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Abstract

Formamidinium lead iodide (FAPbI3)-based perovskite solar cells (PSCs) have emerged as
highly promising candidates for next-generation photovoltaic technologies, owing to their ideal
optoelectronic properties, narrow bandgap, and superior thermal stability. However, challenges
such as phase instability, defect formation, and the need for scalable fabrication techniques remain
significant barriers to their commercialization. This work aims to address these issues through a
comprehensive study on the stabilization of the photoactive a-FAPbIz phase and the development
of ambient-compatible scalable fabrication methods.

To stabilize the a-FAPbIz phase, small ions doping strategies using heterovalent and
homovalent additives—specifically bismuth (Bi**) and cadmium (Cd*")—are investigated. The
influence of these dopants on the crystallographic structure, photophysical properties, and defect
passivation is systematically analyzed. Furthermore, a scalable blade-coating technique is
employed to fabricate high-quality FAPbI; thin films under ambient air conditions, bridging the
gap between laboratory-scale research and industrial-level production. The work provides a
comprehensive evaluation of doping-induced improvements in phase stability, film morphology,
and photovoltaic performance. Additionally, the impact of precursor stoichiometry on crystal
growth mechanisms is explored to provide insights into optimizing perovskite material quality.
The integration of small ions doping and blade-coating techniques offers a promising pathway
toward the commercial realization of efficient, stable, and scalable FAPbIz-based perovskite solar

cells in ambient air.
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Chapter 1. Perovskite Solar Cells

1.1 Current Status and Overview of solar cells

The rapid growth of global population and industry since the First Industrial Revolution has
made fossil fuels the dominant energy source in the global energy sector. However, the resulting
increase in greenhouse gas emissions has led to severe health problems and climate change, posing
serious threats to humanity. In this context, renewable energy sources—such as solar, wind, water,
biomass, and geothermal energy—offer a sustainable solution to mitigate greenhouse gas
emissions. Among these, photovoltaic technology stands out as one of the most abundant and
promising options, with solar cells playing a crucial role in harnessing solar energy to generate
electricity. Consequently, establishing a cost-efficient technological foundation is essential for the
widespread application of solar photovoltaic power generation.

Solar cell technologies have evolved over several decades, categorized into three distinct
generations, each marked by unique materials and innovations aimed at enhancing efficiency,
scalability, and cost-effectiveness. (1) First-generation solar cells are the earliest and most
established technologies, dominating the commercial market, which are based on crystalline
silicon (mono- or polycrystalline) wafers and III-V single-junction cells (e.g., gallium arsenide,
GaAs). These technologies are prized for their high efficiency and durability but limited by their
higher manufacturing energy footprint. (2) Second-generation solar cells are developed to address
cost and flexibility limitations. This generation introduced thin-film technologies using
semiconductors like amorphous silicon (a-Si), cadmium telluride (CdTe), and copper indium
gallium selenide (CIGS), to reduce material usage and enable lightweight, flexible panels, which
are ideal for building-integrated photovoltaics or portable devices. However, they typically exhibit

lower efficiencies and challenges in scalability for some materials (e.g., indium scarcity for CIGS).



(3) Third-generation Solar Cells represent emerging technologies designed to surpass the
efficiency limits and cost barriers of earlier generations, including organic photovoltaics (OPV),
dye-sensitized solar cells (DSSC), perovskite solar cells (PSC) and III-V multi-junction cells.
Despite third-generation technologies still face commercialization challenges, such as stability,
scalability, and resource toxicity, their development continues paving the way toward more
affordable and high-performance solar energy solutions.

The highest certified power conversion efficiency (PCE) of major photovoltaic technologies
since 1976 is shown in Figure 1-1.
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Perovskite solar cells have demonstrated remarkable progress among emerging photovoltaic
technologies, achieving a level of development comparable to leading commercial technologies
like CdTe, CIGS, and silicon solar cells, which hold nearly 100% market share.>”” The highest

power conversion efficiency of single junction perovskite solar cells has increased from 3.81% in
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2009 to 27% in 2025.1# Perovskite solar cells stand out not only for their cost-effective fabrication
processes but for several significant advantages that position them as promising alternatives to
traditional solar technologies. The lightweight design and low-temperature, solution-based
fabrication process make perovskite solar cells ideal for flexible substrates, making them suitable
for conformal, portable electronic devices, and building integrated electronics.”!3 Besides, the
bandgap tunability makes perovskite solar cells ideal candidates and highly compatible with other
photovoltaic technologies for multi-junction tandem solar cells (perovskite/perovskite,
perovskite/silicon and perovskite/CIGS tandem solar cells), which show great potential to exceed
the Shockley-Queisser (S-Q) efficiency limit of single-junction solar cells by capturing a broader

range of light wavelengths.!42% So, what are perovskite solar cells?

1.2 PerovsKkite solar cells

Perovskite solar cells are a type of thin-film photovoltaic device that employs a perovskite
semiconductor layer to convert light into electricity. A basic perovskite solar cell consists of an
electron transport layer (ETL), a perovskite layer, a hole transport layer (HTL), counter electrodes
(metal, carbon, etc.) and transparent conductive oxide (TCO) electrode. When photons interact
with semiconductor material, it results in photons’ reflection, absorption and transmittance. When
the perovskite layer is exposed to sunlight, the absorbed photons stimulate electrons to be excited
from the valence band into the conduction band, releasing charge carriers (electron-hole pairs).
These charge carriers are collected separately by the ETL and HTL, and transported to the

electrodes, generating electricity, as illustrated by Figure 1-2.
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1.2.1 Structure of perovskite

Perovskite is a material that has the same crystal structure as the mineral calcium titanium oxide,
which is named after Lev Perovski (1792-1856 year).?! The perovskite structure is widely adopted
by various compounds,?? such as oxide perovskites, metal halide organic-inorganic perovskite?3,
metal-free perovskite?4, and others. This dissertation will focus on hybrid lead halide perovskites,
which is promising for application in photovoltaics due to its suitable bandgap in the visible?®> and
near-infrared spectrum of light.?® For halide perovskites, the perovskite lattice is a crystal structure
with a simple cubic symmetry in ABX;3 formula?’, where A site cations locate at the corner of the
cubic unit cell occupied by a monovalent cation [like methylammonium (MA, CH3;NH;3"),
formamidinium (FA, CH(NH,)2"), Cs]?*?°, B site cations locate at the center of the cubic unit cell
and form a BXs octahedral coordination with six X site anions occupied by a bivalent metal cation
(Pb**, Sn?"), and X site anions locate at the face of the cubic unit cell occupied by the halogen
anion (CI', I', Br)*®*!, as shown in Figure 1-3. The typical structure of the perovskite lattice
includes a corner-sharing network of BX¢* octahedra with the A site cations occupying the

coordination center of each cavity formed by eight octahedra.??
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Figure 1-3. Crystal structure of metal halide perovskites. Reproduced with permission from ref.?
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The structural stability of the photoactive perovskite phase during processing and use has
always been a particular concern in this field. The geometric stability of a specific perovskite
structure can be predicted by the Goldschmidt tolerance factor, which is an empirical index
indicating crystal structure stability and distortion.>** It can be used to account for the

compatibility of A site cations filling the corner-sharing BXs octahedral, defined as follows:

. Ty + Ty
V2(rg + 1y)

where 1, and 7 are the radii of the A and B cations, and ry is the radius of the X anions. For the
inorganic-organic hybrid halide perovskite, a tolerance factor in the range of 0.8 < ¢ < 1.0
indicates an appropriate size of A site cation, enabling the formation of a stable perovskite structure
with an ideal cubic structure. When the A site cations are either smaller or larger, it results in the
distortion of the perovskite unit cell structure or lead to a non-centrosymmetric crystal
structure.3637

Another numerical factor in screening the perovskite structure, referred to as octahedral factor,

is the ratio of B site cation radius, 73, to X site anion radius, 7. It is used to evaluate the geometric

stability of the octahedral coordination in the perovskite unit cell, defined as follows:
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The octahedral factor should fall in the range u > 0.41 in order to form a stable octahedral
coordination. The following octahedral factor versus tolerance factor map shown in Figure 1-4

demonstrate the stable region of existing perovskite compositions.
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1.2.2 Advantages of perovskite materials

Halide perovskites exhibit an outstanding photovoltaic effect in converting light into
electricity.”® The following properties make perovskites emerge as the most promising and
efficient semiconductor material for various optoelectronic and photonic device applications:

(1) Bandgap tunability. One of the primary advantages of perovskite is their tunable bandgap,
which can be precisely controlled by adjusting the composition, as shown in Figure 1-5.3° It offers
substantial flexibility in choosing suitable perovskite crystals for specific optoelectronic

applications, such as solar cells, light-emitting diodes (LED), photodetectors, and lasers.*?
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The bandgap of semiconductor material is defined as the energy difference between the valence
band maximum (VBM) and the conduction band minimum (CBM), which significantly influence
the optoelectronic properties. In a typical halide perovskite, the VBM is primarily composed of Pb
6s and I 5p orbitals, while the CBM consists of unoccupied Pb 6p orbital. Consequently,
substitution at the B-site and X site play a crucial role in determining the conduction band and
valence band energies. Additionally, lattice constant also indirectly affect the electronic structure
of perovskite. The A site does not directly contribute to the frontier electronic structure of
perovskite, but the A site substitution of methylammonium (MA*, CH3NH;3") by formamidinium
(FA", CH2(NH2):") can decrease the bandgap from 1.55 to 1.48 eV, expanding the absorption range
in the solar spectrum. This change arises from the deformation of BX¢ octahedral affects the B-X

overlap and spin-orbital coupling in the ABX3 structure.



(2) Optoelectronic properties. Perovskite materials also demonstrate exceptional
optoelectronic properties, such as long charge carrier diffusion length and high optical absorption
coefficient.

Charge carrier diffusion length is the distance that a charge can move after generation until
recombination, which is a key parameter to achieve remarkable power conversion efficiency in
photovoltaic devices, expressed as:

Lp = \/m
where kg is Boltzmann’s constant, 7 is the absolute temperature, ¢ is the elementary charge, and t
is the carrier lifetime, u is the carrier mobility.

Halide perovskite has a long charge carrier diffusion length—up to few micrometers—which
is comparable to that of GaAs (1~10 pm) and much longer than that of typical organic

semiconductors (~100 nm).2>4

The long carrier diffusion length ensures the efficient charge
collection in perovskite solar cells, and indicates a longer carrier lifetime as well as high mobility
of both photogenerated electrons and holes.* The mobility of electrons and holes are in the range
of 5-10cm? V''s7!, and 1-5 cm? Vs, respectively, where the variations depend on the crystal
structure investigated and the level of doping.*® This inherent long carrier diffusion length could
minimize recombination losses and benefits the photovoltaic performance.

Besides, as a direct bandgap semiconductor, perovskite exhibit high absorption coefficient
compared with others. The absorption coefficient is a key parameter that evaluates the ability of a

material to absorb light per unit distance. A typical perovskite material has an absorption

coefficient in the order of 10* ~ 103 cm™!, while that of silicon is much lower, usually around 10°

cm!. The high absorption coefficient allows perovskite material to capture a large amount of light

even with very thin films (typically less than 1 pm thickness),? whereas indirect bandgap materials



like silicon require much thicker (100-500 pum) films to achieve sufficient light absorption.*” As a
result, perovskite is highly efficient in light harvesting and well-suited for flexible applications.

(3) Manufacturability. Perovskites have low cost and easy fabrication process.*® Compared
with other photovoltaic technologies, fabrication process of perovskite can be performed under
low temperature <150°C and done within few hours, which is also compatible with industrial roll
to roll production line.*” Additionally, the raw materials for perovskite fabrication are abundant
and inexpensive, further reducing overall production costs.® This combination of low material
cost and scalable fabrication processes positions perovskite solar cells as a promising alternative
for achieving affordable and efficient renewable energy solutions on a large scale.

However, several challenges remain before the commercialization of this technology. One of
the key challenges is to develop a perovskite with the ideal bandgap (1.1~1.4 eV) to approach the
Shockley-Queisser (S-Q) limit for single junction solar cells,'? as shown in Figure 1-6. The S-
Q limit is a critical threshold for commercial solar cell technologies. It defines the theoretical
maximum efficient of a single p-n junction solar cell based on the principle of detailed balance,
assuming the only loss comes from radiative recombination. Moreover, solution-based processing
methods compatible with scalable manufacturing in ambient air must be developed to make it

accessible.
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1.2.3 Architectures of perovskite solar cells

As mentioned above, a basic single junction perovskite solar cell consists of a perovskite layer,
charge transportation layers and electrodes. Depending on the sequence of ETL and HTL, single
junction perovskite solar cells can be classified into two main categories: the conventional
negative-intrinsic-positive (n-i-p) structure devices and inverted positive-intrinsic-negative (p-i-n)
structure devices, as shown in Figure 1-7. In p-i-n devices, the positions of the ETL and HTL are

reversed compared to those in n-i-p devices.

@) (b)

n-i-p p-i-n

Figure 1-7. Architecture of perovskite solar cells, (a) n-i-p device, (b) p-i-n device.

Based on the structure and function of individual perovskite solar cells, a monolithic module

design is applied to perovskite solar panels. In a typical perovskite module, as shown in Figure 1-
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8, the photoactive area is divided into small subcells that are connected in parallel via the top and
bottom electrodes. These subcells are interconnected through three scribing steps, P1, P2, and P3,
which can be performed using laser or mechanical methods. The P1 scribing line patterns the TCO
to form discrete subcells on a common substrate. The P2 scribing line exposes the TCO to
electrically connect the cathode of one subcells with the anode of its neighboring subcell. Finally,
the P3 scribing line isolates the top electrode of each subcell to complete the monolithic
interconnection. This design sums the photovoltage rather than the photocurrent, which helps

minimize power losses related to resistance.>*

P2 P3
back contact h \ / h
| glass 7
y
P1 1 I
| dead area
active area

Figure 1-8. Perovskite solar cell module’s monolithic configuration. Red arrows represent the

charge flow. Reproduced from ref.%°, used under Creative Commons CC-BY-NC-ND 4.0 license.

1.2.4 Charge transporting layers of perovskite solar cells

The selection and optimization of the charge transport layers in perovskite solar cells is of
paramount importance, as these layers critically influence device performance and stability. First,
these layers must exhibit high charge selectivity to effectively transport desired charges and block
undesired ones. Additionally, they should possess high carrier mobility to facilitate efficient charge

extraction and transportation. Moreover, a well-matched band alignment with adjacent functional
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layers is essential to promote carrier extraction and to suppress interfacial recombination losses.
The following section provides a discussion of the charge transport layers in perovskite solar cells.

(1) ETL: A typical ETL must have slightly lower CBM or lowest unoccupied molecular orbital
(LUMO) than that of perovskite layer to extract electrons from perovskite, and much deeper VBM
or highest occupied molecular orbital (HOMO) to block hole transport. Additionally, the electron
transport performance of the ETL largely depends on its electron mobility. Well-aligned energy
level and high electron mobility could effectively reduce interface recombination and charge
accumulation at ETL/perovskite interface, which also help with reducing leakage current and
series resistance (Rs). Finally, ETL also needs to have high optical transparency in the visible
range of light spectrum.

Conventional ETLs are sorted into two categories: organic and inorganic. Inorganic ETLs, such
as titanium dioxide (TiO»), tin oxide (Sn0O.), and zinc oxide (ZnO), are commonly employed in
regular (n-i-p) structured PSC.>%-8 TiO, has been widely used in mesoporous perovskite solar cells,
serving dual functions as both compact ETL layer and mesoporous layer to increase the contact of
ETL and perovskite interface. However, its practical application is constrained by the high
processing temperature of ~ 500°C and stability issue under UV light. SnO, has emerged as a
promising alternative in planar heterojunction n-i-p PSCs, offering comparable properties to TiO:
with distinct advantages including low-temperature processing (<150°C), enhanced electron
mobility, and superior optical transparency. Both sol-gel and chemical bath deposition methods
enable the fabrication of high-quality SnO; films under mild conditions. Besides, organic ETL,
fullerene and their derivatives, such as Cso and PCBM ([6,6]-Phenyl-C61-butyric acid methyl

ester), are most widely used in p-i-n structure.
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(2) HTL: Similar to the ETL, the main function of the HTL is to extract photogenerated holes
from the perovskite light-absorbing layer and transport them to the anode, and at the same time,
blocking photogenerated electrons from the perovskite layer. A high-quality HTL facilitates
efficient hole extraction and influences the open voltage by determining the quasi-Fermi level
splitting of the perovskite absorber. HTLs are categorized as either inorganic or organic. Inorganic
HTLs, such as nickel (II) oxide (NiO), molybdenum trioxide (MoQ3), are dominant for their low
cost, good stability, and high hole mobility.>*® Organic HTLs include materials like
Spiro-OMeTAD (2,2',7,7'-Tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9'-spirobifluorene),
PTAA (Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine], MeO-2PACz ((2-(3,6-Dimethoxy-9H-
carbazol-9-yl)ethyl)phosphonic acid), etc.!:52 To date, Spiro-OMeTAD is the most widely used
organic HTL in n-i-p structure devices. The undoped Spiro-OMeTAD has poor conductivity and
thus requires doping with appropriate amounts of additives such as Li-TFSI (lithium
bis(trifluoromethanesulfonyl)imide), TBP (4-tert-butylpyridine), and Co (III)-TFSI (cobalt (III)
bis(trifluoromethanesulfonyl)imide) to enhance its conductivity.®*%* Recently, hole selective self-
assembled monolayers (SAM) with anchoring groups, such as silane, carboxylic acid, and
phosphate, have attracted extensive research interest, primarily for use as HTL in p-i-n structure
devices.%-6¢
1.2.5 Electrodes of perovskite solar cells

The primary electrode configurations in perovskite solar cells encompass metal electrodes,
carbon-based electrodes, and TCO electrodes, functioning as charge collectors to extract
electrons/holes from the ETL/HTL and facilitate carrier transfer to external circuits. Among TCO
electrodes, indium tin oxide (ITO) and fluorine-doped tin oxide (FTO) are predominantly utilized

in PSCs. ITO demonstrates superior performance in terms of electrical conductivity (<3 €/sq sheet
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resistance) and optical transmittance (>90% in visible spectrum), whereas FTO exhibits
comparatively higher sheet resistance (7-20 €)/sq), reduced transparency (80-90%), and inherent
charge transport limitations due to interfacial energy barriers unless subjected to surface
modification.’

Metal or carbon electrodes typically serve as counter electrodes to TCO substrates, constituting
the final fabrication step in PSC device assembly. Conventional metal electrodes (e.g., Au, Ag,
Cu) are generally deposited via vacuum thermal evaporation or electron-beam evaporation
techniques, which are expensive and complex. Carbon electrode is a cost-effective alternative
candidate. However, it is most applied in p-i-n structures and may encounter conductivity issues
at the HTL/perovskite interface in n-i-p configurations.

In this thesis, all perovskite solar cells employ an n-i-p structure with ITO as the TCO substrate
and gold or silver as the anode materials. SnO2 and Spiro-OMeTAD are used as the ETL and HTL,
respectively.

1.2.6 Parameters of perovskite solar cells

The current density-voltage (J-V) characteristic is a fundamental measurement for photovoltaic

devices and serves as a key indicator of solar cell behavior. It is typically obtained by performing

a current-voltage sweep under one-sun illumination (100 mW/cm? at AM1.5G). Critical

parameters derived from the J-V curve include the open-circuit voltage (Voc), short-circuit current
density (Js), fill factor (FF), and power conversion efficiency (PCE), with PCE being the most
direct parameter of device performance. Additionally, the stabilized power output at the maximum
power point (MPP) is a reliable parameter for assessing the operational stability of perovskite solar

cells.
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Figure 1-9 illustrates a typical J-V curve, where the intersection with the X-axis corresponds

to V. (the point at which the net current is zero), and the intersection with the Y-axis corresponds

to Jsc (the condition when the external voltage is zero). FF is defined as,

_ Jupp X Vypp

FF
Jsc X Voc

And the PCE is defined by,

Pout  Jsc X Voc X FF
P; P;

PCE =
Where the P;, and P,,,; are the incident light power and output electrical power.
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Figure 1-9. A typical J-V curve of perovskite solar cells, green area divided by gray areal

represents FF.

Under ideal conditions, the V. is determined by the bandgap of the perovskite absorber and the
splitting of the quasi-Fermi levels in the ETL and HTL. In practice, however, V. is reduced by
factors such as shunt resistance, non-radiative recombination, and significant band bending at
interfaces. 7! The Js is primarily influenced by the bandgap and film quality of the perovskite
layer, and it is also affected by the carrier mobility in the charge transport layers. Although a wider

bandgap can yield a higher V., it narrows the absorption spectrum and reduces the amount of
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usable light, thereby decreasing Js.. Moreover, improved crystal quality in the perovskite layer
enhances the absorption coefficient and increases the generation of photocarriers, resulting in a
larger Jsc. Additionally, the carrier mobility in the transport layers is crucial for efficient charge
transport and collection; lower mobility adversely impacts Js.. The fill factor (FF) directly reflects
the “squareness” of the J-V curve and overall device performance, and it is influenced by factors
such as defects in the perovskite layer, the interfacial charge injection rate, and parasitic resistances
within the device.

The most straightforward stability test for perovskite solar cells follows the International
Summit on Organic Photovoltaic Stability (ISOS-L-1I) protocols (light soaking intrinsic stability
test). In this test, encapsulated devices are monitored under maximum power point (MPP)
conditions at room temperature, and their operational stability is evaluated by comparing the T80
value (the time required for the efficiency to drop to 80% of its initial value).”

1.3 Fabrication of perovskite solar cells

Currently, most cutting-edge research on perovskite solar cells is carried out in controlled
laboratory settings, where small-area fabrication methods are employed, under inert environment.
These idealized conditions help achieve high efficiencies by minimizing environmental factors
like moisture and oxygen, which can degrade the perovskite devices. However, such approaches
are not directly transferable to industrial-scale production due to their limited scalability and high
cost of maintaining inert processing conditions. Therefore, to accelerate commercialization, it is
essential to develop high-efficiency perovskites that can be fabricated on a large scale in ambient
air. This section summarizes the limitations of small-area fabrication methods and discusses

commonly used large-scale fabrication techniques for commercialization.
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1.3.1 From lab to industry

Spin coating method is the most common and standard technique for thin film fabrication in
research and lab-scale applications. The primary advantage of this method is its ability to produce
uniform films with precisely controlled thickness in a very simple and rapid procedure. The most
cutting-edge research in perovskite solar cells is performed with spin coating method.”>’* However,
the drawbacks become clear when upscaling from small area sample. The biggest disadvantage of
spin coating is its low materials efficiency. Over 90% precursor ink is wasted by spinning the
substrates to remove any excess materials aside from a desired thin layer, which highly increase
the cost of fabrication. Secondly, size of spin coating substrates is limited to smaller than 100 cm?,
which makes it difficult for batch processing and incompatible with scalable production. Besides,
uneven solvent evaporation induced by the turbulence of rotating sample becomes particularly
pronounced when fabricating perovskite films via the spin coating method on large-scale
substrates. This can lead to issues such as pinholes, incomplete coverage, and non-uniform
thickness. These defects severely impact the power conversion efficiency of solar cell devices.”
Therefore, alternative solution-based fabrication techniques are widely explored by researchers to
fulfill the upscaling requirements, such as slot-die coating, spry coating, blade coating, and
others.*®7® The schematic of different coating methods is illustrated in Figure 1-10.

Slot-die coating is a scalable and precise thin-film deposition method widely used for large-
area fabrication in industries. In this technique, a precursor solution is continuously dispensed
through a narrow, rectangular slot die head onto moving substrate. The quality of films is
determined by complex parameters, such as injecting flow rate, coating speed, viscosity and slot
die head layout. Although this method allows to produce highly uniform films with well-controlled

thickness, making it ideal for roll-to-roll and large-scale manufacturing, the massive material waste
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caused by maintenance and cleaning make it not suitable for upscaling perovskite solar cell in

laboratory.

(a) Deposited Solution

Substrate

Rotating Chuck

Movement
of blade

(b) —
Reservoir Solution
Substrate

Movement it of
substrate
—_— Substrate

Figure 1-10. Schematic of (a) Spin coating, (b) Slot-die coating, (c) Blade coating.77 Copyright

2025 Ossila.

In contrast, blade coating is a simple, cost-effective, and versatile thin-film deposition
technique widely adopted in laboratories for perovskite solar cell fabrication. In this method, thin
film is formed under surface tension by moving the blade across substrate while maintaining a
controlled gap and coating speed. The thickness of blade coating films is defined by the total
amount of solute that is applied onto the substrates by coating process, which is also affected by
viscosity and density of the injected ink.”® Besides, blade coating requires minimal equipment and
is straightforward to operate, making it highly suitable for lab-scale research and low yield films
preparation. With the assist of gas-quenching, the perovskite films can crystallize immediately
during in situ blade-coating process. The same as slot die coating, it allows precise control over
film thickness by adjusting parameters such as precursor concentration, coating speed, blade height,
ink volume, and substrates temperature. Additionally, blade coating is compatible with various

substrate sizes and material, providing flexibility for experimental optimization. Its scalability also
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makes it a useful bridge between lab-scale research and large-scale manufacturing, enabling
researchers to study film quality and device performance under realistic conditions.
1.3.2 Research progress on blade coating perovskite solar cells

Blade coating represents an important step toward large-scale industrial coating processes due
to its lower processing cost, versatile application, and scalability. In 2015, Deng et al. reported a

MAPbI;-based PSC with a 15.1% PCE using a heating-assisted blade coating method. 7 They

observed that films produced via blade coating exhibited larger grain sizes and improved carrier
diffusion lengths compared with those fabricated by spin coating. To further reduce processing
costs, simplify the fabrication process, and achieve uniform large-area blade-coated perovskite
films at room temperature, gas quenching has emerged as an effective alternative to heating
assistance. However, perovskite films generated using gas-assisted blade coating at low
temperatures often suffer from low crystallinity and small grain sizes. In 2019, Deng et al.
addressed these challenges by optimizing the coordination of solvent system.®® They combined the
high volatile solvents, like 2-methoxyethanol (2ME) and acetonitrile (ACN), with the high
coordinating solvent, like dimethyl sulfoxide (DMSO) and control the solvent coordination ability
by adjusting the ratios. Using this strategy, they successfully fabricated high quality perovskite
modules via gas quenching - blade coating method at a high speed of 99 mm/s at room temperature.
The resulting modules achieved a PCE of over 16% on a 60 cm? active area, shown in Figure 1-

11.
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Figure 1-11. Schematic illustration for N>-knife—assisted blade coating of perovskite films. (b)
Photograph image of an as-coated perovskite film on 15 cm by 15 cm flexible substrate.

Reproduced with permission from ref.8’, used under Creative Commons CC-BY-NC-ND 4.0

license.

To further improve crystallinity and film quality, N-methyl-2-pyrrolidone (NMP) and
methylammonium chloride (MACI) were incorporated into the perovskite ink. Both additives
promote the formation of a stable intermediate phase by lowering the formation energy of the
intermediate phase, thereby facilitating the development of pinhole-free and uniform films.3!-8?
Finally, it is crucial to control all key parameters of the blade coating deposition process—ink
chemistry, coating technique, and drying process—to successfully fabricate high-efficiency

perovskite solar cells, as shown in Figure 1-12.
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Figure 1-12. A parameter space of the FACs based perovskite devices various N> pressure, blade
speed and gap between blade coater and substrate. Reproduced with permission from ref.33

Copyright 2022, exclusive licensee American Association for the Advancement of Science.

1.4 Formamidinium lead iodide perovskite

In previous section, we discussed the structure and properties of perovskite materials, and
highlighted the advantage of applying them into solar cells. We also discussed the necessary
requirement — ideal bandgap, 1.34 eV — to approach the theoretical maximum power conversion
efficiency for single-junction perovskite solar cells based on the S-Q efficiency limit.
Consequently, the narrow bandgap perovskite formamidinium lead iodide (FAPDI3) is identified
as an ideal candidate for further investigation in this thesis. This chapter provides a concise
overview of the current research landscape, inherent advantages and drawbacks, optimization

strategies for FAPbI3-based perovskite solar cells.
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1.4.1 Overview of perovskite compositions

Over the past few years, most of the perovskite solar cell research focused on methylammonium
lead iodide (MAPbI3) and FAPbI; based solar cells.* CsPbls is not regarded as a potential
candidate to achieve high PCE in single junction solar cells due to its wide bandgap. The efficiency
of MAPbIs-based PSC has been improved from 3.81% to 22.28% by optimization of deposition
technology and device configuration.®3>#¢ However, the large bandgap of MAPbI3, 1.55 eV, limits
its S-Q theoretical efficiency. Also, MAPbI; perovskite has the poor thermal, moisture and oxygen
stability arising from low crystallization energy and intrinsic hygroscopic feature, which results in
irreversible degradation under operation conditions.?®%” Deprotonation of methylammonium in
MAPDI; is the main degradation mechanism in the presence of water and oxygen. This process
leads to decomposition of MAPDI; into CH3NH», HI and Pbl», as shown in Figure 1-13. Due to
the existence of volatile species, CH3NH> and HI, this degradation is considered an irreversible
pathway. For those reasons, MAPDI; perovskite cannot fulfill the demands of photovoltaic industry

for high efficiency and stability.

H,0
a

n[(CH3NHg*)Pblg]  [(CH3NH3*),.1(CH3NH,)nPblg][H0]

Decomposition pathway

in the presence of water HI

n-1[(CHzNH5*)Pbls]

H,O and Pbl,
Figure 1-13.Possible degradation pathway of MAPbI; perovskite in the presence of water.

Reproduced with permission from ref.®® used under Creative Commons CC-BY-NC-ND license.
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Oppositely, FAPblz-based perovskite solar cells stand at the forefront of efficiency in
perovskite solar cells. In 2013, Tom Baikie et al. first applied FAPbI3 perovskite into photovoltaic
devices, but it only showed a 4.3% PCE.% In 2014, Snaith er al. fabricated FAPbI3 planar
heterojunction perovskite solar cells with over 14% PCE.*° They also demonstrated that FAPbI;
has superior thermal stability up to 150°C and longer charge diffusion length than MAPbI;. Since
then, FAPbIz-based perovskite has become one of the most important compositions of PSCs.

Later in 2014, Nam-Gyu Park et al. achieved a major advance in FAPbI; perovskite solar cells
with a champion PCE of 16.01% by incorporating a meso-micro porous titanium dioxide (TiO2)
scaffold into the electron transport layer.®® This innovation improved the current-voltage
characteristics of PSCs, while also exhibiting enhanced stability under elevated temperatures and
continuous illumination. Building on this progress, Sang Il Seok et al. reported a certified PCE of
20.2% for FAPbI; based devices in 2015, surpassing the 20% benchmark.’! They introduced an
intramolecular exchange process, replacing dimethyl sulfoxide (DMSO) in lead iodide (Pblz) with
formamidinium iodide (FAI), resulting in higher-purity, uniform FAPbI; films with a preferred
crystallographic orientation. These breakthroughs highlight the potential of optimized
crystallization and structural design in advancing high-efficiency perovskite solar cells.

In 2024, FAPbIz-based state-of-art perovskite solar cells achieved a record certified PCE of
26.7% through multiple optimization strategies, including defect management, additive
engineering, interface passivation, and advanced device design.! The efficiency progress of

FAPbI; perovskite solar cell is summarized in Figure 1-14.
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Figure 1-14. Development of FAPbIz-based perovskite solar cells.

1.4.2 Advantages and limitations of FAPbI3

The rapid development of highly efficient FAPbIz-based solar cells highlights the advantages
of this composition over others.

First, with a narrow bandgap of 1.48 eV, FAPbI; allows harnessing near-infrared light thus
achieving high photocurrent. Furthermore, this bandgap is closer to the ideal bandgap for single
junction solar cells predicted by the S-Q limit, making it highly suitable for maximizing solar

energy conversion efficiency (Figure 1-15).%-2
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Besides, the FAPbI3 exhibit superior long charge carrier diffusion lengths and lifetimes in both
polycrystalline films and single crystals due to reduced rotational freedom of the FA cation and
highly symmetric cubic structure.”*”® The nonradiative recombination losses can be effectively
minimized in FAPbI3, while obtaining high carrier extraction and charge transport efficiency.””*8

Moreover, FAPbI3 exhibits stronger thermal stability than MAPbI3, which attributes to its
enhanced geometric and chemical stability and enables it less likely to degrade under operating
conditions. The tolerance factor ¢ of FAPbI; is closer to 1 than that of MAPbIs, which gives it a
more stable cubic lattice structure. In addition, the stronger interaction between FA and the Pb-I
octahedral framework significantly enhances both chemical and thermal stability (Figure 1-16(a),
(b)).%102

However, FAPbI3 suffers from temperature-dependent phase polymorphism, as illustrated in
Figure 1-16(c). The excellent optoelectronic properties of photovoltaic-active FAPbI3 arise from
its high-symmetry cubic structure (black a-phase), which, unfortunately, is metastable at room

temperature. Over time, it tends to convert to a photovoltaic-inactive phase (yellow §-phase) with

a wide bandgap of 2.4 eV, significantly impairing the performance of perovskite solar cells. 103-105
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Figure 1-16. (a) Thermal stability test of MAPbI3 and FAPbI; films at 145°C. Reproduced with

permission from ref.!% Copyright 2016 the Royal Society of Chemistry. (b) Photodecomposition
and thermal decomposition in MAPbIs perovskites. Reproduced from ref.!%7 Used under Creative
Commons CC BY 3.0 license. (c) Crystalline structure and polymorphic phase transitions of
FAPbDI;. Reprinted (adapted) with permission from ref!%. Copyright 2020 American Chemical

Society.

Lattice strain is the fundamental reason for the polymorphism issue of FAPbI;. From the
perspective of crystal structure, larger FA™ cations expand the octahedral skeleton, leading to
weaker connectivity of [Pbls]* octahedral and strained the whole lattice, making the octahedra tilt
or distort. The lattice strain is released by increasing the cation mobility at high temperature.
However, at low temperatures, the phase transition from a- to - FAPbI; is primarily driven by
the constrained orientation and reduced rotational freedom of FA cations. This restriction causes
the strain released and distortions in the [Pbls]* octahedra, shifting them from corner-sharing to

face-sharing configurations and leading to hexagonal structure 8-phase FAPbI3.!%81%°
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From a thermodynamic standpoint, the temperature dependent thermal stability of FAPbI; is
governed by the balance between enthalpy (AH) and entropy (AS), expressed through the Gibbs
free energy equation:

AG = AH —TAS

where, AG, AH, AS are the Gibbs-free energy difference, the change of enthalpy, and change of
entropy. At temperatures above the phase transition onset (7> Ts_, ), the higher rotational freedom
of the FA cation dominates the increase of entropy term (T'AS) and thus lower the AG of a- FAPbI.
That is why the high-enthalpy (AH) a-FAPbI; is the thermodynamically preferential structure at
high temperature. Conversely, at temperatures below this threshold (7'< Ts_, ), the contribution of
entropy is negligible due to oriented FA cations and the AG is determined by the low enthalpy
(AH) of 6-phase FAPbI3. Then, the metastable a-FAPbIz with higher Gibbs free energy tends to
overcome the phase transition energy barrier. That is why low temperature drives the phase
transition towards more thermodynamically stable and lower-enthalpy 8-phase FAPbI3.!10-112

Additionally, AH reflects the internal energetic variation of the FAPbI;3 perovskite, also playing
a crucial role in determining the activation energy of phase transition and kinetic stability of
photoactive phase FAPbIz. This intrinsic interplay between enthalpy and entropy highlights the
challenges in maintaining the a-phase for efficient photovoltaic performance and underscores the

need for stabilization strategies to suppress the 8-phase transition, as shown in Figure 1-17.113-115
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Figure 1-17. (a) Energy diagram of phase transformation between & and a phase (solid orange line:
Gibbs free energy; green dash line: stabilizing a phase through decreasing Gibbs free energy; blue
dash line: stabilizing a phase through increasing energy barrier). (b) The differences in Gibbs free
energies for the transition from either intermediate adduct or 3-FAPbI3 to a-FAPbI;. Reproduced

with permission from ref.!!® Copyright 2023, Springer Nature Limited.

1.4.3 Strategies to stabilize FAPbI3

As discussed above, the phase stability of FAPbI3 is determined by thermodynamics and
kinetics. The cubic structure of FAPbI; can be stabilized at room temperature through either
reducing the Gibbs free energy of the a-phase or increasing the activation energy barrier for the a-
to-0 phase transition. Therefore, enhancing the entropy (AS) of formation of a-FAPbI; or lowering
its formation energy (enthalpy, AH) are two main methods for stabilizing a-FAPbI; from both
thermodynamic and kinetic perspectives. The entropy is primarily influenced by internal and
external lattice strain, while the formation energy is governed by the crystallization process of
FAPbI;. Consequently, various strategies, including composition engineering, strain engineering
and intermediate engineering, have been widely explored to enhance the stability and efficiency

of FAPDI; perovskite solar cells.
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Incorporating smaller A-site cations or X-site anions is an effective way to enhance the
stability of metastable a-FAPbIs. In 2015, Sang Il Seok et al. successfully stabilized FA-based
PSCs by mixing 15 mol% MAPbBr3, paving the way for efficient PSC development through
compositional engineering, as shown in Figure 1-18(a).!'” Simulation results reveal that the
anisotropic strain present in the (111) plane of the FAPbI3 lattice promotes the transformation of
the a-phase into the d-phase, a process accelerated by exposure to humid air. Alloying with MABr
introduces a more compact crystal lattice, enhancing Coulomb interactions within the structure
and relieving lattice strain, as shown in Figure 1-18(c). The sum of the energy and mixing entropy
contribution leads to a reduction of the free energy, which synergistically contributes to stabilizing
the a-phase of FAPDI.!!® Density functional theory (DFT) calculations also found that smaller
halides are thermodynamically favored to locate at the corner-sharing sites rather than the face-
sharing ones.!!? Similarly, by partially alloying Rb* or Cs" with FAPDbI; to turn the tolerance factor
toward an ideal range of stable perovskite is also a general composition design strategy to improve
the performance of FA-based PSC, Figure 1-18 (b).!2%!2! A computational study also
demonstrated that preferential orientation of N-N axis enhanced the stability of FA-Cs mixing
perovskite by lowering rotation frequencies of FA cation, which also stabilize the [Pbls]*
octahedral framework.'?? Besides, strengthening the hydrogen bonds with I" is another effective
way to stabilize corner sharing [Pbls]* octahedral network in the a-FAPbI3, Figure 1-18 (d). In
2019, Sang Il Seok et al. noted that adding small amount of high dipole moment cation of
methylene diamine (MDA?") into FAPbI; can reduce lattice strain and effectively lead to better

performance in PSC.!23-125

29



20
(a) (b) 1.05-
5, FAPbI,
16} 1.00 -
— o ."."
S 095 O
< 12} s &° ¥ a-FACs, Pbl,
& | = &
= o 090 &
Q sl 2 S
oL °
080 -
(FAPbI,), (MAPbBr,), A" §,CsPbl,
0.754—=

140 160 180 200 220 240 260 280 300
Effective radius (pm)

Strain

VDOS [a.u]

Doping @ relaxation . Pb

@® |
® Br

100 200 300 400
Frequency [cm ']

(111) plane
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MAPbBr3. Reproduced with permission from ref.!!” Copyright 2015, Springer Nature Limited. (b)
Correlations between tolerance factor and crystal structure of perovskite materials. Reproduced
with permission from ref.3* Copyright 2016, American Chemical Society. (c) Schematic
representation of strain relaxation after MABr alloying. Reproduced with permission from ref.!!8
Copyright 2016, American Chemical Society. (d) Vibrational density of states of the Pb-I inorganic
framework for pure and mixed perovskites. Reproduced with permission from ref.'?? Copyright

2020, American Chemical Society.

Strain engineering plays a crucial role in enhancing the stability of FAPbI3 perovskite films.
Strain in these films arises from both internal and external factors, which can significantly impact
their optoelectronic properties and stability. Except for the local lattice strain caused by ionic size
mismatches within the [Pbls]* octahedra and the local crystal micro strain arising from grain-to-
grain misorientation during nucleation and growth, another significant form of residual strain

develops from external stresses encountered during fabrication, operational processes, or
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environmental exposure. This residual strain has a significant impact on the long-term stability
and performance of perovskite devices.

As reported by Chen et al. in 2020 (Figure 1-19(a)) residual strain in perovskite materials
affects crystal structure, bandgap and carrier mobility. They grew strained epitaxial a-FAPbI; thin
films on lattice-mismatched halide perovskite substrates and demonstrated a substantial
stabilization effect on the a-FAPbI; phase owing to the synergistic effect of epitaxial stabilization
and strain neutralization. In this study, the epitaxial film is under compressive strain, which
neutralizes the effect of the internal tensile strain. Therefore, the synergistic effect of the low-
energy coherent epitaxial interface and the neutralizing compressive strain are the key to a-FAPbI3
stabilization.!?® Besides, post-annealing treatment, as a necessary step in the fabrication process,
play a key role in determine the thermal stability of both single crystal and polycrystal FAPbI;
films. Deng et al. introduce a slant angle between hot plate and substrates to apply the gradient
crystallization strategy, which successfully control the grain growth and release the in-plain tensile
of perovskite films, as shown in Figure 1-19(b).!?” In addition, precise control of the annealing
environment can effectively adjust the crystallization rate and mitigate the strain in perovskite

films. Chu et al. highlighted the crucial role of oxygen in the annealing process and its impact on

the lattice stability of FAPbIs. During annealing, thermal lattice expansion facilitates the diffusion
of oxygen into the bulk of the perovskite lattice, leading to an elongation of the Pb—I bond length.
The elongated Pb-I bonds expand the octahedral cage in the perovskite lattice, relieving intrinsic
lattice stress and suppressing phase transitions from a- to - FAPbI3, as shown in Figure 1-19(c)
Further investigations revealed that the enhanced phase stability of annealed FAPbI; crystals

correlates with a lower activation energy, which reduces defect density and ion migration in the
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final devices.'*® This finding establishes a theoretical foundation for the feasibility of preparing

stable FAPbI; perovskite devices under ambient air conditions.
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Figure 1-19. Strain engineering strategies: (a) Phase stability comparison of strained sample (red
curves) and strain-free sample, the (001) peak of a-FAPbIz is at 13.92°. Reproduced with
permission from ref.!?6 Copyright 2020, The Author(s), under exclusive licence to Springer Nature
Limited. (b) Strain release using in-plane thermal gradient assisted crystallization strategy.
Reproduced with permission from ref.!?” Copyright 2022, American Chemical Society. (¢) Crystal
structure transition of FAPbI3 single crystal from o phase to & phase and then to a phase after

annealing in ambient air. Reproduced with permission from ref,'?® used under Creative Commons

CC-BY-NC license.

Intermediate engineering has emerged as a widely adopted strategy to enhance the
crystallinity and stabilize solution-processed FAPbI3 films. The solution growth process of

perovskite materials can generally be divided into three stages: (I) the pre-nucleation stage, (II) the
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nucleation and growth stage, and (III) the grain growth stage.'?’ During these stages, intermediate
phases typically form the coordination in between the perovskite precursor and solvents or
additives. The presence of these intermediate phases helps balance inhomogeneous nucleation and
lowers the formation energy barrier, which is crucial for achieving high-quality perovskite films
and improved device performance. A volatile ammonium salt, methylammonium chloride (MACI),
is commonly used in FAPbI; fabrication, to improve crystallinity and grain size.!** The MA based
additives can induce the nucleation formation and dramatically reduce phase transition temperature
by forming a MA-rich intermediate phase, Figure 1-20(a). Additionally, Lewis acid-base adducts
formed between Pbl, and polar aprotic solvents (e.g., DMSO, N-methyl-2-pyrrolidone (NMP),
and N,N’-Dimethyl propylene urea (DMPU)) promote the formation of intermediate complex in
the perovskite solution, which helps with phase transformation at temperatures below the
thermodynamic threshold, as shown in Figure 1-20(b), further improving the structural and

optoelectronic properties of the resulting perovskite films.!3!:132
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Figure 1-20. Intermedlate engineering strategies: (a) Schematic illustration for crystallization

kinetics with non-volatile NH4Cl and volatile MACI additives. Reproduced with permission from
ref.!3% Copyright 2023, American Chemical Society. (b) Differential scanning calorimetry (DSC)
curves of FAPbI; formation from different intermediate phase. Reproduced with permission from

ref.!3! Used under Creative Commons CC-BY-NC-ND 4.0 license.

Those synergistic effects (compositional engineering, strain regulation and intermediate phase
control) not only improve the phase stability and crystallinity of a-FAPbI3 but also minimize the
defects. As a result, these enhancements contribute to superior optoelectronic performance and
long-term stability of perovskite-based devices, providing a robust framework for the development
of high-efficiency perovskite solar cells.

1.4.4 Small ions doping in perovskite materials

As discussed in the previous subsection, compositional engineering—through the substitution
of A/X site ions with smaller size cations or halide ions—can effectively release internal lattice
strain and stabilize the cubic a- FAPbIz phase. However, the alloying on A/X site approaches often
lead to an undesirable broadening of the optical bandgap and phase segregation. To maintain the
narrow bandgap characteristic of FAPbI3 and achieve better optoelectronic performance in devices,

it is essential to explore alternative way for composition engineering. Thus, stabilizing phase-pure
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a-FAPbI3, while maintaining its narrow bandgap and optoelectrical performance has become a key
research focus.

The incorporation of small ions into perovskite lattice has been emerging as an effective
approach to enhance the optoelectronic properties, stability and performance of perovskite solar
cells. According to the geometric stability principles of the perovskite lattice, dopant ions must fall
within the ideal range of the tolerance and octahedral factors to be incorporated into the crystal
lattice while maintaining a stable cubic structure. If these criteria are met, the dopant can substitute
lattice ions, as seen in B-site doping with transition metal ions. Otherwise, small ions are more
likely to occupy interstitial positions rather than replace lattice ions. Both B-site substitution and
interstitial doping influence lattice strain and defect states in perovskite solar cells

(1) Impact on lattice strain

Small-ion dopants can alleviate lattice strain when they incorporated into the perovskite lattice
as a substitutional dopant. However, when small ions act as interstitial dopants, they can destabilize
the lattice through lattice expansion. As reported by Saidaminov et al. in 2018, the incorporation
of small ions, cadmium ions, into B-site can lead to lattice local strain relaxation by decreasing
distortion angle between B-X-B, as shown in Figure 1-21.!3 The size of B site cations determines
the dimensions of the [Pbls]* octahedra and the resulting cavities between them, thereby
influencing perovskite structure. In contrast, the interstitial doping will introduce micro tension
strain, which will cause lattice volume expansion and destabilize the perovskite lattice. !3%13°

Besides, the formation energy of interstitial accommodation decreased as the radius size of

interstitial ions decreasing.
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Figure 1-21. Tllustration of the local strain. Reproduced with permission from ref.!*3 Copyright

2018, the Author(s).

(2) Defects passivation

Vacancy defect, such as iodide vacancy and lead vacancy, are common point defects in
perovskite solar cells and significantly affect the degradation pathway of perovskite in ambient air.
These vacancies prefer to interact with water and oxygen molecules in ambient air, accelerating
the formation of deep defects that severely degrade the performance of perovskite solar cells.
Iodide vacancy is a shallow level defect with relative low formation energy. It hinders the carrier
transportation as a nonradiative recombination center and facilitate ion migration. Similarly, lead
vacancy always act as a hole charge trap hindering the carrier lifetime.

Small ion doping has demonstrated excellent defect passivation effects, mitigating the
detrimental impact of these defects. When incorporate at the B-site, the formation energy of the
vacancy defects is increased without introducing unwanted electronic traps. While the interstitial
doping ions, such as neodymium cation, could suppress the iodide ion migration to iodide
vacancies through a stronger electrostatic attraction force, further enhancing device operation

stability.!3* These findings underscore the crucial role of small-ion doping in determining the
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optoelectronic properties of perovskite materials, making it a promising strategy for stabilizing
cubic a-FAPbI.

In conclusion, small-ion doping represents a cost-effective strategy that does not require
additional passivation or post-treatment steps for performance optimization. Even trace amounts
of dopant ions (typically less than 1 mol% of the precursor) can significantly influence device
performance. However, a trade-off exists when selecting small ions as dopants, as doping
concentrations must be precisely controlled. Excessive doping can disrupt the desirable
optoelectronic properties of the host lead-halide perovskite. Therefore, the improvement of the
phase stability, crystallinity, and optoelectronic properties of FAPbl; PSC can be achieved by
precisely select and optimize the concentration of small ions. It also provides valuable insights into

the fabrication of high-efficiency FAPbI3 perovskite solar cells under ambient conditions.
1.5 Thesis goals

The primary objective of this thesis is to develop high-performance FAPbI; perovskite solar
cells with enhanced stability and higher power conversion efficiency, using a scalable blade-
coating method for fabrication in ambient conditions. As previously discussed, the instability of
FAPbI; perovskites primarily arises from their polymorphic transitions at room temperature,
governed by Gibbs free energy and the phase transition energy barrier. Various optimization
strategies, such as compositional engineering, additive incorporation, and strain modulation, have
been explored to enhance the stability and performance of FAPbI; perovskite solar cells. However,
fewer studies have focused on B-site doping with small-sized transition metal ions in perovskite
precursors to simultaneously modify the stability of FAPbI3 lattice structure, as well as FAPbI;

device performance. Additionally, variations in precursor stoichiometry during FAPbI3 crystal
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growth may lead to differences in FAPbI; growth, phase transition behavior, and material stability.
The studies on these topics are presented in detail in Chapters 2 to 4.

In Chapter 2, the long-term stability issue of FAPbI; materials at room temperature under
ambient conditions is addressed through bismuth (Bi) doping. B-site transition metal doping has
demonstrated superior effectiveness in stabilizing other perovskite compositions, such as CsPbls.
Given that bismuth shares a similar atomic radius and electronic structure with lead, it is of
particular interest to explore whether Bi doping can enhance the phase transition stability of
FAPDbI; perovskite.

To systematically investigate the impact of Bi doping on the crystal lattice, single crystals are
employed as the model system, providing an ideal platform for analyzing structural and
optoelectronic modifications at the atomic level. The primary objective of this chapter is to
examine the phase stability and optoelectronic property variations in FAPbI3 single crystals with
different concentrations of bismuth doping. Furthermore, this study highlights the potential
drawbacks of heterovalent B-site doping, particularly its possible adverse effects on the
optoelectronic properties of FAPbI; materials.

In Chapter 3, we explore the impact of cadmium (Cd) doping on the stability and performance
of FAPbI3 perovskite solar cells. As discussed in this chapter, B-site doping has been shown to
enhance the stability of FAPbI; perovskites; however, heterovalent Bi** doping introduces deep
defects and impedes carrier diffusion, negatively affecting optoelectronic properties. To overcome
these limitations, this chapter investigates homovalent Cd?>* doping as an alternative strategy.

Previous studies suggest that Cd** doping effectively suppresses the formation of vacancy
defects and enhances long-term device stability, making it a promising candidate for simultaneous

improvement of stability and optoelectronic performance. Therefore, the primary objective of this
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chapter is to analyze the stability and optoelectronic property variations in FAPbI3 single crystals
doped with different concentrations of cadmium. Additionally, we employ a compositionally-
graded film approach to precisely determine the optimal Cd** doping concentration for device
fabrication, ensuring a balance between structural stability and electronic performance.

In Chapter 4, we explore the effect of different FAI/Pbl; ratios on the crystal growth, phase
transition, and quality of FAPbI; single crystals. Investigating the factors influencing and
competing mechanisms of FAPbI3 phase transitions at the single-crystal level, provides a valuable
guidance for the selection and optimization of additives in precursor solutions.

According to previous studies, single-crystal growth is primarily controlled by supersaturation
and interfacial energy during the crystallization process. In MAPDbI;, the crystallization
temperature is highly dependent on the MAI/Pbl; ratio, yet no phase transition occurs within this
temperature range. In contrast, FAPbI; exhibits a strong overlap between its crystallization and
phase transition temperatures, making it particularly interesting to understand how the FAI/Pbl;
ratio affects both processes. Furthermore, since we re-dissolve FAPbI3 single crystals to prepare
precursor solution, it is crucial to control the quality of the single crystals for improving the
reproducibility and efficiency of FAPbI3 solar cells.

In summary, FAPbI; is a promising candidate for next-generation perovskite solar cells, as long
as its challenges in phase stability, defect control, and scalable fabrication are successfully

overcome.
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Chapter 2. Investigation of the impact of bismuth doping on the

stability of FAPDbI; single crystals

[Reprinted (adapted) with permission from: Soumya Kundu, Dongyang Zhang (equally
contributing co-first author), Abdelrahman M. Askar, Erin G. Moloney, Michael M. Adachi,
Ayesha Nadeem, Shahram Moradi, Vishal Yeddu, Ahmed L. Abdelhady, Oleksandr Voznyy, and
Makhsud 1. Saidaminov. Bismuth Stabilizes the o-Phase of Formamidinium Lead lodide
Perovskite Single Crystals. ACS Materials Letters 2022 4 (4), 707-712. Copyright 2022 American

Chemical Society.]

Contributions to research and writing

In this paper, I carried most of the experimental work, data collection and data analysis in close
collaboration with the co-first author, Dr. Kundu. I also wrote the first draft of the manuscript and
led it through revision process until publication.
Transition section

As discussed in previous chapters, a-FAPbI; (FA = formamidinium) perovskite offers an
optimal bandgap for single-junction solar cells but converts into a more thermodynamically stable
photoinactive 6-polymorph at room temperature. FA- or I-site substitutional alloying stabilizes a-
FAPbI3; however, it leads to compositional segregation in operational devices. Here, we stabilize
a-FAPbI; single crystals through Pb-site doping with a heterovalent metal-bismuth (Bi**). We
show that undoped a-FAPbDI; has an a- to 8-phase half-life transition of <0.15 h, while the optimum
concentration of Bi extends it by 4 orders of magnitude. Differential scanning calorimetry (DSC)

reveals that Bi has effectively decreased the 8- to a-phase onset transition temperature. DFT
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calculations suggest a relatively clean gap, supporting previous findings on the improved

photovoltaic performance of Bi-doped a-FAPbIs-based solar cells.
2.1 Introduction

Of the various perovskite compositions, a-FAPbI; stands out for use in photovoltaics: its 1.4
eV bandgap is close to optimal for single-junction solar cells.!3%!137 It shows greater stability

136,138,139 and longer carrier diffusion lengths®* than

against decomposition to starting precursors
archetypical MAPbX; perovskite compositions (MA is methylammonium, X is halogen). As a
result, a-FAPbl;-dominant compositions have recently led to a set of record-breaking perovskite
solar cells,!38:140.141

However, o-FAPDL is thermodynamically unstable at room temperature!*? and converts to the
high-bandgap non-perovskite 3-FAPbL; polymorph.!% Stabilizing the a-FAPbI; phase can be
achieved with FA- or I-site substitutional alloying with smaller ions to decrease the Goldsmith
tolerance factor. This is commonly accomplished with MA* or Br ;43147 however, these
substitutes result in compositional segregation and an increased bandgap.!*¥15° Other additives
have also been investigated,'?>138151-133 guch as Rb',!>* Cs**152155 MDA?",138 CI-,15%156 and
pseudohalides. !4

Recent studies have shown that Pb-site additives can stabilize a-FAPI; (e.g., Sn?*, Zn?>"),157:158
among which Bi** has shown promising results.!>® Bi** doping was studied in various perovskite
compositions such as MAPDI3,'%0-163 CsPbX3,'%%165 MAPDbBr3,'%-170 and mixed perovskites,!”!!72
in which Bi has generally introduced in-gap trap states that deteriorated photovoltaic
performance.!” In contrast to these findings, Bi** has been shown to improve the performance of

polycrystalline a-FAPbIz-based perovskite solar cells.!>® This is a surprising finding and requires

further studies to understand the mechanism of Bi-assisted stabilization of a-FAPbI; and if Bi
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introduces electronic traps. In addition, grain boundaries likely had a dominating effect in

159'it is now essential to study the impact of Bi on crystal lattices

stabilizing polycrystalline films;
without grain boundaries.!”*
Here, we synthesize Bi**-doped FAPbI; single crystals that enable us to study the effect of Bi
on the crystal lattice exclusively.!”®> X-ray photoemission spectroscopy (XPS) of cleaved crystals
supports the incorporation of Bi into the crystal lattice. We show that undoped a-FAPbI3 has a
half-life of <0.1 h, and Bi doping extends it by at least 4 orders of magnitude. DSC shows that Bi
doping decreases the d-to-a onset transition temperature from 133 °C for undoped to 111 °C for
5% Bi-doped crystals. DFT studies suggest that relatively shallow electronic traps may form as Bi

is incorporated.

2.2 Exploring the influence of Bi** concentrations on the stability of FAPbI3

single crystals

We first grew undoped FAPDI; single crystals by inverse temperature crystallization (ITC).!7¢
The crystals were black (a-phase) as made but converted to yellow (3-phase) within 15 min. Figure
2-1 shows X-ray diffraction (XRD) of the ground crystal taken 15 min after isolating it; all
diffraction peaks correspond to the 6 phase, while no peak corresponding to the o phase was
detected.

Next, we attempted to stabilize a-FAPbI3 with methylenediammonium dichloride (MDACI,),'?8
as this strategy has been shown to stabilize the a-phase and produce highly efficient perovskite
solar cells. The MDACI, additive indeed resulted in a more stable a-FAPbI; than the undoped

sample, but it also turned to the d phase within 2 days (Figure 2-1).
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Figure 2-1. Powder XRD pattern of simulated 6-FAPbI; (black line), ground FAPDI; single crystal

15 min after synthesis (red line), and ground MDACI>-doped FAPbI; single crystal 2 days after

synthesis (blue line).

We then looked into stabilizing a-FAPbI; crystals with Bi**, as a Bi additive was shown to

improve the performance of polycrystalline a-FAPbI3 perovskite solar cells.!>® We grew crystals

by adding 0% ~ 20% Bil; into the ITC growth solution. Note that Bi concentrations mentioned

hereon refer to Bi*" nominal concentration in solution relative to Pb?". The powder XRD which is
p

taken around 15 mins after synthesis, indicated pure a-FAPDI; phase for single crystals with >5%

Bi and a mixture of a- and d-phases for single crystals with lower Bi-doping levels due to rapid

phase transformation, as shown in Figure 2-2(a). No impurity peaks, such as unreacted Pbl,, were

observed.
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Figure 2-2. (a) Contribution of sample height variation to diffraction peak position (see below for
mathematical derivations). (b) (001) peak position of ground crystals show no systematic shift
indicating sample height error contribution. (¢) (001) peak position of ground crystals corrected
by with Pbl, showing no shift. (d) Powder XRD of as-synthesized ground crystals. The XRD
diffraction angle (20) was calibrated to the Pbl, peak (001) at 20 = 12.68°. The dashed lines are

the guides to the eyes.

We then sought to understand the impact of Bi doping on crystal lattice parameters. The position
of XRD peaks can be appreciably altered by sample height variation (Figure 2-2(a-c)). The peak
position error due to the sample height variation is calculated by following equations, according
to the schematic given in Figure 2-2(a), where / is the height offset of different samples, f'is the
focal length, 26 is the diffracted angle:

H = fsinf (1)
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L = fcon6 (2)

H =H-—h=fsind —h 3)
, _ Hr _ (H-h) _ (fsin6-h)
f T sinfr sinfr  sindr (4)
H? + 12 = f? (5)
H,2 + L’Z = f’z (6)
H2_H12:f2_f12:H2_(H_h)2 (7)
f2 _frz = Hh — h? (8)
ind—h ,
f2 = B = hfsing — b2 ©)
sin@' = fsin6—h (10)

J(F2=hfsin6+h?)

According to equation (10), for the focal length f of 240 mm (in our instrument), and the
diffraction peak (20) of 14° (8 = 7°), a height offset of + 0.2 mm leads to 20’ of 14.0 + 0.1 degrees.
To eliminate this, we mixed ground crystals with Pbl, and used its known peak at 12.68° as a
reference; we observed no apparent shift in XRD peaks corresponding to the a-phase (Figure 2-2
(d)), which indicates low doping levels of Bi into the FAPDI; lattice. XPS data of ground crystals
showed that the Bi content in crystals is indeed substantially lower than the nominal Bi content in

growth solutions (Figure 2-3).
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Figure 2-3. XPS spectra of (a) I 3d, (b) Bi 4f and (c) Pb 4f of ground crystals with different Bi

doping concentrations. High Bi concentrations led to XPS peak splitting; since we do not see any
additional peaks on XRD for 10-20% doping, we argue that the peak splitting likely originates
from the X-ray radiation damage during XPS measurement. (d) Bi content in crystals as a function

of Bi content in the growth solutions. The dashed line is a guide to the eyes.

We then studied the kinetics of the stability of Bi-doped FAPbI; single crystals in an ambient
atmosphere with 50-60% relative humidity (RH) (Figure 2-4). As discussed above, undoped

FAPbI; turned yellow within minutes after synthesis, while Bi-doping levels as low as 0.1 or 1%
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extended this transition to a few days. The higher Bi doping concentrations yielded crystals that

remained black for tens of days, as shown in Figure 2-5(b).

0% 0.1% 1% 5% 10% 20%

Day 0

Day 4

Day 7

Day 13

Day 19

Figure 2-4. Photographs of ground FAPbI; crystals with different Bi** content over time.
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Figure 2-5. Stability of FAPDI; single crystals with different concentrations of bismuth doping. (a)

Powder XRD of ground FAPbI; single crystals doped with different concentrations of Bi right

after synthesis. (b) Photography of single crystals with different Bi %.

We estimated the ratio of the XRD peaks corresponding to the o phase divided by the sum of

XRD peaks corresponding to a and o phases as a function of time (Figure 2-5(c), Figure 2-6).

This ratio reflects the relative transformation rate but not the absolute mass or volume ratio

between the phases. We then quantified the half-life of this transformation (e.g., the time it takes

for this ratio to reach 0.5 from 1). Undoped perovskite showed a half-life of <0.15 h, compared to

more than 100 h for 0.1-1% doped perovskite. Remarkably, the 5-20% Bi-doped perovskites

exhibited an extrapolated half-life of over 1000 h (Figure 2-5(c)).
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Figure 2-6. Powder XRD of Bi-doped FAPbI; ground single crystals exposed to 50-60% RH as a

function of time.

One approach to assess the effectiveness of the FAPbI3-stabilization strategy is to measure the
0- to a-phase transition temperature. Once our Bi-FAPbI3 samples turned yellow, we performed
DSC (heating curve) to determine the &- to a-phase onset transition temperature. Undoped
FAPbI; showed a transition temperature of 133 °C, in line with literature reports (Figure 2-5(d)).

Doping with Bi decreased the transition temperature to 111 °C for 5% B4, indicating that Bi doping
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destabilized the 6-phase perovskite, thus increasing the relative stability of the a-phase. Note that

10% and 20% Bi did not completely convert to the yellow phase even after months of synthesis.
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Figure 2-7 (a) X-ray diffraction patterns of Bi-doped FAPbI; ground crystals around 26 = 28° and
(b) (100) and (200) FWHM diffraction peaks showing narrowing with Bi doping. The dashed lines

are the guides to the eyes.

FAPbI; o-to-d spontaneous transformation is governed by lattice strain (high Goldschmidt
tolerance factor) due to a poor fit of large ions.!'> Our XRD peak fitting using HighScore Plus
XRD analysis software showed that full width at half-maximum (FWHM) of diffraction peaks
decreases with Bi doping (Figure 2-7). This indicates strain release, as expected from slightly
smaller Shannon ionic radii of Bi** (1.03 A) compared to Pb?>" (1.19 A).'>! The strain relaxation
125177 and energy gain through the increase of mixing entropy explain the stabilization of the a-

FAPDI; lattice.!”8
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2.3 Exploring the influence of Bi** concentration on photophysical properties
p g y

of FAPDI; single crystals

We then sought to understand the impact of Bi doping on photophysical properties. Ground and

high-temperature-stabilized®* FAPbI; showed a sharp absorption onset at ~1.4 eV (Figure 2-8

(b)). In contrast, Bi-doped crystals showed an absorption tail indicating energetic disorder.!”°
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Figure 2-8. (a) The DFT-simulated density of states and corresponding wave functions. (b)

Absorption (inset: log plot to demonstrate absorption tail) and (c) photoluminescence spectra of

ground crystals. (d) The conductivity of crystals sandwiched between two gold electrodes.

We also observed photoluminescence (PL) quenching with Bi doping (Figure 2-8 (c)), which

indicates the formation of trap states with Bi doping. Our DFT calculations indeed show that Bi

doping introduces electronic states that are relatively shallow (~0.2 eV) but can still trap charge
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carriers (Figure 2-8 (a)). Introducing FA vacancies, a scenario that occurs due to n-doping,'”

leads to even shallower and more delocalized states (Figure 2-8 (a)).

The electrical conductivity of crystals has increased by five orders of magnitude for 5% Bi-

doped FAPbI3, which we attribute to increased carrier concentration due to heterovalent

substitutional doping (Figure 2-8 (d), Figure 2-9, Experimental 2.5.5)

1
Pb, + Bily  Bipy, +1f + Pbl, 5 Bify, + I + e” + Pbl, 5 Bify, +e” + Pbl, + 1,

where Pb},, represents Pb?" occupying Pb?* site, Bipy, — Bi*" occupying Pb**-site, I} — I occupying

interstitial sites, and [} — I° occupying interstitial site, as per Kroger—Vink notations.

Electrical conductivity decreased with higher Bi doping levels, likely due to a decrease in carrier

mobility, as classically observed for semiconductors.!'*°
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Figure 2-9. Current-voltage characteristic of crystals

2.4 Conclusion
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In conclusion, we found that in comparison to undoped FAPbI3, Bi doping extends the half-life
of the a-phase by at least 4 orders of magnitude and decreases its 0- to a-phase onset transition
temperature. Photophysical studies indicate the formation of trap states with Bi doping. Our DFT
studies show that the introduction of FA vacancies may lead to shallow and highly delocalized
states: published DFT calculations showed that n-doping of perovskite leads to the formation of
A-site vacancies.!” Stabilization of o-FAPbI3 with Bi offers an alternative route toward next-
generation stable FAPbI3-based materials.

2.5 Experimental

2.5.1 Materials

Bil3 (99%), Pbl2 (99%), and methylenediamine dihydrochloride (> 98%) were purchased from
Sigma Aldrich. FAI was purchased from Greatcell Solar. Gamma butyrolactone (GBL) was
purchased from Sigma Aldrich. All chemicals were used without further purification.
2.5.2 Growth of perovskite singel crystals

FABixPbixI3 (x=0-0.2) were grown by Inverse Temperature Crystallization.!’® Generally, FAI
and appropriate ratio of Pbl2 and Bils were dissolved in GBL solution to prepare a solution of 1.2
M. All solutions were filtered through a 0.2 um polytetrafluoroethylene syringe filter. Then, 4 ml
of the precursor solution was filled into a 20 ml vial with a cap. The vial was placed onto a
preheated (80°C) programmable hot plate. The temperature of the hot plate was elevated to 100°C
(3°C/h) to ensure the formation of a seed crystal after which a steady growth rate of the crystal
was maintained by slowly increasing the temperature of the hot plate (1°C/h). The maximum
temperature of the hot plate was set to 110°C to avoid any decomposition or additional seeding.

The single crystals were dried under a vacuum to remove the residual solvent.
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The MDACI: doped FAPbIs single crystals were grown by following the similar procedure
described above.

2.5.3 Stability of single crystals

The single crystals were exposed to 50-60% relative RH in ambient. The photography of the
single crystals with different bismuth contents was taken as they decompose.

For quantification of the decomposition caused by ambient humidity, the single crystals with
different bismuth contents were crushed into powder and exposed to similar conditions (50-60%
RH). The pXRD data were acquired regularly.

2.5.4 Characterization

pXRD measurements were done on a PANalytical Empyrean system using a Cu (Ko, 1.5406
A) source. Differential scanning calorimetry was measured with a Thermal Advantage DSCQ100
under a nitrogen flow of 50 ml/min-1. Sample and reference pans were prepared in hermetically
sealed aluminum pans. The samples were held at as -90 °C for 30 minutes before continuing with
a heat-cool-heat run from -90 °C to 300 °C at a heating rate of 10 °C/min.

X-ray photoelectron spectroscopy analysis was performed using a Kratos Analytical Axis
ULTRA spectrometer containing a DLD spectrometer using a monochromatic aluminum source
(AlKa, 1486.6 eV) operating at 150 W (10 mA emission current and 15 kV HT). Analysis was
conducted on a 700 x 300 um?2 area of the sample. Survey scans were obtained ata 1 eV step size,
a pass energy of 160 eV, and averaged over 2 scans. Narrow scans were obtained at a 0.1 eV step
size, a pass energy of 20 eV, and averaged over 3 scans. Energy scale linearity was calibrated using
Al and Mg X-ray sources on Argon sputter cleaned gold and copper substrates. The calibration

procedure was performed in accordance with the ISO 15472 international procedure.
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DFT model was carried out using Ab initio simulations which were performed using CP2K
program suite [CP2K] in the generalized gradients approximation with Perdew-Burke-Ernzerhof
functional [PBE].

For conductivity measurements, 90 nm gold electrodes were deposited on the opposite side of
single crystals by thermal evaporation with a deposition rate of 0.4 A/s. Dark I-V is measured at
the voltage range from 0 to 10 V, 0.5 V step size and 10 ms delay time using Keithley 2450 source

meter. The thickness of single crystals was measured by an electronic Vernier caliper.
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Chapter 3. Investigation of the impact of cadmium doping on the

performance of FAPDI3 thin-film perovskite solar cells

[Reproduced with alterations from: “Dongyang Zhang, Sutripto Khasnabis, Wanlong Wang,
Vishal Yeddu, Shahram Moradi, Muhammad Awais, Hai-Dang Nguyen, Sean B. Reinecke, Yuki
Haruta, Robert Godin, Furui Tan, Makhsud I. Saidaminov. Cadmium-Doping Slows Trap
Emptying in Ambient-Air Blade-Coated Formamidinium Lead lodide Perovskite Solar Cells.
Advanced Energy Materials, 2024, 14, 2303858.”]
Contributions to research and writing

In this paper, I prepared all samples and developed methods of fabrication of solar cells, carried
data collection and data analysis. I also wrote the first draft of the manuscript and led it through
revision process until publication.
Transition section

As discussed in previous chapters, formamidinium lead iodide in its a-phase is among the most
desirable perovskite compositions for solar cells. However, because of its transition into the yellow
d-phase at room temperature, it is a challenge to process it in ambient air by scalable fabrication
methods. Here the introduction of a trace amount of cadmium (in the form of Cdl;) to FAPDI; is
reported and found that it enhances the stability of the perovskite's black a-phase polymorph,
inhibits non-radiative recombination events, leads to pin-hole free compact surface morphology,
and improves band energy alignment. The 0.6% Cd-doped FAPbI3 solar cells show a champion
efficiency of 22.7% for 0.049 cm? and 16.4% for cm?-scale pixels, which, to the best of the
knowledge, are among the highest for air-ambient fully blade-coated pure FAPDI; solar cells with
an n-i-p architecture. Transient absorption microscopy measurements reveal that Cd doping

reduces the number of trapped charges and increases their lifetimes, promoting charge
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accumulation and a higher photovoltage. The study sheds light on the potential of cadmium as a
homovalent dopant for the stabilization and performance enhancement of FAPbI; performance

solar cells.
3.1 Introduction

Formamidinium lead iodide in its a-phase is arguably one of the most desired perovskite

compositions for solar cells,!-86-181

reaching a power conversion efficiency of 26.1%. It offers a
bandgap of ~1.5 ¢V,'82183 which is the lowest among known single-Pb-based perovskites and is
closest to the ideal bandgap of 1.34 eV to reach the S-Q limit efficiency for single-junction solar
cells.!8* Additionally, it exhibits improved thermal and operational stability compared to the
archetypical MAPbI; perovskite: MAPbIs decomposes at approximately 100°C,'#3!185 whereas
FAPbDI; remains intact up to 170°C.!86.187

However, a-FAPbI3 is metastable at room temperature and readily transforms into the undesired
wide bandgap 6-phase; this phenomenon is known as polymorphism. The kinetics of FAPbI;
polymorphism transformation is significantly affected by ambient conditions; for example, the
humidity of ambient air accelerates this process.36:195:188.189 Stabilization of a-FAPbI; with minor
additives and interfacial layers with almost no increase in its bandgap has enabled record-breaking
efficiencies in lab-scale perovskite solar cells fabricated by spin-coating in an inert
environment, !19-140,141,190-202

The spin-coating method is, unfortunately, neither economical (~1% process mass efficiency,
see Experimental 3.8.7, Waste calculation for spin coating) nor scalable (each point on the

substrate is affected by different magnitudes of centrifugal force, solution viscosity, and surface

tension, leading to non-uniform films at multi-centimetre scales).?°*»2* In contrast, commercially
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viable processes demand near-unity perovskite atom efficiency and uniform films at large scale.
Blade-coating has recommended itself as one such alternative for scaling PSCs.2%

Given the advantages of FAPbI3 PSCs discussed above, it is now important to upscale them —
a challenge yet to be addressed considering the FAPbI; polymorphism issue and its hyper-
sensitivity to fabrication conditions.?’® Intermediate-phase engineering with the aid of NMP has
led to 17.8% efficient PSCs, a record value, to the best of our knowledge, among all blade-coated
FAPbI; with n-i-p architecture.?%

We recently reported that Pb-site doping effectively stabilizes a-FAPbI;3 single crystals.?%’
Using Bi** as a dopant with smaller ionic radii than Pb**, we reported that this approach relaxed
structural strain and stabilized the o-phase. But Bi**, unfortunately, introduced carrier
recombination centers which we attributed to its heterovalent nature relative to Pb**. We thus
hypothesized that introducing a homovalent Pb-site additive would overcome the issue.?8-21% One
such alternative is cadmium (Cd?*) — it is of the same oxidation state and is a similarly soft Lewis
acid as Pb?", and has a smaller atomic radius (0.95 A vs 1.19 A). The cadmium additive was shown
to enhance the crystallinity of MAPbI3, CsPbIBr; and Cs:FA1-Pbls perovskite films and to
suppress atomic vacancies via strain relaxation in triple-cation perovskites.?!!-2!® Cadmium’s
effect on the crystallinity of FAPbI3, and its polymorphism, remains to be known.

Here we demonstrate that a trace amount of Cd*" indeed stabilizes a-FAPbI; enabling blade-
coating of FAPbI3 in ambient air. Using compositionally graded film (CGF) optimization
method,?!” we found that 0.6 mol% CdI; (relative to Pb) leads to the strongest photoluminescence
of perovskite films. We then find that this exact composition also leads to the largest grain size in

films with no pin holes. We also observe that Cd-doping enhances carrier lifetimes by an order of

magnitude as compared to control FAPbI3. Further photophysical investigations revealed that trap
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filling is promoted by Cd-doping, leading to charge accumulation and higher photovoltage. Finally,

we demonstrate all-blade coated FAPDI; solar cells reaching 22.7% PCE.
3.2 Results and Discussion

We first fabricated FAPbI; film with the gradient content of Cd** via a CGF platform, as it
allows making all possible binary compositions in a single experiment.?!” We showed earlier that

the CGF composition changes linearly, i.e., one can accurately estimate a local composition from
its location by % (Cink1 — Cinkz2), Where [ is the distance from one end of the CGF film till the

desired point, L is the length of the CGF (28 cm in this work), and ¢ — the concentration additive
in the inks.?!” For the Cdl.-FAPbI; CGF, the two FAPbI; inks with (5 mol% CdI; relative to Pbly)
and without Cdl> were deposited on a glass substrate by slot-die coater at varying ratios enabled
by a gradual change of the pump rate of inks. The appearance of the resultant CGF film with
gradient Cdl> composition is shown in Figure 3-1(a).

To identify the optimal content of Cdl,, we measured the PL spectra (Figure 3-1(b), Figure 3-
2) using a compact spectrometer with a reflection probe, which slid through the center of the film
by a robotic arm and collected data at every 3 mm interval (corresponding to a spatial resolution
of ~0.05 mol% Cdl). The PL intensity increased along the film reaching the maximum intensity
at / = 3.6 cm (corresponding to ~0.6 mol% concentration of Cdlz) and then decreasing gradually.
The enhancement of PL indicates the reduction of non-radiative recombination rate in the

perovskite film, which is beneficial for the performance of solar cells.
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Figure 3-1. Compositionally-graded film (CGF) of Cdl, and FAPDI;: (a) Image of the CGF film

on a glass substrate with dimensions of 28 cm in length by 4 cm in width. (b) Photoluminescence

spectra in color map along the CGF film at 3 mm intervals.

Afterwards, we selected a potential concentration interval of Cdl> (0 mol%, 0.2 mol%, 0.6
mol%, 1.0 mol%, 2.0 mol%, 3.0 mol%) according to optimum PL to explore the influence of Cd**
concentrations on both morphology and optoelectronic properties.

In addition, we choose the blade coating method to fabricate FAPbI; films and solar cells at RH
45% in ambient air instead of spin-coating in an inert environment, which is more conducive to

the commercialization of this technology.
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Figure 3-2. (a) Steady-state PL spectra collected along the center of CGF film (28 cm) with 3 mm
intervals correspond to 0.05 mol% increments of Cdl,. (b) PL intensity as a function of Cdl

concentration on the CGF film.

3.3 Investigation of the influence of Cd>" concentrations on the morphology

and crystallization of FAPDbI;

To determine the impact of Cd*" on the morphology of perovskite films, we blade-coated
FAPbI; films without and with Cdl; on SnO»-coated ITO (indium tin oxide)/glass substrates (we
chose this substrate because it was used in solar cells discussed below). Figure 3-3(a) compares
Scanning Electron Microscopy (SEM) images of the blade-coated films. The control FAPbI3 film
shows many pinholes, obscured grain boundaries as well as bright-contrast features on grains — all
these defects may act as electron or hole recombination sites in the completed device. The size and
density of grains increased with Cd-doping and at 0.6 mol% Cdl, reached full coverage, an
important attribute for films in solar cells. Compact films and large grain size can effectively hinder

the penetration of moisture and reduce the degradation caused by reactions between the grain
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boundaries and moisture.2'8222 Further addition of Cdl> over 1 mol% led to a further increase in

grain size but also resulted in poor coverage and large pinholes.
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Figure 3-3. Characterization of Cd-doped FAPDI; blade-coated thin films. (a) Surface SEM images.
The scale bar indicates a length of 5 pum. The yellow rectangles and circles show pinholes and
obscured grain boundaries. (b) Absorption spectra of films. (¢) XRD profile of fresh films. (d)

XRD profile of films aged for 30 days in ambient air at RH of 35 %.

To understand how Cd-doping increases the grain size of FAPbI; film, we performed X-ray
diffraction characterization of as-deposited films before and after annealing, as well as dynamic
light scattering (DLS) characterization of perovskite precursor inks. We observed stronger and
more oriented diffraction peaks associated with FAI-Pblz-solvent intermediate complexes in

perovskite films containing Cd** compared to those without Cd** (Figure 3-4(a)).2%
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Figure 3-4. (a) XRD patterns of as-deposited films before annealing. FAI-Pbl>-solvent complexes
show diffraction peaks at 26 of 8.6° and 9.1°. (b) XRD patterns of annealed films. 3-FAPbI3 shows

diffraction peaks at 26 of 11.8°, 16.3°, and 26.3°

These complexes, when annealed, are known to produce highly crystalline perovskite films with
enlarged grain size and fewer grain boundaries, as we also confirmed by SEM images (Figure 3-
3(a)). Additionally, these complexes prevented the formation of 5-FAPDI3, as observed in the XRD
profiles of annealed films (Figure 3-3(c), Figure 3-4(b)).2>32** DLS data of perovskite inks
indicate that the average diameter of colloidal particles is approximately ~2 nm (Figure 3-5).
Furthermore, the colloids increase in size with higher concentration of Cdl,. This reduces the
number of nucleation sites, slowing down nucleation rate during film formation.?!® XPS results in
Figure 3-6 show the presence of Cd*" on perovskite films: the Cd 3ds» peak at ~406 €V increases
with higher Cd*" content in perovskite ink. Therefore, we conclude that Cd** strengthens the
intermediate complexes, leading to larger grains, and completely prevents the formation of any o-

FAPDI;.
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Figure 3-5. DLS results of FAPbI; perovskite precursor solutions with 0 mol%, 0.2 mol%, 0.6 mol%

and 1.0 mol% Cdl»
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Figure 3-6. XPS spectra of perovskite films
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A critical question, when doping a material, is determining the whereabouts of the dopant. One
scenario involves dopant segregation, where Cd** would manifest as Cdl, or FA,Cdls (a zero-
dimensional structure with tetrahedral coordination of Cd*") within the FAPbIs matrix.??> To probe
this scenario, we compared Cdl, and FA>Cdls XRD profiles with FAPbI3 containing 0-20 mol%
Cdlz: at CdIz concentration of 5 mol% and higher, we indeed observed diffraction peaks belonging
to Cdl, (Figure 3-7); but at Cdl, concentration of 1 mol% and lower, we observed no discernible
diffraction peaks corresponding to Cdl> and FA,Cdl4 (Figure 3-3 (¢)), ruling out the scenario of

dopant phase segregation at the low dopant concentrations relevant to this study.
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Figure 3-7. (a) XRD of FAI and Cdl, powders, as well as films made by spin-coating of FAI: Cdl;
(1:1, 2:1 and 3:1 ratios) solutions in 2ME. (b) XRD profiles of Cdl,, FA>Cdl4 and 0.6 mol% Cd-
FAPbI; demonstrating distinct peaks corresponding to Cdl and FA>Cdls. (¢) XRD profiles of
FAPbI; 5, 10 and 20 mol% Cdl (the profiles with lower concentrations of Cdl> are shown in
Figure 3-3 in the manuscript) showing the presence of distinct Cdl> peak and absence of FA;Pbl4

peak.

Another scenario entails dopant incorporation into the crystal structure, for which we have
observed some evidence. First, we noted a change in FWHM of XRD peaks when doping FAPbI3
with cadmium. Lattice strain analysis using Williamson-Hall plots based on the XRD FWHM

indicates that structural strain decreases to the minimum with the addition of 0.6 mol% Cdl,
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(Figure 3-8, See Experimental 3.8.8). Second, XPS results showed a shift of Pb 4f7,, Pb 4f 5> and
I 3ds;2 in Cd-doped films indicating change in the environment of these elements (Figure 3-6).
Third, we grew FAPbI3 single crystals with and without Cdl. Using optimal 0.6 mol% Cdl>
concentration in mother solutions, we observed the formation of only black FAPbI; phase, whereas
without Cdly, the yellow phase was dominant (Figure 3-9). We then isolated the crystals, fully
converted them to black phase through annealing and left them in ambient air: after 46 days, the
control FAPbI; crystals turned yellow, while FAPbI; with optimal Cd-doping remained black
(Figure 3-9). The observed impact of Cdl, on FAPbI3 polymorphism should be due to its
incorporation into crystal structure as single crystals are free of grain boundaries. In light of these
observations, and Cd*" and Pb?" similar chemical properties (same oxidation state and Lewis
acidity), we speculate that Cd** substitutes Pb** in FAPbI;, at least at the concentrations tested
here. It is worth noting that dopant incorporation into the crystal structure should lead to changes
in lattice parameters and, consequently, shifts in XRD peaks. However, assuming substitutional
doping of Pb** (1.19 A) with Cd** (0.95 A), a 0.6 mol% Cdl, doping would result in a diffraction

peak shift of only 0.003 degrees, a value that is practically challenging to resolve.
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Figure 3-8. (a)-(¢) Williamson-Hall plots of FAPbI; films with different concentrations of Cd*".
(f) Calculated lattice strain in perovskite films by Williamson-Hall plot. Note: All strain
calculations are based on a-FAPbI3; peaks. XRD of FAPbI; films contain both 6- and a- phase
peaks indicating fast degradation in ambient air without Cd-doping and hence produce lower strain
(the stain is released by delta phase formation. However, lattice strain in fresh 0 mol% Cd-doped

FAPDbI; films is much higher than Cd-doped films
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(b)

Figure 3-9. (a) As-grown crystals in the mother quuor. (b) The crystals after drying under vacuum
and annealing at 150 °C, (c¢) The same crystals after aging in ambient air for 46 days at room
temperature under 35% RH. Note: Cdl, nominal concentration (rel. to Pbl, concentration) in

solution is 0 mol%, 0.25 mol%, 0.5 mol%, 0.75 mol% and 1 mol% from left to right.

We also measured the ultraviolet visible (UV-vis) absorption spectrum for both the control and
Cd-doped films. The UV-vis absorption spectra show a ~1.5 eV bandgap with no appreciable
change in the band edge with Cd doping (Figure 3-3(b)). The absorption slope and tail also
remained unchanged, indicating that the Urbach energy, a measure of energetic disorder, remained
the same. The enhancement in the intensity of absorption peak for the 0.6 mol% Cd-doped FAPbI;
is attributed to the compact, pin-hole-free nature of the film.

We also assessed the stability of the films. After aging in ambient air for 30 days at an RH of

35%, the FAPDI; film with no Cd predominantly exhibited the d-phase, while the optimal Cd-
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doped samples showed no sign of degradation (Figure 3-3(d), Figure 3-10). Thus, we conclude

that Cd-doping effectively released the structural strain of the FAPbI3 perovskite and stabilized its

desired a-polymorp
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Figure 3-10. X-ray diffraction patterns and photos of aged films.

Investigation of the influence of Cd>* concentrations on the performance

of FAPDI; solar cells

Inspired by these findings, we used 0.6 mol% Cd-doped 1M FAPbI; solutions to fabricate PSCs

in Glass/ITO/SnO>/FAPbI3/Spiro-OMeTAD/Au configuration on 3.25 cm by 7.5 ¢cm substrates in

ambient air using air knife-assisted blade-coating method; SnO, and Spiro-OMeTAD layers were

also deposited by blade coating method in ambient air at an RH of 35%; the gold counter-electrode
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was deposited by thermal evaporation. We report statistical data in Figure 3-12. The performance

of champion PSCs for 0.049 cm? pixels, both with and without CdI», is shown in Figure 3-11 (a).
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Figure 3-11. Characterization of perovskite films and solar cells. (a) J-V curves with both reverse
and forward scan. The inset in panel (a) displays an image of perovskite solar cells. (b) Statistical
efficiency data of FAPbl; PSCs with and without Cdl,. The boxes indicate the 25" and 75%
percentiles. The whiskers indicate the 5% and 95" percentiles. The median and mean are
represented by the line dividing the boxes and the open square symbols, respectively. The cross
symbols represent the maximum and minimum values. (c¢) Transient photoluminescence of FAPbI3
films with and without Cdl.. (d) Energy band diagrams of n-i-p FAPbI3 solar cells with and without

Cd- doping.
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The cell without Cd-doping showed a PCE of 20.8% with a short-circuit current (Jsc) of 25.2
mA/cm?, open-circuit voltage (Voc) of 1.05V, and a fill factor (FF) of 78.5%. Cd-doped one
showed an increased PCE of 22.7% with a Jsc of 25.9 mA/cm?, Voc of 1.10V, and FF of 79.6%.
Control FAPbI; showed poor reproducibility due to the presence of pinholes, while >80% of target
Cd-FAPbI; showed a PCE of over 20% (Figure 3-11 (b)). Solar cells of 0.9 cm? active area with
and without Cdl> showed a champion PCE of 16.41% and 13.90%, respectively (Figure 3-13,
Table 1). Major improvement in performance arises from Voc. We also investigated the stability
of unencapsulated PSCs. Consistent with the discussions above, Cd-doped FAPbI3 solar cells
retained 80% of their original performance following 600 h of operational stability at maximum

power point (MPP) in an inert atmosphere at 56°C (Figure 3-14).
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Figure 3-12. (a-d) Statistical data of FAPbI; PSCs with and without Cdl.. The boxes indicate the
25th and 75th percentiles. The whiskers indicate the 5th and 95th percentiles. The median and
mean are represented by the line dividing the boxes and the open square symbols, respectively.
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Figure 3-13. (a-d) J-V parameters of large area (0.9 cm?) FAPbI; solar cells with and without 0.6

mol% CdL. The boxes indicate the 25th and 75th percentiles. The whiskers indicate the 5th and

95th percentiles. The median and mean are represented by the line dividing the boxes and the open

square symbols, respectively. The normal distribution curves are overlaid on the right side of boxes.
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Table 1. J-V parameters for champion perovskite solar cells (control and 0.6 mol% Cdl>).

Area Devices PCE (%) FF (%) Jsc (mA/cm?) Voc (V)
w/ Cd-Reverse 22.52 79.38 25.79 1.10
Small area- w/ Cd-Forward 22.66 79.63 25.88 1.10
0.049 cm? w/o Cd-Reverse 20.80 78.50 25.24 1.05
w/o Cd-Forward 20.30 77.24 25.28 1.04
Large area-0.9 w/ Cd 16.41 66.30 24.12 1.03
cm’ w/o Cd 13.90 58.57 23.82 0.99

T T T T T T T T T T T T
0 100 200 300 400 500 600 700 0 100 200 300 400 500 600 700
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Figure 3-14. Evolution of normalized J-V parameters of FAPbI3 solar cells with 0.6 mol% CdlI
under MPP tracking, continuous light illumination with a white LED lamp in an inert atmosphere
at 56°C. (a) PCE, (b) FF, (c) Jsc, (d) Voc. The device retained its 80% efficiency following 600 h

of MPP tracking.
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3.5 Investigation of the influence of Cd** concentrations on photophysical

properties of FAPbI3; perovskite

To understand the origin of Voc enhancement, we performed time-resolved photoluminescence
(TRPL) measurements of perovskite films on glass substrates. Consistent with the steady-state PL
measurements discussed above, the Cd-doped FAPbI; films demonstrated a remarkably long PL
lifetime of 1,117 ns, an order of magnitude longer than the control FAPbI; film (Figure 3-11(c)),
indicating suppressed non-radiative recombination of charge carriers in the target film. We also
performed Ultraviolet photoelectron spectroscopy (UPS) characterization of the films (Figure 3-
15). We observed a systematic downshift of perovskite band positions with Cd**, minimizing band
misalignment with the SnO; electron transporter layer (Figure 3-11(d)). We hence attribute the
enhanced photovoltage to suppressed non-radiative recombination rates in Cd-doped FAPbI; and
improved band alignment in the device, which together lead to greater electron collection

efﬁciency.226‘229’23l
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Figure 3-15. UPS curves of FAPbI; films with different concentrations of Cdl (0, 0.2, 0.6, 1.0
mol%). Left panel: UPS spectra around the secondary electron cut-off. Right panel: UPS spectra

in the valence band region.

3.6 Investigation of the influence of Cd** doping on carrier transportation

properties of FAPbI; perovskite

To gain further insights about charge transfer and trapping in the absorber layer which directly

232-234 we explored Transient Absorption (TA) signals from

influences the photvolatic perfomance,
the films. We monitored a long-lived negative TA signal near the light absorption onset in the us
to ms timescales which is assigned to Ground State Bleaching (GSB) (Figure 3-16(a)).>*> The
experimental kinetic traces were described by the sum of two components: 1) a power law decay
attributed to the recombination limited by multiple trapping and release of charge carriers and 2)
a second order decay which describes bimolecular recombination of free charge carriers (Figure

3-16(b); Experimental 3.8.9).2°627 The decays were parametrized by the TA signal amplitude at

1.2 ps and the time the signal decays by half (tso).
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Figure 3-16. (a) TA Spectrum of the control FAPbI3 sample taken at different times ranging from
5 to 5000 ps. (b) A typical decay trace probed at 780 nm showing the experimental data, fit and

the power law and second order compenents of the fit.

Using Transient Absorption Microscopy (TAM), we explored the spatial heterogeneity in the
TA signals between the control and the target samples, using a 785 nm laser diode probe with a
spatial resolution of ~50 pm. We observed higher spatial heterogeneity in both parameters for the
target (0.6 mol% Cd**) sample compared to the control (Figure 3-17). This heterogeneity can be
attributed to differences in charge carrier transport and trapping, the main photophysical processes
occurring on the monitored us to ms timescales.?*® Given comparable uniformity in the deposited
films between the two samples,?* these differences between the control and target samples can be
linked to changes in compositional and structural features in the perovskite grains or at grain

boundaries resulting from Cd-doping.?40-24!
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Figure 3-17. Intensity derived (colors represent logio(tsos) and brightness represents AO.D.(to))
TAM maps of 300 pm x 300 um areas for the (a) control FAPbI3 film and (b) target - 0.6 mol%
Cd-doped FAPDI; film. (c) and (d) show the images where the colors represent logio(tso%) without
contribution from the initial signal intensities for the control and target samples, respectively. (e)
and (f) show grayscale maps to represent the AO.D.(to) values for the control and target samples,

respectively.
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Histograms of the extracted parameters from the fits in each pixel are built to quantitatively
compare the charge carrier dynamics of the control and target samples. Since our fitting model
consists of the sum of two components, we can isolate the power law and the second-order
components and extract their parameters separately. Starting with the second-order law component,
a histogram of its amplitude (the AO.D.(to) associated with the second-order decay) is shown in
Figure 3-18(a), where we find that between the two samples, the Gaussian distributions almost
overlap. The tsoo parameter, interestingly, shows homogenous values within and between the
samples — 35 out of 36 pixels in either sample have values of ~2.6 pus. We conclude that the fraction
of excited charges that undergo bimolecular recombination in the pus to ms timescales are not
affected by the Cd modification.

Strikingly, the power law component accounts for the change in the overall TA behavior. The
histograms of the AO.D.(to) and tsov, associated with the power law decay are shown in Figure 3-
18(b) and (c), respectively. In contrast to what we observed in the second-order component, the
AO.D. at tg derived from the power law varies significantly between the samples (Figure 3-18(b),
(e) and (f)). The histograms show two Gaussian distributions with the means centered at -0.0034
and -0.002 for the control and the target, respectively. We observe heterogeneity in the tsov
parameter of the power law component as well. The distribution of tsos, depicts two distinct
Gaussian distributions with two means for the control and the target samples of 10714 s (7 us) and

107449 5 (33 ps).
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Figure 3-18. Histograms depicting frequency distributions of the parameters derived from the
control (FAPbIs) and target (0.6 mol% Cd>") samples: (a) AO.D. (to) derived from second-order
component (b) AO.D. (to) derived from power law component (c) log10(tsox) values derived from
the power law component (d) Parameter a. (e) and (f) portray the spatial maps for log10(tsov)
derived from the power law component for the control and the target, respectively. Scale bars are

50 pum.

Since power-law decays are characteristic of systems where an energetically exponential tail of
trap states are present below near the band edge,>3%?37 these observations suggest differences in

charge trapping in both samples. Overall, the control FAPbI; sample showed a higher density of
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trapped charges (higher amplitude of the AO.D. at ty) and a narrower energetic distribution of trap
states (higher a value). Taken together, these results are consistent with an increased availability
of trap states near the band edge. The sensitivity of the charge carrier dynamics to trapping makes
the difference apparent in the TA signals while it was not observed in the Urbach tail for ground
state absorption,?** suggesting a fairly low trap state density.

In addition, the mean of the tso, of the power law component is 5-fold shorter for the control
sample (7 ps) compared to the Cd-doped target sample (33 ps). As the charge carrier lifetime is
shorter in the control sample, we conclude that the trap states near the band edge likely are
detrimental recombination centers that lead to reduced charge carrier densities. Our spectroscopic
investigation suggests that these states are passivated by the Cd-doping, leading to longer lifetimes
of trapped charge carriers, and facilitating the accumulation of high energy charges. This results
in an increased quasi-Fermi level splitting and ultimately an improved Voc in the optimal devices
doped with Cd**.

3.7 Conclusion

The development of stable and scalable FAPbI3 perovskite solar cells has been a long-standing
challenge due to the polymorphism issue and their sensitivity to fabrication conditions. Here we
demonstrated a fully blade-coated FAPbI; PSCs with a PCE of 22.7% by doping with Cdl>. Using
the compositionally graded film optimization method, we found an optimum doping concentration
of Cdl, 0.6 mol%, which maximizes radiative recombination rates. Transient absorption
microscopy indicated that the target sample exhibits less negative amplitudes (i.e., reduced
trapping of charges on the us — ms timescale) and longer lifetimes (i.e., slower recombination or
trap emptying) under illumination. In other words, the trap states in the target sample are more

readily filled, leading to increased charge accumulation and higher Voc. These findings open a
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new avenue for the development of stable and scalable FAPblz PSCs, paving the way for the

potential commercialization of perovskite solar cells.
3.8 Experimental

3.8.1 Materials

Formamidinium iodide (FAIL >99.99%), Methylammonium chloride (MACI, > 99.9%) were
purchased from Greatcell Solar. 2-Methoxyethanol (2-ME, anhydrous, > 99.8%), anhydrous
chlorobenzene (CB), N-Methyl-2-pyridone (NMP, > 99%) and cadmium iodide (Cdl>, > 99.999 %)
were purchased from Sigma Aldrich. Pbl, (>99.99%) was purchased from TCI
(Tokyo Chemical Industry). Tin (IV) oxide (SnO, 15% in H»>O colloidal dispersion) was
purchased from Alfa Aesar. Spiro-OMeTAD was purchased from Xi'an Polymer light technology
Corp.

All chemicals were used without any purification.

The slot die coater was purchased from infinityPV. The ZAA 2300 doctor blade coater was
purchased from ZEHNTNER GmbH Testing Instrument. The thermal evaporator was from
Angstrom Engineering Inc.

3.8.2 FAPDI; crystal growth

FAPbI; single crystals with different Cdl. additives were grown by a modified Inverse
Temperature Crystallization technique.?*3?** FAI and the appropriate ratio of Pbl> and Cdl, was
dissolved in 2ME solvent to prepare a 0.8 M FAPbI; solution. 3 ml of the precursor solutions were
filtered through a 0.2 um PTFE syringe filter and transferred to a 4-dram glass vial. The solution
was then heated from room temperature to 120 °C at a ramp rate of 5 °C/hour. To promote crystal

growth, the solution was allowed to stay at 120 °C for 3 hours. The crystals were removed from
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the solution and quickly dried using Kimwipes. To ensure the complete removal of 2ME from the
surface, the crystals were dried under the vacuum overnight.
3.8.3 Fabrication of compositionally-graded films (CGF)

The Cd-graded compositionally-graded films was fabricated with the high-throughput CGF
method by slot-die coating.?!” The 0 mol% Cd-FAPbIs and 5 mol% Cd-FAPbIs precursor inks
were placed in two Research Laboratory Coater (RLC) of InfinityPV ApS slot-die coater pumps.
First, the dead volumes (from syringes till the end of the Y junction) were filled with 0% ink at a
speed of 0.05 ml/min, and then Y junction was attached to the slot-die head. Second, the slot-die
head was filled with 5% ink until the 0% ink appeared at the tip of the head at a speed of
0.24 ml/min. Third, the 0% ink supply is stopped, but the 5% ink is pumped at 0.3 ml/min speed
simultaneously depositing the solution on the substrate. The mixed solution was deposited on a
glass substrate placed on a hot plate with a fixed temperature of 140 °C.

3.8.4 Device fabrication

The 1.0 M FAPDI; perovskite ink was prepared by dissolving Pblz, FAI and Cdl: in 2-methoxy
ethanol (2ME). MACI (30 mol% rel. to Pb), L-a-phosphatidylcholine (2.5 mg/ml in 2ME) and
NMP (50 mol% rel. to Pb) were added to the precursor before use to improve the uniformity and
coverage.

The glass substrate with ITO patterns was cleaned with detergent, deionized water, acetone,
and isopropanol for 20 mins each in an ultrasonic bath, respectively, followed by UV-ozone
treatment for 30 mins. A SnO; layer was deposited on the ITO glass by blade coating the
SnO»/water (¥, volume ratio) at a speed of 10 mm/s on an 80 °C hot plate and annealed at 150 °C
for 15 mins after the deposition. The perovskite layer was blade coated and dried with an air knife

blowing at room temperature. The gap height between the substrates and applicator was set as 200
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um with a speed of 10 mm/s. The perovskite films were annealed at 150 °C for 30 mins after
coating. The spiro-OMeTAD layer was also deposited on the as-prepared perovskite films by blade
coating method at 50 °C at a speed of 30 mm/s. Finally, 80 nm gold was deposited by thermal
evaporation to assemble an n-i-p configuration device.

3.8.5 Characterization

SEM images were collected by a Hitachi S-4800 field scanning electron microscope. X-ray
photoelectron spectroscopy was conducted on a Kratos Axis Ultra DLD X-ray Photoelectron
Spectrometer with a monochromatic Al Ka source under high vacuum (10~° mbar). X-ray
diffraction patterns of FAPbI; perovskite films were carried out using a PANalytical Empyrean
system with Cu Ka radiation (1.5406 A). Absorption spectra were measured using an
ultraviolet/visible spectrometer (Lambda 1050, PerkinElmer). Time-resolved photoluminescence
(TRPL) measurements were performed by a fluorescence spectrometer system (Fluo Time 300)
with a picosecond pulsed diode laser operating at 500 nms. Photovoltaic parameters were
measured with a Newport Oriel sol-3A (class AAA) solar simulator under Air Mass (AM) 1.5G
illumination and an Ossila Source Measure Unit. Ultraviolet photoelectron spectroscopy was
performed by an AXIS SUPRA system.

The operation stability at maximum power point was tested in a glove box filled with nitrogen
by using a white LED as a light source because the Xe lamp, which provides a closer spectrum to
AM 1.5G, has a short lifetime. The MPP figures were recorded by the Ossila source meter at an
open voltage, which gives the maximum power.?#>
3.8.6 Transient Absorption Microscopy (TAM)

TAM was perfomed using a home built setup using an Nd:YAG laser as the excitation source

and a laser diode light source for probing. Frequency tripled pulses at 355 nm wavelength from a
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Surelite II Continuum Nd:YAG laser (1064 nm fundamental output) were used for excitation. The
laser fluence used was 100 pJ cm™.

For the probe light, a laser diode outputting 785 nm light, L785P090 (Thorlabs, Inc.), was used
to obtain a probe beam size of ~50 um FWHM. The power of the laser diode output was controlled
using a laser controller (LDC200C, Thorlabs, Inc.) and the temperature was controlled using a
temperature-controlled mount (LDM56, Thorlabs, Inc.) using a TEC controller (TED200C,
Thorlabs, Inc.).

In a typical measurement, the sample (FAPbI; coated on a glass slide as a thin film) was
mounted on a nanopositioning stage whose translation was controlled by two linear actuators
(CONEX-TRB25CC, Newport Corporation). A reflective objective with numerical aperture (NA)
0f 0.30 (LMM-15X-P01, Thorlabs, Inc.) was used to focus the probe light onto a spot on the sample
which was also excited by the Nd:YAG laser. The sample surface was made to align with the focal
plane of the probe light. The light passing through the sample was collected and directed to an
Oriel Cornerstone monochromator (Newport Corporation) to reject laser scatter and reduce PL
contributions. The output from the monochromator was projected onto a Si mounted photodiode
(Thorlabs). This photocurrent signal was amplified, converted to voltage, and electronically
filtered to get the final TA signal. The TA kinetic traces were measured with 64 ns time resolution
and acquisition lengths of 0.1 s. Each measurement consisted of 128 averages. The TA signals
were collected on the sample in a raster scan fashion to build a spatial map of X and Y dimensions
with user defined step size. The X and Y translation of the nanopositioning stage in the plane
perpendicular to the direction of the probe light and the data acquisition were controlled by a

custom software written in the LabVIEW environment to realize the TAM spatial mapping. Data
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processing was achieved using custom-written MATLAB scripts
(https://github.com/SolarSpec/TAMviewer).

The TAM results are visualized as pixelated maps (Figure 3-17(a) and (b)). Here, composite
images are generated based on the AO.D. at to and tsov parameters determined by fitting the
individual decay traces in each pixel. The color scheme ranges from blue to red corresponding to
shorter to longer tsoo values, which range between 1.5 and 8 ps in this case, also represented
independently in the RGB images in Figure 3-17(c) and (d). The AO.D.(to) values in each pixel
is depcited as the brightness. To make the differences in this paramter more apparent, grayscale
images are shown in Figure 3-17(e) and (f).

3.8.7 Waste calculation for spin coating

Assuming 500 nm thick film of FAPbI3 on 4 cm? substrate, and its crystallographic density of
~2.46 g/cm?,'*? ~0.5 mg solute is deposited. Practically, ~50 pL of solution with ~1.5 M
concentration is generally used to deposit which equals to ~48 mg of solute in the solution. This
means the process mass efficiency is (0.5/48) ~1%.

3.8.8 Williamson-Hall calculation

Strain calculation was based on the following equation: °-24¢

K
ﬁtotal X cosf = e X (4Si1’19) + F

Where B;otq; 1S the XRD peak broadening, which is indicated by the FWHM in an XRD pattern,
20 indicates the peak position in an XRD pattern. By plotting Biota * COS 0 vs. 4sin 8, we
estimate ¢ as the strain component from the slope.

3.8.9 Transient Absorption Decay Fits

Mathematically, the decay kinetics were modeled by Equation (1)
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Ampp, Amp,
AO.D.= + 1
(1 + bt)« 1+ ct M

Where AO.D. refers to the measured change in optical density, t refers to time, Amppr and

Amp; refer to the amplitudes of the power law and second order components, respectively, b and
c parametrize the decay onset for the power law and second order components, respectively, and
a is a parameter between 0 and 1 that describes the energetic distribution of trap states for the

power law component. Fits were obtained by setting the parameters b and ¢ to 108 s7!, indicating

that the decays began earlier than our system’s time resolution of ~ 1 ps.

The fits allowed us to parametrize the decays fit to find: 1) the change in optical density
value at an initial time to of 1.2 us where the initial photoluminescence and excitation laser
scatter were sufficiently decreased and 2) the time where the initial amplitude has decayed by
50% (ts0%), in this case to a less negative value of AO.D. The tso, parameter reliably gives an

idea of the charge carrier lifetime, irrespective of the nature of the decay considered.

TAM is performed by raster scanning the probe light on the FAPbI; films in transmission
mode, probing a total square area of side 300 um, in 50 um steps, generating a map of 6 x 6
pixels. We note that the spatial resolution of 50 pum is much larger than the grain size observed

by SEM.
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Table 2. Composition, efficiency, area and structure of reported perovskite solar cells fabricated

with upscalable methods.

Composition

PCE

Year

Structure

Methods

Ref.

FAMA-I/Br

20.05% (0.1 cm?)

2017

n-i-p

Meniscus
coating

247

MAPbDI;3

17.87% (0.1 cm?)

2017

nitrogen
assisted
coating

248

MAPbDI3

20.08% (0.09 cm?)

2018

slot die coating

249

FAMA-I/Br

21.1% (0.08 cm?)

2018

blade coating-
heating
assisted

250

CsFAMA

21.5% (0.08 cm?)

2019

p-i-n

blade coating-
heating
assisted

251

FACs-1

22% (0.08 cm?)

2020

p-i-n

heat assisted
blade coating
method

252

RbCsFAMA-I/Br

21.1% (0.06 cm?)

2020

blade coating
with air
assisted

FAPbI;

17.80%

2020

blade coating
with air
assisted

254

FACs-1

22.7% (0.09 cm?)

2020

slot die

255

RbCsFAMA

21.9% (0.08 cm?)

2020

pre heat blade
coating

256

FAMACs-1/Br

17% (0.09 cm?)

2021

solvent
quenching

257

MAPbDI;3

20.83% (0.16 cm?)

2021

air assisted
blade coating

FACs-1/Br

20.2% (0.16 cm?)

2021

blade coating
with air
assisted

259

FAPbI;

21.35% (0.090 cm?)

2022

Blade coating-
vacuum
assisted

190

This work (FAPbI:)

22.6% (0.049 cm?)

2024

blade coating
with air
assisted

FAosMA.15Cso.05

23.5% (0.09 cm?)

2023

heat assisted
blade coating

260

FAPbI;

24.53% (0.094 cm?)

2023

bar coating and
spin coating

(FAPbI3)oA95(MAPbBI‘3)0,05

23.4% (0.094 cm?)

2023

blade coating
and spin
coating

262
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Chapter 4. Investigation of the impact of precursor stoichiometry

on the formation of FAPDI; single crystals

4.1 Introduction

Hybrid organic-inorganic perovskites have emerged as one of the most promising and cost-
effective semiconductor materials, attracting sustained attention due to their superior
optoelectronic properties. Both single-crystal and polycrystalline perovskites have been widely
utilized in next-generation photovoltaics and light emitting applications, achieving significant
advancements over the past decades. Among them, formamidinium lead iodide is considered one
of the most promising perovskite material due to its advantageous properties, including a narrow
bandgap of 1.48 eV, a high absorption coefficient exceeding 10* cm™, long carrier diffusion length
of several hundred micrometers, and excellent thermal stability. These exceptional characteristics
make FAPbI3 an ideal candidate for photovoltaic and other optoelectronic applications.

However, significant challenges remain in achieving reproducible performance in FAPbI;
materials and devices. One of the primary causes of this issue stems from variations in the
precursor preparation process when using the conventional “precursor chemical mixture” method.
Deviations in stoichiometry often arise due to inconsistencies in precursor chemical quality,
leading to performance fluctuations. Therefore, the pre-synthesis of perovskite precursor materials
is essential to ensure the reproducibility of high-efficiency perovskite devices.

The perovskite single crystal redissolution (PSCR) strategy has been proposed and proved be
superior in fabricating high-quality perovskite films due to its cost-effectiveness and high
reproducibility. However, the purity of the pre-synthesized perovskite precursor materials plays a
crucial role in determining the performance of resulting devices. For instance, Zhu et al.

successfully employed an aqueous synthesis method to produce FAPbIz powders, significantly
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reducing calcium ion impurities from the aqueous solution. The resulting FAPbIz-based perovskite
solar cells achieved a remarkable power conversion efficiency of 25.6%.29, Additionally, Park et
al. reported that high-purity 6-phase FAPbI; powders or single crystals serve as ideal precursor

264 Previous studies have shown that the

candidates for perovskite photovoltaic devices.
competition between the formation of a- and -phase FAPbI; is influenced by factors such as
choice of growth solvents and the stoichiometry of I/Pb ratios, both of which affect the phase
transition behavior of perovskite single crystals. 26>26¢ Therefore, gaining a deeper understanding
of the factors governing crystallization and phase formation mechanisms is crucial for improving
the reproducibility for pre- synthesized perovskite materials.

Here we synthesize FAPDI; single crystals from varying FAI/Pbl, stoichiometry. The
crystallization and phase transformation behaviors are then analyzed from both thermodynamic
and kinetic perspectives. Our results reveal that excess FAI lowers the crystallization and phase
transition temperatures while yielding crystals with improved quality, higher crystallinity, and
more balanced stoichiometry. These effects are attributed to the increased solubility of Pbl, and
reduced activation energy for the 3- to a-phase transition in the presence of excess FAI. This
chapter provides mechanistic insights into the growth behavior of FAPbI; single crystals and

establishes a practical strategy for tailoring the phase behavior of perovskite materials for

reproducible, high-performance device fabrication.
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4.2 Investigation of transformation behaviour of FAPDbI; single crystals as a

function of FAI/PbI:; stoichiometry in growth solution

The FAPbI; single crystals were grown using the inverse temperature crystallization method

(ITC) in 2-methoxy ethanol (2ME) solvents with various FAI:Pbl> molar ratios, including

equimolar (1:1), 1.25FAI (1.25:1.0), 1.5FAI (1.5:1.0), and 2.0FAI (2:1). The growth solutions

were heated from 25°C to 120°C at a ramp rate of 5°C/h. In addition to growing single crystals

with excess FAI we also attempted to grow crystals in solutions with excess Pbl,. In Pbl,-rich

growth solutions, yellow precipitates appeared at an early stage instead of black FAPbI3, due to

the poor solubility of Pbl; in 2ME. Therefore, we focused on precursor solutions with excess FAI.

The transformation process of FAPbI; single crystals in solutions with different FAI/Pbl; molar

ratios was systematically recorded to understand the crystallization dynamics and phase transition

behavior, as shown in Figure 4-1.
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Figure 4-1.Single crystal growth process with different FAI/Pbl; ratios. (a) Picture of crystals,

(b) heating profile during crystal growth process.
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The crystallization process follows the La Mer mechanism, as illustrated in Figure 4-1, which
involves three stages: solution, nucleation, and crystal growth.?®’” As the growth temperature
increases, the supersaturation of the solution rises due to the retrograde solubility of FAPbI; in
2ME. Nucleation begins when the concentration of nuclei exceeds the minimal nucleation
threshold at a specific temperature, referred to as the crystallization temperature (T¢), at which
yellow-phase crystals are initially observed. Subsequently, crystal growth proceeds as solutes
diffuse toward the nuclei, with the concentration falling between the solubility limit and the

minimal nucleation concentration.
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Figure 4-2. Lamer mechanism.?®8 Reprinted (adapted) with permission from ref.?6” Use under

Creative Commons CC-BY license.

At the crystal growth stage, a thermodynamically driven phase transition from the yellow phase
to the black phase occurs at a specific temperature. During the 5-to-o. phase transition, the [Pble]*
octahedra undergo structural reconstruction process, transitioning from face-sharing to corner-
sharing configuration, which involves thermally activated bond breakage and reformation. During
this process, FA cations diffuse and occupy the cavities within the corner-sharing [Pbls]*

octahedra. In general, the 6-to-a phase transition is accompanied by a visible color change, from
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the yellow non-photoactive 6-phase to an orange intermediate phase, eventually stabilizing as the
black photoactive a-phase.

To analyze the transformation behaviour of FAPbI; single grown with varying FAI/Pbl; ratios,
we recorded the crystallization temperature (T.), intermediate phase transition temperature (T,),

and black phase transition temperature (T5), as shown in Figure 4-3.
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Figure 4-3.Crystallization and phase transition onset temperature of FAPbI; with variable FAI/Pbl;

molar ratios.

We found that the crystallization temperature is influenced by the FAI/Pbl> molar ratios. It is
75°C for equimolar FAI/PbL ratio, and continuously decreased to approximately 50°C as the
FAI/Pbl> molar ratio approaches 2:1. Increasing the FAI ratio lowers the crystallization
temperature, which is governed by the crystal free energy, also referred to as the activation energy
of nucleation (AG) and is strongly influenced by the solution's supersaturation. A lower
crystallization temperature indicates that FAI-rich growth solutions likely possess higher
supersaturation and reduced crystal free energy. These observations align with the known

relationship between the MAI/PbI, molar ratio and the activation energy of MAPbI3 formation.?6®
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The phase transition behaviour also varies with different FAI ratios. In the equimolar solution,
yellow crystals exist up to 130°C, indicating an incomplete phase transition at temperatures below
150°C. In contrast, in FAI-rich growth solutions, the starting point of phase transition temperature
shifts downward as the FAI ratio increases. Compared to equimolar growth, the duration of
intermediate phase is shortened with FAI ratio increasing, which can likely be attributed to lower
phase transition activation energy. It indicates the potential for direct phase transition from non-
photoactive to photoactive phase. This suggests the potential for a direct transition from the non-
photoactive to the photoactive phase. From kinetics perspective, the presence of excess FAI may
induce the rapid formation of quasi-2D intermediate structure, thereby reducing the activation
energy required for phase transition.?® However, the detailed mechanism should be further
elucidated through molecular dynamics simulations. During the film deposition, the phase
transition behaviour is also strongly influenced by the precursor ink system. The single crystal
growth process served as a valuable platform to mimic and examine solvent-system related film
processing, providing deeper insights into the mechanisms of FAPbI; single crystal growth and
phase transition. Such understanding is critical for elucidating the low-temperature phase transition

process and further modulate it to enable cost-effective, scalable applications.

4.3 Investigation of single crystal growth mechanism in solution with

different FAI/PbI; ratios

The continuous decrease in crystallization temperature indicates a thermodynamic favorable
change in the nucleation and growth process of FAPbI; single crystal. The total free energy of a
crystal particle during homogeneous nucleation can be defined as the sum of the surface free

energy and bulk free energy, as shown in Figure 4-4, and described by equation (1) and (2).

AG = 4mr?y + ZmriAGy (1)
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AG, = —kBTvln(S) 2)

Wherein, the r is the radius of spherical particle, y is the surface energy, T is the temperature, kg
is the Boltzmann’s constant, S is the supersaturation of the solution, v is the molar volume. And
AGy represents the free energy of bulk crystal, AG denotes the total free energy of the crystal
partical.?’® According to the La Mer theory of crystallization, the supersaturation is the driving
force behind the crystallization process, enhancing the nucleation rate. A higher supersaturation

leads to a lower critical radius (rc) and a lower energy barrier (AG) for nucleation, thereby

facilitating the formation of stable nuclei.

+ve

Free Energy, AG

\ AG
\
-ve AG \

Figure 4-4. Diagram of crystal free energy. Reproduced with permission from ref. 2’! Used under

Creative Commons CC-BY license.

To gain a deeper understanding to the impact of stoichiometry on supersaturation and growth
process, we performed UV-Vis spectrometry and dynamic light scattering (DLS) analyses on
growth solutions with varying FAI ratios solutions. According to previous studies, perovskite
solutions are generally composed of colloidal dispersions, containing iodoplumbate coordination
complexes, [Pblm]*>™, which have absorption peaks at different wavelengths. The coordination

state of these complexes significantly impacts colloidal characteristics in perovskite solution. 272273
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We recorded the UV-Vis spectra of the growth solutions, before and after crystal growth, with
varying FAI contents (Figure 4-5). Before heating, there was no significant difference among the
solutions, as shown in Figure 4-5(a). All solutions exhibited a prominent peak corresponding to
solvated [Pbl,]° species at 328 nm, and FAI-rich solutions began forming [Pblz] species, with a
peak appearing around 370 nm.

However, after heating, the solutions revealed distinct features. The spectrum of the control
solution remained unchanged, whereas FAI rich solutions exhibited multiple iodoplumbate
coordination complexes, including [PbI]*, [Pbl3], and [Pbls]*. The relative concentration of
iodoplumbate complexes increased with higher FAI content, while the concentration of solvated
[Pbl>]° species and free Pb** ions decreased. These observations suggest that excess FAI facilitates
the equilibria among Pbl, [Pbl3], and [Pbl4]*, as described below:

Pbl, + I~ = [Pbl5]~
[Pbl;]~ + 1~ = [Pbl,]*~

In addition, the weak solvation ability of 2ME facilitates the formation of higher-valent
iodoplumbate species, creating an environment conducive to perovskite single crystal growth.?7*
Furthermore, the increased coordination between Pb and I increases the solubility of Pbls in growth
solution, enables the solution to more easily reach its solubility limit and thereby promoting

nucleation in FAI rich solutions at lower temperatures.?”>
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Figure 4-5. UV-Vis of FAPbI; single crystal growth solution with variable FAI/Pbl> molar ratios.

We also examined the colloidal size variations as a function of FAI/Pbl, ratios using DLS
measurements of growth solution, as shown in Figure 4-6. The observed decrease in colloidal size
with increasing FAI ratios indicates a favorable trend toward reaching the critical radius for
nucleation in FAI rich solution. This result is also consistent with theoretical expectation that
higher FAI content reduces the crystallization temperature, supporting the enhanced nucleation

kinetics in FAI-rich environments.
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Figure 4-6. DLS of FAPbI3; SC growth solution at variable temperature.

- 08 -



4.4 Investigation of the impact of different FAI/Pbl: on the quality of FAPbI3

single crystals
To assess the influence of FAI/Pbl: ratios on the quality of the resulting single crystals, we
conducted the energy-dispersive X-ray (EDX) spectroscopy and XRD analyses on crystals
synthesized under different stoichiometric conditions.
The FAI/PbL stoichiometry of the single crystals was quantified using EDX. Since light
elements such as H, N, and C cannot be detected by standard EDX detectors, the FAI/Pbl; ratio
was evaluated indirectly through the I/Pb atomic molar ratio. A deficiency or excess of FAI

corresponds to an I/Pb ratio lower or higher than 3, respectively, as shown in Figure 4-7.

Atomic ratio of I/Pb in single crystals

3.5
Q
©
.© 3.0
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<
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Control 1.25FAl 1.5FAl 2.0FAI

Figure 4-7 Pb atomic ratios of FAPbI; crystals.

For XRD measurements, all FAPbI3 single crystals were ground into powder and characterized
with and without annealing. The grinding process accelerates phase degradation in both fresh and

aged samples; therefore, 5-phase was detected in most samples before annealing. From the post-
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annealing XRD results, we can draw the conclusions about crystal quality, composition, and defect
density based on the extent of phase transition reversibility.

All fresh FAPbI; single crystals readily underwent the d-to-a phase transition upon annealing
at 150°C. However, aged equimolar crystals did not fully convert back to the a-phase under the
same conditions. The poor phase transition reversibility and thermal stability in equimolar crystals
may be attributed to defect accumulation and stoichiometric imbalance, which increase the
activation energy for the phase transition. This observation aligns with the EDX results, which
showed stoichiometric deviations in the equimolar samples.

Moreover, unreacted Pbl> was detected in the XRD patterns of fresh equimolar samples (Figure
4-7(a)) but was absent in FAI-rich single crystals. This can be attributed to the enhanced solubility
of Pbl; in FAI-rich solutions due to the formation of Pb-I coordination complexes, which suppress
Pbl; precipitation at lower temperatures. Excess FAI also improved the crystallinity of the FAPbI;

single crystals.
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Figure 4-8. XRD of fresh and one-month aged FAPbI; crystals with variable FAI/Pbl> molar ratios:

(a) and (c), crystal powder before annealing; (b) and (d), after annealing.

In conclusion, FAI-rich growth solutions result in better crystal quality and are more suitable
for producing stoichiometrically balanced FAPbIs. These crystals can be effectively employed as
pre-synthesized precursor materials for the fabrication of reproducible, high-efficiency perovskite
solar cells.

4.5 Conclusion and outlook

In conclusion, we have demonstrated the effects of FAI content on the crystallization behavior

and phase transition dynamics of FAPDbI; single crystals. With excess FAI, the enhanced

supersaturation of the precursor solution is the dominant factor, leading to a reduction in
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crystallization onset temperature and facilitating nucleation at lower temperatures. In FAI rich
solutions, the improved iodoplumbate coordination and reduced activation energy for 6-to-a phase
transition become increasingly significant, resulting in improved crystal quality with enhanced
crystallinity and balanced stoichiometry. In contrast to conventional equimolar systems, FAI-rich
growth conditions yield crystals with superior phase reversibility and thermal stability. These
findings provide valuable insight into the crystallization mechanisms and offer a practical strategy
for the reproducible synthesis of high-purity 6-FAPbI; precursors for scalable and reproducible

high performance perovskite optoelectronic devices.

-102 -



Chapter 5. Conclusions and outlook

5.1 Conclusions

Achieving high power conversion efficiency (PCE) and long-term stability has become a
primary focus in the perovskite solar cell research community. By 2025, the world record
efficiency of single-junction perovskite solar cells has reached 27%, demonstrating that perovskite
technology has the potential to rival conventional photovoltaic technologies in future.

To further enhance the performance of perovskite solar cells and accelerate their
industrialization, there are three key guidelines. First, a perovskite composition with an ideal
bandgap, as determined by the S-Q limit curve, is a key requirement for achieving high PCE.
Secondly, addressing the stability challenges of perovskite materials is a fundamental prerequisite
for ensuring long-term operational stability. Finally, implementing a scalable fabrication method
for thin-film deposition and focusing on efficiency improvement under ambient conditions are
essential requirements for achieving industrialization. These approaches will help bridge the gap
between in lab-scale research and industrial fabrication.

In this thesis, we employed FAPbI;, a perovskite material with a narrow bandgap that closely
approaches the Shockley-Queisser (S-Q) efficiency limit for single-junction solar cells. Using the
blade-coating method in ambient conditions, we successfully fabricated n-i-p structured perovskite
solar cells, achieving a high PCE of up to 22.7% with over 600 hours of stable operation at
maximum power point (MPP).

Our research primarily focused on stabilizing FAPbI; perovskite and enhancing device
performance through a small ion doping strategy. Additionally, we investigated the influence of
different growth conditions on the crystallization and phase transition behavior of FAPbI3 single

crystals. The key findings of this work are summarized as follows:
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Chapter 2 explored the impact of bismuth doping on the performance of FAPbs single crystals.
In this chapter, we investigated the effect of small ion doping on the stability of FAPbI; perovskite
at the crystal lattice level by incorporating different concentrations of Bilz into FAPbI3 single
crystals. The results indicated that Bi** doping enhances the stability of FAPbI; crystals and lowers
the 0- to a-phase transition onset temperature. However, it also introduces vacancy defects,
negatively impacting the photophysical properties of FAPbI; single crystals. This study
underscores the potential of small ion doping as a strategy to mitigate FAPbI; phase instability,
while also highlighting the trade-offs associated with defect formation.

Chapter 3 demonstrated the fabrication of fully blade-coated FAPbI3 PSCs, achieving a PCE of
22.7% through Cd*" doping. As discussed earlier, small-ion doping presents a sacrifice trade-off
between stability and performance when concentration is over the threshold. It is necessary to
precisely control and select the doping concentrations. To address this, we employed a
compositionally graded film approach to identify the optimal doping range and further investigate
the influence of Cd*" doping on device performance. The study revealed that Cd-doped FAPbI;
exhibits a slower trap-emptying process compared to its undoped counterpart, indicating that the
readily filled trap states lead to reduced non-radiative recombination and an increased open voltage.
These findings emphasize the role of small ion doping in suppressing trap states. Furthermore, this
study demonstrates the effectiveness of compositionally graded films as a rapid and efficient
method for screening the optimal additive concentration in perovskite solar cell fabrication.

Chapter 4 demonstrated how the FAI/PbLx ratio influences the crystallization behavior and
phase transition of FAPbI; single crystals. Higher FAI content was shown to enhance solution
supersaturation, reduce crystallization temperature, and promote nucleation at lower temperatures.

In FAI-rich conditions, improved iodoplumbate coordination and lower activation energy for -to-
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o phase transition contributed to better crystal quality and stability. Compared to equimolar
systems, FAI-rich growth yielded crystals with superior crystallinity, phase reversibility, and
thermal stability. These results provided useful guidance for the reproducible synthesis of high-
quality 8-FAPDI; precursors for scalable perovskite optoelectronic devices.

5.2 Outlook

Although we successfully fabricated fully blade-coated perovskite solar cells with relatively
high efficiency under ambient conditions, their performance still lags behind that of small-area
devices fabricated using the spin-coating method in a nitrogen atmosphere. To further improve
efficiency, future research should be guided by the challenges and limitations associated with the
ambient condition and blade coating fabrication process. Besides, it is also necessary to develop
passivation layers and additives specifically designed for FAPbI;.

The following are some potential directions that aim at achieving higher performance all blade
coating perovskite solar cells fabricated in ambient air:

(1) Improve crystallization in FAPbI; films: Producing high-quality, highly crystalline
FAPbI; thin films is precondition for improving the stability and efficiency of perovskite solar
cells. Except for the previous discussed strategies, such as composition engineering, strain
engineering, and intermediate engineering, optimization of the perovskite film deposition process
can help to eliminate microstrain in the lattice and achieve oriented crystallization, ultimately
enhancing film stability and optoelectronic properties. Oriented crystallization leads to longer
range crystalline order, which improves charge carrier transportation properties. Typically, two

main approaches can be taken to optimize crystallization:
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(i) Technically, modifying the film deposition technique itself, such as using templating or
sequential deposition strategies instead of a one-step deposition method or employing vapor
deposition to sequentially deposit FAI and Pbls.

(i1) By chemical means, modifying precursor solution composition or solvent system to control
crystallization kinetics and crystallographic orientation.

(2) Surface and interface passivation to enhance device performance: Due to the soft lattice
nature of perovskite materials, their performance is influenced not only by surface and interface
defects but also by external factors such as humidity, temperature, and light exposure. Therefore,
surface and interface passivation layers play a crucial role in improving device performance.
Common passivation strategies include:

(1) 2D/3D heterojunction passivation layers on 3D perovskite surfaces, which help suppress
non-radiative recombination while enhancing charge extraction.

(i) Functional molecule passivation, where specific molecules anchor to surface defects,
increasing defect formation energy and suppressing their generation. Functional molecular
passivation can also help eliminate localized surface charges, modify the perovskite surface work
function, and improve carrier extraction efficiency.

(3) Improving uniformity in large-area blade-coated films: unlike spin-coating, where thin-
film uniformity is governed by centrifugal force, the blade-coating process is significantly
influenced by the rheological properties of the precursor solution and the colloidal characteristics
of the perovskite ink, making it more challenging to achieve homogeneous large-area films.

Key optimization strategies include, adjusting precursor solution viscosity, controlling solvent
vapor pressure, tuning perovskite solubility, modifying surface tension in precursor solutions and

regulating colloidal charge distribution and shape.
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These strategies help control crystallization and modulate film formation dynamics, ensuring
uniform nucleation and crystallization throughout the drying and annealing process by enhancing
the stability of the wet blade-coated film.

(4) Systematic study of the effect of humidity on device performance

One of the major challenges in ambient fabrication is the uncontrollable variation in humidity.
If a constant humidity environment cannot be maintained through engineering solutions, it is
essential to develop a comprehensive understanding of how humidity affects each functional layer,
allowing for targeted optimization strategies. Studies have shown that humidity have variant
impact on different functional layers. For example:

(1) ETL: Research by Zou et al. reported that in ambient conditions, moisture suppresses the
deprotonation reaction at the perovskite/SnO; interface, which typically occurs under a nitrogen
atmosphere. This suppression reduces interface defect formation and non-radiative recombination,
effectively improving the fill factor.

(i1) Perovskite Layer: Low humidity can promote perovskite crystallization, leading to better
film quality. High humidity, however, facilitates the formation of surface defects, negatively
impacting long-term device stability.

(iii) HTL: Common HTL materials such as Spiro-OMeTAD and MeO-2PAC are highly
sensitive to moisture, making them unstable in humid conditions. Therefore, developing moisture-
resistant HTLs is a promising strategy to enhance the feasibility of large-scale PSC fabrication
under ambient conditions.

In conclusion, considering the path toward commercialization, future research should prioritize:
(1) Addressing the stability challenges caused by the soft lattice nature of perovskite materials. (2)

Enhancing charge extraction and transport efficiency at interfaces. (3) Improving the uniformity
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of large-area blade-coated films to ensure high device performance. (4). Improving the fabrication
process’s resistance to fluctuating ambient humidity, ensuring consistent device quality and
scalability. By tackling these challenges, FAPbls-based perovskite solar cells can move closer to

commercial viability and open a new avenue for photovoltaic application.
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