QT =d=*sin@+d=*sind=2d+*sind =nA (Equation 3-1)

In Bragg's Law, n denotes an integer that signifies the order of diffraction, d represents the

crystal plane spacing, 6 is the X-ray incident angle, and A is X-ray wavelength. When the
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incident X-rays penetrate the sample and interact with the atomic planes as shown in Figure
3-3b, areflected wave is generated. When the difference in path length of the reflected rays
matches an integer multiple of the X-ray wavelength, that is, when satisfying the Bragg law,
the reflected waves will be coherently superimposed, and a diffraction peak will be generated.
Grazing Incidence X-Ray Diffraction (GIXRD) operates under principles similar to XRD but
differs primarily in the incidence angle. In GIXRD, X-rays strike the sample surface at very
shallow angles, making it particularly suited for surface-sensitive analyses. XRD technique
has been widely employed to analyze the crystal structure of perovskite materials, for example,
we can use it to identify crystalline phases and lattice parameters, evaluate phase purity, and
measure grain size. By analyzing the positions and shapes of XRD peaks, we also can

investigate the lattice stress and strain within perovskite films.

Grazing-Incidence Wide-Angle X-ray Scattering (GIWAXYS) is a specialized method designed
to analyze the structure properties of thin film surfaces (Figur e 3-3c). This method makes full
use of the high penetrative and scattering capabilities of X-rays, and by setting specific
incidence angles to detect structural information from the sample's surface. When the incident
X-ray waves penetrate the thin film, aportion of them is diffracted by the periodically arranged
atomic or molecular planes. The reflections from adjacent planes interfere constructively,
resulting in high-intensity spots. The diffraction angle is associated with the spacing distance.
The scattering vector magnitude and the Bragg condition are specified as follows, [192, 200,
201]:

g= (47”) sné (Equation 3-2)
g=0; = 2z (Equation 3-3)
dhkl

where 6 is the scattering angle, A denotes X-ray wavelength. And h, k, | are the Miller indices
specifying the crystal plane, gs is oriented perpendicular to the lattice planes, and dnk is the
distance between these planes. GIWAX S method offers acomprehensive analysis of the crystal
structure of thin films, facilitating qualitative evaluations of their ordered or disordered states.

By examining the positions of scattering spots, researchers can precisely ascertain lattice
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spacings. Inreciprocal space (gxy - 0z), the distribution and intensity of diffraction peaks provide
insights into crystal orientation. If the crystal orientations of films are uniformly distributed
within a disordered matrix, the diffraction pattern in reciprocal space manifests as evenly
intense rings. When perovskite films have both an "ordered” out-of-plane orientation and a
"disordered” in-plane orientation, the resulting diffraction pattern consists of discrete
diffraction spots and circulars [201] (Figure 3-3d). Films only exhibiting out-of-plane
orientations will feature sharply defined and intense diffraction spots [192, 200]. To gain a
more detailed understanding of the crystal structure, the sample can be rotated during the

experiments, to enhance comprehensiveness of the structural data obtained.

3.2.3 Optical characterization techniques
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Figure 3-4. (a) Schematic diagram of a femtosecond broadband transient absorption

spectrometer [202].

Ultraviolet-visible absorption spectroscopy (UV-Vis) isacommonly used method for analyzing
the optical properties of perovskite [203-205] by measuring its absorption of different
wavelengths of light. UV-Vis spectrometers are generally equipped with deuterium lamps (200-
400 nm) and tungsten lamps (400-800 nm) for the ultraviolet and visible regions, respectively.
The light is emitted from the source and then is subsequently dispersed into different
wavelengths by a monochromator (such as a prism or grating). And we selected a specific
wavel ength of monochromatic light to illuminate the sample. The molecules in the sample can
absorb the photon energy, resulting in the transition of their electrons from aground state to an
excited state. Thus, by analyzing the position of the edge of the absorption spectrum, we can
obtain the optical band gap of perovskite thin film. Usually, we use a Tauc curveto linearly fit
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the absorbed data to accurately determine the direct or indirect band gap. Notably, in 2D
perovskite films, different n phases have their own absorption characteristics. By anayzing the
characteristic peaks in the absorption spectrum, we can determine the phase distribution and
its proportion in the film. In addition, the stability and degradation mechanism of perovskite
films can also be studied, by comparing UV-Vis spectrabefore and after light or heat treatment.

Photoluminescence (PL) is a technique for studying electron transitions and energy level
structuresin thin perovskites [206-209]. By the incident light excited perovskite film, electrons
will absorb photons and transition from their ground state to ahigh energy state, and then return
to ground state through arelaxation process and emit photons [54]. The wavelength distribution
of these emitted photons forms the photol uminescence spectrum. By analyzing PL spectra, we
can study the exciton fluorescence peaks in perovskite films, and then obtain the information
of energy level structure, defect state, and photoel ectric properties of the materials. In addition,
time-resolved Photoluminescence (TRPL) is an extended PL -based technique that can be used
to measure the decay of photoluminescence as a function of time [210, 211]. By monitoring
the attenuation of luminescence intensity with time after light excitation, we can understand
the carrier dynamics and recombination mechanism in perovskite. The results were fitted with

abiexponential function then [212, 213]:

Y=A eXIO(—TL) +A exp(—TL) +7, (Equation 3-4)

where 11 and 2 are the fast and slow decay time constants and are associated with trap-assisted

recombination at interfaces and inside grains, respectively.

Transient absorption spectroscopy (TA) is generally used to study the phase distribution and
energy transfer within perovskite films, especially for 2D perovskite [214-216]. TA spectrum
is based on the pump-probe principle, asillustrated in Figure 3-4a. During the test, the sample
was exposed to two short-pulse lasers, a pump laser to excite the sample, and a probe laser to
monitor the excited state absorption. Initialy, the sample is stimulated using a femtosecond
pump laser pulse. After acertain time delay (typically ranging from picosecond to nanosecond
range), the sample’'s absorption in the excited state is measured using a broad spectrum of

absorbed femtosecond probe light. The absorption change of the detected light (AA) reflects
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the dynamic process of the material returning from the excited state to ground state, including
carrier recombination and energy transfer. In the study of quasi-2D perovskite, it is commonly
used to trace the energy transfer of different n phases in pure perovskite films [202]. The
kinetics extracted from TA spectrum are described by multiple exponential functions, as shown
in equations (2-9&10) [217]:

t

1(t) =1/ 24§1Hi t)Ae * (Equation 3-5)

H () =[1+erf (~t/r—r/27)] (Equation 3-6)

Where t is the detection delay; Hi(t) is the ascending function; r indicates the pulse width of

the Gaussian laser; Ai isthe amplitude; 7i is the attenuation time constant.

3.3 Perovskite device characterization

3.3.1 Current density-voltage curve

To evaluate the PSCs under standard conditions, a solar simulator with an energy spectrum of
AM 1.5G operating room temperature was used. At an ambient temperature of T=300K, the
relationship between current and voltage is described by the I-V curve in Figure 3-5a, which
istypically used to define performance. Since current | is proportional to the solar cell area (A
cm?), so the current density (J, A/lcm?) is defined as J<=I/A to describe the volt-ampere
characteristic [218]. Solar cells are intended to convert solar energy to electrical energy, which
is quantified by power density P (in W/cm?). When integrated with the load resistance R, the
functional form of Ohm'slaw J (V) is a straight line with a slope of /AR [219]. The voltage
and current obtained at the intersection of the volt-ampere characteristic curve are the operating
voltage and current [220]. The primary performance indicators mainly include Voc, Jsc, FF,
PCE, and maximum power point (Pmax). These indicators are important for evaluating and

comparing device performance.
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When there is no external load connection, that is, the load resistance (R) approaches infinity,
and the load current approaches zero [220]. The voltage in this state is defined as open circuit
voltage. On the |-V characteristic curve, the intercept of the voltage shaft is marked with Voc,
indicating the maximum voltage that the equipment can produce under no-load conditions.
Theoretically, Voc is influenced by the band gap of perovskite, but the actual value is often
lower due to factors such as charge recombination. The loss sources mainly come from the
internal defects of perovskite films, grain boundary defects, interlayer interface defects, and

energy level mismatch [221, 222].

When the solar cell is short-circuited, it means zero load resistance and zero voltage across the
cell, the current at this state is termed short-circuit current [223]. Jsc represents the maximum
current density, indicated by the intercept on the current axis of the I-V curve. It represents the
maximum photocurrent per unit active area under short-circuit conditions. The FF is a key
parameter quantifying the efficiency of a solar cell's electrical output relative to its theoretical
potential. It is calculated as the ratio of Pmax to the product of Jsc and Voc. Thisratio indicates

the cell's ability to provide effective power to an external circuit [224].

R IS V/

FF — Max — Max Max —

e Vi (Equation 3-7)

Isc 'Voc Isc 'Voc ‘]sc 'Voc
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PCE is calculated as the device's maximum output power density divided by the power density
of incident light. It represents the efficiency of PSCsin converting light energy into electrical

energy, the formula can be described as:

ok  Pusc _ Jsc Voo 'FF
P P

in in

(Equation 3-8)

The PCE value can more defectively reflect the overall solar cell performance. Sinceit is also
closely associated with the other three parameters, so several important parameters should be

considered comprehensively when describing the performance.

3.3.2 External quantum efficiency

EQE refersto the relationship between the quantity of electrons output by the solar cell and the
quantity of photons input under the condition of illumination. EQE measures how efficiently a
device converts photon energy into electricity at a particular wavelength. Ideally, ahigher EQE
value means that more incident photons are efficiently converted into charge carriers, thus
improving the photoelectric conversion efficiency of the cell. The EQE spectra obtained by
direct testing can show the changes in EQE at different wavelengths. The EQE values at
different wavelengths can reflect the response of solar cells under illumination. By integrating

the EQE spectrum, the Jsc can be cal culated using the following formula[225],
Je =170 ¢, EQE(1)d2 (Equation 3-9)

Here, qisthe electron charge, ¢» istheincident photon flux density, and A1 and A2 aretheinitia
and final wavelengths of the integral respectively. To increase the Jsof PSCs, the performance
of EQE can be improved by expanding the wavelength range of absorbed light and increasing
the EQE value at specific wavelengths.

3.3.3 Space charge limited current

SCLC testing isusually performed in the dark state, by measuring the J-V curve of the devices,
it is divided into different current transmission regions, which can be divided into three main

regions. Ohmic region, trap fill region (TFL), and Child region. Each region possesses a
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different current-voltage characteristic, indicating the charge transport and defect state.

In the Ohmic region, the current and voltage are linear and follow Ohm's law. The current at
this stage is mainly affected by the external injection charge, and the trap state is not filled, so
the conductivity islow. With the further increase of voltage, the trap stateis gradually filled by
the injected charge, the conductivity is greatly improved, and the current shows a nonlinear
increase with the voltage. This phase is called the trap-filled Limit (TFL) region, indicating
that the trap state no longer restricts charge transport. When the voltage has increased to a high
enough level, enter the Child zone. At this stage, all trap states have been completely filled,
and chargetransfer isno longer limited by the trap state. At thistime, the current increases with
the square relationship of voltage, following the SCLC model, the relationship between current

and voltage is asfollows:
JocV? (Equation 3-10)

The current in this stage is mainly dominated by the space charge effect, and the carrier
transport depends on the size of the electric field and the charge mobility of the material. The
density of defect state n: can be calculated by the intersection of the TFL region and Ohmic
region. The formulais as follows [226],

= % (Equation 3-11)
Where ¢ and «o represent the relative dielectric constant and dielectric constant of vacuum, L

denotes the thickness of the device, and VrrL isthe voltage in the trap filling area.

3.3.4 Stability measurement

The stability of PSCsis akey issue for their commercial application, so it is crucial to conduct
a comprehensive characterization of their stability. The stability characterization methods of
perovskite solar cells mainly include light stability tests, thermal stability tests, humidity
stability tests, and oxygen stability tests. The International Summit on Organic Photovoltaic
Stability (ISOS) standards, such as I1SOS-L for light soaking, 1ISOS-D for dark storage, and
ISOS-T for thermal cycling, are widely used to evaluate stability under real-world conditions.
Additionally, the International Electrotechnical Commission (IEC) standards 61215 and 61646
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are commonly applied in perovskite stability testing, including tests for thermal cycling, damp

heat, humidity-freeze, and UV exposure.

The illumination stability test is to test the stability of PSCs under long-term exposure to light
conditions. The purpose of thistest isto assess the photodegradation of perovskite. A common
illumination stability test method isto place the device under simulated sunlight (e.g., AM 1.5G,
100 mW/cm?) and monitor the change in PCE. The MPPT test of the deviceis carried out under
light conditions to observe the change of its power output at the maximum power point with

time and evaluate the light stability.

Thermal stability tests are used to assess the ability of solar cells to maintain performance at
high temperatures. Since perovskite materials are sensitive to temperature, it is necessary to

understand their physical and chemical changes at high temperatures, and devices are

commonly conducted under high temperatures (e.g., 85°C or higher) to assess whether their

performance will significantly degrade. Organic components in perovskite materials, such as
methylamine ions (MA™), may evaporate at high temperatures, leading to a breakdown of the
crystal structure. Temperature cycle test: Simulate rapid changes in ambient temperature and
evaluate the stability of the device under rapid changes in temperature by alternately exposing

the device to high and low temperatures for cycle testing.

Perovskites are extremely sensitive to humidity, and the device is placed in a high-humidity
environment (e.g., 65% RH or higher) for a long time, and the change in its performance is
regularly monitored to evaluate its moisture resistance. Oxygen is another significant factor
that results in the degradation of perovskite. The reaction of oxygen with perovskite materials
can lead to a deterioration in battery performance, especially under light or high-temperature
conditions, and the oxidation reaction is intensified. The photoelectric performance of the
device is tested in an environment with sufficient oxygen to evaluate its decay rate under
oxygen. Alternatively, the device is exposed to both light and oxygen to analyze the synergistic
effect of oxygen and photoinduced degradation.
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Chapter 4 Highly Stable and Efficient
Formamidinium-Based 2D Ruddlesden—
Popper Perovskite Solar Cell via Lattice
Manipulation

The action of light on matter, though mysterious,
opens up vast possibilities
in harnessing energy from the sun

------- William Grylls Adams

Formamidinium-based (FA) 2D perovskites have emerged as highly promising candidates in
solar cells. However, theinsertion of 2D spacer cationsinto the perovskite lattice concomitantly
introduces micro-strain and unfavorable orientations that hinder efficiency and stability. In this
study, by finely tuning the FA-based 2D perovskite lattice through spacer cation engineering,
we achieved a stable lattice structure with balanced distortion, micro-strain relaxation, and
reduced carrier-lattice interactions. These advancements effectively stabilize the inherently soft
lattice against light and thermal aging stress, particularly extreme temperature changes. To
reduce the photocurrent loss induced by undesired crystal texture, we further employed a
polarity-matched molecular-type selenourea (SENA) additive to modulate the crystallization
kinetics. Theintroduction of the SU significantly inhibitsthe disordered crystallization induced
by spacer cations and drives the templated growth of the quantum well structure with avertical
orientation. This controlled crystallization process effectively reduces crystal defects and
enhances charge separation. Ultimately, the optimized FA-based perovskite photovoltaic
devices achieved aremarkabl e power conversion efficiency (PCE) of 20.03% (certified steady-
state efficiency of 19.30%), setting a new record for low-n 2D perovskite solar cells.
Furthermore, the devices exhibited less than 1% efficiency degradation after operating at

maximum power point for 1000 hours and maintained 92.3% and 91.1% of theinitial efficiency
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after aging at 85°C for 720 hours and 50 cycles of cold-warm shock, respectively.

4.1 Introduction

In recent years, the power conversion efficiency (PCE) of formamidinium (FA)--based
perovskite solar cells has experienced significant advancements and rapidly approaching
26%[227-230]. These remarkabl e achievements place them on par with the currently prevailing
silicon solar cells. However, FA-based perovskites are highly susceptible to lattice instabilities
and structural deterioration and are prone to transforming into a photo-inactive phase at room
temperature when exposed to external dynamic stimuli [228, 231, 232]. Consequently, long-
term stability remains a critical challenge toward commercializing FA-based perovskite
technologies [233].

In general, the unstable perovskite phases can be thermodynamically stabilized by introducing
lattice distortion. Such approaches allow for the modulation of lattice entropy, adjustment of
ion interactions, and alteration of energy barriers for ion migration and phase transition[162,
234-236]. Previous studies have demonstrated that typical three-dimensional (3D) phase-
sensitive FA-based perovskites can be stabilized by introducing macroscopic contractive lattice
distortion through methods like interface strain engineering [237] [238], octahedra tilting
[239-242], or small cation aloying (like Rb", Cs’, MA™) [242-245]. However, strain
engineering and octahedral tilting typicaly rely on applying external strain to the surface of
the thin film to achieve stability, limiting the effect near the surface/interface only [239, 246,
247]. Meanwhile, the strategy of alloying with small cationsis constrained by the Goldschmidt
tolerance factor (TF), which restricts fine-tuning of the lattice structure. Moreover, these
methods often lack microscopic control at the lattice scale [230]. Distortion fluctuations and
micro-strains further exacerbate the carrier-lattice interaction in the soft FA-based perovskite
lattice[ 230, 248, 249], leading to increased degradation of perovskite materials and devices.
These internal sources pose significant challengesto the long-term stability of FA-based halide
perovskites [250].

Encouragingly, the two-dimensional (2D) perovskites assembled by quantum-well structures
can significantly relax the constraints on the perovskite framework imposed by the
Goldschmidt rule and expand the selection of A-site cations in thermal dynamically favorable
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ways [2, 74, 251-253]. The unique quantum-well structure, typically characterized by a
thickness spanning several Pb-Pb distances and consistently integrated with the incorporated
organic spacer cations, allows for both macroscopic and microscopic fine-tuning of the soft
Pb-1 framework [78, 254]. The choice of spacer cations plays a critical role in regulating the
Pb-1 framework. The inherent self-assembling properties of the layered structure and tunable
guantum-confinement effects, both derived from organic spacer cations, influence the Pb-I
lattice distortion by modifying the geometric deformation or octahedral tilting in quantum-well
structures [97-99, 255].

It is worth noting that the introduction of organic spacer cations in FA-based perovskites
provides a promising strategy to stabilize the perovskite lattice. However, this approach also
presents additional challenges in achieving high-efficiency perovskite solar cells, particularly
for more stable perovskites with lower layer numbers (low-n, corresponding to more spacer
cations). On one hand, the enhanced quantum-confinement effect in low-n perovskites leadsto
increased exciton binding energy, limiting the transport and collection of photogenerated
charge carrierg[ 105, 256]. On the other hand, the specific polarity of spacer cations regarding
solution chemistry can easily lead to crystallography problemsthat are not beneficial for carrier
management, which is becoming the most intractable problem in the development of efficient
2D (or quasi-2D) devices. The increased number of organic spacer cations alwaysresultsin the
disordered growth of quantum wells and a parallel-to-substrate orientation [257, 258], posing
challenges in achieving high photocurrent. Therefore, achieving textured and verticaly
integrated quantum wells between the electrodes of the devicesis crucia for achieving high-

efficiency 2D perovskite solar cells.

Here, we present a novel design and fabrication of low-n FA-based 2D perovskite, aiming to
simultaneously achieve both high efficiency and stability. We fine-tuned the FA-based 2D
perovskite lattice through spacer cation engineering, resulting in a stable lattice structure with
balanced distortion. The resultant lattice demonstrates less symmetry breaking, micro-strain
relaxation, and reduced carrier-lattice interactions, consequently improving structure stability
against aging stresses induced by light and heat, particularly extreme temperature variations.

Building upon this foundation, we further modulate the crystallization kinetics through the



incorporation of a molecular type selenourea (SENA) additive. SENA demonstrates a lower
polarity and exhibits strong interaction with organic spacer cations, which guarantees effective
modulation of crystal texture while keeping the stabilized lattice structure. The optimal HA
(Hexylamine)-inserted perovskite devices achieved a remarkable small-area PCE of 20.03%
(certified PCE of 19.30%, 0.08 cm?) and large-area PCE of 18.68% (1.02 cm?), respectively.
The unencapsulated devices maintain initial efficiencies of 99%, 91.1%, and 90.3%, after
maximum power point (MPP) operation at room temperature for 1000 hours (AM1.5G, 100
mW cm?), aging at 85°C for 720 hours, and cold-thermal cycling for 50 cycles, respectively.

4.2 Experimental section

4.2.1 Materials and methods

Formamidinium iodide (FAI, 99.99%), lead iodide (Pblz, 99.99%), and organic spacers
including (Butylamine Hydroiodide) BAI, (Pentanamine Hydroiodide) PAI, (Hexylamine
Hydroiodide) HAI, (Heptylamine) LAI, and (Octylamine) OAI, 99.5%, Selenourea (SENA)
were purchased from Xi’an Polymer Light Technology Corp. FAPbI3 powders were purchased
from Advanced Election Technology Co, Ltd. Methylammonium chloride (MACI, 98%) was
purchased from Xi’an Polymer Light Technology Corp. 2,27, 7-Tetrakis [N, N-di(4-
methoxyphenyl) amino]-9,9'-spirobifluorene (Spiro-OMeTAD) was purchased from Borun
New Material Corp. Bis-(trifluoromethane) sulfonimidelithium salt (Li-TFSI) and 4-tert-butyl-
pyridine (tBP) were purchased from Sigma-Aldrich. SnOz colloidal dispersion (15%) was
purchased from Alfa Aesar. All solvents including N, N’-dimethylformamide (DMF, 99.8%,
anhydrous), dimethy! sulfoxide (DM S0,99.8%, anhydrous), and chlorobenzene CB (>99.8%)
were purchased from Sigma-Aldrich. The Indium-Tin Oxide (ITO) glass and Fluorine-doped
Tin Oxide (FTO) glass were purchased from Advanced Election Technology Co, Ltd.

4.2.2 Preparation of perovskite precursor solutions

The precursor solutions of (BA)2FA3Pbal 13, (PA)2FA3Pbal 13, (HA)2FA3Pbal 13, (LA)2FA3Pbal 13,
and (OA)2FA3Phal 13 were prepared by dissolving FAI, BAI, PAl, HAI, LAI, OAI, Pbl2 and
MACI in mixed solvents of DMF and DM SO (volume ratio 9:1) with a stoichiometric ratio of
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2:3:4:1.5 (1.0 M). The additives of SENA were then added to the precursors at concentrations
of 5%, 7%, and 10% molar ratio of Pblz, respectively. For FAPbIs perovskite, 1.4M FAPbI3
powder was dissolved in DMF/DM SO=9:1 solution, with 0.45M MACI involved as an additive.

4.2.3 Device fabrications

Perovskite solar cells were fabricated on pre-patterned FTO glass substrates. The substrates
were washed with detergent, deionized water, ethanol, and acetone under ultrasonic, and then
were treated with UV Ozone cleaner (each step for 15 minutes, respectively). SnO2 colloidal
dispersion (15%, diluted by deionized water with a volume ratio of 1:5) was spin-coated onto
the substrates at 3000 rpm for the 30s, which were then annealed at 150 °C for 30 min. After
that, the perovskite films were fabricated by spin-coating the precursor solution at 6000 rpm
for 30 s, during which 300 uL chlorobenzene (CB) as anti-solvent was dropped at 15 s before
the end. Thereafter, the as-fabricated films were thermally annealed on a hotplate at 150 °C for
30 min. For surface passivation, the corresponding spacer cations were dissolved in an IPA
solution of 10mM and spin-coated on top of perovskite film at 5000 rpm for the 30s.
Subsequently, the hole-transport layer was deposited on top of the active layer by spin-coating
Spiro-OMeTAD solution at 3000 rpm for 30 s. The Spiro-OMeTAD solution was prepared by
dissolving a 73-mg Spiro-OMeTAD in a 1-ml CB with a 17.5-uL Li-TFSI (520mg/ml,
acetonitrile) and a 28.8-uL 4-tBP as dopants. Finally, the devices were completed by thermal

evaporation of the 60-nm Au electrodes.

4.2.4 Characterization of perovskite films

The X-ray diffraction (XRD) patterns were obtained from the Rigaku Dmax 2600
diffractometer using Cu Ka radiation with a Nickel filter. GIWAXS data were collected at
beamline BL14B1 and BLO3HB of the Shanghai Synchrotron Radiation Facility (SSRF) using
X-ray with a wavelength of 1.2398 A. Both the top-view and cross-sectional SEM and EDS
measurements for perovskite samples were conducted on Tescan Maia3 Gmu (model 2016).
AFM measurement data were obtained with Dimension Fast Scan Bio Atomic Force
Microscope. FTIR was conducted on a Thermo Scientific Nicolet 6700 Spectrometer. PL

Measurements were performed using an FL S1000 spectrometer (Edinburgh Instruments) with
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470 nm excitation wavelength, and PL mapping was collected on aLeica TCS SP8 STED 3X
super-resolution system. Time-resolved photoluminescence spectra (TRPL) were obtained by
using the same spectrometer as that for the steady PL experiments. The temperature-dependent
PL spectrawere recorded under light excitation with a470 nm laser (1.4 nJcm ). The samples
were gquenched to 77 K at a 30 K/min cooling rate and then heated up to 298 K at a heating rate
of 10 K/10 min. X-ray photoelectron spectroscopy (XPS) was performed on the AXIS Ultra
DLD (Kratos) spectrometer. Transient absorption (TA) spectroscopy was carried out by using
an optical instrument combined with a frequency-doubled mode-locked Ti: sapphire
femtosecond laser (coherent) and an optical parametric amplifier (OPA) system. The amplified
Ti: sapphire femtosecond laser generates seed pulses with a 35 fs pulse width and a repetition
rate of 1 kHz. The seed pulses are divided into two distinct beams. The strong beam is sent to
the OPA system and provides the 400nm pump laser pulse, and the other one is focused onto a
sapphire crystal to generate a white light continuum, providing a broad band of 430-800 nm
UV-vis probe light. The excitation beam has a low energy of 0.01 pJ per pulse to avoid the
exciton-exciton and exciton-charge annihilation effects. The samples were sandwiched
between two quartz glasses, which were filled with nitrogen. The analysis was carried out by
using Surface Xplorer software. The nuclear magnetic resonance (NMR) spectra were

measured on an Avance |11 400MHz NMR spectrometer.

4.2.5 Device char acterization

Current density-voltage (J-V) curves were collected using a Keithley 2400 source-meter under
AM 1.5G 1-sun illumination from a 3A simulator (Newport, Oriel® Sol3A™, 94023A),
calibrated by standard silicon reference cell (Newport, Newport Oriel 91150-KG5), the mask
areais0.08cm?. Incident photo-to-€l ectron conversion efficiency (IPCE) spectrameasurements
were characterized using monochromatic incident light of 1 x 10 photons cm™ with the
aternating current mode. The space-charge-limited-current (SCLC) was recorded on an

electrochemical analysisinstrument (Zahner, Germany).

4.2.6 Stability measurement

The long-term operational stability was tested on the solar cell light resistance testing system
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of Model BIR-50. Heat stability was assessed by applying the PSCs without encapsulation on
the hotplate which was stored at the aging box (85 °C, RH~50%), and the PCE evolutions of
the devices were obtained through the periodical J-V measurement. For the temperature cycling
tests, the PSCs without encapsulation were placed in the temperature-dependent hotplate in an
N2-filled glovebox, with the 50-temperature cycle between -25+2 °C to 85+2 °C. The
temperature was stable for at least 10 min at the temperature point of -25 °C and 85 °C,
respectively. The heating rate is 2 degrees per minute, 1 point per 10 cycles. The power
conversion efficiency (PCE) evolutions of the devices were obtained through the periodical J-
V measurement every 10 cycles at room temperature (Newport, Oriel® Sol3A™, 94023A). For
the stability tests, the hole transport layer for all the devices was alternated by ion-exchanged
PTAA, and the specific method can refer to previous work [259]. The 3D FAPbI3 device was

encapsulated by a cover glass, stuck by an ultraviolet-curable epoxy resin.

4.2.7 Computational method

The calculations were based on DFT asimplemented in the Vienna ab initio simul ation package
(VASP). Projector-augmented wave (PAW) pseudopotentials were used to model the valence
states and the interactions between core and valence electrons. The Perdew-Burke-Ernzerhof
(PBE) form of the generalized gradient approximation (GGA) was employed for describing the
exchange and correlation function, and the spin-orbit coupling (SOC) was included. The
Tkatchenko-Scheffler (TS) scheme was adopted for describing van der Waals (vdw)
interactions. The cut-off energy for basic functions was set at 500 eV with a Monkhorst-Pack
sampling of an 8*8*2 k-point grid. All the geometries were fully relaxed until the forces on
each atom were less than 0.01 eV/A. Before the above geometry optimization, the
unconstrained ab initio molecular dynamics (AIMD) calculations with the Nose-Hoover
thermostat at 300 K were performed to determine the orientation of the FA cations, since they

can undergo rotational and translational motion at elevated temperatures.
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4.3 Results and Discussion

4.3.1 Fine-tuning the perovskite lattice distortion via spacer cations

By introducing different Ruddlesden-Popper (RP) type flexible linear organic spacer cations,
specifically, butylamine (BA), hexylamine (HA), and octylamine (OA) organic spacers, we
successfully manipulated the lattice distortion within the 2D FA-based RP perovskites
(stoichiometric ratio n=4) asillustrated in Figure 4-1a. These amino head groups are inserted
into the lead iodide framework and interact with the surrounding lattice, while the organic tail
groups exhibit end-to-end attraction, resulting in an interlaced arrangement. To verify thelattice
distortion induced by various spacer cations, we first employed grazing-incidence wide-angle
X-ray scattering (GIWAXS) aong the out-of-plane and in-plane directions. As shown in the
integral intensity curves in Figure 4-S1, we observed that the dominant diffraction peaks of
(101) planes around gz =1.0 A, with a slight shift toward higher values in the out-of-plane
direction but a dight shift toward lower values in the in-plane direction, as the carbon chain
lengths of the spacer cations increase from BA to OA. The shift signifies a reduction in the
lattice spacing along the out-of-plane direction and an increase along the in-plane direction, as
summarized in Figure 4-1b. Additionally, the diffraction peaks of the HA-inserted perovskite
gradually shift toward the low gz with the detection depth increasing, which further indicates a
progressive decreasing trend of compressive lattice distortion from the surface to the interior
of the perovskite film (Figure 4-S1(f)). This intriguing phenomenon can be attributed to the
interlaced arrangement of organic spacer cationswithin the 2D RP perovskite structures, which
exert a shear force on the octahedral Pb-l1 framework and lead to various degrees of lattice
distortion (Figure 4-S3).

When the BA and OA organic spacer cations are introduced, the lattices are altered, and the
lattice symmetry is broken (Figure 4-1a). As shown in Figure 4-S1(d-e), two distinct split
diffraction peaks near the q = 1.0 A peak were observed, naturally resulting from the
disproportionate lattice distortion along different axes (Figure 4-S2). This symmetry-breaking
effect negatively impacts grain boundaries and creates more internal strain and defects in

perovskite films. In contrast, the 2D perovskite with the HA spacer cation exhibits negligible
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peak splitting, indicating a proportionate lattice distortion along the out-of-plane and in-plane

directions. A similar phenomenon was observed in BA-, HA-inserted 2D FA-based perovskite

film (n=2) as depicted in Figure 4-S4. Density Functional Theory (DFT) simulations based on

pristine n=4 perovskites (Table 4-S6) provide further evidence that the HA-inserted lattice

possesses a relatively lower degree of variations from the center. This is demonstrated by the

smallest Pb-Pb average bond length quadratic elongation ((A)) and Pb-1-Pb average bond angle

variance (o) in Figure4-1C& Note 4-S3. Consequently, the HA-inserted perovskite lattice with

minor symmetry breaking may be favorable for lattice stabilization. Furthermore, improved

orientations were observed for the films with longer alkyl chains, this could relate to the

enhanced steric hindrance that hinders redistribution of spacers around the nucleating surface,

thus inhibiting parallel growth.
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Figure4-1. Fine-tuning thelattice distortion via spacer cationsengineering. (a) Schematic

illustration of the interleaved organic spacer cations that distort the lead iodine octahedral

framework and evolution from BA- HA- to OA-inserted 2D RP perovskites. (b) Corresponding
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lattice spacing (d 101) from GIWAXS patterns along out-of-plane and in-plane directions. ()
The Pb-Pb bond length quadratic elongation ((A)) and bond angle variance (o) of Pb-I-Pb
between adjacent octahedrons. (d) XRD patterns of FA-based 2D perovskite films based on
BA, PA, HA, LA, and OA organic spacer cations, respectively. (€) The micro-strain of various
distorted FA-based 2D perovskites based on the W-H analysis. (f-h) 2D pseudo-colour contour
of the normalized PL astemperature changes corresponding to BA-, HA-, and OA-inserted 2D
perovskites, from 77K-298K, respectively. And 77 K to 160 K for thefirst stage, 170 K to 270
K for the second stage, and 270 K to 298 K for the third stage, respectively.

The perovskite | attice distortion caused by the incorporated organic spacer cations was further
investigated by different techniques. X-ray diffraction (XRD) results shown in Figure 4-1d
exhibit the same trend of compression in the out-plane direction from BA- to OA-inserted
perovskites, consistent with the GIWAXS results. The distinction between peak splitting for
XRD and GIWAXS could relate to the difference in diffraction mechanism, with Bragg-
Brentano geometric for XRD and Debye-Scherrer for GIWA XS, thus making the distinction in
detection depths and resolutions. Additionally, PL spectra shown in Figure 4-S6 show obvious
blue shiftsfrom 802 nm to 788 nm asthe carbon chain lengthsincrease from BA to OA-inserted
perovskites, which agrees with previous reports and indicates that the lattice compression is
induced by the twist of the Pb-I bond (that decreases orbital coupling) rather than the direct Pb-
| bond length contraction [260-262]. The electronic structures of the perovskites were also
verified by the X-ray Photoelectron Spectroscopy (XPS) measurements (Figure 4-S7). The
binding energy of the Pb-4f and 1-3d core levels progressively shifted towards lower binding
energy with theincrease of carbon chain lengths. The decrease in the binding energy of Pbions
could be attributed to the enhanced distortion of the Pb-I framework, the distortion would
reduce the overlap of the Pb-l orbitals which decreases the sharing of bonding electrons
between Pb and | atoms accordingly and increases the valance electron density of Pb [263].
The contracted Pb-l framework can also reduce the atomic distance between FA and | ions,
which promotes the strength of H-bonding between N-H and |, consequently enhancing the
electron density of the | valance state [99, 262]. All these results demonstrate the introduction

of organic spacer cations offers an effective means to precisely modulate the lattice distortion,
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which also merits future investigations based on the single crystal or other forms of pure phases.

4.3.2 Micro-strain relaxation and reduced carrier-lattice inter action

In general, strain usually occurs in distorted lattices due to the high degree of atomic
displacements. To evaluate the strain states in these perovskite films, we further analyzed the
XRD results. The overall tensile or compressive strains (macro-strains) change lattice spacings,
resulting in shifts of the corresponding diffraction peaks. As a comparison, the microscopic
non-uniform strains (micro-strains) are manifested by the broadening of Bragg peaks in
diffraction patterns (schematics for macro- and micro-strains are shown in Figure 4-S8). It is
noteworthy that micro-strains often arise from deviations from the ideal crystalline lattice and
are typically attributed to various factors, including residual stresses, dislocations, vacancies,
grain boundaries, and any other defects that cause nonuniform lattice distortions in the crystal
[230] [264]. Subsequently, we further calculated the micro-strains in the perovskite films by
extracting the broadening of the diffraction peaks using the Williamson-Hall analysis [249,
265]. Thisanalysis enables usto statistically assess the information and derive the overall strain
states from the entire sample. As shown in Figures 4-1e& 4-S9, the slope values for the BA,
HA, and OA-inserted 2D perovskites are determined as +0.00203, +0.0007, and -0.00752,
respectively. These values indicate that the micro-strains transition from tension to
compression as the lengths of organic spacer cations increase. Notably, among these FA-based
2D perovskites, the HA-inserted 2D perovskite demonstrates the most effective relaxation of
micro-strains, confirmed by the lowest slope (+0.0007). Furthermore, DFT simulations reveal
that the HA-inserted perovskite exhibits the lowest formation energy, indicating the
incorporation of HA spacer cation can effectively stabilize the fragile Pb-1 framework of the
2D FA-based perovskite (Figure 4-S5).

To further investigate the impact of spacer cations on structural stability and carrier-lattice
interaction, temperature-dependent photoluminescence (PL) was conducted over the
temperature range from 77 K to 298 K. As illustrated in Figures 4-(1f-h) and Figures 4-
S10& S11, the PL emission peaks of both the BA-inserted and OA-inserted 2D perovskites
show significantly higher variations than that of the HA-inserted perovskites with temperature
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changes, particularly at the temperatures above 160K, thereby underscoring the superiority of
the HA spacer cations in stabilizing the perovskite lattice and carrier-lattice interaction. This
enhanced stability can be attributed to the appropriate interlayer spacing provided by the
flexible HA cations, which mitigates the overall structural variation and dielectric disorder in

the lattice, resulting in narrower PL emissions.

Furthermore, we analyzed the peak intensities and full width at half maximum (FWHM) of the
PL spectra, to quantify the evolution of the exciton properties and the carrier-lattice interaction
with different spacer cations. It is worth noting that, unlike extensively studied
methylammonium (MA)-b-based perovskite counterparts, the exciton binding energy (Eb) has
not been reported for the FA-based 2D perovskites. Here, we present the first measured Ep
values for BA-, HA-, and OA-inserted 2D FA perovskite, which are 123.93, 75.95, and 64.3
meV, respectively (Figure 4-S12). These results demonstrate that the 2D FA-based perovskites
with longer alkyl carbon chains possess lower exciton binding energy. Notably, all the
determined values are significantly larger than those of the FA-based 3D perovskites (about 18
meV) [266, 267], indicating the existence of the quantum-confinement effect within all the 2D

perovskites.

The FWHMs of the PL spectraof the BA- and OA-inserted perovskites gradually increase from
40meV at 77K and reach the maximum values of 360meV and 580meV at around 270 K,
respectively, as illustrated in Figures 4-S13& Note S5. The asymmetric emission peak tail in
the 2D RP perovskitesistypically associated with the exciton-phonon coupling [268]. Hence,
the loss of symmetry in the PL emission peaks of the BA-and OA-inserted 2D perovskitesis
likely dueto strong exciton-phonon interactions, consistent with the reduced structural stability
and dielectric disorders [268]. These findings highlight the distinct carrier-lattice interactionin
FA-based 2D perovskites, compared with the continuous broadening observed in the M A-based
2D perovskites over the temperature variations [267]. In contrast, the PL peaks of the HA-
inserted perovskite are more symmetrical and their FWHM s exhibit auniform broadening, with
only adlight increase of approximately 40 meV across the entire temperature range. Therefore,

the HA-inserted perovskite exhibits notable structural stability under temperature variations,
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which is crucial for long-term stability when encountering cold-warm or other types of strain

fatigues in perovskite films and devices.

4.3.3 SENA additive regulated vertical growth

While spacer cation engineering has improved the stability of the FA-based 2D perovskite
lattices, achieving high efficiency in low-n FA-based 2D perovskite solar cells remains a
significant challenge. The parallel growth tendency of quantum wells along the substrate not
only leads to uncontrollable heterogeneous nucleation and crystallization processes but aso
hinders efficient current collection. The introduction of more spacer cations (low-n) into the
precursors aggravates this issue, as the amphiphilic alkyl anmonium cations tend to reside at
the air-liquid interface and induce parallel growth of quantum wells (Figure 4-S17). To address
this challenge, we carefully selected a molecular-type SU additive to control the crystallization
process (Figure 4-2a).

Fourier-transform infrared (FTIR) spectroscopy (Figure 4-2b) was used to investigate the
interaction between SENA additive and 2D perovskite precursor. Upon introduction of SENA
additives, the C=N symmetric stretching vibration of FAI increases from 1690 to 1699 cm,
which istypically considered a sign of strengthened hydrogen bonding [269]. Meanwhile, the
C-N stretching vibration decreases from 1599 to 1589 cm, which could be attributed to the
weakening of the C-N stretching vibration by hydrogen bonding interactions. On the other hand,
the SENA additive also displays interactions with Pbl2. Upon the interaction with Pbl2, SENA
exhibits enhanced C-N stretching vibrations (from 1599 to 1612 cm?) and weakened C-N
bending vibrations (from 1389 to 1378 cm'*), because the coordination interaction between the
electron-acceptor Pb ions and the electron-donor Se ions enhances the C-N stretching
vibrations and weakens bending vibrations. Figure 4-S15 further presents a comparison of the
electrostatic potential distributions between SENA and a stronger Lewis base, namely thiourea
(SENA). Notably, a significant decrease in electron density surrounding the selenium (Se)
atom in SENA is observed, in contrast to the corresponding sulfur (S) atom in TU. The lower
electronegativity of Serendersit asofter Lewis base, thereby imparting enhanced coordination
capabilities towards soft acid lead iodine. The chemical shiftsin NMR (%" Pb) spectra of Pbl2
upon the introduction of SENA additives (Figure 4-29), and the shift of Pb 4f and Se 3d core-
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level XPS spectra (Figure 4-S16) further prove the coordination between SENA and Pbl2. The
lone pair electrons from Se and N atoms can coordinate with Pb?* ions and FA* cations in the
precursor solution through soft-soft interactions, which exhibit strong covalent interactions.
This leads to the formation of a more stable intermediate structure and a retardation of the

crystallization process.
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of control and target perovskite films measured by AFM, and the target (HA-SENA) perovskite
films are treated with 7% SENA additives. (e-f) KPFM images of control and target perovskite
films at the same area as the phase image. (g) 2 Pb NMR spectra of Pbl2 individually and
interacted with SENA additives dissolved in DMF. (h) XRD of perovskite films with different
ratios of SENA additives, respectively.

The most important advance of the SENA additive is its strong interaction with akyl
ammonium cations. The signals of the C-N stretching and bending vibrations in the HAI-
SENA complex show significant position shifts, further indicating the occurrence of chemical
interactions. The interaction between HAI- SENA reduces the heterogeneous nucleation sites
at theliquid-air interfaceinduced by HA™ cations, indicating the preference for template-driven
parallel growth isimpeded at the liquid-air interface [128]. It can be predicted that the SENA
additive acts as a bridge between octahedral and alkyl cations and this also avoids segregation
of spacersin the precursor film. To verify theinfluence of SENA on the crystallization kinetics,
the PL was performed from the front side (air/perovskite) and backside (perovskite/glass
substrate interface) for comparison. Asdepicted in Figure4-S18, the PL spectraof the annealed
control films (particularly probed from the backside) exhibit more low-n phases, indicating
layer-by-layer growth with a stratified structure at the interfaces. In contrast, the introduction
of the SENA additive significantly inhibits the formation of the low-n phases, especially at the
bottom. These results demonstrate that the chemical interaction between SENA and perovskite
constituents facilitates a controllable crystallization process based on 3D-like templates at the
air/liquid interface after anti-solvent extraction, thus enhancing the vertical orientation of the
layered structure[129].

We further utilized XRD and GIWAXS measurements to investigate the film orientation.
Following the Bragg-Brentano diffraction geometry, the XRD diffraction intensity corresponds
to the out-of-plane orientation of specific lattice planes. Figure 4-2h shows a significant
enhancement in the diffraction intensities of the (101) and (202) crystal planes of the 2D
perovskites, indicating the effective modulation of the film crystallization by the SU additive.
Notably, the films fabricated with 7% SENA exhibit the strongest (101) diffraction. GIWAXS
patterns in Figure 4-S19 show that film treated with 7% SENA displays sharper and more
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discrete diffraction spots, along with a reduced distribution of parallel orientations and
significantly enhanced intensity in the out-of-plane orientation. This enhanced film orientation
is expected to promote the directional transport of photogenerated charge carriers between the

electrodes and consequently increase the photocurrent of the device.

We further employed energy-dispersive X-ray spectroscopy (EDS) and XPS characterization
toinvestigateif thereisresidual SENA after the annealing process. Notably, anegligible signal
corresponding to the Se element was detected after annealing (Figures4-S20& S21), indicating
that the SENA additives separated from the perovskite during annealing. Additionally,
compared with the films without the SENA additive, the XPS binding energy of Pb and | core
levels did not change significantly with the SENA treatment after annealing, as illustrated in
Figure 4-S22, further proving the SENA additives have negligible influence on the resulting
lattice.

The atomic force microscopy (AFM) results (Figure 4-S23) manifest that the incorporation of
7% SENA additivesresultsin larger grain size and denser, smoother surface morphology. The
surface roughness is significantly reduced from 36.3 nm to 15.5 nm. Furthermore, the phase
mapping also shows a more ordered texture and more uniform phase distribution on the SENA
-treated film (Figures 4-2c& d), indicating a high crystal quality and preferred orientation. The
surface potential results revealed that the control films exhibited a discontinuous potential
distribution and wide potential barriers across grain boundaries (Figures 4-2e& f). In contrast,
the SENA-treated film displays a more uniform potentia distribution and smaller potential
barrier at the grain boundaries, suggesting the formation of uniform contacts and a reduction
in trap states (Figure 4-S24). Time-resolved photoluminescence (TRPL) decay measurements
further demonstrated reduced carrier traps and enhanced lifetime after the SENA treatment
(Figure 4-S25). The carrier lifetime increased from 174.5 ns to 268.5 ns, indicating reduced
non-radiative carrier recombination, thereby reducing potential losses, and improving the

photovoltaic performance of devices (Figures4-S29& Table 4-S1).

We further conducted femtosecond transient absorption (TA) spectroscopy comprehensively to
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characterize and analyze the phase distribution and carrier dynamics of the resulting perovskite
films. Figure 4-3c&f depicts 2D contour plots of the TA corresponding to the HA-based 2D
perovskite films before and after SENA treatment. The TA spectrum reveals that the film
exhibits a mixture of multiple n-valued 2D phases and 3D-like (high-n) phases. Notably, the
evident ground state bleaching (GSB) peaks appear at approximately 490, 570, 630, 670, 690,
and 775 nm corresponding to the n values of 1, 2, 3, 4, 5, and high-n phases, respectively
(Figure 4-S26). The distribution of 2D phases with varying n values may be influenced by
differences in cleavage energy and growth rate [128, 270, 271]. Figures 4-3a& d illustrate the
evolution of absorption at different time delays. Astime progresses, the decay of the GSB peaks
of the low-n phase is accompanied by arise in the GSB peak of the high-n phase, indicating
the charge transfer. The introduction of the SENA additives significantly reduces the formation
of low-n phasesthat induce parallel growth, asrevealed by the significant reduction of the GSB
signals corresponding to n=1, and n=2 phases. Simultaneoudly, the fitting results of the carrier
dynamics demonstrate faster decay (lifetime z1) of lower-n phases and faster establishment
(lifetime 7et) of the high-n phase in the HA-SENA films (Figures 4-3b-c& Table 4-S5). This
observation indicates that the SENA-treated films exhibit enhanced charge transfer from the
low-n phase to the high-n phase, enabling efficient charge separation and further extraction.
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Figure 4-3. Transient absorption (TA) of 2D perovskite films. (a, d) Representative TA
spectraat indicated delay time; (b, €) TA kinetics probed at different-n perovskite bands (n=3,
4 and large n); (c, f) TA contour map spectrawith or without SENA treatment.

4.3.4 Enhanced air stability

We conducted a comprehensive evaluation of the stability of the FA-based 2D perovskite films
using spacer cation engineering combined with the SENA treatment. To assess the effects on
films of the direct exposure under an AM 1.5G illumination (30-50% relative humidity, room
temperature), we employed confocal PL mapping with a scanning laser power density of 0.5
mW/cm?. Theinitial PL maps of the HA- SENA perovskite films exhibit the highest intensities
and display amore uniform and dense distribution across the entire scanning region (10.57 um
x 10.57 um), compared with the BA SENA and OA-SENA perovskites, as depicted in Figures
4-(4a-f). As the illumination time increases, the HA-SENA 2D perovskite films exhibit better
photostability with only a dlightly reduced luminescence intensity (Figures 4-4b& 4-4e),
outperforming the BA-SENA perovskite films with progressively decreased intensities
(Figures 4-4a& 4-4d) and the OA-SENA perovskite films with localized non-uniform spots
and decomposition (Figur es 4-4c& 4-4f). The histograms of the PL peak intensity distributions
extracted from the PL mapping data further confirm these observations. (Figure 4-4g). Even
after aging, the HA-SENA perovskite films mostly demonstrate high intensities with a well
Gaussian distribution, but the OA-inserted perovskites show a significant decrease in strength
with an uneven distribution. These findings are consistent with the optical morphology results
presented in Figure 4-S27. In summary, the HA- SENA 2D perovskites exhibit superior phase
stability under light illumination.

To evaluate the thermal stability of the films, we monitored X-ray diffraction (XRD) patterns
of various FA-based 2D perovskite films at 85 °C in ambient air with 85% relative humidity
(RH). Figure 4-4h-j reveals that the BA- SENA perovskite films show a dlightly reduced
diffraction intensity and slightly broadened FWHM, indicating a potential deterioration of
crystalinity after thermal aging. The OA-SENA 2D perovskite films exhibit an increased
intensity of the diffraction peak at 12.8°, particularly after 100 to 200 hours, suggesting a
gradual structural change. In contrast, the XRD diffraction peaks of the HA-SENA perovskite
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films show no significant change, demonstrating excellent thermal stability. Furthermore, none
of these three 2D perovskite films has shown the J-phase FAPbI 3 (the featured diffraction peak
is at about 11.9°), indicating the transition pathways to the one-dimensional (1D) photo-
inactive structures were greatly suppressed in 2D structures. Additionally, water contact angles
were measured to study the hydrophobic properties of the obtained 2D perovskite films (Figure
4-S28). The HA- SENA perovskite films demonstrate favorable hydrophobicity, indicating
their ability to prevent the infiltration of external moisture. To conclude, the combination of
organic spacer cation engineering and SENA additives strategy led to the outstanding
properties and stability of the HA- SENA perovskite film.
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Figure 4-4. Stability of optimized low-n 2D perovskite films. (a-c) Confocal PL mapping
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above perovskites. (h-j) XRD patterns of aged 2D perovskite films, under 85°C in ambient air
with ~85% relative humidity.

4.3.5 Photovoltaic performance

We fabricated low-n FA-based 2D perovskite solar cells with a device structure of
FTO/SnO2/PV SK/Spiro-OMeTAD/Au, as depicted in Figure 4-5a. As expected, the device
incorporating the HA spacer cation with 7% SENA treatment achieves an exceptional PCE of
20.03%, combined with a Vocof 1.09 V, a Js of 23.60 mA /cm?, and an FF of 77.86 % (Figure
4-5b), surpassing those achieved with other spacer cations (Figure 4-S30) and setting a new
record for low-n 2D perovskites devices, as summarized in Figure 4-5d and Table 4-34. The
integrated current densities of 23.21 mA/cm? from the external quantum efficiency (EQE,
Figures 4-5c& 4-S31) match well with the Jsc values obtained from the J-V characterization.
The enhanced photocurrent is consistent with orientation variation from BA to HA as
characterized by GIWAXS. The obtained Jsc and Voc values of the HA-SENA perovskite
devices are higher than BA- and OA-inserted devices (Table 4-S2), thus further confirming its
superiority. The relationship between Voc and natural logarithmic current density, along with
the results from the space-charge-limited current (SCLC) measurements in Figures 4-
S32& S33, further proves that the HA-SENA perovskite devices effectively eliminate trap-
induced non-radiative recombination | osses.

The performance of photovoltaic devices summarized in Tables 4-S1& S2 highlights
significant enhancement in photocurrent and series resistance achieved through the SENA
additive strategy in the FA-based 2D perovskite devices (Figures 4-5e& S30), thereby
demonstrating the promise for the fabrication of large-area 2D perovskite solar cells (Figures
4-5f& S34). Particularly, the large-area device (1.02 cm?) aso achieved a remarkable PCE of
18.70% (Voc = 1.09V, Jsc = 22.08 mA cm?, FF = 77.68%), placing it among the top-performing
PVSCs of similar sizes reported to date. Importantly, the Voc and Jsc values of the large-area
device are comparable to those achieved in smaller-area devices, thanks to the modulated
orientation and significantly improved series resistance enabled by the SENA additive strategy
(Table 4-S3). These findings underscore the promising prospects for scaling up the most stable

2D perovskite devices.

101



Cc
25 1.0 28
. 204 0.8
€ PCE= 20.03 % ra1
é 15 § 0.6 y
510 2
3 191 w 0.4
) Target-Reverse
Target-Forward 02 Target L7
0 T T T T T 0.0 ! T T T 0
00 02 04 06 08 10 300 450 600 750 900
Voltage (V) Wavelength (nm)
d e f
24
2191 O Reference
Y This work * 24+ 201
181 ° g 8 o $ «— PCE = 18.70%
[+ ] o~
< ° g o € 23] 5 161 Area = 1.02 cm?
< 154 @ 9 5] P
w ° 8 < £ 124 |
Tal o = 5 i
1 o 22 5 1
° ° - P C125-75% O ™
| i )
9] < ~T_ Min-Max a4 -~ --Reverse
° 21 — Median line i —— Forward
6 ‘ ‘ ‘ 0 : : : : :
2016 2018 2020 T T 00 02 04 06 08 10
Year Control Target Voltage(V)
g h i
24
N
IS 22.18 mA cm?
: 22 I o«
£ g £
;20 < 159 Before MPPT s 154 After MPPT
=407 Certificated PCE=19.01 % Certificated PCE=19.30 %
Z | BASENAQ@OSTV  po1omacm?| & ’ E ’
8 HA-SENA @ 0.89 V - 104 3 104
=181 s OA-SENA@0.79V -
S e —— HA-SENA-Reverse —— HA-SENA-Reverse
o 51 .- HA- . 57 - - - -HA-SENA-Forward
E 164 16.93 mA cm? HA-SENA-Forward
&
T T T 0 T T T T T 0 T T T T T
0 450 900 1350 1800 00 02 04 06 08 10 00 02 04 06 08 1.0
Time (s) Voltage (V) Voltage (V)
]
1.0 e
"""""'m o A 5 Ay ®
w R
O 0.8
o
8 °
N 064 HA-SENA Long-term operational stability
g s Control under simulated AM 1.5 G radiation (100mW cm?)
5 o FAPbI, without encapsulation at Room temperature
Z 0.44
0.2 T T T T
0 200 400 600 800 1000

Time (h)

Integrated Jg, (MA/cm?)

Figure 4-5. Photovoltaic performance and stability of PVSCs. (a) Schematic of the device

structure of low-n 2D perovskite solar cell. (b) J-V curves (under forward and reverse scanning

direction) and (C) EQE spectrum of the target (HA- SENA) PSCs. (d) Summary of PCE
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power output of BA-, HA- and OA- SENA -based devices. (h-i) The certificated PCE of the
target devices before and after the MPPT. (j) Long-term operational stability of HA- SENA,
control, and FAPbI3 perovskite solar cells under smulated AM 1.5 G radiation 100mW cm

without encapsulation at room temperature within the testing chamber.

We further monitored the power output stability of the fabricated low-n 2D devices, as
illustrated in Figure 4-5g and Table 4-$4. Over the 30 minutes of testing, we observed aslight
light-induced degradation (LID) in the BA- and OA-inserted devices, which is a common
phenomenon observed in perovskite solar cells with a normal device structure and can be
attributed to photo-induced ion migration and trap formation within the perovskite layer. In
contrast, the HA-inserted devices exhibit no LID and demonstrate a remarkably more stable
photocurrent output. This advantage was further confirmed by an independent third-party
certification center (SIMIT). A certified swept efficiency of 19.01% was confirmed before the
maximum power point tracking (MPPT) test as shown in Figure 5h and Figure 4-S35.
Following more than 30 minutes of MPPT, the efficiency gradually increased at a slow pace,
resulting in acertified efficiency of 19.30% Finally, asillustrated in Figur e 4-5i. No occurrence
of LID during the 30-minute certification of MPPT, along with the extremely stable power
output, verified the great stability of the unique 2D lattice enabled by the HA spacer cation.

Finally, we conducted a set of stability measurements on the FA-based 2D perovskite devices
without encapsulation under different aging conditions. The long-term operational stability of
the unencapsulated devices was measured by tracking the maximum power point under
continuous one-sun illumination (Figure 4-5j). The initia efficiencies of HA-SENA, Control,
and FAPbI; solar cellsare 19.86%, 18.91%, and 23.12%, respectively. The target devices (HA-
SENA) exhibited less than 1% efficiency degradation after 1000 hours, while the PCE of the
FAPbI s devices decreased to approximately 30% of itsoriginal value. Additionally, the thermal
stability of the photovoltaic devices was also conducted at 85 °C and 50% RH. As depicted in
Figure4-S36(a), the HA-based perovskite devices exhibited an extremely low degradation rate,
with aloss of approximately 8.9% after 720 hours of thermal aging. In contrast, the BA- and
OA-based perovskite devices displayed higher degradation rates, experiencing losses of
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approximately 19% and 25% of their initial values, respectively. Furthermore, the deviceswere
subjected to cyclic temperature measurements to investigate their performance variation under
cold-warm or other types of strain fatigue (-25°C and 85°C). As shown in Figure 4-S36(b),
after 50 cycles, the HA-inserted 2D perovskite solar cell maintains 90.3 % PCE, outperforming
BA- and OA-inserted perovskite devices (maintaining 76.1% PCE and 54.1% PCE,
respectively). These findings underscore the exceptional environmental stability of the HA-
based perovskite devices, characterized by a relatively low decay rate of PCE resulting from
the micro-strain-relaxed lattice distortion and SU additive strategy (Table 4-$4, stability

comparison).

4.4 Conclusion

In conclusion, we have successfully demonstrated a new design and devel opment of low-n FA-
based 2D perovskite solar cells that exhibit both high efficiency and high stability. By
implementing organic spacer cation engineering, we achieved micro-strain relaxed lattice
distortion in the FA-based 2D perovskite lattice. This approach effectively reduced symmetry
breaking alleviated carrier-lattice interactions, and significantly improved the stability of the
perovskite lattice against photothermal aging stresses, particularly under extreme temperature
variations. Moreover, we innovatively employed a SENA additive strategy to modulate the
crystallization kinetics, forming intermediate phases through Lewis's base reactions, which
suppressed the non-uniform nucleation and facilitated the vertical growth of the 2D perovskite.
These strategies effectively inhibited non-radiative carrier recombination and greatly improved
photovoltaic performance. The optimized PCE of the FA-based 2D photovoltaic devices
reached 20.03% (certified efficiency of 19.30%), setting a new record for FA-based low-n 2D
perovskite solar cells. Remarkably, the devices without encapsulation exhibited minimal
efficiency degradation (less than 1%) after operating at the maximum power point for 1000
hours and maintaining 92.3% of their initial efficiency after 1000 hours of heating at 85°C, and
91.1% of their initial efficiency after 50 cycles of thermal cycling. Our work demonstrates a
promising pathway to further improve the performance and stability of photovoltaic devices,

advancing the commercialization of perovskite-based energy and optoel ectronic devices.
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4.5 Appendices
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Figure4-S1 Analysis of GIWAXSresults. (a-c) GIWAXS patternsfor the BA-, HA-, and OA-
inserted perovskite films with the incident angle of 0.6°, respectively. (d-e) Corresponding
intensity profiles along the g: and gxy direction from GIWAXS results with the incident angle
of 0.6°, respectively. The peaks in the out-of-plane direction show a rightward movement and
the opposite trend in the in-plane. (f) Intensity profiles along the g; direction (out of plane) of

HA-inserted perovskite film with incident angles from 0.1° to 0.6°.
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Figure 4-S2 Schematic of lattice distortion-based GIWAXS results.

No perturbations on the diffraction peak in the in-plane and out-of-plane directions, implying
that lattices are closer to cubic are shown in (b). The shift of the diffraction peak position means
that the lattice spacing changes. For example, the larger g (narrower the spacing distance) in
the out-of -plane direction, implies acompressive elongated | attice, asshownin (a). The smaller
0: (wider the spacing distance d) in the out-of-plane direction, implies a stretched elongated
lattice, as shown in (c). Therefore, no splitting peaks of the (111) lattice plane in the in-plane
and out-of-plane directions, implying that HA-inserted perovskite lattices are closer to cubic
are shown in (€). The splitting peak of the (111) lattice plane in the out-of-plane and in-plane
direction infers the BA- and OA-inserted perovskite | attices are elongated |attices as shown in
(d) and (f).
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Figure 4-S3 Schematic of shear force. When the spacer cation is inserted along the (101)
crystal plane of 3D perovskite to form 2D perovskite, it forms a weak Vander Waals force at
one end and a strong hydrogen bonding at the other end. The |ead-iodine octahedron possesses
a cohesive force of inward compression. In 2D RP perovskite, organic spacer cations are
staggered. The chain akyl chain forms ashearing force becauseit is attracted end to end. When
the shear force is small, the Pb-I octahedron still shows an inward cohesion force(a).
Appropriate shear force can make the lattice close to the cube (b), while excessive shear force

will form an outward cohesion force (c). The octahedron tilting also resultsin asmaller lattice

constant.
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Figure 4-34. (a-c) GIWAXS patterns for the BA-, and HA-inserted (n=2) 2D FA-based
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perovskite films with the incident angle of 0.6°, respectively. (b-d) Corresponding intensity

profiles along the out-of-plane direction from GIWAXS results.

Supplemental Note S3.
Quantification of the lattice distortion based on DFT.
We used representative n=4 (BA)2FA3Pbal 13, (HA)2FA3Pbal 13, and (OA)2FA3Pbal 13 structures
for theoretical calculations to support the experimental results and the perovskite crystal data,
and the structures are summarized in Table S6. The lattice distortions of the Pb-I framework
can be divided into two main parts: one is the distortion of the Pb-l single octahedron, and
another important structural distortion is the collective distortion between adjacent octahedra
of perovskite layers (octahedral tilting). After structure optimization, we calculated the bond
length quadratic elongation ((A)) and bond angle variance (o), respectively, using VESTA
software®1°,
<A>= %Zn: (Il—i)2
e 2 (1)
o’ = m—_lzl: (o, —180)
where li represents the Pb-Pb bond length, lo is the average Pb-Pb bond distance, and ai is the
octahedral Pb-I-Pb bond angle. Notably, the Pb-1-Pb bond angle deviates from the ideal 180°,
respectively. DFT simulationswere further used to reveal thelattice structure variationsin these
FA-based 2D perovskites. The octahedra distortion and tilting were calculated by their bond
length quadratic elongation ((A)) and bond angle variance (c) and the deduction wasillustrated
in Fig 1C. It can be inferred that larger (L) and o? values correspond to more distorted
octahedrons and the Pb shifts deviated from the center. The tilting between adjacent
octahedrons was considered using (1) of neighboring Pb-Pb bond and o2 values of Pb-I-Pb.
Statistical results show that the lowest octahedral tilting appearsin HA-inserted perovskite ((1)
=1.0066, o = 37.7238), as compared to both BA ((A) = 1.0082, ¢ = 38.2069) and OA-inserted
perovskites ((A) = 1.0117, o = 39.9906). DFT results further prove that the HA-inserted Po-
framework obtainsthe lowest formation energy, meaning that fragile structuresin the 2D lattice

can be most stabilized with HA insertion in Fig. S5. These resultsindicate that the HA-inserted
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lattice structure obtains a relatively lower degree of octahedra distortion and tilting deviated
from the center, which can be beneficial to the stability performance of FA-based 2D
perovskites.
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Figure 4-S5 The formation energy of the Pb-1 Octahedral framework is based on DFT results
of 2D FA-based perovskite with BA, HA, and OA organic spacers, respectively.
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Figure 4-S6 The PL spectrum of different 2D FA-based perovskite films excited from the front

side, the peak shows a clear blue shift as the increases of linear chain length.
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Figure 4-S7 (a) The Pb 4f and (b) | 3d core-level XPS spectra of distorted 2D FA perovskite
films based on BA, PA, HA, LA, OA organic spacer cations, respectively, and the peaks of Pb

4f and | 3d orbitals both move towards lower binding energy.
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Figure 4-S8 Schematic of Macro- and microstrain.
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(a-c) Macrostrain usually resultsin auniform lattice distortion that is observed as a shift in the
X-ray diffraction peaks. (d-e) Micro strain is caused by deviations from the ideal crystalline
lattice (perfectly ordered crystalline array) and is often produced by residual stresses,
dislocations, vacancies, grain boundaries, and any other defect that causes a nonuniform lattice
distortioninthecrystal. It resultsin adistribution of d-spacingsthat is observed as abroadening

peak.
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Figure 4-S9 (a-e) The slope of the fitting line extracted from XRD patterns of perovskites
based on BA, PA, HA, LA, and OA spacer cations, respectively, according to Williamson—Hall
analysig[236, 272], the slope k determines the | attice strain, where the positive val ue represents

the tensile strain, and the negative value represents the compressive strain. (f) The FWHM of
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(101) and (202) lattice plane when the spacer cations change from BA to OA.
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Figure 4-S10 (a-c) Original PL intensities result and (d-f) corresponding normalized PL

intensities of quasi-2D FA-based perovskite films based on BA, HA, and OA organic spacers,

respectively, in the temperature range from 77 K to 298K.
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Figure 4-S11 Phase transition and carrier-lattice interaction. Normalized PL of 2D perovskites

under different temperatures, showing three distinct stages. (a-c) The first stage ranges from

77 K to 160 K. (d-f) The second stage rangesfrom 170 K to 270 K, (g-k) Thethird stage ranges

from 270 K to 298 K.
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Supplemental Note Sb.

Phase Transition and Carrier-Lattice Interaction

To further investigate the uneven peak broadening within the range of 600nm to 800nm, the
normalized PL curves (Figure 4-S10) were divided into three distinct temperature segments

separated at 160 K and 270 K, respectively, as depicted in Figures 4-1F-H & Figure 4-S11.

Specificaly, for the first temperature segment (below160 K), the PL peak positions are
located at around 826 nm with atemperature range from 77 K to 150 K and undergo a slight
red shift to around 828 nm within the temperature range of 150~160 K in Figure 4-S11(a-
). This behavior can be explained that smaller bandgap in low temperatures is the typical
behavior due to the positive temperature coefficient of bandgap in lead halide perovskites
[260]. The slight redshift at low temperatures can be ascribed to the lattice contraction, short
lead-iodine bonds resulting in more orbital overlapping, and adjusting the bonding and
antibonding states, thereby reducing the energy bandgap.

For the second temperature part (170 K to 270 K), a pronounced and sudden blue shift of all
the main PL peaks from 828 nm to 820 nm is observed in Figure 4-S11(d-f). The obvious
reverse shift that occurs at around 160 K-170K may be ascribed to the phase transition from
low symmetry to higher symmetry of tetragonal phase structures[267], and the structural
phase transition corresponds to a change of the perovskite octahedral tilting or distortion
[266]. Furthermore, for the BA- and OA-inserted perovskite (Figures 4-S11 (d&f), the PL
peaks signal at a lower wavelength (PL peak positions are located at around 650-700 nm)
shows aprogressively upward intensity as the temperature rises. This can be attributed to the
contribution of the low-n phase 2D perovskite components. Near 270 K, the PL intensities
of low-n phase 2D perovskite reached the highest values, the increase of low-n phase 2D
perovskite is the main reason for the non-uniform broadening of BA- and OA-inserted

perovskite.

For the third temperature segment (270 K to 298 K), all the main PL peak positions exhibit

a dight blue shift with a continuous trend in Figures 4-S11(g-k). However, the proportion
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related to the low-n phase of BA-and OA-inserted 2D perovskites began gradually
decreasing with the increased temperatures. Notably, there is an apparent inverse increase in
the maximum PL intensity around 270 K as shown in Figure 4-S10. Considering the
variation at full-width of half maximum (FWHM) and the main peak position shifts with the
temperature, we specul ate that a phase transition from the quasi-tetragonal to the quasi-cubic
phase occurs around 260-270 K for all the FA-based 2D perovskites[267]. Compared to HA-
inserted perovskites, the BA- and OA-inserted 2D perovskites show higher sensitivity in the
PL intensity asthe temperature varied, further highlighting the superiority of the HA-inserted
2D perovskite in stabilizing the inorganic framework, particularly for the real-environment

applications exposed to cold-warm cycles.
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Figure4-S12 Exciton binding energy determined by theintegrated PL intensity versus different
temperatures of FA-based 2D perovskite films. We extracted Ev values of the obtained FA-

based 2D perovskites by fitting the temperature-dependent excitonic emission intensity.
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Figure 4-S13 FWHM versus temperature of FA-based 2D perovskite film with BA, HA, and

OA organic spacers, respectively, indicating the intensity of carrier-lattice interaction.
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Fig. 4-S14 (a) J-V curves (under forward and reverse scanning direction) of the best devices

based on various FA-based 2D perovskites with BA HA OA spacers. Js: distribution for the
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Figure 4-S15 Chemical structures and calculated electrostatic potential (ESP) mapping
profiles of thiourea (TU), and selenourea (SENA), respectively. The ESP color bar ranges from

-2.9e-2t0 2.9e-2 for clear comparison.
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Figure 4-S16. (a) the Pb 4f core-level XPS spectra of the HA-inserted 2D FA perovskite films
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with/no SENA additives before annealing, and the peaks of Pb 4f orbitals move towards lower
binding energy. (b)the Se 3d core-level XPS spectraof the HA-inserted 2D FA perovskitefilms
with/no SENA additives before annealing, and the peaks of Se 3d orbitals move towards higher
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Figure 4-S17 Schematic of the 2D perovskite orientation. Scenarios 1 and 2 show two possible

nuclear orientations for the anisotropic precursor to dissolve at the interface.
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Figure 4-S18 (a) The PL intensities result from the front side (air/perovskite) and (b) backside
(perovskite/glass substrate interface) and corresponding normalized PL intensities of control

films and target 2D perovskite filmswith SENA additives.
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Figure 4-S19 (a-c) GIWAXS patterns for the HA-, and HA- SENA perovskite films with the
incident angle of 0.6°, respectively. (b-d) Corresponding intensity profiles along the out-of-

plane direction from GIWAXS results.
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Figure 4-S20 EDS elemental signals for the HA-SU 2D perovskite before annealing, the total

dispersive spectrum of EDS, showing a clear Se element signal.
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Figure 4-S21 EDS elemental signals for the HA-SU 2D perovskite after annealing, the total
dispersive spectrum of EDS, indicating that SENA was removed after annealing.
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Figure 4-S22. (a) The Pb 4f and (b) | 3d core-level XPS spectra of FA-based 2D perovskite
films with and without SENA additives, respectively, after annealing, and the peaks of Pb 4f
and | 3d orbitals both negligible changes.
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Fig. 4-S23 (a-b) AFM topography images (2 um x 2 um) and RM S surface roughness of FA-
based 2D perovskite films treated without and with SENA additive, respectively.
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Figure 4-S24 (a-b) Surface potential 3D images of FA-based 2D perovskite films treated
without and with SENA additive, respectively, at the sametopography area measured by KPFM
(2 um x 2 pm).
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Figure 4-S25 TRPL analysis of control and target 2D FA perovskite filmstreated with thiourea
(TU), and selenourea (SENA), respectively. The TRPL decays were fit by bi-exponential
components using the equation [Y=A1exp(-t/r1) + A2exp(-t/z2)], where A1 and Az are the
amplitudes, 71, and 72 are the PL decay times. In general, the fast decay component (z1)
originates from the quenching of charge carriers at the interface and nonradiative
recombination induced by charge-trapping defect states, and the slow decay component (z2) is

related to the bulk recombination of the charge carriers.
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Figure 4-S26 (a) Transient absorption (TA) color maps of 2D perovskite films with HA spacer
cations. The relative content of each phase was estimated from the intensities of the GSB peaks
and shown in the embedded graph [214].
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Figure 4-S27 Light stability measurements of various 2D FA-based perovskite films. Optical
morphology images of various 2D FA-based perovskite films (based on BA, PA, HA, LA, and
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OA organic spacers) showing their colors with time under light (AM 1.5G, 30-50% relative

humidity, room temperature).
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Fig. 4-S28 Surface water contact angle measurements for 2D RP perovskite films based on
different organic spacers, respectively. The gradually increased contact angle indicates
enhanced hydrophobicity, consistent with the hydrophobic property of the alkyl chain.
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Figure 4-S29 J-V curves of the corresponding control and target 2D perovskite devices based
on 5% SU, 7% SU, and 10% SENA, respectively. The main parameters (obtained in theforward

scanning and reverse scanning) are summarized in Table S1.
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Figure 4-S30 J-V curves of the corresponding devices based on various FA-based 2D
perovskiteswith BA, PA, HA, LA, and OA spacer cations after using the SENA additives. The

main parameters (obtained in the forward scanning and reverse scanning) are summarized in

Table S2.

1.0 30
e
O
<
— E
ShS 3
w Law]
o 3
wo. =
. >
/ . 2
# ——BA-SENA 1 E

02 | ‘\/ ——HA-SENA | 6

o OASENA |
0.0 +—+"+— : : : ~— 0

300 400 500 600 700 800 900
Wavelength (nm)

Figure 4-S31 The external quantum efficiency (EQE) spectra and integrated current densities
are 23.21 mA/cm?, 21.85 mA/cm?, 18.45 mA/cm?, for BA-, HA-, OA- SENA based 2D

perovskite devices, respectively.
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Figure 4-S32 The relationship of Voc versus Js under avaried light intensity of 2D perovskite
devices with SENA additives, the extracted ideal factors of BA-, HA-, and OA-SENA based
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Figure 4-S33 SCLC of corresponding electron-only perovskite devices, the electron trap
densities are cal culated as 9.37 x 10 cm? and 9.09 x 10™° cm™3, and 1.19 x 10%*® cm ™3 for BA-
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HA-, and OA-inserted perovskites, respectively.
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Figure 4-S34 (a) JV curves and photovoltaic parameters of 1.02 cm? large area devices under
forward and reverse scanning direction with and without SENA additives. (b) Optical

photograph of the corresponding 1.02 cm? large area champion devices.
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Figure 4-S35 (a)The initia and final PCE under the MPPT test certificated from Shanghai
Institute of Microsystem and Information Technology, Chinese Academy of Science (SIMIT)
for the champion FA-based 2D PSCs. (b)The MPPT test and EQE measurements were
certificated by the Shanghai Institute of Microsystem and Information Technology, Chinese
Academy of Science (SIMIT) for championing FA-based 2D PSCs.
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Figure 4-S36 Stability of PSCs (a-b) Stability for unencapsulated 2D and encapsulated 3D
perovskite devices performed under (a) 85 °C (dark condition, RH~30+5%), and (b) cold (-
25°C) and warm (85°C) alternating fatigues. The initial efficiencies of the BA-SENA, HA-
SENA, OA-SENA, and FAPDI; solar cells are 17.93%, 19.56%, 13.58%, and 22.75%,
respectively. After 720 hours of therma aging for HA-SENA perovskite devices, the
degradation rate is extremely low (losing ~8.9%). However, BA- and OA-SENA perovskite
devices show much higher degradation rates, losing about 19% and 25% of their original values.
Furthermore, to test the performance changes when encountering cold-warm or other types of
strain fatigues, we also investigated the device performance under cycle shock measurements
of cold (-25°C) and heat (85°C). The initia efficiencies of the BA-SENA, HA-SENA, OA-
SENA, and FAPDIs solar cells in the cyclic temperature measurements are 17.51%, 19.62%,
13.29%, and 23.32%, respectively. Asshownin (b), after 50 cycles, HA-inserted 2D perovskite
solar cell maintains 90.3 % PCE, outperforming BA- and OA-inserted perovskite devices (just
maintaining 76.1% PCE and 54.1% PCE after 50 cycles). These data indicate that HA-inserted
perovskite devices exhibit excellent environmental stability with arelatively low decay rate of
PCE.
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Table 4-S1. Main parameters (obtained in the forward scanning and reverse scanning) of the

best devices of various FA-based 2D perovskites based on 5% SENA, 7% SENA, and 10%

SENA.
Direction Voc (V) | I (MA/cm?) FF (%) Efficiency (%)

Control Forward 1.08 22.61 77.85 19.02
Reverse 1.08 22.58 77.87 19.00

5% SENA Forward 1.08 23.09 74.20 18.50
Reverse 1.09 23.02 74.02 18.57

7% SENA Forward 1.09 23.58 75.20 19.32
Reverse 1.09 23.60 77.86 20.03

10% SENA Forward 1.09 19.26 73.52 15.43
Reverse 1.08 19.34 72.36 15.12

Table 4-S2. Main parameters (obtained in the forward scanning and reverse scanning) of the

best 2D perovskites devices after being treated with SENA additives.

Direction Voc (V) | I (MA/cm?) FF (%) Efficiency (%)
BA- SENA Forward 1.07 22.36 74.89 17.91
Reverse 1.07 22.46 73.78 17.74
PA- SENA Forward 1.08 22.57 77.85 18.97
Reverse 1.08 22.86 77.18 19.05
HA- SENA Forward 1.09 23.58 75.20 19.32
Reverse 1.09 23.60 77.86 20.03
LA- SENA Forward 1.02 20.06 73.76 15.01
Reverse 1.02 20.10 74.36 15.24
OA- SENA Forward 0.97 18.68 74.60 13.52
Reverse 0.97 18.70 74.41 13.49

Table 4-S3. Main parameters comparison of 1.02 cm? large area devices under forward and

reverse scanning direction with and without SENA additives.

Direction Vo (V) | I (MA/cm?) FF (%) Efficiency (%)

Control Forward 1.02 21.53 71.99 14.98
Reverse 1.02 21.68 70.46 14.75
SENA Forward 1.09 22.08 77.68 18.70

Reverse 1.08 21.97 77.21 18.32
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Table 4-S4. Summary of the representative low-n 2D PSCs.

Perovskites n PCE Jsc Method Stability Ref

2 (%) (mA/c?) (Photostability/M oisture/Ther mal)
BAMA 3Pl 13 4 11.10 14.2 Co-solvents None [273]
BA:MAzPbls | 4 1252 16.76 | Hotcasting | AM 15G RH=65% (Te=2250 h); AM 15G | [274]

(T70=2050 h, Teo=200 h)
BA-MA3Pbyl 13 4 13.68 19.94 Cesium Dark RH=30% (T89=1400 h); RH=65% (Tas=36 | [27°]
doping h); RH85% (Te1=24 h); 80 °C (Tg5=16 h)
BA>MA3Phl 13 4 17.26 19.86 Annealing N2 (T96=2000 h) [276]
BA:MA3Phl 13 4 16.25 16.75 Additives | RH=65% (T9:=4680 h); 80 °C (Tes=558 h); AM | [277]
1.5G (Te6=1100 h)
BAMAsPbilz | 4 16.48 1867 | Additives | AM 15G (MPPT) RH=55-60%, (Teo=3200 h); | [27]
RH=55-60% (T2s=86 h); 85 °C (T2=816 h)
BA>MA3Phl 13 4 17.10 17.56 M ;rggsry AM 1.5G (Tss=800 h) [279]
(BA)1s(MA)34P | 4 16.29 20.44 Non- RH=65% * 5%, (T10=160 h); [280]
Dal13 preheating N2 (T97=2040 h);
BEA:MAsP4l13 | 4 16.10 20.63 Spgcer N2 (Te=3500 h) [281]
cations

(3BBA)1sMA2s | 3 18.20 18.22 | Hot casting [282]
Phbsl 10 . Room temperature RH=40% (Ts2=2400h)

3
SI'l?MA)zMAsz 3 15.42 18.89 Additives Dark with RH = 30 + 10% (Tso=1000 h) [283]
PEAFAsPbsliz | 4 11.30 14.70 | Additives RH=45% (T9o=720 h) [284]
PEA-MA3Pbhal 13 4 18.48 18.52 Additives RH=40% (T90:120?\/|h|2>;36|'M 1.5G (Tes=500 h) [285]
PEAMA3Pal13 | 4 17.03 18.47 Additives RH=40% (T90=150 h); 85 °C (T9=1600 h) [286]
FPEA:MA3Pbsl;, | 4 15.20 13.70 | Hydrotherm | RH=30 + 5% (Ts3=1510 h); RH=85% (T&=530 | [287]
3 a h)
PEA2BA1sMA;3 | 4 15.81 16.51 Post- RH = 25 + 5% (Too=496 h); 50 + 5% (Tee=496 | [288]
Pbal13 treatment h); 85 °C (Tes=1590 h)
(BM)(BA)MAP | 4 17.30 19.80 lonic RH=30-60% (Tso=1000 h); RH=85% (Ts=100 | [289
bal 13 Liquid h)

BDAMA3Pbsl13 | 4 14.38 19.90 Additives RH=30-40% (T92=1200 h); 80 °C (Ts2=24h) [290]
AAMA3Pbal 13 4 18.42 18.57 Posg RH=65% (Tes>744 h): N> (Tos>1848 h: [291]
annealing
ThFAMAPDsI1 | 3| 16,72 20| Anti- AM 15G (Too=216 h); N2 (Too=3000h) | 1

17 solvents

GAMAPb4l 13 4 15.27 20.14 Additives RH=50% (T75=480 h); 42 °C and RH=50£5% | [293]

(T62=300 h); 85 °C (Teo=61 h)
(GA)(MA)3Pb3l1 | 3 18.48 22.26 Additives RH=30-40% (Tos=3144 h); 80 °C (T7o=65 h); | [294
0 55% RH and 60 °c (Ts7=200 h) (MPPT)
(NpMA):MAsPL | 4 17.25 20.89 Anti- RH=30 % 5% (Tse=1000 h); N2 at 80 °C [295]
al13 solvents (T80=600 h); N2 (T921=4100 h);
E_EAZM APl 4 18.10 1904 | Additives | o110 5006 (Tes=720 h): 80 °c (Teo=720H): | 1
(PDMA)(MA)sP | 4 15.81 21.10 | Hot cagting RH=30% (Tss=744 h); 80°C and RH=45% [297]
b4l 13 (T75=12 h);
(MAMP)MAsPb | 4 16.53 17.97 | Additives RH=40-50% (Ts2=1000 h); 80°C (Teo=212 h); | [298]
4l13 AM 1.5G (T=505 h)
(PPA)2(Csoos(FA | 4 14.76 19.33 Space [299]
088MA0.12)0.95)3 cations 85 °C and 85% (T94=600 h)

-Pba(lo.e8Bro.12)13
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(BAooPEA01):M | 4 15.46 17.12 Space AM 1.5G (Teo=700 h); N2 (Ts2=7000 h); AM | [300]
AsPbal s cations 1.5G (Tes=1200 h); 85°C (Te0=120 h);
i [301]
E&AAM P)F £o2s)sP 4 1867 1951 | Annealing RH45 + 5% Too=1440 h; 85° Teo=480 h; Teo>50
0.75 0.25)3 thermal cycl&s;
bal13
(BAMP) 4 16.25 1791 Additives [302]
(MAo.75FA0.25)3P RH25 + 5% Tgo=840 h; RH45 + 5% Tgo=840 h;
bal13
PDMAFA3Poyl; | 4 7.11 11.48 Space RH=30-50% (Tas=1440 h); MPPAM 1.5G (303]
3 cations (Te0=500 h)
PDAFAsPbsl1s | 4 13.80 17.30 | Additives RH=30-40% (Tes=540 h); 85°C and N2 [251]
(Te5=1000 h)
it 304]
EEI)Ao,gPAo_zFAgP 4 16.00 17.60 Additives 85 °C (Too=800 h) [304]
4113
BA2FA3Pbal 13 4 18.14 21.62 | Additives RH=40% and 85 °C (Tea=720 h); AM 15G | [305]
(Tes=720 h)
HA2FA3Pbal 13 4 20.03 23.60 Additives | AM 1.5G MPPT (Te>1000 h); RH=30% 85°C | This
(Tss > 720 h); -25°C- 85°C (Tes > 50 cycles) | Work

a Here n represents average n based on theinitial composition.

Table 4-S5. Fitting parameters for the kinetics of HA and HA- SENA treated 2D FA-based
films, te represents the establishment of the bleaching peaks; T1 and T2 are the fast decay and

slow decay components.

Spacer Phase Tet [P T1[ps] T2[ps
n=3 \ 0.6258 17.4826
HA n=4 \ 0.66166 7.38545
Largen 0.86553 \ \
n=3 \ 0.28997 28.21
HA- SENA n=4 \ 0.3878 23.04
Largen 0.547 \ \

Table 4-S6. Perovskite crystal data and structures.

Spacer | Layer | Crystal System | Space a b c
group
BA n=4 Orthorhombic | Ccmm 9.02A | 6222A | 871A
HA n=4 Orthorhombic | Cemm | 9.53A | 66.99A | 7.85A
OA n=4 Orthorhombic | Ccmm 929A | 71.23A | 822A
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Chapter 5 Oriented Low-n Ruddlesden-
Popper Formamidinium-based Perovskite
for Efficient and Air-Stable Solar Cells

The sun's energy can be transformed into usable power
and the day will come when mankind will use
this inexhaustible resource more wisely

------- Charles Fritts

The relatively lower crystallinity and random orientation of quantum well structures hinder
carrier transport and limit the performance of formamidinium (FA) based low-n 2D
perovskite devices. In thiswork, the crystallization and quantum-well orientation were fine-
tuned to achieve efficient low-n FA-based Ruddlesden-Popper perovskite solar cells. The
effects of different ionic additives on the crystallization, orientation, and photovoltaic
performance of FA-based low-n 2D perovskites were comparatively investigated. We found
that NH4" and SCN" can significantly retard the heterogeneous crystallization of low-n
phasesin theintermediate state and drive the templated growth of the quantum well structure
with vertical orientation. The optimized photovoltaic device based on (BA)2(FA)sPbal13
achieved a power conversion efficiency (PCE) of 18.14%, setting the highest record for FA-
based low-n 2D perovskite solar cells as far as we know (average n=4). The unencapsul ated
device exhibited excellent stability and maintained 93.3% of its original PCE at 85°C, and
86.3% at 1 Sun illumination after 720 hours in humid ambient conditions.

5.1 Introduction

Layered two-dimensional (2D) Ruddlesden-Popper (RP) perovskites have attracted great
attention for their usein photovoltaic devices dueto their excellent optoel ectronic properties] 78,
277, 306-312]. Owing to efforts in composition control, crystallization optimization, grain
growth, and passivation, the solar conversion efficiency and stability of 2D-based perovskite
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solar cells (PSCs) have achieved rapid progress in recent yearg 313-319]. One of the attractive
properties of 2D perovskite isits tunable wide bandgap[ 80, 320]. In general, reducing the layer
number (n) of 2D perovskite layers can increase the optica bandgap via the quantum
confinement effect[320, 321]. In comparison with the wide-bandgap 3D perovskitesthat suffer
from low ambient stability and composition segregation, the low-n 2D perovskites show
excellent stability owing to the successful passivation by hydrophobic spacer cations[322, 323].
Currently, the pure-FA-based high-n 2D perovskites enabled efficient PSCs reaching an
efficiency of 21.07%[324]. However, the device efficiency of FA-based low-n 2D perovskites
isstill low (the highest recorded efficiency for n=4 is 16.0%) [251, 313].

Apart from the increased exciton binding energy due to the reduced quantum well thickness,
the main obstacle to high efficiency is the relatively low crystallinity in low-n 2D perovskites
as well as disorderly oriented layered structures that hinder carrier transport[313, 325]. The
increased amount of spacer cations in lower-n phases can confine parallel growth and gain
superiority in competition with smaller central organic cations which try to expand crystal
growth outside the layerg326, 327]. To keep a vertically oriented layered structure while
reducing nis significant for realizing efficient and stable single- and multi-junction solar cells.
At present, although great progress has been achieved in MA-based 2D perovskites, thereisa
strong motivation to replace MA with FA because of the high thermal stability of FA-based
perovskites. The crystallization of FA-based 2D perovskites is more complex in contrast to
extensively studied MA-based analogs, including (i) disordered nucleation and growth either
with corner-sharing or face-sharing structures, (ii) stronger interaction between FA cations and
[Pble]* octahedrons, (iii) various interaction between FA cations with the commonly used
solvents to retard crystalization like dimethyl sulfoxide (DMSO) [251, 313, 324]. These
factors could disorder the crystallization and result in randomly distributed layered structures.
For low-n FA-based 2D perovskites, this effect would be exacerbated, as more spacer cations
areinvolved in the crystallization process when n is reduced. Few efforts have been devoted to
crystallographic studies of the growth and orientation of pure FA-based low-n 2D perovskite.
Some solutions to tune the crystallinity and orientation have been investigated, like
formamidinium chloride (FACI), hydrochloric acid (HCl), and thiourea (TU) [251, 328, 329].

However, the device efficiency isstill [imited and callsfor arational approach to precisely tune
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the crystallization and orientation of FA-based low-n 2D crystals, thereby enabling charge
transport along vertically aligned quantum well structures. In previous results, NH4*, Cl~ and
SCN- ions have been used successfully to modulate crystallizationin MA, Cs, or FA-MA-based
perovskite solar cells. Neverthel ess, acomprehensive understanding of the effects of theseionic
additives on pure FA-based 2D perovskite films has yet to be achieved. Thus, it is of great
interest to explore the roles of these ionic additives in low-n 2D FA perovskites to achieve
efficient and stable perovskite solar cells.

Here, we report away of tuning the crystallization and vertical growth of pure FA-based low-
n 2D RP perovskites. We show that the synergistic effect of NH4" and SCN™ additives is more
beneficial to control the nucleation of pure FA-based compositions. The heterogeneous
crystallization of low-n phasesisinhibited on both bottom and top interfacesin theintermediate
state, followed by templated growth of vertically orientated quantum well structures
accompanied by the ionic exchange process. The resulting films exhibit excellent out-of-plane
orientated layered structure, increased grain size with reduced trap density, and improved
carrier lifetime. Finally, the optimized perovskite solar cell achieved a high-power conversion
efficiency (PCE) of 18.14%, which is the highest to date for FA-based low-n 2D devices with
an average n=4 to the best of our knowledge. The unencapsulated devices exhibited excellent
stability and maintained 93.3% PCE at 85°C, and 86.3% at 1 Sun illumination after 720 hours

in humid ambient conditions.
5.2 Experimental section

5.2.1 Materials

All the materials and chemicalsin our work were used as received without further purification.
Formamidinium iodide (FAI, 99.99%, Xi’an Polymer Light Technology Corp.). Lead iodide
(Pbl2, 99.99%, Xi'an Polymer Light Technology Corp.). n-Butylammonium iodide (BAI,
99.99%, Xi’an Polymer Light Technology Corp.) Ammonium rhodanate (NH4SCN, 99.99%,
Sigma-Aldrich), Ammonium chloride (NH4Cl, 99.99%, Sigma-Aldrich), 2,2',7,7-Tetrakis [N,
N-di(4-methoxyphenyl) amino] -9,9'-spirobifluorene (Spiro-OMeTAD, 99.99%, Borun New
Material Corp.). Bis (trifluoromethane) sulfonimide lithium salt (Li-TFSI, 99.99%, Sigma-
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Aldrich), 4-tert-butyl-pyridine (tBP, 99.99%, Sigma-Aldrich), Tin dioxide (SnOz, colloidal
dispersion (15%), Alfa Aesar). N, N-dimethylformamide (DMF, anhydrous, 99.7%, Sigma-
Aldrich), dimethyl sulfoxide (DMSO, anhydrous, 99.7%, Sigma-Aldrich), and Isopropyl
alcohal (IPA, anhydrous, 99.9%, Sigma-Aldrich).

5.2.2 Preparation of perovskite precursor solutions

The 1.0 M perovskite precursor solution of (BA)2(FA)sPbaliz was prepared by mixing a
stoichiometric ratio of 2:3:4 for BAI, FAI, and Pbl2 in 900uL DMF and 100 pL DMSO. The
additives of NH4SCN and NH4Cl were then added to the precursors with designated molar

ratios. All solutions were stirred overnight at room temperature before use.

5.2.3 Fabrication of solar cdlls

Perovskite solar cells were fabricated on pre-patterned FTO glass substrates. FTO substrates
were etched with zinc powder and diluted hydrochloric acid (HCI) to produce the desired
pattern and then washed with detergent, deionized water, ethanol, acetone under ultrasonic and
then washed by UV-ozone, each step for 15 minutes, respectively. Then, the diluted SnO2
colloid (15%, diluted by deionized water with avolume ratio of 1:5) is spin-coated onto FTO
substrates at 3000 rpm for 30 s and annealed on a hot plate at 150 °C for 30 min. After cooling
to room temperature, the FTO/SnO. substrates were further treated with UV ozone for 15
minutes. The perovskite layer is spin-coated onto the FTO/SnO. substrates by the one-step
deposition method. The (BA)2(FA)sPbal13 perovskite films were obtained by spin-coating the
precursor at 5000 rpm in the N2-filled glove box, at 15 s before the end, 300 pL of isopropanol
was gently dropped onto the center of FTO/SnO: substrate. After dripping the antisolvent, the
substrate was followed by heating at 150 °C for 30 min in ambient conditions (with 30-40%
relative humidity) to obtain the final perovskite films. After cooling down to room temperature,
the hole-transport layer of the Spiro-OMeTAD layer was deposited on top of the perovskite
films by spin-coating 80 L of the precursor solution at 3000 rpm for 30 s. The Spiro-OMeTAD
solution was prepared by dissolving 73mg Spiro-OMeTAD in 1ml CB with 17.5uL Li-TFS|
(520mg/ml, acetonitrile) and 28.8uL tBP as dopants. For the stability tests, the hole transporting
materials was replaced by PTAA, for which 20 mg ml** PTAA doped with ~1% 2,3,5,6-
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Tetrafluoro-7,7,8,8-tetracyanoquinodimethane (F4-TCNQ) dissolved in toluene (preheated to
avoid precipitates) was spin-coated at 2500 rpm for 30s. Finally, the devices were completed
by thermal evaporation of a 60 nm Au electrode.

5.2.4 Characterization

GIWAXS measurements were performed at beamline BL14B1 at the Shanghai Synchrotron
Radiation Facility (SSRF). SEM measurements for top view and cross-sectional samples were
obtained by Tescan Maia3 Gmu (model 2016). AFM measurements data were measured on
Dimension Fast Scan Bio Atomic Force Microscope. The XRD patterns were taken on the
Rigaku Dmax 2600 diffractometer using Cu Ka radiation with a Nickel filter. UV-vis
Absorption Measurements of perovskite film were recorded by Shimadzu UV2450
spectrometer. X-ray photoel ectron spectroscopy (XPS) was performed on an AXIS UltraDLD
(Kratos) spectrometer. FTIR was conducted on a Thermo Scientific Nicolet 6700 Spectrometer.
DLS was collected on NanoBrook Omni from Brookhaven Instruments. PL and TRPL
measurements were obtained by using an FL S1000 spectrometer (Edinburgh Instruments) with
470 nm excitation wavelength and a 500nm optical filter. PL mapping was realized on the
LeicaTCS SP8 STED 3X super-resolution system. Current density-voltage curves (J-V curves)
were collected using a Keithley 2400 source-meter under AM 1.5G 1sun illumination from a
3A simulator (Newport, Oriel® Sol3A™, 94023A), calibrated by standard silicon reference
cell (Newport, Newport Oriel 91150-KG5). The cells were covered by a shadow mask with an
aperture area of 0.08 cm?. External quantum efficiency (EQE) measurements were conducted
on SM-250 (Bunkoukeiki) using monochromatic incident light of 1x10%* photons cm 2 with
the alternating current mode. The device's stability was tested in a BIR-50 solar cell light
resistance testing system. The operational stability tests were carried out at the MPP for the
encapsulated devices under AM1.5G illumination (100 mW cm2). For thermal stability, the
tests were conducted on another aging chamber with atemperature controlled at 85+5 °C. The
space charge limited current (SCL C) was measured by an electrochemical analysis instrument
(Zahner, Germany). The static contact angle tests were characterized by awater droplet with a

DSA 100 instrument.
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5.3 Results and discussion

5.3.1 Orientation and crystallization of 2D perovskites
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Figure 5-1. GIWAXS patterns of perovskite films treated by different additives. (a-C)
GIWAXS patterns of the control (a), NH4Cl (b), and NH4SCN (c) treated perovskite films; (d-
f) The schematic diagram of quantum-well orientations in perovskite films with random

orientation (d), parallel orientation (e), vertical orientation (f) relative to the substrate.

We fabricated 2D FA-based perovskite thin films by the one-step spin coating method (Figure
5-S1). N-butylammonium iodide (BAI), formamidinium iodide (FAI), and lead iodide (Pbl>)
were dissolved in amixed solvent of DMF and DM SO with amolar ratio of 2:3:4 with aproper
amount of additives. At the end of spin-coating, isopropanol (IPA) was used as an anti-solvent
to extract excess solvents. Subsequently, the perovskite films with different additives were
thermally annealed at 150 °C for 30 min under ambient conditions (30—40% relative humidity)
to obtain dark brown 2D FA-based perovskite films.

Grazing-incidence wide-angle X-ray Scattering (GIWAXS) was used to investigate the
orientation of 2D FA-based perovskite films. The GIWAXS patterns of the perovskite films
treated with different additives are depicted in Figures 5-l1a-c, and the corresponding
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schematic diagram of quantum-well orientationsisillustrated in Figures 5-(1d-f). The grazing
incidence angle was set as 0.5°[314], in thisregime, the detective X-ray can penetrate ~210 nm
thickness of the film as calculated in Figure 5-S2. This depth is comparable to the resulting
perovskite film thickness according to cross-sectional SEM results mentioned later. As shown
in Figure 5-1a, the control film shows Debye-Scherrer diffraction rings with relatively lower
diffraction intensity, especialy at the higher g range (g>1.7A™Y), indicating that a substantial
portion of the film possesses randomly oriented grains. The diffraction ringsat 0.78 and 0.9 A-
! could be ascribed to hexagonal § and Pbl2 phases at the surface, respectively, which may
relate to incomplete transformation to perovskite phases and can be avoided after additive
treatment. In Figure 5-1b, the film treated with NH4Cl has a higher diffraction intensity,
indicating the well-crystallized property of the film. However, obvious diffraction spots
appeared at a low q range along the out-of-plane (gz) direction (Figure 5-S3), which can
correspond to the (0k0) planes of low-n layered phases, indicating the in-plane orientation of
2D quantum wells (Figure 5-1€) that will hinder the charge transfer and reduce the device
performance [330]. In contrast, the film with NH4SCN additives exhibited sharp and discrete
Bragg spots, implying that the perovskite films have a more ordered orientation. Meanwhile,
the absence of diffraction along gz lower than 1 A~ indicates the out-of-plane orientation of 2D
guantum wellg[326] (Figure 5-1f). The integrated results aong the out-of-plane and in-plane
directions manifest the preferred orientation of NH4SCN treated film (Figure 5-S3). These
results demonstrate that the NH4SCN additive can inhibit the in-plane growth of 2D FA
perovskite and drive the growth of highly oriented layered structures perpendicular to the
substrate, which can act as continuous charge transport channels for effective charge transport

and further extraction.
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Figure 5-2. Crystallization and film property of 2D perovskites. (a-b) Steady-state PL
spectra from bottom (a) and top side (b) of as-prepared films; (¢) FTIR of different
compositions; (d-e)UV-Vis (d) and XRD (e) patterns of additivestreated films; (f-g) Pb 4f and
| 3d core level XPS for additives treated films; (h) DL S of perovskite precursors.

The crystallization with different additives was then characterized. The photoluminescence (PL)
of intermediate and annealed films was detected from the bottom (glass) side [251]. As shown
in Figure 5-2a, the NH4SCN-treated intermediate film significantly inhibited the formation of
lower-n (n<4) phases at the bottom, which are always conducive to paralel growth of 2D
layered structures[326]. After annealing, both control and NH4Cl-treated films showed
enhanced low-n phases, indicating the growth of layered structures at the film/substrate

interfacein these cases. In the case of NH4SCN, the low-n phasesin the anneal ed film exhibited
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similar PL intensity with that in the intermediate, demonstrating inhibited growth of these
phases during the following annealing process. This can be attributed to the strong retardation
of SCN- in the crystallization process, which can strongly coordinate with Pb?" and organic
ions. It shows that NH4Cl can also inhibit the formation of low-n phases in the intermediate
state, but the intensities of these phases were still enhanced after annealing, probably because
of the weaker interaction of Cl- with Pb?* or with organic ions compared to SCN". After
annealing, the main peak positions of NH4Cl or NH4SCN treated films also showed ared shift
compared with the intermediates. This can relate to ionic exchange from Cl- or SCN™ mediated
phases to full |- phases, and/or replacement of NH4" by FA™ ions after annealing. Thus, it can
be inferred that retarded crystallization occurred after the trestment with ionic additives, and
SCN- has a stronger ability in reducing the heterogeneous nucleation of low-n phases than CI-,
consequently inhibiting the parallel growth of layered structures. The photoluminescent
property from thetop (film) sidewasalso confirmed. Asshown in Figure 5-2b, after annealing,
the emission peak of NH4SCN treated film is the strongest at 796 nm with the narrowest half
peak width compared with the control and NH4Cl treated films, suggesting well crystallinity
of the NH4SCN treated film with lower carrier traps. The exciton peak distribution of the
spectrum further proves that the NH4SCN additive can also effectively suppress the growth of
the low-n phases near the film surface, avoiding templated parallel growth of layered structures
that is not conducive to the carrier transport in the device[331]. These results are consistent
with that from GIWAXS, indicating SCN™ had a strong retarding property on crystallization,
and inhibited heterogeneous nucleation at both top and bottom interfaces, favoring vertically

oriented growth of 2D layered structure.

FTIR results in Figure 5-2c manifest the strong interaction of SCN- with Pb and FA cations.
the C=N stretching vibration of NH4SCN significantly shifted from 2059.7 to 2092.1 cm™ after
interacted with Pbl2, and the symmetric stretching of C=N in NH4SCN at 1435 cm? also split
into peaks at 1410.6 and 1377.7 cmL, respectively. These changed vibrational signals can be
seen asthe loss of vibrational degeneracy since the interaction between electron acceptor Po?*
with electron donor SCN". Interaction between FA* and SCN™ was also investigated. FAl hasa
symmetric stretching vibration of C=N mainly at 1690.1 cm, obviously shifted to 1719.4 cnmv
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1 when interacting with NH4SCN. This can be caused by changed hydrogen binding

interactions between these species.

The UV-Visresultsin Figure 5-2d showed relatively reduced exciton absorption peaks of |ow-
n phases after treatment by NH4Cl and NH4SCN, with clear absorption structures of 2D layered
perovskites. X-ray diffraction (XRD) results in Figure 5-2e further revealed improved
crystalinity and orientation. Higher intensity diffraction peaks and smaler FWHMs
demonstrate the effectiveness of the additives, corresponding to enhanced crystallinity and
enlarged grain sizes. The diffraction peaks at about 14.1° and 28.3° represent the (111) and
(202) diffractions of 2D perovskite, respectively. Compared to the additives-treated films, the
control film has more chaotic diffraction peaks within 10° which can correlate to (OkO) planes
of low-n phases, indicating randomly grown layered 2D phases [327]. The NH4Cl-treated film
depicts a diffraction peak in the magnified XRD patterns at 9.1°, which can correspond to the
(OkO) diffraction peaks of the low-n phase of 2D FA perovskite. For NH4SCN-treated film, few
of these peaksin the XRD pattern imply that the 2D perovskite sheets in the film are oriented
mainly perpendicular to the substrate, which can facilitate efficient charge transport [252]. The
increased | 202)/1(112) intensity also indicates ahigher degree of vertical orientation of NH4SCN-
treated films (Figure 5-$4) [332]. It can be inferred that the additives neither entered the
perovskite lattice nor distorted the Pb-I framework, but only played a role in tuning the
crystallization of the perovskite films. The X-ray photoelectron spectroscopy (XPS) resultsin
Figures 5-2f,g revealed unchanged binding states of Pb 4f and | 3d core level after additive
treatment. The absence of a sulfur signal in the XPS result and the absence of characteristic
vibration peaks of SCN"in FTIR curves (Figure 5-S5) suggest that SCN™ does not exist in the
lattice of perovskite films.

The morphology evolutions of perovskite films treated with additives were also investigated.
According to Ostwald ripening theory, enhancing the colloidal size in the precursor should
assist in grain growth[105, 316]. We measured the colloidal size in the precursor by the
characterization of Dynamic Light Scattering (DLS). The result in Figure 5-2h shows that the
precursor added with NH4SCN exhibited an enlarged colloidal size (average 110.9 nm)
compared to the control (25.2 nm) and NH4Cl (93.6 nm) added solution. This tendency is

consistent with that of grain sizesfrom SEM results as shown in Figures 5-3a-c. When NH4Cl
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and NH4SCN additives are introduced, the crystal size of perovskite films becomes larger
compared with the film without additives. Especially for the perovskite prepared with NHsSCN
additive, a reduction of the void’'s generation and formation of larger grains in the film was
observed. The SEM and XRD results of different concentrations in Figures 5-S6,7 showed an
optimized value of 7.5%. Thelattice strains of NH4SCN treated filmswere al so cal cul ated[ 313,
333], the corresponding result showed tensile strainsin the range of 0.00128-0.00157, as shown
in Figure 5-S7. This level is lower than previously reported MA-based 2D perovskites333].
Atomic Force Microscope (AFM) imagesin Figures 5-3d-f and Figur e 5-S8 further confirmed
these results, where the NH4SCN treated film surface shows larger grains and well-defined
grain boundaries, accompanied by flatter surface potential distribution (Figure 5-S9). As
previously mentioned, the morphological difference could be attributed to the stronger
interaction of SCN™ with the perovskite components than CI-, resulting in more regular and
enlarged crystal graing 332].

(a) (b) (©
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NH4SCN

»
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¥
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Figure 5-3. The mor phology evolutions of perovskite films. Top-view SEM (a-c) and AFM

(d-f) images of perovskite films treated with no additives (a, d), NH4Cl additives (b, €), and
NH4SCN additives (c, f).

Time-resolved photoluminescence (TRPL, Figure 5-S10) was used to further characterize the
properties of NH4SCN-treated film. The band edge carrier lifetime was extracted using adouble
exponential decay function that fits the spectral data]292, 334]:
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Y=A exp(—Ti) +A exp(—Ti) +%

Where 71 corresponds to the rapid non-radiative recombination caused by defects or impurities
in grains, 72 represents the slow recombination of charge carriers [335, 336]. The calculated
average charge carrier lifetimes for the control and films treated with NH4Cl and NH4SCN
additive are 61.8ns, 94.1ns, and 144.3ns, respectively. The significant increase in the carrier
lifetime indicates a marked improvement in charge transport and reduced non-radiative
recombination in the NHaSCN-treated film, which can be due to the improved film properties

with lower lattice defects.

Based on these results, it can be concluded that NH4SCN additives in perovskite precursor
solutions can significantly suppress low-n-phases formation and drive the vertical growth of
pure FA-based low-n 2D perovskites, thereby facilitating carrier transport and reducing non-
radiative carrier recombination. These properties are of vital importancefor efficient and stable
perovskite solar cells. The NH4SCN additive can significantly improve the crystallization and
orientation of pure FA-based 2D perovskite films, which could be attributed to the following
reasons according to our results: (i) The smaller NH4" anions can easily diffuse into the [Pbl]
octahedron and enhance the saturation solubility of Pb-l1 plumbate, thereby inhibiting the
homogeneous nucleationin the liquid film; (ii) SCN" possesses linear Lewis structure, and lone
pair electrons from S and N atoms which can strongly coordinate with Pb** ions and FA*
cations in precursor solution, thus forming more stable intermediate structure before
crystallization (Supplementary note 1). These factors benefit stable aligned crystalization
along the 3D-like templateswhich prefer to form at the top surface after anti-solvent extraction,
thus enhancing the vertical orientation of the layered structures[326]. Importantly, during the
high-temperature annealing process, SCN" is more prone to exchange with |- compared to CI".
Because SCN™ has a more matched effective ionic radius than ClI- (SCN™ =217 pm, CI- =181
pm, I =220 pm), the utilization of thision can avoid structure destruction and material defects
[337, 338]. It was also demonstrated previously that SCN™ ions can drive and stabilize the
formation of corner-sharing structures of FAPbIs, which can avoid the generation of

undesirable phase-sharing structures during the crystallization process|339]. Therefore, we
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consider that the synergistic effect between ions in NH4SCN is beneficial to regulating the
nucleation and growth of 2D grains, significantly increasing the grain size improving the

guantum well orientation, and reducing the defectsin films.

5.3.2 Photovoltaic performance and stability of devices
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Figure 5-4. Photovoltaic performance of devices. Cross-sectional SEM images of NH4SCN
treated PSC; (b-c) J-V curves (b), EQE (c) curves and integrated photocurrent for different
additives treated devices, (d) Statistical PCE histogram of 50 devices based on different
additives treated perovskites; (e) Ideadlity factor for different additives treated devices; (f)

SCLC of electron-only devices.

We further evaluate the performance of low-n 2D FA-based PSCs treated with additives. All
fabricated perovskite solar cells adopted the device structure of FTO/SnO2/Perovskite/Spiro-
OMeTAD/Au, and the corresponding cross-sectional SEM images are illustrated in Figure 5-
4aand Figure5-S11. The grain size of the control perovskiteistoo small to penetrate the entire
film, and the grain boundary will hinder carrier transport. In contrast, NH4SCN-treated
perovskite film was dense, uniform, and had larger grains (approaching um grade) which are
comparable to the film thickness. The optimized concentration of NH4SCN was determined as

7.5% (molar ratio), asits pin-hole free property of the films and the most enhanced crystallinity
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(Figures 5-S6,7), consistent with that of device performance (Table 5-S1). The optimized
concentration of NH4Cl was also determined as 15% based on the device performance (Table
5-S2). Representative current density-voltage characteristics (J-V) of different additive-treated
PSCswith average n=4 are shown in Figur e 5-4b, and all the extracted photovoltaic parameters
are summarized in Table 5-S3. Among all the devices, the champion PSC with NH4SCN
additive achieves a maximum PCE of 18.14%, combined with Voc of 1.062 V, Jsc of 21.62
mA-cm? and FF of 78.96%. Compared with control and NH4Cl treated devices, the increase
of PCE after NH4SCN treatment was primarily due to the increase of short-circuit current
density (J<) and fill factor (FF), which could be attributed to larger grains and optimized
orientation of quantum well structures. The integrated current densities calculated from
external quantum efficiency (EQE) spectra of control, NH4Cl, and NH4SCN additive-treated
devices (Figure 5-4¢) were 18.42 mA cnm?, 19.73 mA cm?, 20.92 mA cm?, which matched well
with Jsc values obtained from the J-V curve. Figure 5-4d shows the statistical distribution of
PCE for a batch of 50 PSCs, the PCE significantly improved while maintaining good
reproducibility with the assistance of the NH4SCN additive. The IV performance of 2D FA-
based PSCs with average n=3 was also tested as shown in Figure 5-S12. The device efficiency
shows enhancement from 5.96 to 8.78% after treatment of NH4SCN. This PCE value is aso
comparable to the highest reported values for n=3 (Table 5-$4), verifying the unique
advantages of NH4SCN in enhancing the performance of low-n 2D FA-based perovskites.

To evaluate the carrier transport and recombination of the devices, the relationship between Voc
and photocurrent under different illumination intensities was used (Figure 5-4€), according to
the formula[340]: 6(Voc)/0(In lpn) = nkeT/qg, where lpn isthe light intensity, ke isthe Boltzmann
constant, T is the absolute temperature, q is the elementary charge, and n is the ideality factor.
The curves slope of control and that treated with NH4Cl and NH4SCN additives were 1.99
(ksT/q), 1.69 (ksT/q) and 1.47 (ksT/q), respectively. The higher ideality factor of the devices
confirms that the 2D perovskite with NH4SCN additive is more conducive to efficient charge
transport and reduced recombination. We further performed space charge-limited current
(SCLC) measurements to investigate the defect density of corresponding films (Figure 5-4f).
The trap density was determined by the following equation [341, 342]: Nt =(2s0erVTeL)/(QL?),
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where VreL isthe trap filling limited voltage, L is the thickness of the perovskite film, er isthe
relative permittivity of perovskite [275], o is the vacuum permittivity (8.854x10 12 F-m 1).
The VrrL of the control, NH4Cl, and NH4SCN treated devices in the trap-filling confinement
region were determined to be 0.89 V, 0.77 V, and 0.62V, respectively, and the corresponding
electron trap densities were calculated to be 9.80x10% cm3, 8.54x10% cm® and 6.90x10° cnr
3, respectively. The SCL C results show that the perovskite films treated with NH4SCN additive
can effectively reduce the electron traps, thereby significantly eliminating the trap-assisted

non-radiative recombination loss, consistent with that from TRPL results.
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Figure 5-5. Stability of perovskite films and devices. Contact angle measurement of a water
droplet on control (a), NH4Cl (b), and NH4SCN (c) treated FA-based low-n 2D perovskitefilms.
PL Mapping for 200 hours aged (d-f) 2D FA perovskite films treated by different additives,
tested under 1sun illumination in air with 40% relative humidity; (g) Thermal stability of the
unencapsulated PSCs at 85 °C in air with 40% relative humidity; (h) Operational stability of
the unencapsulated PSCs under 1sunillumination (AM 1.5G) in air with 40% relative humidity

at room temperature.
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Although 2D perovskites with reduced n commonly possess better stability due to increased
hydrophobic spacer cations, issues like undesirable phase distribution and crystallization also
influence related performance. We further evaluated the stability of pure-FA-based low-n 2D
perovskite films and devices treated with different additives. Firstly, water contact angle (CA)
measurements were used to study the hydrophobic characteristics of films (Figure 5-5a). The
contact angles of the control, NH4Cl, and NH4SCN-treated films are 54°, 61°, and 76°,
respectively, indicating that the NHiSCN-treated perovskite films have increased
hydrophobicity. This may be related to the reduced grain boundaries and well crystallinity of
NH4SCN-treated film. The hydrophobic character was further investigated by an aging test
under 1 Sunlight illumination in air with 40% relative humidity. In this test, the fresh and aged
films after 200 hours were characterized by PL Mapping (Figure 5-5d-f). The obvious
degraded region can be observed for the control film after the aging test. The NH4Cl-treated
film also showed a significant intensity decrease in the whole mapping region. For comparison,
the NH4SCN-treated film showed good stability with slightly changed fluorescence intensity.
It should be noted that we didn’t observe the generation of 1D ¢ phase or another polytype after
illumination [343] (Figure 5-S13), indicating superior phase stability of well-crystallized low-
n 2D FA perovskites. These results suggest enhanced film stability under both outer moisture
ingress and light illumination with NH4SCN treatment, which will be beneficial for enhancing

the ambient operational stability of corresponding devices.

We then investigated the stability of devices under high temperatures and operational
conditions. Figur e 5-5g shows the PCE evolution for unencapsul ated devices under 85 °C with
40% relative humidity. The NH4SCN-treated device exhibited the best thermal stability,
retaining around 93.3% of initial efficiency after 720 hours, while for the control and NH4Cl-
treated devices, this value turned to 73.2% and 50.9%, respectively. The operational stability
under 1 Sun illumination at ambient conditions was then evaluated. The NHaSCN-treated
device maintained 86.3% after continuousillumination for 720 hours (Figur e 5-5h), better than
the control and NH4Cl-treated devices which degraded by 68.2% and 43.2% after the same
operation. These results suggest an air-stable FA-based low-n 2D perovskite could be realized
by NH4SCN treatment, paving the way for realizing highly efficient and air-stable perovskite
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solar cells.

5.4 Conclusion

In conclusion, we demonstrated an ionic NH4SCN additive to drive the crystallization and
orientation of FA-based low-n 2D Ruddlesden-Popper perovskites. The combination of NH4*
and SCN- can strongly retard the crystallization and inhibit heterogeneous crystallization of
low-n phases in the intermediate state. The subsequent templated growth of the quantum well
structure is accompanied by an ionic exchange process. Asfor the stronger interaction of SCN-
with perovskite composition, and more matched ionic radius with |-, the films treated by
NH4SCN showed better crystallinity, orientation, grain sizes, and reduced material defectsthan
commonly used NH4CI. Theresulting BA2FA3Pbal 13 film exhibited aprolonged carrier lifetime
and reduced trap density. Finally, the optimized device achieved a champion PCE of 18.14%,
which is the most efficient 2D pure FA-based PSC to date with an average of n=4 (Table 5-
$4). Importantly, the unencapsulated 2D PSCs showed excellent air stability and maintained
93.3% PCE at 85°C, and over 86.3% under 1 Sun illumination after 720 hours in ambient
condition with a relative humidity of 40%. Our findings thus provide new insights into
understanding the effects of ionic additive on FA-based low-n 2D perovskite, which is yet to
be exploited and make sense for efficient and stable single- and multi-junction perovskite solar

cells.

5.5 Appendices
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Figure 5-S1. Schematic diagram of the fabrication process of FA-based low-n 2D perovskite
films by one-step spin coating method.
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Supplementary note 5-1: We illustrate chemical equations below to demonstrate the
crystallization process with the involvement of NH4SCN:
1. NH4" diffuse into the [Pblx]" octahedron:
[Pblx]” + NH4" — [(NH4)PbIx]-  (2)
2. SCN- coordinate with Pb?* ions and FA* cations:
[Pblx]” + SCN" — [PbIx(SCN)y]" (2)
FA* + SCN-— FA*-SCN- 3
3. Formation of 2D perovskites upon annealing companies with ion exchange process.
BA* + 1"+ FA*SCN" + [(NH4)Pblx]" + [Pblx(SCN)y]" — BA2FAn-1)Pbnlan+1) + NH3 1+
HSCN 1 (4)

Supplementary note 5-2. Calculation of X-ray penetration depth vsincident angle
For an ideally flat surface, the value of X-ray penetration depth can be calculated from

expression, where the intensity is reduced to 1/e of the original intensity [344].
1

A A
22 \/\/(042—053)2+4/32 (o)

Where o, istheincident angle, Aisthe X-ray wavelength, o,=v20 isthe critical angle of

total reflection and 8 the imaginary part of the index of refraction.
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Figure 5-S2. Calculated X-ray incident depth as incident angle. The red dot represents the
specific value in the GIWAXS measurement of this work, where the grazing incidence angle

was set as 0.5°.
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Figure 5-S3. The out-plane (a) and in-plane (b) integrated profiles from GIWAXS patterns of
FA-based low-n 2D perovskite films treated with different additives.
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Figure 5-$4. | o2/ | (11y) ratio of FA-based low-n 2D perovskite films treated with different
additives.
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Figure 5-S5. (Q)XPS spectra for the sulfur signal of 2D perovskite films with and without
NH4SCN additives. (b) FTIR curve of the films with and without NH4SCN additives.

Figure 5-S6. SEM images of FA-based low-n 2D perovskite films treated with different
concentrations of NH4SCN (scale bar: 1um).

Strain calculation through Williamson-Hall plot:
Williamson—Hall plots were applied to calculate the residual strain in perovskite films using
Equation : [345]

pcosf=¢(4s n0)+%

Where f is the total broadening of XRD peaks, defined as FWHM, 6 is diffraction angle, € is
residual strain, K is Scherer constant, A is the wavelength of X-ray (1.5418 A), and D is crystal
size of perovskite film. In our work, the XRD peaks located at 14°, 28°, and 43° were used to
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calculate the residua strain. The £ and 0 are extracted from XRD patterns and need to be

converted from degrees to radians before the linear fit.
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Figure 5-S7. XRD results and Williamson—Hall plots fitting of perovskite films treated with

different concentrations of NH4SCN.
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Figure 5-S8. The distribution of grain sizes of FA-based low-n 2D perovskite films treated
with (@) no additives (b) NH4Cl additives, and (c) NH4SCN additives.
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Figure 5-S9. The surface potential distribution of FA-based low-n 2D perovskite films treated

with (a) no additives (b)NH4Cl additives, and (c) NH4SCN additives.
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Figure 5-S10. TRPL spectra of FA-based low-n 2D films treated with different additives.
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Figure5-S11. Cross-sectional SEM images of FA-based low-n 2D PSCsbased on control (left)
and NH4Cl-treated (right) perovskites.
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Figure 5-S12. IV curves of FA-based 2D perovskite solar cells with average n=3 before and

after NH4SCN treated, the device adopted the device structure of FTO/SnO2/Perovskite/Spiro-
OMeTAD/Au.
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Figure 5-S13. XRD of NH4SCN treated FA-based 2D perovskites before and after 1 Sun

illumination in air.

Table 5-S1. Main parameters (obtained in the forward scanning and reverse scanning) of the

best devices based on NH4SCN treated perovskites with different concentrations.

Concentration Direction Voc (V) Js (MA/c?) FF (%) Efficiency (%)
0 Forward 0.975 19.36 63.89 12.06
Reverse 0.984 19.15 66.55 12.54
3.75% Forward 1.025 20.38 72.88 15.22
Reverse 1.028 20.46 73.26 1541
7.5% Forward 1.059 21.56 78.23 17.86
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Reverse 1.063 21.63 77.99 17.93

11.25% Forward 1.042 21.35 75.39 16.77
Reverse 1.038 21.42 76.02 16.90

15% Forward 1.012 21.03 70.32 14.97
Reverse 0.995 20.95 71.69 14.94

Table 5-S2. Main parameters (obtained in the forward scanning and reverse scanning) of the

best devices based on NH4Cl treated perovskites with different concentrations.

Concentration Direction Voc (V) e (MA/cm?) FF (%) Efficiency (%)
0 Forward 0.968 19.52 62.18 11.75
Reverse 0.976 19.68 64.06 12.31
7.5% Forward 1.043 20.85 69.86 15.19
Reverse 1.051 20.66 70.43 15.30
15% Forward 1.035 20.67 71.99 15.40
Reverse 1.047 20.65 73.05 15.79
22.5% Forward 1.017 19.15 64.85 12.63
Reverse 1.041 19.63 67.99 13.89

Table 5-S3. Main parameters (obtained in the forward scanning and reverse scanning) of the

best devices based on FA-based low-n 2D perovskites with different additives.

Additives Direction Voc (V) Jc (MA/cm?) FF (%) Efficiency (%)
NHsSCN Forward 1.062 21.62 78.96 18.14
Reverse 1.067 2161 78.66 18.14
NH4CI Forward 1.044 20.75 73.64 15.95
Reverse 1.044 20.86 73.21 15.94
Control Forward 0.982 19.76 65.90 12.79
Reverse 0.993 19.22 66.41 12.68

Table 5-$4. Summary of the representative FA-based 2D PSCs.

Additives n? Perovskites PCE (%) Year Ref
HCl 9 BE>FAsPbol 28 174 2018 [346]
HCl 9 BAFAgPhol 28 13.16 2020 [347]
MACI 4 PEAFA3Pbal 13 11.3 2018 [348]
MACI 5 (ThMA)2FA4Pbsl 16 19.06 2020 [349]
MACI&PhCl» 5 (4F-PEA)2FA 4Pbsl 16 21.07 2022 [324]
FACI 4 PDAFA3Pb4l 13 13.8 2021 [251]
FACI 4 PDAoPA02FA3Phal 13 16.0 2021 [313]
Thiourea 3 BAzFAsz3| 10 7.33 2021 [325]
NH4SCN 4 BA2FA3Pbal 13 18.14 2022 Thiswor

aHere n represents average n based on the initial composition.
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Chapter 6 De-templated Crystallization in
2D Perovskitesfor Enhanced Photovoltaic
Efficiency

The energy of the sun,

though immense and incomprehensible,

is but afraction of what we seein the universe.
yet even this fraction holds the power

to revolutionize our world
------- Oliver Lodge

2D metal halide perovskites are renowned for tunable optoelectronic properties and superior
stability compared to their 3D counterparts. However, their efficiency in photovoltaic devices
has been hampered due to the disordered alignment of quantum wells and a tendency for in-
plane growth. Herein, we proposed a de-templated crystalization strategy to control the
crystallization kinetics of 2D perovskites via developing a stable intermediate phase in two-
step deposition. By precisely adjusting the chemical interactionsin the precursor solutions and
driving the crystallization process, we successfully eliminate the templated in-plane growth
near the liquid-air interface and promote the formation of highly out-of-plane orientated
crystals, with the grain size exceeding 5 um and carrier lifetime increased by four folds. The
optimized 2D perovskite solar cell achieves a PCE of 21.16% and a Js of 23.71 mA cm™.
Additionally, the devices demonstrate remarkabl e stability, with a PCE decrease of |essthan 5%
after exposure to 65+10% humidity for 1100 hours, heated at 85°C for 1077 hours, or

continuous illumination for 1045 hours.
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6.1 Introduction

2D metal halide perovskites have garnered significant research interest for the development of
long-term stable PSCs due to their robust stability [274, 350-354]. Unlike their three-
dimensional (3D) counterparts, 2D perovskites incorporate long-chain hydrophobic organic
cations as spacers within the perovskite lattice, forming unique quantum-well (QW)
structureq 78, 327, 355]. The hydrophobicity of these organic spacer cations, dictated by the
stoichiometric ratio, protects 2D perovskites from external corrosion and stabilizes their
structure. However, QWs with fewer layers prefer to grow parallel to the substrates[356]
(known as in-plane orientations), which limits the charge carrier transport and mobility across
the layers, resulting in unideal photocurrent and PCE of the resulting PSCs [357, 358]. To
improve the efficiency of 2D PSCs toward that of 3D PSCs, it is essential to adjust the layered
structure from an in-plane to an out-of-plane orientation (perpendicular to the substrate) and

enhance charge transport in 2D perovskites.

The in-plane orientation of the layered 2D perovskite structure is easily initiated by specific
species or substrates due to the Van der Waal s force or electrostatic induction[127, 359]. So far,
various dtrategies to control the crystallization Kkinetics, such as additive-assisted
engineering[151, 360], solvent vapor modulated crystallization [361], and temperature-
controlled hot casting processing[274], typically implemented in a one-step method and mixed
all the compositions in a precursor. The hardly controlled hydrophobic organic spacer cations
tend to segregate and form amonolayer at the air-liquid interface, reducing surface energy and
readily serving as nucleation sites for in-plane growth of the layered structure[128, 362-365].
Methods based on traditional two-step sequential deposition also confront serious segregation
of organic spacer cationg[257], as the large steric hindrance hinders their downward diffusion
and further molecular exchange. Thus, it is critical to eliminate the in-plane templated growth
induced by segregated spacer cations and to initiate new nucleation sites for out-of-plane

crystallization of layered perovskites.

Herein, we present a de-templated crystallization strategy to realize controlled crystallization
kinetics and highly out-of-plane orientation of 2D perovskite QWSs. This method involves a
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strategically preponed deposition of organic spacer cations along with lead iodide (Pbl2) and a
molecular additive in the first step, which forms a stable intermediate phase. This intermediate
phase effectively disrupts the typical in-plane templated growth (de-templated) induced by
spacer cations. Subsequently, the deposition of formamidinium iodide (FAI) at a high surface
concentration in the second step introduces new nucleation sites, significantly reducing the
formation energy required for out-of-plane oriented QWs. This method promotes homogeneous
ion interdiffusion and orderly crystal growth, leading to grain sizes exceeding 5 um, and a
nearly fourfold increase in carrier lifetime. Consequently, the optimized 2D PSC achieved a
notable PCE of up to 21.16%, with the highest reported photocurrent of 23.71 mA/cm? in 2D
Ruddlesden-Popper PSCs. Moreover, these PSCs demonstrate excellent stability, with lessthan
5% decrease in PCE after exposure to 65+10% humidity for 1100 hours, operation at 85°C for

1077 hours, or continuous illumination under 1 Sun solar light for 1045 hours.

6.2 Experimental section

6.2.1 Materials

Lead iodide (Pbl2, 99.99%), Formamidinium iodide (FAI, 99.99%), Hexylamine Hydroiodide
(HALI), phenylethylammonium iodide (PEALI), and thiourea (TU) were sourced from TCI. Bis-
(trifluoromethane) sulfonimide lithium salt (Li-TFSI) and 4-tert-butyl-pyridine (tBP) were
supplied by Sigma-Aldrich. Methylammonium chloride (MACI), and 2,2',7,7'-Tetrakis [N, N-
di (4-methoxyphenyl) amino]-9,9'-spirobifluorene (Spiro-OMeTAD) was sourced from Borun
New Material Corp. chlorobenzene (CB), N, N’-dimethylformamide (DMF), and dimethyl
sulfoxide (DM SO), were sourced from Sigma-Aldrich. A colloidal dispersion of tin (IV) oxide
(SnO2) was sourced from AlfaAesar. 1TO glassand FTO glass were purchased from Advanced
Election Technology Co., Ltd.

6.2.2 Perovskite precursor solution

For the conventional two-step method (TTSD), the Pbl2 (1.0 mol) was dissolved in a solvent
mixture of DMF and DM SO solution, whilethe FAI, HAI, and MACI (6 mg/ml) were dissolved
in the I PA solution. The modified TTSD method with TU in thefirst step was defined in ATSD.
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The modified TTSD with HAI preponed to the first step was defined in STSD. In the SATD
spin-coating method, a mixture containing HAI, FAI, and Pbl2 at the same stoichiometric ratio
of n=4, HAI and Pbl2 were prepared, and TU added to the Pbl2 precursors at concentrations
ratio of Pbl2: TU=1:1 1:1.5, and 1:2 in the DMF and DM SO solutions, respectively. The FAI
and MACI (6 mg/ml) were dissolved in the IPA solution. PEAI and ThDMA-based 2D FA
perovskite films were prepared by dissolving these compounds along with TU and Pblz in
mixed solvents of DMF and DM SO. FAIl and MACI (6 mg/ml) were dissolved in 1PA solution,
maintaining a stoichiometric ratio of 2:3:4 (n=4). HA-based 2D FA perovskite films with
different layers (n=2 and n=3) were prepared by a stoichiometric ratio of 2:1:2 (n=2), and 2:2:3
(n=3), by dissolving HAI, TU, and Pbl2 in mixed solvents of DMF and DMSO. Similarly, FAI
and MACI were dissolved in | PA solution, respectively.

6.2.3 Devicefabrication

First, patterned I TO glass substrates were prepared by a series of ultrasonic baths in detergent,
deionized water, ethanol, and acetone, followed by UV ozone treatment. Each was conducted
for 15 minutes. SnO: colloidal dispersion was then spin-coated at a speed of 3000 rpm for 30
seconds onto the prepared substrates, followed by an annealing processat 150°C for 30 minutes.
The one-step method for 2D perovskite films deposited the precursor solution onto the substrate
via spin-coating at 4000 rpm for 30 seconds, with 300 pL of CB being used as an antisolvent
15 seconds before the end of the process The two-step method consists of first rotating coating
ametal halide precursor solution at 3000 rpm for 30 seconds, followed by rotating coating an
organic cationic solution in IPA for 30 seconds at 5000 rpm. Then, the perovskite layers were
annealed on a hotplate at 150°C for 30 minutes. Afterward, a Spiro-OMeTAD solution, acting
as the hole-transport layer, was spin-coated at 3000 rpm for 30 seconds. This solution was
prepared by dissolving 73 mg of Spiro-OMeTAD in 1 ml of CB to which 17.5 pL of Li-TFS|
(520 mg/ml in acetonitrile) and 28.8 uL of 4-tBP were added as dopants. Finally, gold
electrodes, 60 nm in thickness, were thermally evaporated onto the device to ensure good

electrical contact.
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6.2.4 Characterization of perovskitefilms

X-ray diffraction (XRD) data were obtained using Rigaku Dmax 2600 diffractometer using Cu
Ka radiation with a Nickel filter. Grazing incidence wide-angle X-ray scattering (GIWAXYS)
data were performed at beamline BL14B1 of the Shangha Synchrotron Radiation Facility
(SSRF) with X-rays of 1.2398 A wavelength. X-ray photoelectron spectroscopy (XPS) was
conducted on the AXIS Ultra DLD spectrometer from Kratos. UV-Vis absorption spectra of
perovskite films were conducted using a Shimadzu UV 2450 spectrometer. Transmission
Electron Microscopic (TEM) was used FEI Themis-Z Double-corrected 60-300Kv S/'TEM.
The perovskite films were scratched off from the substrate and dispersed in toluene by
sonication for 10 min, followed by being dropped on a Cu grid for characterization. For
perovskite samples, both top-view and cross-sectional images were captured using a Tescan
Maia3 Gmu (model 2016) scanning electron microscope (SEM). Kelvin probe force
microscopy (KPFM) data were collected with a Dimension Fast Scan Bio Atomic Force
Microscope. Photoluminescence (PL) Measurements were carried out with an FLS1000
spectrometer (Edinburgh Instruments), using a470 nm excitation source, whilethe PL mapping
was collected using a Leica TCS SP8 STED 3X super-resolution system. Time-resolved
photol uminescence spectra (TRPL) were also performed on the same spectrometer as that for
steady PL tests. For perovskite samples, both top-view and cross-sectional images were

captured using a Tescan.

6.2.5 Device characterization and Stability measurement

J-V curves were recorded using a Keithley 2400 source-meter under AM 1.5G 1-sun
illumination provided by a Newport Oriel® Sol3A™ 3A simulator (model 94023A). The light
source calibration was performed with a standard silicon reference cell (Newport Oriel 91150-
KG5). Measurements with active areas of 0.08 cm? and 1.02 cm? were used for the
measurements. | PCE spectra measurements were measured using monochromatic light with an
intensity of 1 x 10'® photons cm2in alternating current mode. Accelerated aging experiments
were conducted at 25° and a relative humidity (RH) of 50-60%. To assess thermal stability,

non-encapsulated PSCs were placed on a hotplate inside an aging box set at 85°C, and PCE
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evolution was tracked using periodic J-V measurements. Operational stability over the long
term was evaluated with aModel BIR-50 system designed for solar cell light resistance testing.
The performance of the unencapsulated devices was examined under continuous 1-sun
illumination within a nitrogen-filled glovebox. All stability assessments involved a modified
hole transport layer incorporating ion-exchanged PTAA, with further detailsavailablein earlier

studies[1].
6.2.6 Computational method

All first-principles calculations are based on DFT calculations [366] and carried out using the
VASP [367]. To account for van der Waals (vdW) forces, the DFT-D3 scheme of Grimme was
adopted [368]. Projector-augmented wave (PAW) pseudopotentials are applied to simulate the
valence states and the core-valence electron interactions [369]. For exchange and correlation
effects, the Perdew-Burke-Ernzerhof (PBE) formulation of the generalized gradient
approximation (GGA)[370] was used, with spin-orbit coupling (SOC) taken into consideration.
Plane-wave functions were expanded with a 500-eV energy cutoff, and a 4*4*4 Monkhorst—
Pack k-point grid was used to Brillouin zone. The atomic geometries were fully optimized and

ensured that forces on each atom were reduced to less than 0.01 eV/A.

6.3 Results and discussion

Traditional two-step sequential deposition (TTSD) of 2D perovskite films generally separates
the inorganic metal halides (Pbl2) and the mixture of organic species (FAI and HAI in this case)
in asequence, where the Pbl2 were first deposited onto a substrate, and subsequently a solution
of FAI and HAI dissolved inisopropyl alcohol (1PA) isdynamically drop cast to react with Pbl2
and form perovskites, as illustrated in Figure 6-1. Due to its large steric hindrance and
hydrophobicity, the organic spacer cations (HAI) are generaly hard to diffuse and then
template the in-plane crystallization of layered structure with low layer numbers, inferior for

charge transport of low-dimensional PSCs.
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Pbl, only or Pbl,+TU +HAI mixture FAI+HAI mixture or FAIl only TTSD or SATD 2D perovskite
in DMF&DMSO (9:1) in IPA film
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Figure 6-1. Fabrication flowchart of 2D perovskite films using various two-step
deposition techniques. Traditional two-step sequential deposition (TTSD) involves an initia
deposition of Pbl2, followed by a secondary step of depositing a mixture of formamidinium
iodide (FAI) and methylammonium iodide (HAI); Spacer-cation-preponed and additive-
stabilized two-step deposition (SATD) method includes spin-coating of a mixture of Pblz,
Thiourea (TU) and HAI in thefirst step, followed by the deposition of FAI at the second step.

To mitigate the templating effect of the segregated organic spacer cations on the surface, we
strategically preponed the deposition of organic spacer cations (HAI) and introduced them into
the Pbl2 precursor in the first step. Additionally, we incorporated molecular additives (here we
chose thiourea, TU) into the mixture, which was widely reported to retard the direct reactions
between spacers and Pbl2[371-373). In the second step, the FAI solution was spin-coated onto the
wet film of the mixture. Given the high surface content of FAI, we expect it to generate aquasi-
3D surface at the initial crystallization stage and facilitate out-of-plane crystallization of the
layered structures. We refer to this method as the spacer-cation-preponed and additive-
stabilized two-step deposition (SATD), the process flow and complete experimental design are
detailed in Fig. 6-S1.
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Figure 6-2. Detemplated crystallization of 2D perovskite via SATD strategy. (a)
Crystallization evolution of thetarget SATD filmsrecorded by in-situ GIWAXS. (b) PL spectra
of the resulted from SATD film excited from the glass side. (¢) HRTEM images and
corresponding FFT results of the resulted SATD film. (d) UV-Vis absorption spectra of the as-
fabricated films after first-step deposition using different methods. (e-g) In-situ GIWAXS
which tracks phase evolution from nucleation to crystallization during annealing for different
samples (TTSD, ATSD, and SATD methods). (h) XRD patterns of the perovskite films
employing SATD and TTSD, respectively.

To evaluate the de-templated effect of our new method, we first monitored the crystallization
kinetics near the surface of SATD films by in-situ grazing incidence wide-angle X-ray

scattering (GIWAXS) measurement, as illustrated in Figure 6-2a. The in-situ GIWAXS
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patterns clearly show three distinct crystallization stages of the SATD film. First (0-15 ), the
initially deposited Phl>-TU-HAI mixture gradually formed an intermediate gel state (q = 0.55
A-1) [374] during spin-coating, indicating aprogressive structural ordering. After the deposition
of FAI (~15-30s), the gel state exhibits significant enhancement of diffraction, this could be
attributed to the extraction of residual solvent by spin-casted IPA and possible molecular
exchange between FA and TU. We regard the gel state in this stage as a stable intermediate
phase, as no additional phase (even the solvated phaseg[375, 376]) was observed, and this
intermediate phase remains stable during the whole process before annealing[377]. Upon
annealing, the diffraction of the intermediate phase disappeared immediately, which could
correspond to the thermal evaporation of most TU molecules. Simultaneously, a marked
increase of (111) diffraction (q = 1.0 A indicates the immediate formation of the bulk phase
of perovskite at the surface, and no diffraction corresponding to the low-n phase could be
detected. This could be attributed to the higher surface content of FAI salts preferentially
reacting with Pbl2, providing new nucleation along out-of-plane [378]. Additional diffraction
signalsat q = 0.7 A"t were noted, which could correspond to the generated solvated phases as
the chemical interaction between solvent (like DMF/DM SO) and perovskite compositions[ 375,
376]. Finally, aperovskite with highly out-of-plane orientation, dominated by n = 4 phase[129],
was confirmed after annealing for 30 minutes, as demonstrated by the steady-state
photoluminescence (PL, Figure 6-2b) spectra excited from the back side of the film, and high-

resolution transmission electron microscopy (HRTEM) image (6-Figure 2c).

Thedirect formation of the bulk phase upon annealing in the SATD sampleislargely distinctive
from that in the TTSD sample, where a set of in-plane oriented low-n 2D phases was initially
generated upon annealing (Figure 6-2€). This indicates the templated in-plane growth of 2D
phases was largely inhibited through the SATD strategy. We infer that the intermediate phase,
which stably traps spacer cations and easily converts to the perovskite phase upon annealing,
isvital to avoid in-plane growth. When combined with subsequently deposited FAI at a high
surface concentration, thisintermediate provides novel nucleation and promotes the highly out-

of-plane orientated 2D perovskite[374].

To verify the importance of the intermediate phase, we compared the crystallization process of
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the SATD method with the TTSD method. Additionally, two optimizations based on TTSD
were investigated, as detailed in Figure 6-S1. These methods either lack TU or do not prepone
the deposition of spacer cations. Specifically, we analyzed the additive-assisted two-step
sequential deposition (ATSD) method, which incorporates TU in the first step to regulate
crystallization without altering the deposition of HAI salt; and the spacer-cation-preponed two-
step sequential deposition (STSD) method, where HAI salts were preponed to the first step, but
without TU additives. Notably, the solubility of TU in IPA solutions is relatively low when
introduced in the second step.

The ultraviol et-visible absorption spectra (UV-Vis, Figure 6-2d), recorded immediately after
the first-step deposition, clearly illustrated the absorption differences of the resulting phases.
The distinct absorption edge at 500 nm, corresponding to the 2.48 €V optical bandgap of Pblz,
indicated rapid nucleation and initial crystallization of Pbl2 in the TTSD method. In contrast,
the target mixture of Pbl2, TU, and HAI of the SATD sample displayed an absorption peak at
400 nm, markedly distinct from the crystallized Pbl2 and n=1phase (HA2Pbl4). Additionally,
the as-prepared film also appeared nearly colorless compared to the yellow Pblz films (Fig. 6-
S2), indicating the formation of a unique intermediate phase [155]. Notably, the addition of TU
could promote the formation of the intermediate phase (Pbl2/TU in solvent), which will be
explored in detail below (ATSD). However, the preponed introduction of HAI alone but
without TU (Pbl2/HALI in solvent) in the STSD method directly leads to the formation of the
n=1 phase of 2D perovskite, which then easily templates the parallel growth of perovskites, as
demonstrated in Fig. 6-S3.

The GIWAXS characterization monitored the crystallization of different films after the second
step of deposition. For comparison, we captured the patterns after annealing for 15,5, 10 s,
and 20 s, respectively. For the TTSD methods, the uncontrolled reaction between Pbl2 and
HAI/FAI triggers multiple-n valued phases (q = 0.47 A, 0.52 A%, and 0.66 A ) immediately
after annealing for 1 s, with the n = 1 phase predominating. Thisindicates that the diffusion of
spacer cations was impeded, causing them to remain at the surface and react with Pbl2 to form
low-n phases. The diffraction attenuation of the n = 6 phase and intensification of then = 2

phase indicate complex crystallization competition (Fig. 6-S4), which could be attributed to
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the minor differencesin the formation energy of these various n-valued phases. Ultimately, the
TTSD-processed film prominently exhibits low-n phases with in-plane orientations, consi stent
with the X-ray diffraction (XRD) resultsin Figure 6-4h. Figure 6-2f shows the crystallization
of the ATSD sample. Despite the TU can retard the crystallization of Pblz, the resulting film
still displayed minor paralel orientation. This could be attributed to insufficient diffusion of
HAI during the second step, due to the large steric hindrance of HAI cations. Thus, merely
incorporating TU into the first step as an additive is not sufficient to fully inhibit the in-plane
crystallization in two-step deposited films. In contrast, for the SATD method, the film was
crystallized from the intermediate phase at the initial annealing stage, avoiding the templated
low-n phases. Sincethe spacer cationsHAI was pre-deposited, the secondly deposited FAI with
a high surface content could promote the formation of bulk-phase, thereby reducing the
formation barrier for out-of-plane orientated crystals[374]. Finally, the resulting film exhibited
sharp and bright Bragg spots along the out-of -plane direction (Figure 6-2g), indicating ahighly
out-of-plane orientated 2D phase [129]. The XRD patternsin Figure 6-2h and Fig. 6-$4 aso

confirmed the inhibition of paralel low-n phasesin SATD films.

To reveal the underlying mechanism and the formation of stable intermediate in the SATD
method, we employed Proton Nuclear Magnetic Resonance (*H NMR) to distinguish the
chemical interactions between perovskite compositionsand TU molecules. Asshown in Figure
6-3c, the addition of TU molecules resulted in the broadening and downfield shifting of the
resonance signal's attributed to the amino group of HA* and FA™ (N-H protons, marked with an
asterisk *), with Ao values of 0.03 and 0.01 ppm, respectively. This indicates that TU can
interact with these organic cations with a stronger binding with the HA™ cation [379, 380].
Density Functional Theory (DFT) calculations, depicted in Figure 6-3e, confirmed the
thermodynamical stability of HAI/TU and FAI/TU complexes, with HAI/TU exhibiting
notably lower binding energy (-1.186 eV vs-0.799 eV). Consequently, it could be inferred that
during intermediate formation, the FA* cations may be largely excluded and the high content
of FA™ could initiate a quasi-3D perovskite surface. The shift of the C=N stretching peak from
1618 cm? to 1659 cm?, observed in Fourier-transform infrared spectroscopy (FTIR) spectra
(Fig. 6-Sb), further indicates the enhanced hydrogen binding between TU and HA*.
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Figure 6-3. Mechanistic illustration of detemplated crystallization. (ab) Schematic
illustration of crystallization kinetics using TTSD and SATD strategy. (c) *H NMR spectra of
organic salts before and after the interaction with TU. (d) Lead (Pb) 4f core-level XPS spectra
of first-step films with and without TU addition. (€) Optimized structures and calculated

binding energies of TU-involved molecular-ion complexes.

FTIR results further demonstrated an interaction between TU and Pbl2. The C=N stretching
vibrations are enhanced from 1618 cm™ to 1654 cm®, while the C-N bending vibrations
weakened from 1404 cm™ to 1390 cm?. These changes could be attributed to the formation of

strong bonds between the Pb ions and the el ectron-donating sulfur (S) atomsin TU molecules.
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X-ray photoelectron spectroscopy (XPS) results further confirm the interactions between TU
molecules and the [Pble]* octahedral structures, as evidenced by the shift in the characteristic
peaks of Pb?* (Pb 4fs;2 and Pb 4f7/2), which move towards the higher binding energies after TU
addition (Figure 6-3d). DFT calculations asillustrated in Figure 6-3e and Fig. 6-S6, quantified
the interactions. The results also revealed a strong binding between TU and Pbl2 (-1.465 eV),
which exceeds that between Pbl2 and HAI (-1.106 eV), Pbl2 and FAI (-0.852 eV), and also that
between Pbl2 and dimethyl sulfoxide (DMSO) (-1.01 V) [381]. These results are consistent
with the Electrostatic Potential (ESP) analysesin Fig. 6-S7.

Based on the experimental and computational results, we infer that the added TU molecules
can interact simultaneously with both organic spacer cations HAI and inorganic Pbl2. This
interaction effectively traps the spacer cations, establishing adual-site regulation that facilitates
the formation of stable intermediates. These stable intermediatesinhibit the templated in-plane
crystallization of low-n 2D perovskite phases in the first step and retard the rapid reactions
between FAIl and Pbl> components in the subsequent step. Upon depositing organic FAI
solutions, the high surface content of FAI in the second step generates an akin quasi-3D
perovskite phase at the air-liquid surface, significantly reducing the formation energy required
for out-of-plane oriented QW9 128]°[129]. Additionally, the thermal evaporation of TU also
facilitates the downward diffusion of FAI, enhancing the compositional homogeneity in the
out-of-plane direction of the 2D perovskite films [382]. This mechanism is illustrated in

Figures6-3a and 3b.

Kelvin probe force microscopy (KPFM) measurements were conducted to probe the
photoel ectronic properties of the SATD 2D perovskite films. As depicted in Figures 6-4a and
4b, the grain sizes of the SATD film increase by an order of magnitude to 5 um compared to
the TTSD film, significantly reducing the grain boundary proliferation and non-radiative
recombination pathways. The TTSD film exhibits higher contact potential difference (CPD)
and uneven surface potential distribution (Figure 6-4c¢). This could be related to rough surface
texture with an extensive pinhole accumulation at the grain boundaries as confirmed by
scanning electron microscopy (SEM) images in Fig. 6-S8. PL intensity mapping and time-
resolved PL (TRPL) mapping results, presented in Figures 6-4d-4g, further reveal superior
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homogeneity and reduced non-radiative recombination in the SATD film, even after 200 hours
of light soaking. Conversely, the TTSD film displays conspicuous black spots at grain
boundaries, accompanied by a corresponding decreasein PL intensity (Figure 6-4d), indicative
of localized defects that could potentially initiate photodegradation[383]. Notably, the SATD
film exhibits significantly enhanced carrier transport, with a TRPL carrier lifetime increased

by nearly four-fold, as detailed in Fig. 6-S9 and Table S6-1.
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Figur e 6-4. Photoel ectronic properties of perovskitefilms. (a-b) Surface potential mapping and
(c) the distribution of CPD variation of the TTSD and SATD perovskite films, respectively. (d-
€) Confocal PL and (f-g) carrier lifetime mapping of the TTSD and the SATD perovskitefilms,
respectively, after 200 hours of AM-1.5G illumination. (h) PL evolution of the fabricated
SATD films as the increased ratios of TU (Pbl2: TU = 1:0.5, 1:1, 1:1.5, and 1:2). (i) Carrier
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lifetimes of HA-based 2D perovskite films with different thicknesses of QWs(n=2and n=
3), and that adopting either RP or DJ type spacer cations (i.e., PEA, ThDMA), respectively.

Furthermore, we observed that in the HA-inserted 2D perovskite film (designated n = 4),
increasing concentrations of TU led to a significant blue shift in the PL emission peak from
821 nmto 712 nm, asillustrated in Figure 6-4h and Fig. 6-S10. This shift to a higher energy
bandgap indicates strengthened quantum confinement in corresponding filmg[80]. Additionally,
the broadening of the PL emission peaks was also observed[384]. These observations may
correlate with the purer 2D phase in the SATD film asthe increase of TU molecules, bringsthe
final film compositions closer to the initial stoichiometric ratios. Therefore, in the SATD
method, strategic modulation of TU concentration in the first step may enable precise control
over the phase distribution and photoluminescent properties of 2D perovskites, thereby paving

anew way for enhancing the performance of related photovoltaic and optoel ectronic devices.

We validate the versatility of the SATD method by applying it to a variety of 2D perovskites
with different layer numbers (n) or incorporating various types of organic spacer cations.
Specificaly, we investigated HA-inserted 2D perovskites with layer numbers of n=2 and n=3.
Lower-n-phase 2D perovskites typically present more challenges in altering the in-plane
orientation of the perovskite films. The XRD results in Fig. 6-S11 confirm that the SATD
method effectively inhibits the in-plane growth in low-n perovskites. Furthermore, we adopted
different types of organic spacer cations including Ruddlesden-Popper (RP) type 2-
phenylethylammonium  (PEA) and Dion-Jacobson (DJ) type 2,5-thiophene
dimethylammonium (ThDMA)[385], to synthesize corresponding 2D perovskites using the
SATD approach. Notably, the SATD method significantly enhances the carrier lifetimes of
various types of 2D perovskite films as compared to the TTSD, as evidenced by TRPL results
in Figure 6-4h and Fig. 6-S12.
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Figure 6-5. Device performance and stability. (a) The illustration of stacking structure of

2D PSCs. (b-c) J-V, and EQE curves of the target PSCs based on SATD. (d) Statistical

distribution of PCEs for TTSD and SATD PSCs in the same batch. () Summary of PCE and

Jsc evolutions of the representative 2D PSCs reported in the related literature (more details in

Table 6-S2). (f) Steady-state power outputs (SPO) of the corresponding PSCs. (g) J-V curves

2D PSCs.

of the SATD-based large-area (1.02 cm?) 2D PSCs. (h) Thermal stability of the unencapsul ated

We further fabricated the PSCs by using the 2D perovskite active films through different

methods as obtained above and then evaluated their photovoltaic device performance. The

devices are with the structure of 1TO/SnO2/perovskite/Spiro-OMeTAD/Au, as schematically
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depicted in Figure 6-5a and Fig. 6-S13. The optimized photovoltaic device based on the SATD
perovskite layer, with an aperture area of 0.08 cm?, achieves a high PCE of 21.16% (Figures
5b, d), outperforming TTSD device of 17.58% (Figure 6-S14 and Table 6-S2), ranking among
the highest efficiencies reported for 2D Ruddlesden—Popper perovskite devices (Figure 6-5e
and Table 6-S3). Such the impressive efficiency surge in the SATD PSCs can be primarily
credited to the markedly increased short-circuit current density (Jsc), reaching up to 23.71
mA/cm?, as corroborated by the corresponding values from the external quantum efficiency
(EQE) results (Figure 6-5c). The high J isadirect result of the highly out-of-plane orientation
of the layered perovskites. Additionally, it represents the highest reported Js values among 2D
PSCsto date (Table 6-S3). We also measured the steady-state power output (SPO) of the best-
performing device for 1200 seconds at a fixed voltage near the maximum power point (MPP).
An SPO of 21.45% was achieved in the SATD-processed device, surpassing the 17.67% of the
TTSD-based device (Figure 6-5f). To verify the uniformity of the SATD-processed perovskite
film on alarge scale, we fabricated PSCs with an active area reaching up to 1.02 cm?, which
achieves a high PCE of 20.00 %, with a Voc of 1.09 V and a Jsc of 23.53 mA cm? (certified
efficiency of 19.50%) (Figure 6-5g and Fig. 6-S15& S16). To the best of our knowledge, this
represents the highest reported certified PCE for 2D PSCswith large areas up to 1 cm? (Tables
6-$4,5).

We further evaluated the stability of the resulting 2D PSCs under accel erated aging conditions.
The unencapsulated SATD-processed device shows minimal PCE degradation (< 5%) after
1100 hours of exposure to a humid atmosphere (RH ~ 50-60%, 25°C), in stark contrast to the
TTSD-based device, which experiences nearly a 30% reduction over the same period (Figure
6-5h). Further thermal stability testsat 85°C (Fig. 6-S17) indicate that the SATD deviceretains
95.4% of its initia efficiency after 1077 hours, significantly outperforming the TTSD-based
device, which drops to 41.12% after 873 hours. Additionally, we assessed the long-term
operational stability of the unencapsulated SATD-processed devices under continuous one-sun
illumination (AM 1.5 G) in an Nz-filled glove box, with the devices operating at the maximum
power point (MPPT) (Fig. 6-S17). The SATD-processed device retains approximately 95% of
its initial PCE after 1045 hours, whereas the TTSD-based device falls to about 30% of its
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original value. These improvements in device stability can be attributed to the improved film

morphology and crystallinity achieved through the SATD strategy.

6.4 Conclusions and outlook

In summary, we demonstrated a de-templated crystallization strategy for producing high-
quality 2D perovskite thin films with highly ordered out-of-plane orientations. This approach
establishes astable intermediate state, which effectively inhibits the in-pane nucleation of QWs
and retards crystallization. The subsequent deposition of FAI in ahigh surface content promotes
the desired out-of-plane-oriented crystallization. Consequently, we successfully achieved an
impressive PCE of 21.16% and greatly improved device durability in the resultant 2D PSCs.
Moreover, we showcase the high versatility of this approach for producing a range of out-of-
plane oriented 2D perovskite films with different organic spacer cations and varying layer
numbers. This universal and facile synthesis method for diverse 2D perovskite thin films also
provides insights into developing additives to selectively anchor the perovskite compositions

and presents a promising route for producing highly stable and efficient 2D PSCs.
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6.5 Appendices

-

TTSD

Pbl,/DMF&DMSO FAI+HAI/IPA Solution 130°CAnnesling
ATSD _

Pbl,+TU /DMF&DMSO FAI+HAI/IPA Solution 130°C Annealing
STSD

Pbl,+HAI /DMF&DMSO FAI/IPA Solution 130°C Annealing
SATD

Pbl,+TU+HAI /DMF&DMSO FAI/IPA Solution 130°CAnnealing

Figure 6-S1. Fabrication flowchart of 2D perovskite films based on different two-step
deposition methods. a) traditional two-step sequential deposition method as defined in TTSD
method (Pbl2; FAI+HAI), b) a modified additive-assisted two-step sequential deposition as
defined in ATSD method (Pbl2+TU; FAI+HALI). ¢) amodified spacer-cation-preponed two-step
sequential deposition as defined in STSD method (Pbl2+HAI; FAI+HALI), d) Target spacer-
cation-preponed additive-stabilized two-step deposition (SATD) method (Pbl2+TU+HAL; FAI),
respectively.
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Figure 6-S2 Optical photo of wet perovskite film after the first deposition step using @) TTSD

method and b) target SATD method, the SATD sample exhibited nearly colorless compared to

the yellow Pbl2 films.
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Figure 6-S3. XRD patterns of 2D FA-based perovskite films after annealing, with different

deposition methods as shown in Supplementary Fig. 1 (the asterisk * represents the OkO crystal

plane).
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Figure 6-34. Integrated diffraction intensity along the out-of-plane direction of GIWAXS
patterns for the TTSD 2D perovskite films. The calibration of diffraction peaksis based on the
literature [151, 361, 386].
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Figure 6-S5. FTIR spectra of the TU and that interacted with different perovskite components
(FAI, HAI, and Pbl2), respectively.
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Figure 6-S6. FTIR spectra of the TU that interacted with different perovskite components 6.
Calculated possible molecular configurations between (a) FAl and TU, b) HAI and TU, ¢) Phl2
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and HAI, d) FAI and Pblz, respectively, the binding energy E» was also calculated based on
DFT.
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Figure 6-S7. Molecular structures and cal cul ated el ectrostatic potential (ESP) mapping profiles
of TU, Pbl2, HAI, and FAI, respectively, and the interacted complexes between these

components. The ESP color bar ranges from -0.07 to 0.07 for a clear comparison.
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Figure 6-S8. a) Top-view scanning electron microscopy (SEM) images of the TTSD sample
and b) target (SATD) 2D perovskite film, respectively.
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Figure 6-S9. TRPL of the TTSD and the SATD perovskite films and carrier lifetime is
summarized in Supplementary Table 1.

900 T T T T 100

800 - T {80

PL peak shift
FWHM

700 - 60

600 40

T T T T
1: 05 1: 1 1. 15 1. 2
Pbl,: TU

Figure 6-S10. Corresponding PL peak shift (excited from the front side) and FWHM
variation of 2D FA perovskite films with different TU incorporated ratios, from Pbl2: TU:
=1:0.5to Pbl2: TU =1:2, respectively.
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Figure 6-S11. XRD patterns of 2D FA perovskite films treated by TTSD and SATD strategy,
respectively. a) HA (n = 2), b) HA (n = 3), ¢) PEA (n =4), and d) ThRDMA (n = 4).
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Figure 6-12. Comparison of TRPL of 2D FA perovskite films treated by TTSD and SATD
strategy, respectively. a) HA (n = 2), and b) HA (n = 3), ¢) PEA (n = 4), d) ThDMA (n = 4).

The charge carrier lifetime is summarized in Table 6-S1.
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Figure 6-S13. Cross-section scanning electron microscopy (SEM) image of PSC fabricated
based on a) the TTSD method and b) the target (SATD) method, respectively.
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Figure 6-S14. J-V curves (under forward and reverse scanning direction) of the optimized FA-
based 2D PSCsbased on TTSD, ATSD, and STSD methods, respectively. The main parameters
of the best devices are summarized in Table 6-S2.

180



24

20

16 Active area: 1.02 cm?
12
—— SATD-F
g| =-= SATD-R
——TTSD-F
--—-TTSD-R

Current density (mA/cm?)

04 0.6
Voltage(V)

0
0.0 0.2 0.8

1.0
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SimiT

====Measurement Results ====

Forward Scan Reverse Scan

(Isc to Voc) (Voc to Isc)
Area 101.91 mm?
Isc 23951 mA 23.955 mA
Voc 1116 vV 1119 vV
Pmax 19.869 mW 19.430 mw
Ipm 21669 mA 21341 mA
vpm 0917 Vv 0910 V
FF 7434 % 7247 %
Eff 1950 % 19.07 %

- Spectral Mismatch Factor SMM=0.9980.
Designated illumination area defined by a thin mask was measured by measuring microscope.

- Testresults listed in this measurement report refer exclusively to the mentioned measured sample.
The results apply only at the time of the test, and do not imply future performance.
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Figure 6-S16 (a)The PCE of the champion FA-based 2D PSCs certificated from Shanghai

Institute of Microsystem and Information Technology, Chinese Academy of Science (SIMIT).
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Figure 6-S17. The comparative stability of unencapsulated 2D PSCs employing TTSD
and SATD strategy. a) Thermal endurance tested at a sustained temperature of 85 °C (dark

condition, RH~30+5%), and b) photo-stability of the devices exposed under AM 1.5 G
illumination at 25°C.

Table 6-S1. The charge carrier lifetime of the 2D perovskite film based on different spacer
cations, such as ThDMA, PEAI, and HAI (n = 4) 2D perovskite films, and HA-based 2D
perovskite films with different thicknesses of QWs prepared by the TTSD and SATD strategy.

TTSD SATD
2D PVSK 71[Nng] 72[Nng] 71[Nng] 72[Nng]
HA(n=3) 9.78 89.03 18.37 109.71
HA(n=2) 5.73 47.20 8.45 60.77
ThDMA (n=4) 18.65 144.83 26.35 212.01
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PEA(n=4) 9.79 91.58 23.06 153.12

HA(n=4) 6.38 22141 88.59 932.42

Table 6-S2. Main parameters of the best devices of various FA-based 2D perovskites films

based on different methods, respectively.

Direction | Voc (V) | J< (MA/cm?) FF (%) Efficiency (%)
TTSD Forward 1.043 21.67 76.60 17.32
Reverse 1.034 21.69 78.40 17.59
ATSD Forward 1.081 21.82 79.83 19.06
Reverse 1.085 21.47 79.55 19.11
STSD Forward 1.052 21.10 79.77 17.70
Reverse 1.058 21.23 78.91 17.72
SATD Forward 1.126 23.71 79.25 21.16
Reverse 1.122 23.65 79.05 20.98

Table 6-S3. Summary of the representative low-n 2D PSCs with small areas (< 0.1 cm2).

Perovskites n PCE (%) Jsc (MA/cm?) | Method Ref
RPtype PSCs

BA:MAzPbyl13 4 11.10 14.20 Co-solvents [273]
BA2MA3Ph4l 13 4 12.52 16.76 Hot casting [274]
BA:MA3Pb4l13 4 13.68 19.94 Cesium doping [275]
BA:MAPhal 13 4 17.26 19.86 Annealing [276]
BA:MA3Pbal13 4 16.25 16.75 Additives [277]
BA:MA 3P4l 13 4 16.48 18.67 Additives [278]
BA:MAzPbsl13 4 17.10 17.56 Memory seeds [279]
(BA)16(MA)3.4Pbal 13 4 16.29 20.44 Nonpreheating [280]
BEA:MA:Pb4l 13 4 16.10 20.63 Spacer cations [281]
(3BBA)1.sMA25Phsl 10 3 18.20 18.22 Hot casting [282]
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(ThMA)2MAPbal 10 3 15.42 18.89 Additives [283]
PEA2FA3Pb4l 13 4 11.30 14.70 Additives [284]
PEA:MA3Pbsl 13 4 18.48 18.52 Additives [285]
PEA:MA3Ph4l 13 4 17.03 18.47 Additives [286]
FPEA;MA 3Pyl 13 4 15.20 13.70 Hydrothermal [287]
PEA02BA18MA3Pbal 13 4 15.81 16.51 Post-treatment [288]
(NpMA)2MA3Pb4l 13 4 17.25 20.89 Anti-solvents [295]
ThFAMAPbsl 10 3 16.72 20.17 Anti-solvents [292]
F-PEA;MA3Pbal 13 4 18.10 19.04 Additives [296]
BA2FA3Pbal 13 4 18.14 21.62 Additives [305]
HA2FA3Pbal 13 4 20.03 23.60 Additives [387]
(BM)(BA)MAsP4l13 | 4 17.30 19.80 lonic Liquid [289]
AA:MAzPl 13 4 18.42 18.57 Post annealing [291]
BAFAPbal 10 3 15.4 15.12 Solvent vapor [361]
(DFAZ)2 (MAoesFA00s)sPbal 13 4 19.85 22.28 Spacer cations [357]
HA2FA 3Pbal 13 4 21.16 23.71 SATD Thiswork
DJ and ACI-type PSCs
GAMA Pl 13 4 15.27 20.14 Additives [293]
(GA)(MA)3zPbal 10 3 18.48 22.26 Additives [294]
GA(MA)nPorl 3n+1 4 18.90 23.10 Interfacial [388]
BDA>:MAzPbsl 13 4 14.38 19.90 Additives [290]
(PDMA)(MA)sPbyl 13 4 15.81 21.10 Hot casting [297]
(MAMP)MA3Pbal 13 4 16.53 17.97 Additives [298]
(3AMP) (MAo75FA0 25)3PDul 13 4 18.67 19.51 Annealing [301]
(BAMP) (MAo.75FA0.25)Pbal 1 4 16.25 17.91 Additives [302]
PDMAFA3Phl 13 4 711 11.48 Space cations [303]
PDAFA3Pbsl 13 4 13.80 17.30 Additives [251]
PDA0.9PA02FA3PD4l 13 4 16.00 17.60 Additives [304]

Table 6-S4. Main parameters (obtained in the forward scanning and reverse scanning) of the

best devices of various FA-based 2D perovskite films at the active area of 1.02cn?.

Direction Voe (V) | I (MA/cm?) FF (%) Efficiency (%)
TTSD Forward 1.080 22.64 74.09 18.11
Reverse 1.088 22.71 74.17 18.33
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SATD

Forward

Reverse

1.094
1.095

23.53
23.47

77.67
77.74

20.00
19.99

Table 6-S5. Summary of the representative 2D PSCs with large areas (> 1cm?).

Perovskites na Types Areas(cm?) | PCE (%) Ref
BA2MA3Pbal 13 4 RP 1 14.81 [389]
BA2MA3Pbal 13 4 RP 16 11.13 [389]
HA2FA3Pbal 13 4 RP 1 18.70 [1]
(4FPEA)2(FA)aPbsl 16 5 RP 1 18.40 [214]
GAMAPbs| 16 5 ACI 1 19.08 [390]
GAMAsPbsl 16 5 ACI 101 19.68 [391]
GAMAsPbs| 16 5 ACI 65.7 14.70 [391]
HA2FA3Pbal 13 4 RP 1.02 20.00 Thiswork

@ Designated layer thickness of QWSs.
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Chapter 7 Summary and Prospective

Solar power is an infinite energy source
provided by the universe.

Humanity needs to learn how to harness it
better to ensure our future survival.

------- Stephen Hawking

7.1 Summary

In thisthesis, we briefly explored the origins of solar cells, tracing from the initial discoveries
of the photovoltaic and photoel ectric effects to the evolution of crystalline silicon and thin-film
solar cells. The introduction of halide perovskites as a novel semiconductor material has
transformed the landscape of high-performance photovoltaics over the past decade. However,
the inherent instability of 3D PSs has impeded their commercialization. In contrast,
dimensionally reduced perovskites, particularly two-dimensiona (2D) PSCs, have
demonstrated superior stability, enhanced tunability, and diverse optoelectronic properties,
indicating substantial commercial potential. Thisthesis reviews the classic theories of solution
nucleation and crystal growth, alongside recent advancements in nucleation management and
crystal growth regulation strategies. The focus of thisthesisis on controlling the crystallization
process through spacer cation engineering, additive engineering, and process engineering
strategies to optimize crystal orientation and improve film quality, thus enhancing the
efficiency of 2D PSCs. Efforts to narrow the performance gap between 2D and 3D PSCs are
also discussed, aiming to advance the practical application of 2D perovskite solar cells in

renewabl e energy technology.

In Chapter 4, we developed a high-efficiency and stable FA-based 2D PSCs. Organic spacer
cation engineering reduced micro-strain and lattice distortion, while SENA additives optimized

crystallization kinetics, promoting vertical crysta growth and reducing non-radiative
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recombination. This approach enhances photovoltaic performance and holds promise for

advancing perovskite-based energy and optoel ectronic technologies|[1].

In Chapter 5, we developed a method to drive the orientation of low-n 2D perovskites using
NH4SCN additives. The synergistic effects of NH*" and SCN" retarded crystallization, inhibited
heterogeneous nucleation and promoted a controlled templated growth via ionic exchange.
Films treated with NH4SCN showed improved crystallinity, vertical orientation, larger grain
size, and fewer defects, which resulted in longer carrier lifetimes and reduced trap density. Such
results offer valuable insights into the role of ionic additives to enhance FA-based 2D

perovskite solar cells[2].

In Chapter 6, we demonstrated a de-templated crystallization strategy to produce high-quality
2D perovskite films. By establishing a stable intermediate state, this approach suppressed in-
plane nucleation and controlled the crystallization process. The strategic deposition of FAI at
high surface concentrations further enabled preferred out-of-plane crystallization. Additionally,
this versatile method was effectively applied to create 2D perovskite with various organic
spacer cations and layer numbers, offering apromising pathway for developing highly efficient

and stable 2D PSCs.

In conclusion, we underscore the critical importance of a profound understanding of the
structure and properties of 2D perovskite. Our comprehensive review summarized the latest
advancements in 2D perovskites, including their fundamental structures, crystalization
dynamics, optoelectronic characteristics, stability, and applications in solar cells. We
particularly highlight the crystallization control techniques and orientation adjustment, which

arevital for fabricating large-area 2D perovskite filmsand highly efficient solar cell assemblies.

7.2 Prospective

Although the exceptional performance and potential applications of 2D halide perovskites have
been extensively recognized in the last decade, the rapidly expanding field of optoelectronic

device research needs a more systematic comprehension of the material’s structure, properties,
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and its impact on device performance. Additionally, several key scientific and technological

challenges merit further investigation to advance the devel opment of 2D perovskite technol ogy.

7.2.1 Tuning quantum wellsin 2D perovskite for tandem solar cells

2D perovskite materials, due to their inherent quantum well structures, display greater design
flexibility and performance advantages compared to their 3D perovskite. By modifying the
thickness n and chemical composition of the organic interlayer, the 2D perovskites bandgap
can be precisely tuned, which is crucial for optimizing the light absorption spectrum and
adjusting the emission wavelengths. Strategic selection and design of components allow for
the adjustment of bond angles and orbital overlap between metal and halide elements, thereby
facilitating exact control over the bandgap. The tunability of the bandgap is not only critical
for the efficiency of single junction 2D PSCs but also opens new possibilities for the design
and performance of 2D/3D heterostructure PSCs and other composite structures such as 2D
perovskite/silicon and all-perovskite tandem solar cells. By modulating the bandgap across
these layered and multi-structured systems, it is possible to optimize their response to the solar

spectrum, achieving broader spectral absorption and higher energy conversion efficiency.

7.2.2 Leveraging theory and simulation to explorenew 2D perovskite

When selecting new spacer cations, theoretical simulations, and theoretic simulations,
including size of cations, charge properties, and shapes, are very critical in the parameters of
new spacer cations. Further, machine learning was proved to have high potential toward the
discovery of novel 3D halide perovskites; it is meaningful to expand in the readlm of 2D
perovskite research.

However, relevant research into the diverse structures of 2D perovskitesis till in its nascent
stages, it isnecessary to establish acomprehensive database of 2D halide perovskitesto support
future research and development. 2D metal halide perovskites exhibit a variety of unique
physical properties, for example, nonlinear optics, anisotropic charge transport, spin-orbit
coupling effects, and ferroel ectricity, opening new possibilities for various applications. Using
physical simulation software like COMSOL Multiphysics and Computer Simulation
Technology (CST) allows usto investigate these characteristics, providing theoretical guidance
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for experimental design to optimize material performance and reduce trial and error in
experiments. This approach could effectively accelerate the translation of 2D perovskite from

laboratory to industrial applications.

7.2.3 Fundamental photo physics research by in-situ
characterization

The 2D perovskite films offer an interesting variety of complex compositions and unique
physical properties, such as exciton-exciton annihilation, exciton-phonon coupling, carrier
dynamics, and energy loss. Very little is known about the charge and energy transfer
mechanisms between different layers. These properties pose challenges for spectroscopic
characterization techniques, yet a deep understanding of exciton formation, charge separation,
and their dynamic recombination in 2D perovskitesis crucia for elucidating the fundamental
mechanisms of their optoel ectronic centers. Consequently, more extensivein situ and real-time
spectroscopic studies are essential. These studies ensure precise, real-time monitoring of these
rapidly occurring physical processes, enhancing material design and significantly improving
photovoltaic performance. This knowledge is aso pivotal for expanding applications to

photodetectors, LEDs, FETS, and other photoelectric devices.

7.2.4 Advancing scalability of 2D perovskite for industrial
applications

Most high-efficiency 2D PSCs reported in the literature are fabricated on small areas (<100
cm?) using spin-coating or other processing methods within inert environments. To enable
large-scale applications, 2D perovskites should meet critical criteria, including homogeneous
crystallization on large areas, high reproducibility, and air-processability. Recent advances in
large-scale manufacturing processes, like blade coating, slot-die, and roll-to-roll fabrication
methods, bring significant potential for the scaling of 2D perovskites and solar cells. However,
precise control of the alignment and orientation of quantum wells, along with the distribution
of mixed-n phases, remains a unique chalenge in such dynamic, high-speed processes. To

achieve uniformity over larger substrates requires rigorous control of the crystalization
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Kinetics. In-situ characterization techniques, such as in-situ UV-Vis absorption, XRD, and
GIWAXS can provide immediate feedback on film quality, thus enabling immediate
adjustments on key parameters like substrate temperature, solvent ratios, and deposition rates.
Moreover, for large-scale integration of 2D PSCs into modules, appropriate encapsulation
strategies should be considered to avoid encapsulation damage and prevent moisture and
oxygen ingress. Thus, developing high-speed, precise manufacturing processes, in-situ
characterizations, and appropriate encapsulation methods is crucial for scaling and

commercialization of next-generation 2D PSCs and optoel ectronic devices.
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