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ABSTRACT

Metal halide perovskite light-emitting diodes (PeLEDs) have emerged as promising
candidates for next-generation display and lighting applications due to their high
photoluminescence quantum yield (PLQY), narrow emission bandwidths, and low-
temperature solution processability. However, PeLEDs based on different perovskite
dimensionalities—three-dimensional (3D), quasi-two-dimensional (quasi-2D), and two-
dimensional (2D) lead-free tin-based systems—each face distinct challenges related to
efficiency, stability, and material control. This dissertation presents a series of dimension-
specific material and device engineering strategies aimed at overcoming these bottlenecks
and improving the performance of PeLEDs.

In the 3D PeLED system, we introduce conjugated polymeric interlayers bearing
polar-bridged side groups to tailor the energy-level alignment and crystallization behavior
between PEDOT:PSS and CsPbBrs. This interfacial modification significantly enhances
hole injection and film morphology, yielding a sixfold increase in luminance and a 3.6-
fold improvement in external quantum efficiency (EQE) compared to the control device.

For quasi-2D perovskites, phase control and interfacial optimization are crucial. We
employed cyclic molecular additives such as a-/pB-cyclodextrins and cryptands to regulate
the distribution of different n-phases, enhance energy transfer, and suppress nonradiative
losses. Furthermore, we introduced multifunctional phosphine oxide additives (PPT and
PPF) at the electron transport interface to facilitate electron injection and defect
passivation. This comprehensive approach enabled quasi-2D PeLEDs to achieve an EQE
exceeding 10% and luminance over 73,000 cd/m?, while effectively mitigating efficiency

roll-off under high bias conditions.
vi
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To address lead toxicity, we explored 2D Sn-based PeLEDs as an alternative. A dual-
additive strategy combining ascorbic acid (Vitamin C) and 18-crown-6 was developed to
prevent Sn** oxidation and trap formation, thereby improving film quality and device
stability. The resulting devices exhibited an enhanced EQE from 0.21% to 1.87%, along
with improved operational stability, validating this approach for efficient red-emitting,
lead-free PeLEDs.

In summary, this study provides a comprehensive framework for dimension-
dependent optimization of perovskite optoelectronic materials, integrating additive
engineering, phase control, and interfacial design. The results demonstrate significant
advances in efficiency, stability, and structural tunability, paving the way toward practical
and environmentally friendly PeLED technologies.

Overall, this work presents a unified framework for optimizing perovskite LEDs
across varying structural dimensionalities, offering practical solutions to enhance

efficiency, phase purity, and operational robustness for future commercial applications.

vii
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Chapter 1 Introduction

1.1 Introduction of Perovskites

Metal halide perovskites have garnered significant attention in recent years as
promising candidates for optoelectronic applications due to their exceptional properties,
including tunable bandgap, high photoluminescence quantum yield (PLQY), and solution
processability. Perovskites are materials characterized by the general chemical formula
ABX3, where “A” represents a monovalent organic (typically methylammonium (MA*)
and formamidinium (FA*)) or inorganic cation (typically Cs*, Rb" K*),[l:21 “B” is typically
a divalent metal cation such as lead (Pb**) or tin (Sn2*),1> ¥ and “X” is a halide anion (Cl-,
Br, or .16

The formation and phase stability of perovskite crystal structures can be
preliminarily predicted using the Goldschmidt tolerance factor (GTF), defined as t = (ra
+rx)/y/ 2(rB + rx), where ra, r and rx represent the ionic radii of the A-site cation, B-site
metal cation, and halide anion, respectively.l”! It is generally observed that perovskite
structures with GTF values in the range of 0.8 <t < 1.0 tend to form stable three-
dimensional (3D) phases (Fig. 1.1b).[%°! Within this window, the corner-sharing [BXs]*
octahedral network can be maintained, supporting a perovskite-type crystal lattice.
However, significant deviations from this range often lead to the formation of non-
perovskite structures such as hexagonal or layered phases, particularly when the A-site
cation is either too small (e.g., Na*, K*, Rb*, Cs") or too large (e.g., FA™), resulting in
edge- or face-sharing octahedra instead of the desired corner-sharing framework.-1*]

While the GTF provides a useful guideline, numerous exceptions exist, prompting the
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development of refined structural predictors that more accurately describe perovskite
phase formation across diverse compositions.°-!!l

The optoelectronic properties of halide perovskites are primarily governed by the
inorganic metal-halide framework, [BXs]*". As illustrated in the electronic band structure
(Fig. 1.1¢), the valence band originates from the hybridization of Pb>* 6s or Sn** 5s
orbitals with halide p orbitals (3p for Cl, 4p for Br, and 5p for I"), forming bonding and
antibonding states (Fig. 1.1d). Meanwhile, the conduction band minimum is primarily
formed by antibonding interactions between the Pb>* 6p orbitals and halide p orbitals.!?!
Some studies also suggest that halide s orbitals may interact with Pb orbitals, introducing
minor s-character into the conduction band.!'3 ¥l Although the A-site cation does not
directly contribute to states near the band edges due to its ionic bonding nature, it plays
an indirect but crucial role in determining the structural stability, bandgap, and electronic
structure of the perovskite lattice. Specifically, the size and steric effects of the A-site
cation influence octahedral tilting, B-X-B bond angles, and B-X bond lengths, thereby
modulating the band structure and optical properties.!'>'®! For instance, the bandgap tends
to decrease as the A-site cation size increases from Cs* to MA* to FA*, due to reduced
octahedral tilting. Therefore, the physical characteristics of the A-site cation including
size, shape, and charge distribution play an essential role in tuning the structural and
optoelectronic behavior of halide perovskites (Fig. 1.1e). The structural flexibility and
compositional versatility of perovskites enable precise tuning of their optoelectronic
properties, thereby allowing their integration into various kinds of opto-electronic devices,
including solar cells,"'7-?!! light-emitting diodes (LEDs),/*?*" photodetectors,?*=!) and so
on.

Perovskite materials exhibit dimensional versatility, categorized primarily into

three-dimensional (3D), quasi-two-dimensional (quasi-2D), one-dimensional (1D), and

2
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zero-dimensional (0D) configurations based on the connectivity of their inorganic
frameworks (Fig. 1.2a).32-341 In 3D perovskites, corner-sharing octahedral units ([BXs]*")
form a continuous lattice structure accommodating smaller A-site cations within

interstitial sites. The resulting 3D perovskites enable high carrier mobility,> 2 high

[18, 37] [38, 39]

absorption coefficients, direct bandgaps, low trap density and high
photoluminescence quantum yield (PLQY)P> 4 which together facilitate charge injection
and transport and reduced nonradiative losses. The optoelectronic performance of these
materials is further influenced by structural parameters such as octahedral tilting and

(411 Ongoing

tolerance factors, which are sensitive to A-site cation size and chemistry.
research continues to explore compositional engineering, including A-site mixing, to
enhance phase stability and enable commercialization of perovskite-based devices. Two-
dimensional (2D) perovskites represent structurally layered metal halide perovskites that
integrate organic and inorganic components in defined architectures. In classical 2D
perovskites, large organic spacer cations (A’) are intercalated between single layers of
corner-sharing metal-halide octahedra, resulting in well-defined layered structures. The
two most common structural types are the Ruddlesden—Popper (RP) and Dion—Jacobson
(DJ) phases. These are typically represented by the formulas (A”):BX4 for RP and (A”)BX4
for DJ perovskites. The formation of these distinct phases is primarily governed by the
nature of the organic spacer cation. Monofunctional ammonium cations (bearing a single
amine group) tend to yield RP phases, whereas bifunctional diammonium cations promote
the formation of DJ phases due to their ability to bridge adjacent inorganic layers more
effectively.***! The insulating nature of the bulky organic spacers and the strong
quantum and dielectric confinement effects contribute to high exciton binding energies,

strong photoluminescence, and superior stability against moisture and heat.[3% 45 47 48]
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However, the limited charge transport across the organic layers presents challenges for
electronic applications.3 4

Quasi-2D perovskites, often described as layered perovskites with mixed
dimensional phases, represent a more disordered yet highly tunable variant of ideal 2D
structures. These materials consist of a distribution of multiple n-phase domains (e.g., n
=1, 2, 3, ...), which coexist within a single film as a result of kinetic effects during
crystallization. They are generally represented by the formulas (A’)2(A)n-1BnX3n+1  for
Ruddlesden—Popper (RP) and (A’)(A)n-1BnX3n+1 for Dion—Jacobson (DJ) perovskites (Fig.
1.2b-¢).[**]  The resulting phase heterogeneity creates an energetic cascade, enabling
excitons and charge carriers to funnel from wider-bandgap, low-n domains to narrower-
bandgap, high-n domains, thereby enhancing radiative recombination in the latter.[**-!]
This unique architecture allows quasi-2D perovskites to strike a balance between the
structural stability of 2D perovskites and the efficient charge transport of 3D counterparts.
Their tunable dimensionality, coupled with favorable energy alignment, makes them
particularly attractive for light-emitting applications such as PeLEDs, where they
demonstrate high photoluminescence quantum yield (PLQY) and improved operational
stability.[5% 521

Considering the environmental and health concerns associated with lead toxicity,
lead-free perovskites have emerged as a promising alternative to conventional lead-based
counterparts. Among various B-site substitutes, tin (Sn?*) is considered the most suitable
candidate due to its similar valence electron configuration and comparable ionic radius to
lead. Tin halide perovskites (THPs), such as MASnl; and CsSnls, exhibit desirable
optoelectronic properties including narrow bandgaps (1.3—-1.4 eV), high charge carrier

mobility, and long diffusion lengths which are favorable for efficient photovoltaic and

light-emitting applications.!*! From an environmental standpoint, Sn-based perovskites

4

doi:10.6342/NTU202502560



offer a lower toxicity profile compared to lead-based systems. Although Sn is not entirely
non-toxic, its compounds generally exhibit lower water solubility and bioavailability,
thereby posing a reduced ecological and health risk. As such, Sn-based perovskites are
considered an essential direction in the development of sustainable, high-performance

optoelectronic devices.>!

1.2 Introduction of Perovskite Light-Emitting Diodes

(PeLEDs)

Since the first observation of electroluminescence in perovskite materials in 1994,
perovskite light-emitting diodes (PeLEDs) have undergone rapid development.©*¥! Initial
studies reported electroluminescence only at low temperatures, limiting practical
applications. It was not until 2014 that significant breakthroughs occurred, when
researchers successfully demonstrated room-temperature PeLEDs with modest external
quantum efficiencies (EQEs). In 2014, CHsNHsPbBr3 films were sandwiched between
TiO: and F8 layers to achieve green and near-infrared EL with EQEs of 0.1% and 0.76%,
respectively, as published by Tan et al.**! This early breakthrough marked the beginning
of a new era in display and lighting technologies. In less than a decade, EQEs for red and
green PeLEDs have surpassed 20% due to improvements in defect passivation, phase
engineering, and emissive layer design. Milestones include Friend's group pushing room-
temperature PeLEDs into practical use and multiple teams independently achieving EQEs
>20% in the green and red regions by 2018. However, blue-emitting PeLEDs remain a
challenge due to issues such as wider bandgaps, less stable emission, and poorer carrier
confinement, particularly in quasi-2D systems. Over the past eleven years, significant

progress has been made in the development of PeLEDs, with green, red, and blue devices
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achieving peak external quantum efficiencies (EQEs) of 32.1%,1% 29.04%, and
26.4%,57) respectively. These advancements, primarily driven by organic additive
engineering, represent an unprecedented rate of improvement in the history of light-
emitting diode technologies. Despite these remarkable advances, PeLEDs continue to
face several critical challenges, including efficiency roll-off at high current densities and
limited operational stability (Fig. 1.3).

The working mechanism of a PeLED generally follows a typical p-i-n structure.
Electrons and holes are injected from the cathode and anode into the perovskite emissive
layer through electron transport layers (ETLs) and hole transport layers (HTLs),
respectively. Upon recombination of these carriers in the emissive layer, radiative decay
produces photons, resulting in light emission (Fig. 1.4a).’% 3! The high PLQY of
perovskite materials and their balanced charge transport capabilities facilitate efficient
radiative recombination. However, non-radiative losses due to traps, imbalanced carrier
injection, or poor phase distribution can limit the efficiency. Effective PeLEDs rely on
minimizing these losses through optimized materials and interfaces. In quasi-2D
perovskites, the natural quantum-well structure comprising alternating organic and
inorganic layers enhances carrier confinement and energy funneling from small-n to
large-n domains, facilitating efficient emission (Fig. 1.4b). However, challenges such as
phase impurity, random n-phase distribution, and inefficient carrier transport across
organic spacers still hinder the overall performance in PeLEDs. Ongoing efforts aim to
optimize domain distribution, reduce trap densities, and improve outcoupling efficiencies
through compositional tuning, additive engineering, and interfacial modification.[*°-6!]
These strategies collectively drive the PeLEDs closer to their theoretical performance
limits and enhance their competitiveness with OLEDs and QLEDs in next-generation

display and lighting applications.% 6]
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1.3  Research Objectives for Dimension-Specific Strategies to
Enhance the Performance of Perovskite Light-Emitting

Diodes

To optimize the performance of PeLEDs across various perovskite dimensionalities,
distinct strategies have been developed to address their respective limitations. In 3D
perovskites, various strategies such as additive engineering, - interface modification,”-
7 and low-dimensional structural engineering!’¥! have been extensively explored to
address critical issues including poor film morphology, low exciton binding energy, and
inefficient charge injection, all of which contribute to nonradiative recombination losses.
Among these, additive engineering involving organic compounds,®® ! inorganic
compounds,®” and polymers!®> 7 has proven effective in modulating the crystallization
kinetics, leading to smoother films with enhanced photoluminescence quantum yield
(PLQY). Additionally, surface engineering approaches have been employed to effectively
passivate surface defects and further suppress nonradiative recombination pathways. -7

For quasi-2D perovskites, where random phase distribution and inefficient energy
transfer hinder performance, strategies such as phase regulation using cyclic molecules
(e.g., cyclodextrins, cryptands, 18-Crown-6) or organic molecules have been shown to
selectively suppress low-n phases and enhance exciton funneling, leading to improved
photoluminescence quantum yield (PLQY), color purity, and external quantum efficiency
(EQE).[2% 7671 Additionally, multifunctional interfacial layers like conductive phosphine
oxides (PPT, PPF) serve to passivate defects and facilitate electron injection, significantly
reducing efficiency roll-off under high bias conditions.[* 8! For 2D lead-free systems,
especially Sn-based PeLEDs, a major challenge lies in the oxidative instability of Sn**.

Here, dual-additive strategies, combining antioxidants (e.g., ascorbic acid) and cyclic

7
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molecules (e.g., 18-crown-6) have proven effective in inhibiting Sn oxidation, slowing
crystallization, and passivating trap states, thereby greatly enhancing film quality,
emission intensity, and device stability Together, these targeted approaches highlight a
multi-faceted framework for overcoming dimension-specific bottlenecks and advancing

PeLED technologies toward practical applications (Fig. 1.5).
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1.4  Tables and Figures
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Fig. 1.1 (a) Schematic illustration of the ABXs perovskite crystal structure. (b) Ionic radii
of various A-site cations and X-site anions, along with the resulting tolerance factor
variations in perovskites upon cation substitution.®?! (¢) Dependence of the Goldschmidt
Tolerance Factor (GTF) on the A-site cation radius in APbls perovskites, where the shaded
region (0.8 <t < 1) indicates the range for a structurally stable cubic phase.[*!! (d) Energy
band alignment of MASnl3 and MAPbI3 perovskites, highlighting differences in bandgap
and electronic structure.®?! (e) Roles of the A-site cation in influencing the structural

stability, phase behavior, and optoelectronic properties of halide perovskites.]
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Fig. 1.2 (a) Schematic illustration of perovskite materials with varying dimensionalities,
including 3D, 2D, 1D, and 0D structures.** (b) Conceptual depiction of the formation
mechanism, crystal structure of quasi-2D perovskites.!*¥ (c) Structural and compositional
comparison between Dion—Jacobson (DJ) and Ruddlesden—Popper (RP) phases in both

oxide and halide perovskites, emphasizing differences in spacer configuration.*®!
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Fig. 1.3 (a) Annual number of publications and (b) citations related to perovskite light-

emitting diodes (PeLEDs) from 2014 to 2024, as indexed by the Web of Science (data

retrieved on December 31, 2024). (c¢) Chronological progression of the peak external

quantum efficiency (EQE) in PeLEDs over the same period, excluding enhancements

from out-coupling structures.[*?]
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Chapter 2 3D  All-inorganic Perovskite Light-

Emitting Diodes

2.1 Engineering of 3D All-inorganic Perovskite Light-

Emitting Diodes by Interlayer Modification

The text and figures in this section are reproduced with permission from:

C. H. Chen, Y. C. Lin, Y. F. Yang, Y. C. Chiang, Z. Li, H. L. Yip, W. C. Chen*, C. C.
Chueh*, “Improving the Performance of All-Inorganic Perovskite Light-Emitting Diodes
Through Using Polymeric Interlayers with a Pendant Design”, Mater. Chem. Front., S,

7199-7207 (2021).

2.1.1 Background

Owing to their adjustable bandgap, high luminous efficacy, and sharp emission
spectra, metal halide perovskites have rapidly become a central focus in the field of light
emission and are increasingly acknowledged as a viable material for light-emitting diodes
(LEDs). Initial development of perovskite LEDs (PeLEDs) primarily involved hybrid
organic-inorganic compositions such as methylammonium lead bromide (MAPbBr3),
which served as the emissive layer in early prototypes.[> 74 7587891 Although these early
devices exhibited modest efficiency, their demonstration marked a pivotal moment in the
pursuit of solution-processable emissive materials. Within a short timeframe, the
performance of MAPbBr3;-based PeLEDs was significantly enhanced through methods

70-73

such as additive modification!®*°! and interfacial engineering.!”7*! A notable leap in

efficiency was achieved via compositional engineering. Specifically, all-inorganic

14
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variants like CsPbX; (X = CI, Br, I, or mixed halides) displayed superior
photoluminescence quantum yields (PLQYs) and greater resilience to environmental
degradation and operational stress when compared with MAPbX3, positioning them as a

90-92] Nonetheless, these inorganic systems

more robust platform for PeLED development.!
often suffer from suboptimal film morphology and interfacial charge transport due to
limited solubility,®*! presenting a barrier to further progress. To address this, researchers
have employed a range of approaches, such as the use of tailored molecular additives,®*
") nanocrystal pinning strategies (NCP),1®) and incorporation of engineered interfacial
layers.”> 191 Among these tactics, interface modification, particularly at the junction
between the charge-transporting layers (CTLs) and perovskite, has gained substantial
traction for its simplicity and efficacy. For instance, Paul et al. reported improved device
metrics by introducing a thin film of two-dimensional black phosphorus (BP) between
the hole transport layer (HTL) and the perovskite.['°!! The deeper HOMO level of BP
relative to PEDOT:PSS enhanced hole injection across the interface. Similarly, Zheng et
al. demonstrated performance gains by embedding a thin polymeric layer, either
polyvinylidene fluoride (PVDF) or poly(methyl methacrylate) (PMMA), at the same
interface. These interlayers not only improved surface compatibility for perovskite
growth but also provided charge-blocking functions via their wide bandgaps, promoting
more efficient recombination within the emissive layer.!!%?! On the electron-transport side,
Huang et al. utilized polyethyleneimine (PEI) as an interfacial modifier at the
ETL/perovskite boundary, which improved film quality and facilitated electron injection
by lowering the associated energy barrier.’") These examples collectively highlight the

crucial role of interfacial engineering in modulating CTL surface properties, thereby

enhancing film formation and charge transfer dynamics.

15
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In this work, we developed a series of conjugated pyrene-based polymers (P4a—c),
each functionalized with distinct side groups, as interfacial layers to tailor the
HTL/CsPbBr3; boundary. Designed for optical transparency within the visible spectrum,
these polymers are well-suited for application in PeLED architectures. The inclusion of
pyrene units supports favorable alignment of the HOMO level, bridging the energy offset
between PEDOT:PSS and the perovskite. Our investigation revealed that the deeper
HOMO levels of P4a—c effectively lower the work function of PEDOT:PSS, enhancing
hole injection, while their broad optical bandgaps serve to suppress electron leakage.
Notably, we identified the chemical nature of the pendant bridge group as a key factor
influencing device performance: structures incorporating polar bridges improved the
crystallinity of CsPbBrs films and facilitated more optimal energy alignment. As a result,
the device incorporating P4c achieved a sixfold enhancement in peak luminance (~36,000
cd/ m?) and a 3.6x boost in external quantum efficiency (EQE: 2.16%) relative to the
control device (~6,000 cd/m?, 0.60%). These findings establish a promising interlayer

design strategy for next-generation all-inorganic PeLEDs.

2.1.2 Experimental Section

Materials. Lead(II) bromide (PbBrz, >99.9%) and methyltriphenylphosphonium
bromide were obtained from Tokyo Chemical Industry Co., Ltd. Cesium bromide (CsBr,
>99.9%), lithium fluoride (LiF, >99.99%), and solvents such as dimethylformamide
(DMF, 99.8%) and dimethyl sulfoxide (DMSO, >99.9%) were supplied by Sigma-Aldrich
and used without further purification. The electron transport material 2,2',2"-(1,3,5-
benzenetriyl)-tris(1-phenyl-1H-benzimidazole) (TPBi) was sourced from Ultra Fine
Chemical Technology Corp., and the hole transport material PEDOT:PSS (Clevious™ P

Al 4083) was purchased from Uniregion Bio-tech; both materials were used as received.
16
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Additional reagents, including pyrene-1-carbaldehyde, 4-(pyren-1-yl)butan-1-ol,
pyren-1-ylmethyl methacrylate, n-butyllithium (1.6 M in n-hexane),
azobisisobutyronitrile (AIBN), methacryloyl chloride, triethylamine, and general organic
solvents such as dichloromethane (DCM) and toluene, were also purchased from Sigma-
Aldrich. Among these, AIBN was recrystallized from methanol before use, while the
remaining chemicals were employed without additional treatment. The synthetic
protocols for 1-vinylpyrene, 4-(pyren-1-yl)butyl methacrylate, and the polymer series
(P4a—c) are described below. The corresponding 'H NMR spectra (400 MHz, CDCls) for

these compounds are shown in Fig. 2.1-4.

Synthesis of 1-vinylpyrene. A solution of methyltriphenylphosphonium bromide
(6.97 g, 19.5 mmol) in 20 mL of THF was cooled to 0 °C and dropwisely added with n-
butyllithium (12.2 mL, 1.6 M in n-hexane). After stirring for 10 min at room temperature,
the solution was slowly added with a solution of pyrene-1-carbaldehyde (3.00 g, 13.0
mmol) in 45 mL of THF. Afterwards, the reaction proceeded at room temperature for 16
h. The crude product was filtered, and the filtrate was diluted with DCM and extracted
with water and brine sequentially. The organic phase was then dried by MgSOu, filtered,
and the solvent was removed under reduced pressure. Finally, the crude product was
purified by column chromatography with hexane, and the pure fractions are combined
and dried to give 2.09 g (70 % yield, yellow solids). 'H-NMR (Fig. 2.1a, 400 MHz,
CDCl), 6 (ppm): 8.36-8.39 (m, Ar-H, 1H), 8.08-8.20 (m, Ar-H, 5H), 7.96-8.03 (m, Ar-H,
3H), 7.74-7.81 (m, Ar-CH, 1H), 5.95-6.00 (dd, CH-CH>, 1H), 5.58-5.61 (dd, CH-CH,

1H).

17

doi:10.6342/NTU202502560



Synthesis of 4-(pyren-1-yl)butyl methacrylate. A solution of 4-(pyren-1-yl)butan-
1-o0l (1.00 g, 3.64 mmol) and 0.6 mL of triethylamine in 25 mL of THF was cooled to 0
°C and slowly added with a solution of methacryloyl chloride (0.4 mL) in 25 mL of THF.
The reaction proceeded at room temperature for 16 h. The crude product was filtered, and
the filtrate was diluted with DCM and extracted with water and brine sequentially. The
organic phase was then dried by MgSOg, filtered, and the solvent was removed under
reduced pressure. Finally, the crude product was purified by column chromatography with
hexane/ethyl acetate, and the pure fractions were combined and dried to give 0.66 g (53%
yield, yellow oil). 'H-NMR (Fig. 2.1b, 400 MHz, CDCls), § (ppm): 8.23-8.26 (m, Ar-H,
1H), 8.07-8.16 (m, Ar-H, 4H), 7.97-8.01 (m, Ar-H, 3H), 7.84-7.86 (m, Ar-CH, 1H), 5.52-
6.08 (d, C-CHz, 2H), 4.20-4.23 (t, O-CH-CHz, 2H), 3.36-3.40 (t, Ar-CH2-CH, 2H), 1.83-

1.99 (br, CH2-CH»-CH>, -CH3, 7TH).

Synthesis of poly(1-vinylpyrene) (P4a). 1-Vinylpyrene (2.00 g, 8.8 mmol) was
dissolved in 18 mL of toluene and the solution was degassed with three freeze-pump
cycles. Afterwards, AIBN (14 mg, 1 mol% respect to 1-vinylpyrene) was added and the
polymerization proceeded at 80 °C for 24 h. Crude polymers were precipitated in MeOH
to afford 0.89 g (44% yield, yellowish solids). Molecular weight evaluated by size
exclusion chromatography (SEC): Mn = 8150, Mw = 13850, PDI = 1.70. '"H-NMR (400

MHz, CDCI3) of P4a is presented in Fig. 2.2.

Synthesis of poly(pyren-1-ylmethyl methacrylate) (P4b). Pyren-1-ylmethyl
methacrylate (2.00 g, 6.7 mmol) was dissolved in 13 mL of toluene and the solution was
degassed with three freeze-pump cycles. Afterwards, AIBN (47 mg, 5 mol% respect to

pyren-1-ylmethyl methacrylate) was added and the polymerization proceeded at 80 °C for
18
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24 h. Crude polymers were precipitated in MeOH to afford 1.73 g (77% yield, yellowish
solids). Molecular weight evaluated by SEC: Mn = 8810, Mw = 13160, PDI = 1.49. 'H-

NMR (400 MHz, CDCl3) of P4b is presented in Fig. 2.3.

Synthesis of poly(4-(pyren-1-yl)butyl methacrylate) (P4c). 4-(Pyren-1-yl)butyl
methacrylate (0.66 g, 2.0 mmol) was dissolved in 5 mL of toluene and the solution was
degassed with three freeze-pump cycles. Afterwards, AIBN (10 mg, 3 mol% respect to 4-
(pyren-1-yl)butyl methacrylate) was added and the polymerization proceeded at 80 °C for
24 h. Crude polymers were precipitated in MeOH to afford 0.55 g (83% yield, yellowish
solids). Molecular weight evaluated by SEC: Mn = 6670, Mw = 13140, PDI = 1.97. 'H-

NMR (400 MHz, CDCI3) of P4c is presented in Fig. 2.4.

Device fabrication. The preparation of the perovskite precursor solution involves
dissolving CsBr and PbBr; in 1ml of DMSO with a molar ratio of 1.5:1, followed by
stirring at room temperature overnight. Prior to film deposition, the ITO-coated glass
substrates were thoroughly cleaned, beginning with a detergent wash, followed by
sequential ultrasonication in deionized water, acetone, and isopropyl alcohol for 15
minutes each. After cleaning, the substrates were dried using a nitrogen gun and further
dehydrated in an oven at 60°C to eliminate residual solvents. Finally, the cleaned
substrates were subjected to plasma treatment to render their surfaces hydrophilic. For
material characterization, perovskite films were prepared by spin-coating the precursor
solutions at 4000 rpm for 60 seconds. In the device fabrication process, a hole-transport
layer (HTL) of PEDOT:PSS was first deposited onto pre-cleaned substrates via spin-
coating at 3500 rpm for 40 seconds, followed by thermal annealing at 150 °C for 15

minutes under ambient conditions. The PEDOT:PSS-coated substrates were then
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transferred into a nitrogen-filled glove box for subsequent processing. Thin films of
polymers P4a—c were deposited onto the PEDOT:PSS layer by spin-coating their
precursor solutions (0.5 mg/mL in DMF) at 4000 rpm for 1 minute. Following this, all-
inorganic CsPbBr3 films were spin-coated onto the polymer-modified substrates under
the same conditions (4000 rpm for 60 seconds), and then annealed at 70 °C for 10 minutes.
The PeLED device architecture was finalized by sequential thermal evaporation of TPBi

(30 nm), LiF (1 nm), and aluminum (120 nm) under high vacuum (<10~ Torr).

SCLC measurement. For the hole-only device, the PEDOT:PSS HTL is deposited
onto the ITO substrate by spin coating at 3500 rpm for 40 seconds, followed by annealing

at 150°C for 15 minutes in air. Subsequently, the PEDOT:PSS-coated substrates were

transferred into a nitrogen-filled glove box, where films of P4a-c and the all-inorganic
CsPbBrs layer were deposited following the methods described previously. Finally, MoOs
(8 nm) and Ag (100 nm) layers were sequentially deposited via thermal evaporation under
high vacuum conditions (<10 Torr). For the electron-only devices, ZnO layers were
prepared by spin-coating a precursor solution—consisting of 0.1 g zinc acetate dissolved
in 1 mL of 2-methoxyethanol, with 28 puL ethanolamine added as a stabilizer—onto ITO
substrates, followed by annealing at 200°C for 30 minutes in ambient air. Afterward, these
ZnO-coated substrates were transferred into a nitrogen-filled glove box, where films of
P4a-c and all-inorganic CsPbBr; were deposited using the aforementioned procedures.
Device fabrication was finalized by sequential thermal evaporation of TPBi (30 nm), LiF

(1 nm), and Al (120 nm) layers under high vacuum conditions (<10~ Torr).

Characterization. '"H-NMR spectra were recorded on a Bruker AVIII HD 400

spectrometer operating at 400 MHz. UV—visible absorption spectra were measured using
20
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a Hitachi U-4100 spectrophotometer, while photoluminescence (PL) spectra were
obtained using a Horiba Fluorolog-3 spectrofluorometer. Temperature-dependent UV—vis
measurements were conducted with a Jasco V-650 spectrophotometer using 0.05 mg/mL
solutions of the P4a—c polymers, and the spectra were normalized to the maximum
absorption peak. Surface morphology and roughness were analyzed by atomic force
microscopy (AFM) in tapping mode using a MultiMode system with a Nanoscope 3D
controller (Digital Instruments). Contact angles were measured using a CAM 110 contact
angle goniometer (Creating Nano Technologies, Inc.). Scanning electron microscopy
(SEM) images were acquired with a Nova™ NanoSEM 230 instrument. HOMO energy
levels were determined using a photoelectron spectrometer (model AC-2, Riken Keiki).
Optical bandgaps (E;) were estimated from Tauc plots, assuming a direct transition.
Structural properties and phase identification were carried out via X-ray diffraction (XRD)
using a Rigaku SmartLab SE diffractometer. Grazing-incidence wide-angle X-ray
scattering (GIWAXS) patterns were collected at the TLS 17A1 beamline of the National
Synchrotron Radiation Research Center (NSRRC), using an incidence angle of 0.12° and
a sample-to-detector distance of approximately 234.4 mm. Electrical characterizations,
including current density—voltage—luminance (J-V-L), external quantum efficiency
(EQE), and electroluminescence (EL) measurements, were performed using an LQ-100
system (Enlitech Co., Ltd.) equipped with a 100 mm integrating sphere. All measurements

were conducted in ambient air on encapsulated PeLED devices.

2.1.3 Results and Discussion

Characterization of synthesized polymers. Interface engineering has gained
significant attention as an effective strategy for improving the performance of

multilayered optoelectronic devices. By optimizing the interfaces between layers, this
21
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method enhances film uniformity and compatibility while also fine-tuning interfacial
energy levels to support efficient charge transport and minimize unwanted leakage
currents. In the field of PeLEDs, the p-i-n device architecture commonly incorporates
PEDOT:PSS as the hole transport layer (HTL) due to its favorable processing
characteristics. However, PEDOT:PSS also presents several limitations, such as poor
chemical stability and suboptimal energy level alignment that can hinder device
efficiency if not properly addressed through surface modification techniques.!'®*! For
instance, the energy level mismatch between PEDOT:PSS and the perovskite layer can
result in increased leakage current and inefficient, uneven charge injection into the
perovskite emitter.'% Moreover, the surface properties of PEDOT:PSS can negatively
impact the morphology and crystallinity of the overlying perovskite film,®® potentially
leading to suboptimal film quality. In addition, its acidic nature poses risks of etching the
underlying ITO electrode or degrading the perovskite layer during extended device
operation.!'%] As a result, numerous surface modification strategies for PEDOT:PSS have
been investigated to enhance the performance of PeLEDs. These include removing excess

surface PSS to improve conductivity,% 1971 introducing additional polymer interlayers

[102 [108

1, and tuning the film thickness to control the charge recombination zone.!'%] Despite
their varied approaches, these strategies share a common goal to tailor the surface and
electronic properties of PEDOT:PSS for improved interfacial quality and device
efficiency.

Based on the aforementioned design strategy, we synthesized a series of polymers,
designated as P4a—c, each containing a common pendant pyrene moiety but differing in
their bridge group structures. This molecular design was intended to achieve deep-lying

HOMO energy levels while retaining high optical transparency across the visible

spectrum. The molecular structures of P4a—c are illustrated in Fig. 2.5a, and detailed
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synthetic procedures can be found in the Supporting Information. Specifically, P4a
features a minimal design, with the pyrene unit linked directly to the backbone via a short
alkyl chain. P4b introduces an ester linkage between the polymer main chain and the
pyrene pendant, while P4¢ extends this structure further by incorporating a longer alkyl
spacer between the ester group and the pyrene unit. The successful synthesis of these
polymers is confirmed by the 'H NMR spectra of both the monomers and the resulting
polymers, shown in Fig. 2.1-Fig. 2.4. Solubility tests (Fig. 2.6) reveal that all three
polymers are readily soluble in DMF but insoluble in DMSO. This behavior can be
attributed to the relatively low polarity of P4a—c, which contrasts with the higher polarity
of DMSO. Consequently, their incompatibility with DMSO makes them ideal candidates
for interfacial modification in perovskite devices, as they remain chemically stable when
deposited atop perovskite layers processed from DMSO-based solvents, such as in typical
perovskite fabrication protocols.

As previously discussed, a notable energy offset exists at the interface between
PEDOT:PSS (HOMO: -5.2 eV) and CsPbBr;3 (valence band maximum: -5.85 eV),!1%!
which can hinder efficient hole injection. To address this interfacial mismatch, a thin
interlayer with a deeper HOMO level than PEDOT:PSS is proposed to improve band
alignment and facilitate charge transfer. Accordingly, the energy levels of the synthesized
polymers P4a—c were determined using photoelectron spectroscopy (PES). As shown in
Fig. 2.5b, P4a displays a HOMO level of -5.76 eV, which is significantly deeper than that
of PEDOT:PSS, owing to its pendant pyrene structure. To further tailor the electronic
properties and improve solubility, an ester functionality was introduced between the
pyrene and alkyl chain, yielding P4b with a methacrylate group. This modification
resulted in a slightly deeper HOMO level of -5.82 eV. In the case of P4c, a four-carbon

alkyl spacer was inserted between the ester linkage and the pyrene unit. This structural
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insulation of the conjugated pyrene moiety broadened the optical bandgap (Es), leading
to a higher LUMO level (-2.81 eV) while maintaining a deep HOMO level of -5.86 eV.
These results confirm that all three polymers possess deeper HOMO levels than
PEDOT:PSS, highlighting their suitability as interfacial modifiers to enhance hole
transport at the PEDOT:PSS/CsPbBr3 junction.

The UV—vis absorption spectra of P4a—c films are shown in Fig. 2.5¢, revealing
comparable overall absorption profiles among the three polymers, yet with noticeable
differences in aggregation behavior attributable to their distinct pendant group structures.
Each polymer exhibits two characteristic absorption bands: a high-energy band in the
260-310 nm range, corresponding to the intrinsic absorption of the pyrene moiety, and a
broader band between 320—400 nm, ascribed to intramolecular vibrational coupling along
the polymer backbone. The inset of Fig. 2.5¢ provides a magnified view of the second
absorption band, highlighting the vibronic transitions (0—0 and 0—1). The intensity ratios
of the 0-0 to 0—1 peaks were calculated to be 1.088 for P4a, 1.145 for P4b, and 1.176 for
P4c. These increasing ratios suggest enhanced molecular aggregation from P4a to P4c.
In particular, the incorporation of a methacrylate unit in P4b appears to promote closer
packing, while the additional alkyl spacer in P4c¢ further amplifies aggregation of the
pyrene side groups rather than causing their segregation. To further investigate the
aggregation behavior, temperature-dependent UV—vis absorption spectra of P4a—c in
solution were recorded (Fig. 2.7a—c), with the results summarized in Fig. 2.7d. Both P4b
and P4c¢ displayed minimal spectral changes from 20 to 60 °C, with slight increases in the
0-0/0-1 intensity ratio, indicative of stable and persistent aggregation across the
temperature range. In contrast, P4a showed a noticeable decrease in absorption intensity
with rising temperature, suggesting a tendency toward disaggregation or weaker

intermolecular interactions. Collectively, these observations indicate that structural
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modifications to the pendant group significantly influence the aggregation tendencies of
P4a—c. These differences may, in turn, affect their performance as interfacial layers in
PeLEDs by modulating film morphology and intermolecular packing.

Fig. 2.8 presents the Tauc plots derived from the UV-vis absorption spectra of P4a-
¢. Thanks to their pendant design, all of these polymers exhibit wide energy bandgaps (Eg)
and high transparency in the visible light region, making them suitable candidates for
interlayers in devices, thereby avoiding parasitic absorption of the emitting light from
CsPbBr3. The estimated Eg values for P4a, P4b, and P4c are 2.7, 2.8, and 3.05 eV,
respectively. Combining these results with the PES data, their lowest unoccupied
molecular orbital (LUMO) energy levels can be calculated and summarized in Fig. 2.5a.
Notably, P4¢c demonstrates the deepest HOMO level at -5.86 eV, along with the highest
LUMO level at -2.81 eV. When serving as an interlayer, its deep HOMO level can better
adjust the interfacial band alignment across the PEDOT:PSS/CsPbBrs3 interface, while its
high LUMO level presents a significant potential barrier for electron blocking, enhancing
charge combination in the CsPbBr3 film. Further details will be discussed in subsequent
sections. In summary, P4a-c exhibit promising potential for modifying the
PEDOT:PSS/CsPbBrs3 interface to enhance hole injection and reduce leakage current in

derived PeLEDs.

Polymeric interlayer’s effect on the CsPbBr3 film. The effect of P4a-c on the
CsPbBr3; film grown atop them was investigated and compared to films grown on pristine
PEDOT:PSS HTL. It is worth noting that, due to their insulating nature, the thickness of
these polymeric interlayers (P4a-c) should be minimized when incorporated into the
device, with an optimized thickness of approximately 5 nm in our experiments (further

optimization details will be discussed later). Fig. 2.9 displays atomic force microscope
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(AFM) images of films comprising pristine PEDOT:PSS and PEDOT:PSS/P4a-c¢ (5 nm).
The images reveal that the surface texture of PEDOT:PSS undergoes a homogeneous
change after P4a-c coating, indicating uniform film formation. The root mean square (Rq)
values for PEDOT:PSS, PEDOT:PSS/P4a, PEDOT:PSS/P4b, and PEDOT:PSS/P4c films
are 1.17, 2.19, 2.52, and 2.76 nm, respectively. This discrepancy in Rq can be attributed
to their distinct aggregation behaviors, as discussed earlier. Specifically, P4b and P4c,
exhibiting a higher propensity for aggregation, resulted in a rougher surface compared to
P4a.

Fig. 2.10a illustrates the UV-vis absorption spectra of the PEDOT:PSS/CsPbBr3 and
PEDOT:PSS/P4a-c (5 nm)/CsPbBrs3 films. The main absorption peak of CsPbBr3 at ~520
nm is clearly observed, while the absorption of P4a-¢ is not prominent due to its
extremely thin thickness. In Fig. 2.10b, only one emission peak at 525 nm attributed to
CsPbBr3 is observed in the photoluminescence (PL) spectra. Although the emission peak
of CsPbBr3; shows no clear shift when grown on the P4a-c-modified PEDOT:PSS HTL,
its PL intensity changes. Compared to pristine PEDOT:PSS, the PL intensity of CsPbBr3
increases when grown on P4a-c, with the intensity gradually increasing from P4a to P4c.
This enhanced PL intensity likely indicates improved film quality and enhanced radiative
recombination for the CsPbBr3 film grown on the polymer-modified PEDOT:PSS HTL.
Additionally, the polymer structure appears to play a significant role in the degree of PL
enhancement, suggesting distinct interactions between the perovskite precursor solution
and the polymeric interlayers. To investigate this further, the surface energy of P4a-c
films was characterized by contact angle measurement using water and glycerol.
According to the Wu model, the calculated surface energy for P4a, P4b, and P4c is 43.8,
54.9, and 61.3 mN/m, respectively (Fig. 2.11). The varying surface polarity among P4a-

¢ suggests differences in their surface texture, which likely correlates with their different
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aggregation behaviors discussed earlier. Notably, P4c exhibited the most hydrophilic
surface with the highest surface energy. This characteristic could promote the formation

101 which is advantageous for enhancing the quantum

of smaller perovskite crystals,!
confinement effect. This may explain the observed increase in PL intensity.""") The
reduction in crystal size of CsPbBr3 was validated through scanning electron microscope
(SEM) imaging, as depicted in Fig. 2.12. Although all CsPbBr;3 films exhibited similar
surface morphology, those grown on P4a-c appeared to have slightly smaller crystals.
The enhanced crystallinity of the CsPbBr3 film deposited on the P4a-c-modified
PEDOT:PSS HTLs is evident in the X-ray diffraction (XRD) analysis. In Fig. 2.13a,
diffraction peaks at approximately 15°, 21°, and 30°, corresponding to the (100), (110),
and (200) planes, respectively, are observed for the CsPbBr3 film grown on pristine
PEDOT:PSS HTL.!"'> 13 When deposited on P4a-¢, these diffraction peaks retain their
positions but exhibit increased intensity, particularly notable in the case of P4c¢, consistent
with the photoluminescence intensity enhancements observed (Fig. 2.10b). Subsequently,
grazing incidence wide angle X-ray diffraction (GIWAX) patterns were obtained for these
CsPbBr3; films. Fig. 2.13b and ¢ compare the GIWAXS patterns of PEDOT:PSS/CsPbBr;
and PEDOT:PSS/P4¢/CsPbBrs, respectively, while Fig. 2.14a and b depict the patterns
of PEDOT:PSS/P4a/CsPbBr3 and PEDOT:PSS/P4b/CsPbBr;. Enhanced crystallization
in the CsPbBr; films grown on the P4a-c-modified PEDOT:PSS HTLs is clearly evident.
Taking P4c as an example, the CsPbBr; film deposited on it exhibits a more prominent
ring at ~1.53 A compared to the film grown on PEDOT:PSS, alongside a clearer peak at
~0.92 A. Moreover, as depicted in the corresponding 1D profiles (Fig. 2.13d), the
intensities of characteristic peaks at ~0.92 A, ~1.08 A, and ~1.53 A are higher for CsPbBrs3

films grown on P4¢ than on PEDOT:PSS. These findings strongly indicate the improved
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crystallinity of CsPbBr3 films grown on P4c. Similar enhancements in crystallinity are

observed for P4a and P4b (Fig. 2.14¢) but with a lower degree.

Characterizations of interfacial electrical properties. After investigating the
impacts of P4a-c on the morphology and crystallinity of the CsPbBr; films, their effects
on the interfacial electrical properties at the PEDOT:PSS/perovskite interface were
examined. As discussed earlier, it was anticipated that P4a-c could improve energy-level
alignment across this interface due to their deeper-lying HOMO levels compared to
PEDOT:PSS. To verify this, we measured the work function (WF) values and the HOMO
levels of the PEDOT:PSS/P4a-c films using ultraviolet photoelectron spectroscopy (UPS)
(Fig. 2.15). Taking Fig. 2.15a as an example, the WF and the onset of the
PEDOT:PSS/P4a film were at 16.53 and 0.663 eV (binding energy), respectively. With
the UPS UV source providing 21.2 ¢V incident power, the WF value and HOMO level
were estimated to be 4.67 and 5.33 eV, respectively. Similarly, the HOMO levels for the
PEDOT:PSS/P4b and PEDOT:PSS/P4c films were calculated to be 5.54 and 5.70 eV,
respectively (Fig. 2.15b,c). As illustrated in Fig. 2.16a, P4a-c interlayers effectively
shifted down the energy level of PEDOT:PSS to better align with the HOMO level of the
CsPbBrs; film, with the degree of downshift correlating well with the HOMO levels of
P4a-c. These downshifted energy levels consequently reduced the potential barrier across
the interface, facilitating hole transport. To understand how P4a-c affect the charge
dynamics across the PEDOT:PSS/CsPbBr3 interface, space charge limited current (SCLC)
measurements were conducted. Initially, hole-only devices were fabricated with a device
configuration of ITO/PEDOT:PSS/P4a-¢/CsPbBri/MoOs/Ag, and the results were
compared with those of the control device (ITO/PEDOT:PSS/CsPbBr3/MoQO3/Ag). The

resulting current density-voltage (J-V) curves of these devices are displayed in Fig. 2.16b.
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It is evident that the devices using P4a-c interlayers exhibited higher current density
compared to the control device, indicating improved hole transport capability resulting
from a reduced potential barrier across the PEDOT:PSS/CsPbBr; interface. Conversely,
considering the energy-level diagram (Fig. 2.16a), it can be anticipated that P4a-c
interlayers better block electrons due to their shallower LUMO levels. Subsequently,
electron-only devices were fabricated with a device structure of ITO/ZnO/P4a-
¢/CsPbBr3/TPBi/LiF/Al, and their performance was compared with that of the control
device (ITO/ZnO/CsPbBr3/TPBi/LiF/Al). Fig. 2.16¢ presents the resulting current
density-voltage curves of these devices. As observed, the control device exhibited higher
current density compared to the devices incorporating P4a-c interlayers. This outcome
unequivocally demonstrates the superior electron-blocking effect exerted by P4a-c during
device operation.['! It's worth noting that due to its deepest HOMO level and lowest
LUMO level, P4c demonstrated the most effective capability to modulate the electrical
properties at the PEDOT:PSS/perovskite interface, potentially leading to the highest
device performance. This highlights the significant role of fine-tuning the structures of

P4a-c for optimizing device performance.

Fabrication and characterization of PeLEDs. We proceeded to fabricate PeLEDs
using P4a-c to modify the PEDOT:PSS HTL. The device structure was
ITO/PEDOT:PSS/P4a-¢/CsPbBrs/TPBi/LiF/Al, with a control device (ITO/PEDOT:PSS
/CsPbBr3/TPBi/LiF/Al) fabricated for comparison. Denoted as Device I, Device II, and
Device III, the PeLEDs were made using P4a, P4b, and P4c, respectively. The energy-
level diagram of the fabricated PeLEDs is presented in Fig. 2.17a. Considering the
insulating nature of P4a-c, the thickness of these interlayers needed optimization. To

achieve this, various concentrations of polymer solutions were utilized for device
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fabrication. Taking P4a as an example, concentrations ranging from 0.5 to 3 mg/ml in
DMF were tested, with the results shown in Fig. 2.19. Optimal performance was achieved
with a solution concentration of 0.5 mg/ml, corresponding to a thickness of approximately
5 nm. Fig. 2.17b illustrates the current density-voltage-luminance (J-V-L) curves of the
optimized devices for P4a-c, with relevant performance parameters summarized in Table
2.1. As demonstrated, Devices I-11I exhibited significant improvements in both luminance
and current density compared to the control device, highlighting the efficacy of P4a-c in
enhancing the performance of all-inorganic CsPbBr3 PeLEDs. Particularly noteworthy is
Device III, which achieved the highest luminance (Lmax) of 36,072.4 cd/m?, representing
a six-fold enhancement compared to the control device's value of 5,979.0 cd/m?. Devices
I and IT achieved Limax values of 28,788.6 cd/m? and 32,927.5 cd/m?, respectively. Despite
having lower Lmax values than Device III, both devices still exhibited significantly
improved performance compared to the control device. The variations in performance
among Devices I-III can be attributed to their differential impacts on the morphology and
crystallization of the CsPbBr3 films, as well as their distinct energy levels.

The influence of P4a-c in enhancing the electrical properties across the
PEDOT:PSS/perovskite interface was initially evidenced by the reduction in turn-on
voltage (Von) of the device. Devices I-11I exhibited a lower Voo 0f 2.5 V compared to the
control device. Additionally, Devices I-III showed increased current efficiency (CE) and
external quantum efficiency (EQE), as depicted in Fig. 2.19¢,d, respectively. Among
them, Device III demonstrated the highest CEmax of 6.97 cd/A and the highest EQEmax of
2.16%, representing 3-4 times higher values than those of the control device (2.35 cd/A
and 0.60%, respectively). These enhancements validate the effectiveness of P4a-c¢
interlayers in reducing the potential barrier across the PEDOT:PSS/perovskite interface,

thereby facilitating improved hole injection.
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The electroluminescence (EL) spectra of these devices under different operating
voltages were then measured, and the spectrum of Device I1I was illustrated in Fig. 2.18a.
To facilitate comparison, the EL spectrum of each device was further converted to contour
plots, as presented in Fig. 2.18b and Fig. 2.20a-c, where the same color represented the
same EL intensity. A significant difference between the control device and Devices I-11I
was clearly observed. The control device required a much higher operating voltage (>
3.75 V) to reach the same EL intensity as Devices I-I1I. Additionally, a slight discrepancy
was observed among Devices I-III. Device I required a higher operating voltage (> 3.25
V) than Devices I and I1I (~ 3.1 V) to achieve the same EL intensity. Such discrepancies
among them were again attributed to the different energy levels of P4a-¢, which induced
different degrees of energy-level shifting at the PEDOT:PSS interface. From the above
results, the effectiveness of P4a-c in enhancing the performance of all-inorganic CsPbBr3

PeLEDs was clearly demonstrated.

2.1.4 Summary

To conclude, we developed a series of polymers (P4a—c), each incorporating a
pyrene side group and distinct bridging units. This pendant-type molecular design enabled
the polymers to achieve deep HOMO energy levels and strong optical transparency
throughout the visible spectrum. When applied as interfacial modifiers between
PEDOT:PSS and CsPbBr3 in PeLED architectures, these polymers reduced the work
function of PEDOT:PSS due to their deep HOMO levels, thereby promoting more
efficient hole injection. Additionally, their wide bandgaps served as effective electron-
blocking layers, helping to suppress leakage currents. The structural variations in the
bridge moieties of P4a—c influenced both the energy-level alignment and aggregation

behavior in the solid state, ultimately impacting device performance. Among all of them,
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P4c bearing a polar bridging group exhibited the best device performance by optimizing

interfacial energy alignment and assisting in controlled CsPbBr3 crystallization. PeLEDs

incorporating P4c¢ achieved a sixfold increase in peak luminance (~36,000 cd/m?) and a

3.6-fold enhancement in external quantum efficiency (EQE, 2.16%) compared to the

unmodified control (~6,000 cd/m?, 0.60%). Furthermore, devices with P4a—c interlayers

demonstrated reduced turn-on voltages, underscoring their role in mitigating interfacial

barriers and improving charge injection. These results highlight a promising strategy for

designing functional organic interlayers tailored for enhancing the performance of all-

inorganic perovskite LEDs.

2.1.5 Tables and Figures

Table 2.1 Device performance of fabricated PeLEDs.

Device Y\;; ((C:Z';Z) N::;n:uzT Max. EQE (%)
Control 3 2.35 5979.0 0.60
1 (P4a) 2.5 5.10 28788.6 1.40
Il (P4b) 2.5 6.32 32927.5 1.74
11 (P4c) 2.5 6.97 36072.4 2.16
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Fig. 2.2 'H NMR spectrum of P4a in CDCl;
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Fig. 2.3 '"H NMR spectrum of P4b in CDCl;
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Fig. 2.5 (a) Structures of the fabricated PeLED and P4a-c along with their energy levels
and schematic of the distinct aggregation behaviors between P4a-c. (b) PES measurement

and (c) UV-vis absorption spectra of the films of P4a-c.
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Solubility test of P4a-c in DMSO.

Solubility test of P4a-c in DMF.
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Fig. 2.6 Solubility test of P4a-c in DMSO and DMF.
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Fig. 2.7 Temperature-dependent UV-vis absorption spectra of (a) P4a, (b) P4b, and (c)

P4c solutions from 20—70 °C. (d) The calculated intensity ratio of the 0—0 and 0—1

characteristic absorption peaks of P4a, P4b, and P4c.
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Fig. 2.8 Tauc plots of the films of P4a—c.
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Fig. 2.9 2D and 3D AFM topographies of the films of (a) PEDOT:PSS, (b)

PEDOT:PSS/P4a, (c) PEDOT:PSS/P4b, and (c) PEDOT:PSS/P4c. The surface roughness

of the films is labeled on the images.
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Fig. 2.10 (a) UV-vis absorption and (b) PL spectra of the films of PEDOT:PSS/CsPbBr3
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Fig. 2.11 Contact angle measurement of (a,d) P4a, (b,e) P4b, (c,f) and P4c films using (a-

c¢) water and (d-f) glycerol. The respective contact angle values for P4a, P4b, and P4c are

presented below and the surface energy was calculated using Wu model.
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Fig. 2.12 SEM images of CsPbBr3 films grown on (a) PEDOT:PSS, (b) PEDOT:PSS/P4a,

(c) PEDOT:PSS/P4b, and (c) PEDOT:PSS/P4c.
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Fig. 2.13 (a) XRD characteristics of the perovskite films grown on different layers as

indicated, where pure means the pristine PEDOT:PSS. GIWAXS patterns of the films of

(b) PEDOT:PSS/CsPbBr; and (c) PEDOT:PSS/P4¢/CsPbBr3, and (d) their corresponding

1-D characteristics extracted from the GIWAXS patterns shown in (b, c).

42

doi:10.6342/NTU202502560



3000
z
o
0
(b) 3000
o
0

45
4.0 ——PVSK
. ——P4a
235 —Pab
g ' ——P4c
S 3.0
wd
£ 2.5-M
® 2.0-M
N
e 1'5'w
€ 1.0/
° N
Z 0.5-
0.0

08 10 12 14 16 1.8
q,

g
o
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Chapter 3 Quasi-2D  Perovskite  Light-Emitting

Diodes

3.1 Engineering of Perovskite Light-Emitting Diodes Based

on Quasi-2D Perovskites Formed by Diamine Cations

The text and figures in this section are reproduced with permission from:
C. H. Chen, Z. Li, Q. Xue*, Y. A. Su, C. C. Lee, H. L. Yip*, W. C. Chen, C. C. Chueh*,
“Engineering of Perovskite Light-Emitting Diodes Based on Quasi-2D Perovskites

Formed by Diamine Cations”, Org. Electronics., 75, 105400 (2019).

3.1.1 Background

Hybrid perovskites have recently emerged as influential materials in the

optoelectronic landscape, owing to their impressive semiconductor properties and

84, 114-117

adaptable crystal structures.! I Their inherent structural tunability enables precise

tailoring at the molecular level, which has driven extensive interest in material design.
Across a range of dimensional configurations, functional perovskites have demonstrated

substantial progress in applications involving both light absorption and emission. !5 18-

122]

Perovskite materials are known for their diverse structural configurations, ranging

from fully three-dimensional (3D) frameworks to quasi-two-dimensional (quasi-2D or

layered 2D/3D hybrids), and even to strictly two-dimensional (2D) architectures.!!!> 18-

1221 Among these, 3D perovskites have garnered attention for their outstanding power

[123

conversion efficiencies in photovoltaic devices.l'?*! In contrast, quasi-2D variants have
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drawn interest due to their superior intrinsic stability—an essential trait for durable
operation.[*¥! However, this improved stability often comes at the cost of reduced charge
transport and electronic performance, posing challenges for their use in solar cells. To
address this, ongoing research is focused on engineering quasi-2D perovskites that

preserve their stability while regaining or enhancing their optoelectronic performance.'?*

124]

In addition to their success in photovoltaics, quasi-2D perovskite materials have
attracted growing attention for light-emitting applications, largely due to their strong
exciton confinement and tunable semiconductor properties.!'!> 181221 These features stem
from the layered architecture of quasi-2D perovskites, where inorganic perovskite slabs
alternate with organic spacer molecules. The contrast in energy levels and dielectric
environments between the perovskite layers and organic interlayers gives rise to both
quantum and dielectric confinement effects.!>> 1261 These effects significantly boost
exciton binding energies and localize charge carriers, making quasi-2D perovskites
promising candidates for the development of high-efficiency light-emitting diodes
(LEDs).[34 1161

In quasi-2D perovskites, bulky organic cations serve as spacer molecules, their size
exceeding the limits of the conventional 3D perovskite lattice and thereby inducing the
formation of layered structures. These large cations separate the inorganic perovskite
slabs, giving rise to low-dimensional phases. Much of the recent progress in perovskite
light-emitting diodes (PeLEDs) has focused on such quasi-2D architectures, particularly
those incorporating large monoamine cations.!!> 8! 127 128] These monoamines form
bilayer organic barriers between the inorganic layers, resulting in a Ruddlesden-Popper
(RP) structure.[*® 1291311 This configuration features monoamine cations interacting with

the perovskite lattice via van der Waals forces, establishing a single anchoring point and
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stabilizing the layered assembly. A key advantage of this structure lies in its enhanced
moisture resistance, attributed to the hydrophobic alkyl or aryl chains embedded between
the perovskite sheets. Leveraging these features, numerous high-efficiency and color-
tunable PeLEDs have been demonstrated. For example, a green PeLED using
PEA2(FAPbBr13)n-1PbBrs (where PEA is phenylethylammonium) achieved a current
efficiency of 62.4 cd/A and an external quantum efficiency (EQE) of 14.36%.8! In
another case, a red-emitting PeLED based on (BA)2(Cs)a-1Pbal3n+1 (with BA representing
benzylammonium) reached a luminance of 1392 cd/m? and an EQE of 6.23%.[*% These
results highlight the design flexibility and strong potential of quasi-2D perovskites in
advancing next-generation emissive technologies.

It is also important to recognize that the organic spacer in layered perovskites can be
formed using large diamine cations, which serve to separate the inorganic slabs and result
in what is known as the Dion—Jacobson (DJ) phase structure.[*® 1331341 [n contrast to the
Ruddlesden—Popper (RP) phase, DJ phase quasi-2D perovskites exhibit stronger
interlayer connectivity due to the bidentate nature of diamine spacers, which form direct
bonds with adjacent perovskite layers. This structural feature offers the potential for
enhanced material stability compared to RP-type architectures. However, despite these
promising attributes, the application of DJ phase quasi-2D perovskites in PeLEDs has
been relatively underexplored. Motivated by this gap, we aim to investigate the viability
of DJ-phase materials in light-emitting devices. Such studies may provide valuable
insights and open new directions for the development of high-performance perovskite-
based optoelectronic technologies.

In this study, we employed the bulky diammonium cation 2,2'-
(ethylenedioxy)bis(ethylammonium) (EDBE?*"), in conjunction with the small

monovalent methylammonium (MA¥), to construct a series of Dion—Jacobson (DJ) phase
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quasi-2D perovskite materials. The selection of EDBE?* was informed by previous reports
highlighting its ability to form the stable 2D compound EDBEPbBr.[**! By
systematically adjusting the molar ratio between EDBE?*" and MA*, we synthesized a
range of DJ-phase quasi-2D perovskites with the general formula EDBE(MAPDbBI3),-

iPbBrs (n = 1, 3, 5, ---,00), as illustrated in Fig. 3.1 Interestingly, the pure 2D

EDBEPDbLBr: film exhibited broad photoluminescence due to self-trapped excitons,
whereas the quasi-2D variants displayed sharper emission profiles. This can be attributed
to the incorporation of 3D-like perovskite domains, which reduce lattice distortion and
help regulate trap-state  distributions. =~ Among the  synthesized films,
EDBE(MAPDbBr3):PbBr4 showed the most intense photoluminescence, likely due to the
preserved quantum confinement effect. We then evaluated this composition in a p-i-n
structured PeLED and optimized the device performance through multiple strategies:
fine-tuning the hole-transport layer (HTL), adjusting precursor concentration, additive-
based passivation, thermal annealing, and optimizing the thickness of the electron
transport layer (ETL). Notably, the integration of the n-type small molecule TPBi (2,2',2"-
(1,3,5-benzenetriyl)-tris(1-phenyl-1H-benzimidazole)),[®>) as a passivation agent during
film formation led to the most substantial performance enhancement. The optimized
green-emitting PeLED achieved a peak luminance of 1903 cd/m? and a maximum external
quantum efficiency (EQE) of 1.06%, marking the first successful demonstration of a
visible-light-emitting PeLED based on a DJ-phase quasi-2D perovskite.

However, despite this achievement, the device performance remained lower than that
of comparable RP-phase quasi-2D PeLEDs. This shortfall may be due to the limited
thermal stability of EDBE-based perovskites. Since the EDBE>" cation forms direct links
between perovskite layers, any thermally induced conformational changes such as

twisting or rotation can exert a greater influence on the structural integrity of the lattice
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than in RP-phase systems. These findings underscore the importance of rational cation
design to further improve the thermal and optoelectronic properties of DJ-phase 2D

perovskite emitters.

3.1.2 Experimental Section

Materials. All chemicals were used as received without further purification. 2,2'-
(Ethylenedioxy)bis(ethylammonium) (EDBE, 98%), methylammonium bromide (MABT,
98%), lead(Il) bromide (PbBr2, 99.999%), and solvents including dimethylformamide
(DMF, 99.8%) and dimethyl sulfoxide (DMSO, >99.9%) were purchased from Sigma-
Aldrich. The electron-transport material 2,2°,2”’-(1,3,5-benzenetriyl)-tris(1-phenyl-1H-
benzimidazole) (TPBi) was obtained from Ultra Fine Chemical Technology Corp.
PEDOT:PSS formulations (Clevios™ P Al 4083 and CH 8000) were supplied by

Uniregion Bio-tech.

Synthesis of EDBEBr:. For a solution of 14.43 g (97.38 mmol) of 2,2'-
(ethylenedioxy)bis(ethylamine) (EDBE) powder, 40 mL of 40% hydrobromic acid (HBr)
was added dropwise under continuous stirring at low temperature, maintained using a
water—liquid nitrogen cooling bath. The reaction mixture was stirred for an additional 30
minutes, during which a brown solution formed. The resulting mixture was then filtered,
and the precipitated product was thoroughly washed multiple times with tetrahydrofuran
(THF). The collected white solid was dried overnight in a vacuum oven at 50-60 °C,
affording 25.90 g (84.07 mmol) of EDBEBr2 as a white powder, corresponding to an

isolated yield of 86.3%.
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Preparation of quasi-2D perovskite films. To prepare the studied quasi-2D
perovskites with the general formula EDBE(MAPDbBr3)n-1PbBrs (wheren =1, 3, 5, ...,

and o), the organic salts EDBEBr, and MABr, along with PbBr;, were dissolved in a

mixed solvent of DMF and DMSO (1:1 v/v) according to the stoichiometric ratios listed
in Table 3.1. All precursor solutions were prepared at a total concentration of 0.16 M. For
the pure 2D perovskite EDBEPbBr4 (n = 1), equimolar amounts of EDBEBr> and PbBr»
(0.08 mmol each) were dissolved in 0.5 mL of the mixed solvent. To synthesize the 3D

perovskite MAPbBr3; (n = ©0), 0.08 mmol of MABr and 0.08 mmol of PbBr; were used

in the same solvent volume. For intermediate quasi-2D compositions, the desired n-value
was controlled by adjusting the MABr and PbBr> content relative to EDBEBT.
Specifically, for EDBE(MAPDbBI3)2PbBr4 (n = 3), 0.08 mmol of EDBEBTr», 0.16 mmol of
MABT, and 0.24 mmol of PbBr> were combined in 0.5 mL of solvent, while the precursor
for EDBE(MAPDbBTI3)4PbBr4 (n = 5) consisted of 0.08 mmol of EDBEBT2, 0.32 mmol of
MABT, and 0.40 mmol of PbBr; in the same solvent volume. All solutions were stirred

until completely dissolved before use in film deposition.

Fabrication of quasi-2D PeLEDs. ITO substrates were thoroughly cleaned through
a multi-step procedure beginning with detergent washing, followed by sequential
ultrasonic treatment in deionized water, acetone, and isopropyl alcohol for 15 minutes
each. After drying with a nitrogen stream, the substrates were treated with ultraviolet
ozone to enhance surface wettability prior to HTL deposition. PEDOT:PSS aqueous
solutions with varying conductivities were spin-coated at 3000 rpm for 30 seconds and
then annealed at 150 °C for 15 minutes in ambient conditions. For substrates coated with
PEDOT:PSS CH8000, a methanol surface treatment was applied by dispensing 60 puL of

methanol and spin-coating at 2000 rpm for 1 minute. Following surface preparation, the
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substrates were transferred into a nitrogen-filled glove box. A 10 mg/mL TPBi solution
in chlorobenzene was prepared and used as an antisolvent during the spin-coating of

quasi-2D EDBE(MAPbBr13)a-1PbBrs (n =1, 3, 5, ..., ©0) perovskite films. The precursor

solutions were spin-coated at 4000 rpm for 2 minutes, with 120 puL of the TPBi antisolvent
dripped after 1 minute of spinning. When applicable, thermal annealing of the as-cast
films was performed at 60—100 °C for 10 minutes. The PeLED devices were finalized by
sequential thermal evaporation of TPBi, LiF, and aluminum under a high vacuum (<10-¢
torr). The TPBi layer thickness was adjusted as described in the experimental section,

while the thicknesses of LiF and Al were fixed at 1 nm and 120 nm, respectively.

Characterizations. The optical properties of the materials were characterized using
a Hitachi U-4100 UV-visible spectrophotometer for absorption spectra and a Horiba
Fluorolog-3 spectrofluorometer for photoluminescence (PL) emission spectra. Time-
resolved PL decay measurements were performed using a Quantaurus-Tau fluorescence
lifetime system (C11367-03, Hamamatsu Photonics, Japan). The surface roughness of the
hole-transport layer (HTL) was evaluated by atomic force microscopy (AFM) using a
MultiMode system with a Nanoscope 3D controller (Digital Instruments) operating in
tapping mode. The surface morphology of the perovskite films was examined via
scanning electron microscopy (SEM) using a NOVA NANO SEM 450 instrument. The
energy levels of the prepared films were determined by photoelectron spectroscopy using
an AC-2 spectrometer (Riken Keiki). Crystallographic analysis was carried out using a
Bruker D8 X-ray diffractometer equipped with Cu Ka radiation. Electrical performance,
including current density—voltage—luminance (J-V-L), external quantum efficiency
(EQE), and electroluminescence (EL) characteristics, was measured using an XPQY-

EQE-350-1100 system equipped with an integrating sphere (GPS-4P-SL, Labsphere) and
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a photodetector array (S7031-1006, Hamamatsu Photonics), provided by Guangzhou Xi

Pu Optoelectronics Technology Co., Ltd.

3.1.3 Results and Discussion

Structural and phase characterization of novel quasi-2D perovskites. As
previously mentioned, the selection of the large-size diamine, EDBE, was influenced by
recent research findings on the intriguing properties of 2D EDBEPDbBTr4, as reported in the

1351 Building upon this discovery, we proceeded to synthesize a series of quasi-

literature.!
2D perovskite materials by carefully controlling the stoichiometric ratios of
EDBEBr:MABE, as illustrated in Fig. 3.1. In this structural configuration, each phase
unit consists of n-1 sheets of [PbBrs]* octahedra intercalated with an EDBE chain. The
specific relationships between the prepared quasi-2D EDBE(MAPbB13),-1PbBry
perovskites and the precursor ratios are detailed in Table 3.1.

To evaluate the structural properties of the synthesized quasi-2D perovskite films,
X-ray diffraction analysis was performed. In contrast to the characteristic peaks observed
in the reference 3D perovskite (n = infinite), the 2D EDBEPbBr4 film displayed distinct
peaks at approximately 6.1°, 12.3°, 18.5°, and 24.8°, resembling the patterns reported for
the DJ phase perovskite analogue.l'*®! Upon increasing the n-phase to 3 and 5, the
intensity of these peaks gradually diminished, accompanied by the emergence of a peak
at 14.9° corresponding to the (110) plane of the 3D MAPbBr3, indicating the presence of
a mixed phase of 3D perovskite in the quasi-2D perovskite films (n >3).137 This

51,81, 1381 5 advantageous for forming quantum

phenomenon, observed in previous studies,!
wells within quasi-2D perovskites, facilitating more successful binding of electrons and

photons. The morphology of the solution-processed films was further examined using

scanning electron microscopy (SEM), as depicted in Fig. 3.2. It is evident that all the
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prepared films exhibited a compact surface morphology. Interestingly, upon incorporation
of EDBE?" in the composition, a noticeable reduction in grain size was observed in the
quasi-2D films compared to the 3D MAPDbBr; film. Moreover, relative to the 2D
EDBEPbBr4 film, these quasi-2D films also exhibited smaller grain sizes, which is
advantageous for LED construction as it reduces carrier diffusion paths and enhances

spatial confinement of excitons.!’# 1281

Optical and Electronic Properties of quasi-2D perovskites. Fig. 3.3b presents the
UV-visible spectra of the prepared quasi-2D perovskite films. It is evident that the 2D
EDBEPbBr; film displayed a distinct and intense absorption peak at around 380 nm,
attributable to the exciton confinement effect.!!3%! Conversely, in films with increasing n-
phase, the absorption peak at around 380 nm disappeared, indicating a weakened exciton
confinement effect. Additionally, the absorption edge gradually red-shifted beyond 500
nm, with the degree of peak shifting proportional to the number of n-phase. The optical
bandgap of these prepared films was estimated using their corresponding tau plots, as
depicted in Fig. 3.4. The extracted bandgaps for EDBEPbBrs (n = 1),
EDBE(MAPDbBT3),PbBr4 (n = 3), EDBE(MAPbBr13)4PbBrs (n = 5), and MAPbBr3 (n =
oo) were approximately 3.2 eV, 2.4 eV, 2.3 eV, and 2.2 eV, respectively. A clear trend of
decreasing bandgap with increasing n-phase is observed, consistent with the trend
reported for RP phase quasi-2D perovskite materials in the literature.['?”]

Fig. 3.3c displays the normalized photoluminescence (PL) spectra of these films.
Consistent with the observations in the UV-vis spectra (Fig. 3.3b), the PL emission
gradually red-shifted as the n-phase increased, indicating a transition of the perovskite

structure from 2D, 2D/3D, to bulk. Interestingly, the 2D EDBEPbBr4 film exhibited a

broad PL emission with a maximum peak at approximately 519 nm, resembling white-
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light emission. This phenomenon stems from self-trapped carriers induced by intense
electron-phonon coupling resulting from large lattice deformations.!!*3! However, this
unique effect appears to diminish as the number of perovskite sheets increases. Both
EDBE(MAPDbBTI3)PbBr4 (n = 3) and EDBE(MAPbBr3)4PbBrs (n = 5) films exhibit much
narrower PL emissions, with slightly red-shifted maximum peaks at 529 nm and 533 nm,
respectively. This suggests that the increasing presence of the perovskite phase in the DJ-
phase 2D perovskite may effectively alleviate severe lattice torsion, thereby modulating
the distribution of trap states. Consequently, unlike the white-light emission of the 2D
EDBEPDbBTr; film, the quasi-2D perovskite and 3D MAPbBT3 films emit green light.

The energy levels of the prepared films were assessed using a photoelectron
spectrometer and are depicted in Fig. 3.3d. Among the films studied, the 2D EDBEPbBr4
film exhibited the highest LUMO of -2.70 ¢V and the lowest HOMO of -5.86 ¢V,
indicating its widest bandgap. However, with increasing n-phase, the bandgap gradually
decreases, with the 3D MAPDbBr3; film showing the smallest bandgap at 2.18 eV. This
reduction in bandgap can be attributed to the gradual decrease in LUMO level, as
illustrated in the figure. Notably, the HOMO levels of the quasi-2D perovskite films show
minimal changes as the n-phase increases.

To better assess the potential of these films for light-emitting applications, we
initially compared their relative photoluminescence (PL) intensities, as depicted in Fig.
3.5. It's apparent that the quasi-2D films exhibited stronger PL intensity compared to the
pristine 2D film, EDBE(MAPbBr13);PbBrs film shows the highest intensity. This
enhancement can be ascribed to the reduced lattice torsion discussed earlier, which
mitigates trap states to some extent. Additionally, even with a slight increase in the n-
phase, appreciable quantum confinement effects are maintained, evidenced by the

stronger PL intensity of the EDBE(MAPbBr3):PbBrs film.®!l Subsequently, time-
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resolved PL (TRPL) measurements of these films were conducted at an excitation
wavelength of 365 nm. These curves were fitted using a bi-exponential formula, and the
detailed parameters were summarized in Table 3.2. Here, 7; signifies a fast decay related
to trap-assisted recombination, while the slower decay (z2) corresponds to radiative

recombination. As illustrated, the PL lifetime increased as the n value decreased from oo

to 3, suggesting that EDBEBr> may offer certain surface passivation effects to reduce
trap-assisted recombination. However, notably, the PL lifetime decreased as the n value
further decreased to 1. This could be attributed to the increased exciton binding energy in

the pure 2D film due to quantum and dielectric confinement effects.

Fabrication and optimization of DJ phase quasi-2D PeLEDs. Based on the above
results, the EDBE(MAPbBr3)>PbBr4 film demonstrates the most promising potential for
light-emitting applications. Consequently, we proceeded to fabricate a p-i-n PeLED with
a device configuration consisting of indium tin oxide
(ITO)/PEDOT:PSS/EDBE(MAPbBr3):PbBr4/TPBi (40 nm)/LiF (1 nm)/Al (120 nm), as
illustrated in Fig. 3.6a. In this setup, LiF functions as the cathode buffer layer, facilitating
charge transfer at the electron-transporting layer (ETL)/metal interface.[8!: 127- 139 1401 The
energy-level diagram of the fabricated device is presented in Fig. 3.6b. Notably, the
EDBE(MAPDBBT13),PbBr4 film exhibits a HOMO level of -5.53 eV and a LUMO level of
-3.12 eV, which align well with the respective energy levels of the employed hole-
transporting layer (HTL) (PEDOT:PSS, -5.20 e¢V) and ETL (TPBi, -2.80 eV). This
alignment ensures efficient charge collection across the associated interfaces in the device
and facilitates efficient recombination of injected holes and electrons in the emissive layer.

Despite the promising characteristics and appropriate energy levels, the performance

of the EDBE(MAPbBT3),PbBr4 film falls short of expectations. As depicted in Fig. 3.7,
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the luminance and EQE of the fabricated device are only 43.7 cd m™ and 0.036%,
respectively. Thus, it became evident that proper device engineering was imperative to
enhance performance. A recent study underscored the critical role played by the
composition and conductivity of the PEDOT:PSS HTL in influencing device
performance.l'*!! It was revealed that the surface chemistry and texture of PEDOT:PSS
significantly impact interfacial interactions with the emissive layer, while its conductivity
influences charge transport within the device. Therefore, PEDOT:PSS CH 8000, known
for its higher resistivity (5 x 10 — 3 x 10° ohm-cm) compared to PEDOT:PSS P Al 4083
(500 — 5000 ohm-cm), was selected. Furthermore, a methanol post-treatment was applied
in line with previous findings.['”! This simple treatment effectively removes the reductant
PSS from the film surface, thereby facilitating hole transfer across the corresponding
interface.

As illustrated in Fig. 3.7, employing PEDOT:PSS CH 8000 as the HTL resulted in
significantly improved device performance (luminance: 354.64 cd m and EQE: 0.75%)
compared to the original control device. Beyond the impact of conductivity, we examined
the surface texture and roughness of these two distinct PEDOT:PSS layers using atomic
force microscopy (AFM), as depicted in Fig. 3.8. Notably, the CH8000 film exhibited a
smoother surface compared to the 4083 film. After the methanol post-treatment, the
surface of the CH8000 film became considerably rougher, indicating successful removal
of insulating PSS from the surface.?”!

Since the overall luminance characteristics remain unsatisfactory, we conducted
additional optimizations to enhance device performance. Sequential adjustments included
modifying the concentration of the precursor solution, implementing passivation with
TPBi, and performing thermal annealing. As depicted in Fig. 3.9a and Fig. 3.9b, we

initially varied the concentration of the precursor solution, comparing solutions of 0.16
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M and 0.18 M. It was observed that the PeLED fabricated from the 0.18 M precursor
solution exhibited superior performance, likely due to improved film quality. However,
increasing the concentration beyond 0.18 M resulted in an opaque film with reduced
luminance, leading to decreased device performance.

Moreover, recent studies have emphasized the significant performance
enhancements achievable through proper passivation of the emissive layer.[6% 141 1421
Various approaches have been explored, including incorporating polymers'*! or small
molecules®®? into the precursor solution to provide effective passivation of the perovskite
films. Another common method involves adding an additional layer on top of the emissive
layer, facilitating surface recrystallization to refine the surface structure. Given the p-i-n
architecture of our fabricated PeLED, we opted to utilize TPBi for passivating the
perovskite emissive layer.[% 141 192 TPBi was introduced during the film evolution via a
dripping process (10 mg/ml in chlorobenzene (CB)).

To evaluate the effectiveness of TPBi passivation, we initially assessed the
photoluminescence quantum efficiency (PLQY) of the EDBE(MAPDbBT3),PbBrs film
with and without TPBi treatment. The pristine EDBE(MAPDbBT3),PbBr4 film exhibited a
low PLQY of 0.3%; however, this was significantly enhanced to 14.3% after TPBi
passivation. Furthermore, their time-resolved photoluminescence (TRPL) measurements
(Fig. 3.6¢) also indicated a prolonged lifetime of the TPBi-passivated film (see Table 3.2).
These findings strongly suggest an improved performance of the derived PeLED. As
depicted in Fig. 3.9¢ and d, the TPBi-passivated device exhibited a five-fold increase in
luminance and EQE compared to the non-passivated device, with luminance improving

from 455.88 cd/m? to 1431.81 cd/m?, and EQE increasing from 0.12% to 0.63%. Notably,

the inset image in Fig. S6c¢ depicts the films under a UV lamp, where the TPBi-passivated
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film emits noticeably brighter light than the pristine film, further confirming the efficacy
of TPBi passivation.

Finally, thermal annealing was applied to the EDBE(MAPbBr3),PbBry4 film under
optimized conditions. Thermal annealing is widely recognized as a crucial step in
enhancing the performance of PeLEDs, as it facilitates improved crystallinity of the
perovskite layer, thereby enhancing its semiconducting properties.['* However, it is
worth noting that our investigated DJ phase quasi-2D perovskite exhibits inferior thermal
stability. Typically, the as-cast film, post-spin coating, is transparent. However, upon
annealing at 100°C for a brief period, the film becomes opaque, and its luminance
characteristics vanish under UV illumination. Consequently, we opted for an optimized
annealing temperature of 60°C for our system, significantly lower than temperatures
typically applied in other perovskite systems.

Fig. 3.9e&f illustrate a comparison of the luminescence characteristics of the
devices with and without annealing. Clearly, proper annealing led to improved
luminescence characteristics of the device, with luminance increasing from 1431.81
cd/m? to 1651.75 cd/m?, and EQE rising from 0.63% to 0.72%. Despite the demonstrated
improvement in device performance, this outcome highlights the inferior thermal stability
of our studied DJ phase quasi-2D perovskite system as a limiting factor. We speculate that
this limitation stems from the soft, long diamine chain between the perovskite sheets,
which is sensitive to thermal energy. The direct linkage of the diamine cation between
adjacent perovskite sheets renders it susceptible to twisting or rotating induced by thermal
energy, profoundly affecting the overall lattice structure and resulting in inferior thermal
stability.

Due to the inferior thermal stability of our studied quasi-2D film, we applied an additional

TPBI layer as a protective coating by spin-coating it onto the film. This protective layer
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serves multiple purposes: it enhances the passivation of the underlying perovskite film,
smoothes the film surface, and facilitates charge transfer between the emissive layer and
ETL.I'%1%7] The device utilizing this protective layer exhibited significantly improved
luminance and EQE compared to the reference device without it, as shown in Fig. 3.10.
Building upon these optimized conditions, we further adjusted the thickness of the TPBi
ETL via thermal vacuum deposition. Previous studies have documented a negative
correlation between TPBi thickness and the resulting turn-on voltage, with the commonly
optimized thickness being around ~40 nm.[*> 148-1511 However, due to the incorporation
of an additional TPBi protective layer, we found that the optimized thickness of the
vacuum-deposited TPBi ETL was reduced to 30 nm in our case, as depicted in Fig. 3.11
and

Table 3.3. Finally, the top-performing PeLED based on the quasi-2D
EDBE(MAPbBTr3):PbBr;s film achieved a maximum luminance of 1903 c¢d m™ with a
maximum EQE of 1.06%, as presented in Fig. 3.7a and b. Fig. 3.7¢ displays its
corresponding electroluminescence (EL) curves under different bias conditions. Notably,
the peak position remained unchanged with bias, and a small full width at half maximum

(FWHM) of ~26 nm was observed, indicating its stability and high color purity.

3.1.4 Summary

In conclusion, this work marks a pioneering step in the development of visible-light-
emitting quasi-2D perovskite LEDs based on diamine-derived Dion—Jacobson (DJ) phase
structures. By  incorporating the  bulky  diammonium  spacer  2,2'-
(ethylenedioxy)bis(ethylammonium) (EDBE), we synthesized a series of DJ-phase

EDBE(MAPDBT3),-.1PbBrs (n = 1, 3, 5, ---,0). Notably, the quasi-2D films exhibited
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significantly narrower photoluminescence compared to the broader emission profile of
2D EDBEPbBr4, which is dominated by self-trapped states. This improvement is
attributed to the increased incorporation of 3D-like perovskite domains that alleviate
lattice distortion and help modulate trap state distribution. With careful device
optimization, we achieved a  green-emitting PeLED based on the
EDBE(MAPDBBr3),PbBr4 composition, delivering a peak luminance of 1903 cd/m? and a
maximum external quantum efficiency (EQE) of 1.06%. Nevertheless, thermal instability
of the EDBE-based perovskites remains a key challenge, likely due to the flexibility and
thermal sensitivity of the diamine spacer. Compared to RP-phase analogs, this limitation
constrains device durability and performance. Future studies should prioritize the
molecular design of more thermally robust diamine cations to further advance DJ-phase

2D perovskite emitters.

3.1.5 Tables and Figures

Table 3.1 The relationship between the prepared quasi-2D (EDBE)(MA )s-1PbaBr3n+1

perovskites and the precursor ratios. The ratio in the columns are molar ratio.

(EDBE)Br. : MABr : PbBr;
n=1 1 : 0 1
n=3 1 2 3
n=5 1 : 4 5
h=oo 0 1 1
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Table 3.2 TRPL lifetime of the studied quasi-2D EDBE(MAPbBr3),.1PbBr4 perovskite

films deposited on ITO glass.

T1 (ns) Fraction 1(%) T2 (ns) Fraction 2(%)
n=1 2.14 39.6 6.58 60.3
n=3 2.37 74.6 16.1 20.9
n=>5 0.90 95.1 10.6 4.88
h =00 0.83 75.6 3.38 24.4
n =3 with TPBi Passivation 5.66 70.7 47.1 24.5

Table 3.3 The luminescence characteristics of the studied PeLEDs using a vacuum-

deposited TPBi ETL with different

thickness. The device configuration is

ITO/PEDOT:PSS (CH8000 treated with methanol)/EDBE(MAPbBT3)PbBr4/TPBi (spin-

coated)/TPBi (vacuum-deposited, with different thickness)/LiF/Al.

Thickness Luminance (cd/m?) EQE (%)
50 nm 55.26 0.23
40 nm 313.00 0.42
35 nm 1627.23 0.63
30 nm 1902.88 1.06
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Fig. 3.1 Illustration of the studied DJ phase quasi-2D EDBE(MAPbBT3).-1PbBr4 in this

work.
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(d) n=infinite

Fig. 3.2 The SEM images of the prepared quasi-2D EDBE(MAPbBT3).-1PbBr4 perovskite

films.
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Fig. 3.8 The surface AFM image of the PEDOT:PSS films with different conductivity on

ITO glass. (a) AL 4083 (b) CH 8000 (c) CH 8000 with methanol post-treatment.
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Fig. 3.10 (a) The J-V-L and (b) EQE curves of the studied PeLEDs with and without using
TPBi as a protecting layer. The device configuration is ITO/PEDOT:PSS (AL
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Fig. 3.11 The J-V-L curves of the studied PeLEDs using a vacuum-deposited TPBi ETL
with different thickness. The device configuration is ITO/PEDOT:PSS (CHS8000)/
EDBE(MAPDbBr3),PbBrs/TPBi (spin-coated)/TPBi (vacuum-deposited, with different

thickness)/LiF/Al.
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3.2 Regulating the Phase Distribution of Quasi-2D
Perovskites Using Cyclic Molecules Toward Improved

Light-Emitting Performance

The text and figures in this section are reproduced with permission from:

C. H. Chen', Y. H. Kuo®, Y. K. Lin, I. C. Ni, B. H. Lin, C. I. Wu, H. L. Yip, C. C. Kuo*,
C. C. Chueh*, “Enhancing the Performance of Quasi-2D Perovskite Light-Emitting
Diodes Using Natural Cyclic Molecules with Distinct Phase Regulation Behaviors”, ACS
Appl. Mater. Inter., 14,7, 9587-9596 (2022).

C. H. Chen, C. H. Hsu', I. C. Ni, B. H. Lin, C. I Wu, C. C. Kuo*, C. C. Chueh*,
“Regulating the Phase Distribution of Quasi-2D Perovskites Using a Three-Dimensional
Cyclic Molecule Toward Improved Light-Emitting Performance”, Nanoscale, 14, 17409-

17414 (2022).

3.2.1 Background

Metal halide perovskites have attracted considerable attention for their outstanding
optoelectronic  properties, including tunable emission wavelengths, high
photoluminescence quantum efficiencies, and compatibility with solution processing

methods, [51 83, 152-154

1 Among various structural forms, quasi-two-dimensional (quasi-2D)
perovskites, represented by the general formula (A2)2(A1)n-1BnX3n+1; A2 = large organic
cation (R*, monoamine), A; = CH3NH3", Cs* or (A2)(A1)n-1BnXsn+1; A2 = large organic
cation (R?**, diamine), have emerged as a leading candidate for next-generation perovskite

light-emitting diodes (PeLEDs). This structure combines the benefits of enhanced

environmental stability imparted by hydrophobic organic spacers with intrinsic quantum-
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well confinement effects that effectively boost exciton recombination rates and emission
efficiency.

A defining characteristic of quasi-2D perovskites is the presence of multiple
coexisting “phases,” distinguished by the number (n) of stacked inorganic perovskite
layers sandwiched between organic spacers. These phases range from pure two-
dimensional structures (n = 1), consisting of single-layer inorganic sheets isolated by
bulky organic molecules, to quasi-2D structures (higher n values) that increasingly
resemble three-dimensional perovskites.[*>*6] Each of these phases has distinct electronic
and optical properties due to varying degrees of quantum confinement and excitonic
interactions, resulting in a gradient of bandgaps across different n values. Typically,
lower-n phases possess wider bandgaps and higher exciton binding energies, whereas
higher-n phases exhibit narrower bandgaps with lower exciton binding energies,
approaching the behavior of bulk perovskites.

During solution-processed crystallization of quasi-2D perovskite films, multiple n-
phases spontaneously form due to differences in thermodynamic stability and
crystallization kinetics. Specifically, phases with lower n (e.g., n = 1 or 2) exhibit lower
formation energies and faster nucleation rates, causing them to readily precipitate and
dominate the initial crystallization stage. In contrast, higher-n phases (n > 4), possessing
higher formation energies and more complex crystallization pathways, typically form
later during solvent evaporation or annealing steps. Ideally, in a PeLED configuration,
electrically injected carriers generated in these quasi-2D films would transfer efficiently
from low-n phases toward higher-n phases, which is the phenomenon named “energy
funneling effect”.[3-61]

However, the uncontrolled, random formation of low-n phases (especially n= 1) can

be detrimental to device performance. The presence of excessively low-n phases
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introduces defects, increases trap density, and promotes non-radiative recombination
pathways due to their strong exciton binding energies and poor electrical conductivity.
Furthermore, excessively low-n phases impede efficient charge carrier funneling,
trapping excitons before they can reach the emission-active high-n phases. As a result,
films containing significant amounts of low-n phases exhibit lower emission intensities,
broader emission spectra, decreased color purity, and compromised overall device
performance. To overcome the critical influence of random phase distribution on the
performance of quasi-2D PeLEDs, considerable research has focused on controlling
phase purity by employing various strategies, such as adjusting precursor ratios, tuning
solvents, and adding functional additives. Among these methods, additive engineering
has emerged as a particularly effective strategy, leveraging molecules capable of
selectively interacting with specific perovskite precursor components to control phase
formation kinetics.

Building on this concept, cyclic molecular additives have been investigated as
promising candidates due to their ability to form stable complexes or interactions with
both inorganic and organic perovskite precursors. These interactions can selectively
suppress the rapid formation of undesirable low-n phases while promoting the controlled
growth of favorable high-n phases. In this section, two published studies are combined
and compared to gain deeper insight into the phase regulation mechanisms in quasi-2D
perovskites. The first study explores the use of natural cyclic molecules, cyclodextrins,
with two distinct cavity sizes: a-cyclodextrin (a-CD) and B-cyclodextrin (B-CD). This
work examines how varying pore sizes influence phase distribution during film formation.
The second study investigates a three-dimensional cage-like cyclic molecule, cryptand,

which exhibits strong interactions with perovskite precursors due to its rigid 3D structure.
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Each additive, characterized by its unique cavity size, molecular geometry, and
chemical functionality, demonstrates distinct effects in suppressing low-n phase
nucleation and facilitating the formation of desired higher-n phases. By elucidating the
specific interactions and phase-regulating behaviors of these cyclic molecules, this work
aims to deepen the understanding of molecular structure—property relationships and

establish design principles for high-performance quasi-2D PeLED materials.

3.2.2 Experimental Section

Materials. Lead bromide (PbBr2, >99.9%) was purchased from Tokyo Chemical
Industry Co., Ltd. Phenethylammonium bromide (PEABr, >98%) was purchased from
Greatcell Solar Materias. Cesium bromide (CsBr, >99.9%), a-CD (>98%), B-CD (>97%),
Kryptofix® 222 (cryptand, 98%), lithium fluoride (LiF, >99.99%) and solvents such as
dimethylformamide (DMF, 99.8%) and dimethyl sulfoxide (DMSO, >99.9%), all
purchased from Sigma-Aldrich and used as received without further purification. TPBi
(2,2°,2°~(1,3,5-benzenetriyl)-tris(1-phenyl-1H-benzimidazole)) was sourced from Ultra
Fine Chemical Technology Corp., and PEDOT:PSS (Clevios™ P Al 4083) was obtained

from Uniregion Bio-Tech, both also used without additional purification.

Device fabrication. To prepare the quasi-2D perovskite (PEA>Cs;PbsBrio), a
solution was formulated by mixing PEABr, CsBr, and PbBr2 in dimethyl sulfoxide
(DMSO) at a 1:1:1.5 molar ratio. This mixture was stirred at room temperature overnight
to ensure complete dissolution. For additive engineering, a-cyclodextrin (a-CD), B-
cyclodextrin (B-CD), and cryptand were introduced into the precursor solution in varying
amounts, using PbBr; as the reference. The molar ratios employed were 1:0.02, 1:0.04,

1:0.07, and 1:1 for the cyclodextrins, and 1:0.025, 1:0.05, and 1:0.075 for cryptand. The
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substrates, consisting of ITO and plain glass, underwent a multistep cleaning procedure.
Initially washed with detergent, they were then subjected to ultrasonic cleaning in
deionized water, acetone, and isopropyl alcohol for 15 minutes each. Residual moisture
and solvents were removed by nitrogen drying followed by thermal treatment at 60 °C.
Plasma treatment was subsequently applied to render the substrate surfaces more
hydrophilic. PEDOT:PSS was used as the hole transport layer and applied to the
substrates via spin-coating at 3500 rpm for 45 seconds. The films were then annealed at
150 °C for 15 minutes in ambient air. All subsequent processing steps took place in a
nitrogen-filled glove box. Perovskite films incorporating different amounts of cyclic
molecular additives were deposited on top of the PEDOT:PSS via spin-coating at 5000
rpm for 1 minute, followed by thermal annealing at 70 °C for 10 minutes. The device
architecture was completed by thermally evaporating successive layers of TPBi (30 nm),
LiF (1 nm), and aluminum (100 nm) under high vacuum conditions, maintained below

107 torr.

Characterization. Quasi-2D perovskite films for characterizations were prepared
by spin-coating the precursor solutions at 5000 rpm for 1 min. UV-vis absorption was
measured using a Jasco V-730 spectrometer. Temperature-dependent PL and time-
resolved PL (TRPL) were recorded using a Horiba Fluorolog-3 and a Hamamatsu
Universal Streak Camera C10910 at NSRRC (TPS 23A). SEM (Hitachi S4800), XRD
(PANalytical X Pert3), XPS (PerkinElmer PHI 5400), and UPS (specs UVS 10/35) were
used for structural and electronic characterization. Electrical performance, including J-V-
L characteristics, external quantum efficiency (EQE), and electroluminescence (EL), was

evaluated using an Enlitech LQ-100 system with a 100 mm? integrating sphere.
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3.2.3 Results and Discussion

Phase regulation effect caused by cyclodextrin additives. We systematically
studied the effects of a-cyclodextrin (a-CD) and B-cyclodextrin (B-CD) on the phase
distribution of quasi-2D perovskite films with the composition PEA>Cs>Pb3Brio (n = 3).
These cyclic molecules possess different cavity sizes and hydroxyl-rich chemical
functionalities, which enable varying degrees of interaction with perovskite precursors.
UV-vis absorption spectroscopy (Fig. 3.12a,b) revealed the influence of these additives
on quantum-well phase formation. UV—vis absorption spectra revealed that the pristine
quasi-2D perovskite film displayed multiple absorption peaks centered at ~402, 433, and
462 nm, which correspond to the formation of low-n phases (n = 1, 2, and 3). Upon
incorporating a-CD into the precursor solution, the intensities of the peaks at 402 nm and
433 nm were significantly suppressed with increasing additive concentration, and
disappeared completely at a doping ratio of 0.07. This observation confirms that a-CD
effectively inhibits the formation of low-n phases. In contrast, f-CD exhibited a more
gradual suppression effect, with notable reductions in the 462 nm peak at higher doping
concentrations, suggesting better regulation of medium-n (n = 3) phases than low-n
phases. Photoluminescence (PL) spectra further supported this trend. The pristine film
showed three emission peaks at 433, 467, and 502 nm, indicative of insufficient exciton
funneling. In a-CD-doped films, a single, narrow emission peak at ~505 nm was observed
across all doping levels, indicating enhanced energy funneling to high-n phases and
suppressed nonradiative recombination. f-CD-doped films exhibited residual emission
from low-n phases at lower doping ratios, but converged to a single peak at ~508 nm
when the doping ratio reached 0.1. To further evaluate the photophysical performance,
time-resolved photoluminescence (TRPL) measurements were conducted. TRPL decay

curves fitted with a bi-exponential model revealed that a-CD extended both fast and slow
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carrier lifetimes (trst = 0.65 ns, Tsow = 3.88 ns), resulting in an average lifetime (Tayg) of
3.45 ns, significantly longer than the pristine film (tavg = 1.49 ns). B-CD also improved
carrier lifetime (tavg = 1.62 ns), though less significantly. These results underscore the
additive-induced suppression of nonradiative recombination.XRD analysis further
supported these observations. For a-CD-doped films, diffraction peaks associated with
low-n phases (notably at ~4° and 5.3°) were significantly suppressed, while higher-n
phase peaks (~15.3° and 30.5°) became more pronounced and better defined. In addition,
temperature-dependent PL measurements provided further insight into exciton dynamics
and localization. The pristine film exhibited enhanced low-n phase emissions (435 and
465 nm) at lower temperatures due to exciton localization. In contrast, a-CD and B-CD-
doped films showed greatly reduced temperature dependency, with a-CD being more
effective in maintaining a single dominant emission peak across the temperature range.
These findings demonstrate that both TRPL and temperature-dependent PL consistently
support the improved energy funneling and defect passivation achieved through cyclic
additive incorporation, particularly for a-CD.

X-ray diffraction (XRD) measurements revealed that the pristine film featured
characteristic peaks at 4° and 5.3° corresponding to n = 1 and 2 phases, along with higher-
angle peaks at 15.5° and 30.7° indicative of high-n phases. For a-CD-doped films, the
low-angle peaks vanished entirely, while the high-angle peaks became sharper and more
intense, signifying improved crystallinity and phase purity. B-CD-doped films retained
some low-angle features but showed weakened intensity, confirming partial suppression
of low-n phases. Scanning electron microscopy (SEM) imaging showed that both
additives improved film morphology by reducing surface roughness and pinhole density.
Among them, a-CD-treated films displayed the smoothest and most uniform morphology,

correlating with the best phase purity and carrier dynamics.
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Fourier-transform infrared spectroscopy (FTIR) and X-ray photoelectron
spectroscopy (XPS) analyses provided molecular-level insight into the interactions
responsible for phase regulation. FTIR spectra in Fig. 3.15 revealed red-shifted O-H
stretching vibrations in both CD-doped films, suggesting hydrogen bonding between
hydroxyl groups of CDs and perovskite constituents. XPS analysis revealed a downshift
in the Pb 4f binding energies in the doped perovskite films, indicating electron donation
from the additives to undercoordinated Pb** sites (Fig. 3.16a). Additionally, the O 1s
signal intensity was higher for the a-CD/PVSK film than for the f-CD/PVSK film (Fig.
3.15b), which correlates with the higher doping ratio used (0.1 for a-CD vs. 0.07 for -
CD). These observations suggest that the interactions between cyclodextrins (CDs) and
the perovskite lattice are primarily mediated by electron donation from the hydroxyl
oxygen atoms to Pb** ions. Furthermore, more pronounced shifts in the Cs 3d and N 1s
XPS signals were observed in a-CD-doped films compared to B-CD-doped ones (Fig.
3.16c&d), implying stronger interactions with Cs* and PEA* cations. This enhanced
binding is attributed to the smaller cavity size and higher hydroxyl group density of a-
CD, which confer a greater phase-regulating capability. Consequently, a-CD facilitates
greater incorporation of Cs* into the perovskite lattice during crystallization, favoring the
formation of high-n quasi-2D phases.!”8] Moreover, the higher hydroxyl content in a-CD
enhances interactions with the PEA* cation more effectively than B-CD, thereby better
suppressing the formation of low-n phases, as corroborated by structural and phase

distribution analyses.

Phase regulation effect caused by cryptand additives. The incorporation of a
three-dimensional cyclic additive, cryptand, into quasi-2D perovskite films with the

nominal composition PEA>Cs>PbsBrio (n = 3) has also been investigated. Owing to its
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unique cage-like geometry and donor-rich structure, cryptand exhibits intense
coordination with Pb** ions and favorable hydrogen bonding with organic cations. These
interactions enable cryptand to regulate the phase distribution during crystallization,
suppress defect formation, and enhance device performance. UV—vis absorption spectra
of quasi-2D perovskite films with varying cryptand doping ratios (0—0.075 relative to
PbBr2) show clear phase regulation behavior in Fig. 3.17a. The pristine film exhibits
absorption peaks at ~403, 432, and 459 nm, corresponding to n = 1, 2, and 3 phases, with
the dominant n = 1 peak reflecting random and unbalanced phase distribution. Upon
cryptand addition, the 403 nm peak is significantly suppressed, while the n = 2 and 3
peaks are enhanced, indicating a more concentrated distribution of higher-n phases.
Compared to 18-crown-6 in Fig. 3.17b, cryptand shows superior suppression of the n =
1 phase, attributed to its stronger cation coordination capabilities. PL spectra further
reveal photophysical improvements with cryptand. The pristine film shows multiple
emissions including low-n peaks, while cryptand-containing films exhibit a single
dominant emission peak that blue-shifts from 514 to 505 nm with increasing doping (Fig.
3.17¢). This shift results from both surface passivation and quantum well structure
refinement. TRPL measurements reinforce these observations. The film doped with 0.05
cryptand shows the longest average carrier lifetime (tavg = 19.5 ns), compared to 5.2 ns
for the pristine film (Fig. 3.17d). This result, in conjunction with a PLQY increase from
0.4% to 24.74%, confirms efficient energy funneling and reduced nonradiative
recombination under optimal doping (Fig. 3.18).

Temperature-dependent PL measurements provide further insight into the phase
distribution and exciton dynamics at cryogenic conditions (Fig. 3.19). In pristine films,
multiple emission peaks, especially at 406, 436, 470, and 485 nm, are significantly

enhanced as temperature decreases, indicating pronounced exciton localization within
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low-n domains. In contrast, cryptand-doped films with optimized ratios (0.05-0.075)
show strong suppression or complete elimination of low-n emissions at low temperatures,
maintaining a single sharp peak around 505 nm. This behavior signifies efficient energy
transfer from low-n to high-n phases and a more uniform quantum-well structure.

X-ray diffraction (XRD) data show a clear structural transformation induced by
cryptand (Fig. 3.20a-d). The characteristic peak of the 2D perovskite at 5.3° diminishes
with increased doping, and at >0.05 doping, it vanishes completely, replaced by new
features at 4° and sharpened peaks at 15.3° and 30.5° corresponding to high-n and 3D-
like phases. These changes confirm suppression of the n = 1 phase and improved
crystallinity. SEM imaging supports this, showing significantly smoother films with
fewer pinholes and blurred grain boundaries as cryptand is added. Optimal morphology
i1s observed at 0.05 doping, while higher ratios introduce defects such as black spots,
indicating over-doping (Fig. 3.20e-h).

To uncover the mechanism of cryptand-induced phase regulation, "H NMR and XPS
analyses were performed. NMR reveals the strongest chemical shift when cryptand is
mixed with PbBr2 (2.58 to 2.87 ppm), indicating strong coordination. Additionally, a shift
and broadening of the PEABr NHs" peak confirm hydrogen bonding with the organic
cation (Fig. 3.21). XPS spectra further validate these interactions, with a notable O 1s
shift upon PbBr: addition, showing electron donation from cryptand to Pb** (Fig. 3.22).
These results support a dual interaction mechanism: cryptand’s cage captures Pb** to
delay low-n phase crystallization, while O/N atoms passivate defects, collectively

contributing to improved film quality and energy transfer.

Fabrication and performance of PeLEDs. To evaluate the practical implications

of the additives, we fabricated PeLED devices based on pristine and additive-doped quasi-
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2D perovskite films with a device architecture of
ITO/PEDOT:PSS/perovskite/TPBi/LiF/Al as shown in Fig. 3.23a, and their related
energy level is shown in Fig. 3.23b&c. The a-CD additive demonstrates a stronger ability
to suppress the formation of low-n phases (n < 2), thereby promoting the formation of
higher-n phases and facilitating more efficient exciton funneling. As a result, the a-CD-
based PeLED achieves a maximum luminance (Lmax) of 37,825 cd/m? and an external
quantum efficiency (EQE) of 3.81% (Fig. 3.24a&d). In contrast, B-CD shows a better
modulation of medium-n phases (n = 3), resulting in slightly lower performance with a
Lmax 0of 24,793 cd/m? and EQE of 3.09% (Fig. 3.24b&e). On the other hand, the use of a
three-dimensional cyclic molecule, cryptand, yields a more pronounced phase regulation
effect due to its strong interaction with Pb*" ions, which effectively suppresses the
formation of the n = 1 phase and leads to a more concentrated phase distribution. The
cryptand-based PeLED achieves an EQE 0f 4.02% and a Lmax of 15,532 cd/m?, reflecting
a ~10-fold and ~5-fold enhancement, respectively, compared to the pristine device (Fig.
3.24c&f). Energy level analyses via photoelectron spectroscopy and absorption edge
estimation further reveal that all three additives induce a slight reduction in the perovskite
bandgap, improving energy level alignment and charge injection balance (Fig. 3.23b&c).
Notably, the cryptand’s multidentate coordination enables superior passivation of defect
sites and more effective modulation of the quantum well structure, thereby facilitating
radiative recombination and reducing nonradiative losses. These results underscore the
importance of additive molecular structure in tailoring phase purity, optimizing energy

alignment, and boosting device performance in quasi-2D PeLEDs.
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3.2.4 Summary

In this work, two classes of cyclic organic additives, cyclodextrins and cryptand,
were systematically investigated as molecular regulators to improve the phase distribution
and optoelectronic performance of quasi-2D PeLEDs. The incorporation of these
additives effectively modulates the crystallization dynamics of the PEA>Cs>Pb3Brio (n =
3) quasi-2D perovskite, suppressing the formation of undesired low-n phases and
promoting a more concentrated distribution of mid- to high-n phases. This optimized
phase composition facilitates more efficient charge and energy transfer across the multi-
quantum well structure, thereby reducing non-radiative recombination and enhancing
radiative emission. Cyclodextrins (a- and B-CD) serve as sterically hindered
supramolecular hosts that interact with the perovskite precursor components, leading to
improved film uniformity, reduced trap densities, and enhanced photophysical properties.
Devices incorporating cyclodextrin-modified perovskite films exhibited notable
improvements in external quantum efficiency and luminance compared to control devices.
In addition, cryptand, a three-dimensional molecule, exhibits a stronger coordination
affinity toward Pb*" ions due to its cage-like structure containing multiple electron-
donating O and N atoms. This enables more effective suppression of the n = 1 phase,
enhanced passivation of uncoordinated metal sites, and superior control over
crystallization. As a result, PeLEDs with an optimized cryptand doping ratio achieved a
peak luminance of 15,532 cd m? and an external quantum efficiency (EQE) of 4.02%.

In conclusion, these results highlight the critical role of molecular-phase regulation
via cyclic additives in tailoring the structural and electronic landscape of quasi-2D
perovskite films. The findings provide a robust framework for future molecular design

strategies aimed at simultaneously optimizing phase purity, defect passivation, and carrier
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dynamics in layered perovskite systems, thereby advancing the development of high-

performance, stable PeLEDs for practical optoelectronic applications.

3.2.5 Tables and Figures

Table 3.4 The fitting parameters for the TRPL results of pristine, hybrid a-CD/quasi-2D

perovskite and B-CD/quasi-2D.

A 71 (ns) A 72 (ns) Tavg (NS)
Control 0.45 1.75 0.40 0.40 1.49
a-CD 0.47 3.88 0.65 0.65 3.45
B-CD 0.66 1.71 0.20 0.20 1.62

Table 3.5 The fitting parameters for the TRPL results of quasi-2D perovskite films with

different added doping ratios of the cryptand.

A 71 (ns) Az T2 (ns) Tavg (NS)
Control 0.89 2.25 0.12 9.92 5.2
Cry_0.025 0.82 3.39 0.2 21.2 14.3
Cry_0.05 0.75 3.57 0.26 25.77 19.5
Cry_0.075 0.87 3.93 0.18 25.77 16.8

Table 3.6 PLQY of quasi-2D perovskite films with different added doping ratios of the

cryptand.
PLQY (%)
Control 0.4
Cry_0.025 13.27
Cry_0.05 24.74
Cry_0.075 19.23
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Table 3.7 Performance of fabricated PeLEDs

Etnp;?k N:i;:;;‘ Max. EQE (%)

Control 514 5177 0.65
a-CD_0.04 511 5485 2.16
a-CD_0.07 521 37825 3.81
a-CD_0.1 519 16697 1.27
B-CD_0.04 518 24793 3.09
B-CD_0.07 517 14518 0.96
B-CD_0.1 515 13476 0.35
Cry_0.025 511 7458 3.68
Cry_0.05 511 15532 4.02
Cry_0.075 506 4563 2.98
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Fig. 3.12 (a,b) UV—vis absorption and (c,d) PL emission spectra of the hybrid quasi-2D

perovskite films with different doping ratios of (a,c) a-CD and (b,d) B-CD.
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Fig. 3.13 (a) TRPL curves of the hybrid a-CD/quasi-2D perovskite and B-CD/quasi-2D
perovskite films. Temperature-dependent PL measurement of the (b) pristine perovskite,

(¢) a-CD/PVSK, and (d) B-CD/PVSK films.
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Fig. 3.14 (a) XRD characteristics of the hybrid a-CD/quasi-2D perovskite (with a ratio
of 0.1:1) and B-CD/quasi-2D perovskite (with a ratio of 0.07:1) films. SEM images of the

(b) pristine perovskite, (¢) a-CD/PVSK, and (d) B-CD/PVSK films.
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Fig. 3.16 XPS spectra of (a) Pb 4f signal, (b) O 1s signal for the pristine quasi-2D, o-
CD/PVSK, and B-CD/PVSK films. XPS spectra of (c) Cs 3d signal for the pure CsBr, a-
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Fig. 3.18 PLQY of quasi-2D perovskite films with different doping ratios of Cryptand.
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Fig. 3.19 Temperature-dependent PL of (a) the pristine quasi-2D perovskite film, and the
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cryptand.

95

doi:10.6342/NTU202502560



(a

—

Intensity (a.u.)

(b)

Intensity (a.u.)

(c)

Intensity (a.u.)

—
o
S—

Intensity (a.u.)

Pure — Pure
3
8
2
[}
c
2
E M
345678910 10 15 20 25 30 35 40
26 (deg) 26 (deg)
e Cry _0.025 e Cry _0.025
3
s
2
[7}
c
g
£
A A
345678910 10 15 20 25 30 35 40
26 (deg) 26 (deg) (g)
= Cry_0.05 e Cry _0.05
3
8
2
[}
[
3
£
A ~
345678910 10 15 20 25 30 35 40
26 (deg) 26 (deg) ( h)
——Cry_0.075 ——Cry_0.075
3
8
2
0
[
8
£
v . -
345678910 10 15 20 25 30 35 40
26 (deg) 26 (deg)

Fig. 3.20 (a-d) The XRD measurement and (e-h) SEM images of the quasi-2D perovskite

films with different added doping ratios of the cryptand.
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Fig. 3.22 XPS measurement of O 1s spectra of the cryptand without and with different
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Fig. 3.23 (a) Structure and (b,c) the energy-level diagram of the fabricated PeLEDs.
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Fig. 3.24 (a-c) J-V-L, and (d-f) EQE-voltage curves of the fabricated devices.
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3.3 Realizing High Brightness Quasi-2D Perovskite Light-
Emitting Diodes with Reduced Efficiency Roll-Off via

Multifunctional Interface Engineering

The text and figures in this section are reproduced with permission from:

Y. K. Lin, C. H. Chen, Y. Y. Wang, M. H. Yu, J. W. Yang, I. C. Ni, B. H. Lin, I. S. Zhidkov,
E.Z.Kurmaev, Y. J. Lu*, C. C. Chueh*, “Realizing High Brightness Quasi-2D Perovskite
Light-Emitting Diodes with Reduced Efficiency Roll-Off via Multifunctional Interface

Engineering”, Adv. Sci., 10, 2302232 (2023).

3.3.1 Background

In recent years, metal halide perovskites have garnered significant global attention
as next-generation optoelectronic materials, owing to their tunable electronic
characteristics and solution-processable nature.['>*!>71 Within this class, quasi-two-
dimensional (quasi-2D) structures exemplified by compositions like PEA>Csy.1PbuBr3n+1
stand out for their strong emission properties, which arise from enhanced material

(15, 45, 83, 1581621 Eyrthermore, the

stability and distinct quantum confinement effects.
presence of energy funnels across various quasi-2D phases effectively promotes exciton
migration and radiative recombination, thus boosting the overall photoluminescence
efficiency.[’”- 78 163 Notably, green-emitting PeLEDs based on quasi-2D perovskites have
already reached an impressive external quantum efficiency (EQE) of 28%,?”! showcasing
their competitive performance in emissive technologies. Importantly, by tailoring the
phase distribution or adjusting the chemical composition of these quasi-2D materials,
researchers can precisely tune emission wavelengths, enabling the development of

multicolor PeLEDs with high efficiency.[!®* 16
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Despite their potential, quasi-2D PeLEDs still face fundamental performance
bottlenecks. Perovskite films fabricated via solution processing often suffer from a high
concentration of surface defects and trap states, which act as centers for non-radiative
recombination and significantly reduce emission efficiency. Fortunately, implementing
surface passivation strategies has proven effective in alleviating these issues by reducing
surface defects and minimizing non-radiative losses, leading to notable improvements in
device efficiency.!'66-16%]

Phosphine oxides have become some of the most frequently adopted surface
passivation agents in PeLED fabrication, primarily due to the strong electron-donating

81, 170-173] Nevertheless, many of the phosphine

nature of their P=O functional groups.!
oxide compounds used in perovskite passivation are inherently electrically insulating,
which hampers charge carrier flow across the perovskite and adjacent transport layers.[®!"
170. 1741 Additionally, quasi-2D perovskites inherently suffer from poorer charge injection
and reduced conductivity compared to 3D perovskites, largely because of the insulating
organic spacer cations within their structure. These drawbacks result in limited luminance
output and significant efficiency roll-off under high current and voltage stress,!'” posing

major barriers to the practical integration and commercialization of quasi-2D PeLEDs.['7®

711 Consequently, achieving high-performance quasi-2D PeLEDs with improved
brightness and reduced efficiency degradation remains a central goal in ongoing research.

Recent studies have demonstrated that carefully tuning the composition ratio of
multiple quantum wells in quasi-2D perovskites promotes efficient energy transfer and
lowers local carrier concentrations, thereby diminishing non-radiative losses and
mitigating efficiency roll-off under elevated driving voltages.'”® Moreover,

implementing charge injection layers without energy barriers has proven beneficial in

resolving charge imbalance within the emissive region, further stabilizing device
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performance at high operating conditions.!'” Building upon these insights, we introduce
a conductive phosphine oxide interlayer into quasi-2D PeLLEDs to assess its potential in
addressing efficiency roll-off. This material presents a dual advantage besides effectively
passivating surface defects, its inherent conductivity and favorable energy-level
alignment support improved electron injection and charge transport modulation.[!80-183]
In this work, we employ two conductive phosphine oxide compounds—2,8-
bis(diphenyl-phosphoryl)-dibenzo[b,d]thiophene ~ (PPT) and  2,8-bis(diphenyl-
phosphoryl)-dibenzo[b,d]furan (PPF) as interfacial modifiers between the perovskite
emissive layer and the electron transport layer (ETL). Thanks to their phosphine oxide
moieties, both PPT and PPF contribute to defect passivation at the perovskite surface and
effectively suppress non-radiative recombination pathways. Their energy levels are also
favorably aligned with those of the adjacent layers, allowing them to act as electron
transport interlayers that promote efficient electron injection while simultaneously
blocking unwanted hole transport.['*-183] Improving the charge dynamics at this key
interface is critical, and transient absorption (TA) measurements confirm that the
incorporation of PPT or PPF preserves the energy cascade among the quasi-2D perovskite
phases. Benefiting from these interfacial enhancements, the resulting devices demonstrate
notable performance improvements, including a peak brightness of 73,897 cd m™, an
external quantum efficiency (EQE) surpassing 10%, and significantly mitigated
efficiency roll-off at elevated operating voltages outperforming devices based on the same
perovskite composition. These results highlight a practical and highly effective route to

addressing one of the most persistent limitations in quasi-2D PeLED development.
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3.3.2 Experimental Section

Materials. Lead(II) bromide (PbBr, >99.9%) and 2,8-
bis(diphenylphosphoryl)dibenzo[b,d]furan (PPF, >96%) were sourced from Tokyo
Chemical Industry Co., Ltd. Materials including cesium bromide (CsBr, >99.9%),
phenethylammonium bromide (PEABT, >98%), 2,8-
bis(diphenylphosphoryl)dibenzo[b,d]thiophene  (PPT, >96.5%), poly[N,N"-bis(4-
butylphenyl)-N,N"-bis(phenyl)-benzidine] (Poly-TPD), poly(9-vinylcarbazole) (PVK),
lithium fluoride (LiF, >99.99%), along with solvents such as chlorobenzene (CB, 99.8%)
and dimethyl sulfoxide (DMSO, >99.9%) were purchased from Sigma-Aldrich and used
without any further purification. The electron transport compound 2,2'.2"-(1,3,5-
benzenetriyl)-tris(1-phenyl-1H-benzimidazole) (TPBi) was obtained from Ultra Fine
Chemical Technology Corp., while 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown-

6, 99%) was supplied by Alfa Aesar.

Device fabrication. The precursor solution for the quasi-2D perovskite was
prepared by dissolving 16.2 mg of PEABT, 42.6 mg of CsBr, and 73.4 mg of PbBr; in
I mL of DMSO, along with 3.5 mg of 18-crown-6. The solution was stirred overnight at
room temperature to ensure complete dissolution. Separately, PPT and PPF solutions were
prepared by dissolving 2 mg of each additive in 1 mL of chlorobenzene (CB). ITO-coated
glass substrates were sequentially cleaned with detergent, followed by ultrasonic
treatment in deionized water, acetone, and isopropyl alcohol for 15 minutes each. The
substrates were then dried in an oven at 60 °C to remove residual solvents. Prior to film
deposition, the cleaned substrates were treated with oxygen plasma and transferred into a
nitrogen-filled glovebox for device fabrication. A hole transport bilayer was formed by

sequentially spin-coating Poly-TPD at 2000 rpm for 60 s and PVK at 2000 rpm for 30's,
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followed by thermal annealing at 150 °C to improve film uniformity and performance.
The quasi-2D perovskite layer was then deposited onto the HTL via a two-step spin-
coating process: 1000 rpm for 5s, followed by 3000 rpm for 55s, and subsequently
annealed at 100 °C for 60s. After perovskite deposition, the film was soaked in the
precursor solution for 30 s, followed by spin-coating of a thin PPT or PPF interlayer at
5000 rpm for 60 s. Finally, the device was completed by sequential thermal evaporation
of TPBi (25 nm), LiF (1 nm), and aluminum (100 nm) under high vacuum conditions

(<107¢ Torr).

Characterization. Quasi-2D perovskite thin films were prepared for
characterization using a method consistent with previously reported protocols. UV—
visible absorption spectra were obtained with a Jasco V-730 spectrophotometer, and
photoluminescence (PL) measurements were performed using a Horiba Fluorolog-3
instrument. Time-resolved PL (TRPL) experiments were conducted with a Hamamatsu
Universal Streak Camera C10910 at beamline TPS 23A at the National Synchrotron
Radiation Research Center (NSRRC). X-ray diffraction (XRD) analysis was performed
using a Rigaku SmartLab SE to probe the crystal structures. Surface features were
examined by scanning electron microscopy (SEM) with a Hitachi S4800. Proton nuclear
magnetic resonance ('"H NMR) spectra were acquired on a Bruker AVIII 500 MHz FT-
NMR system. The molecular geometries of PPT and PPF in their ground states were
optimized using density functional theory (DFT) calculations with the B3LYP functional
and 6-311G(d,p) basis set in Gaussian 09W. Photoluminescence quantum yield (PLQY)
and electrical device characterizations—including current density—voltage—luminance
(J-V-L) curves, external quantum efficiency (EQE), space-charge-limited current

(SCLC), and electroluminescence (EL) spectra—were measured using an LQ-100 system
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(Enlitech Co. Ltd.) equipped with a 4 mm? integrating sphere. All tests were conducted
in an inert nitrogen environment, and devices were evaluated in an unencapsulated state.

Transient absorption spectroscopy (TA) was used to study carrier dynamics. A Femto
Frame II setup (IB Photonics) was employed, driven by a 400 nm femtosecond laser
(pulse width: 100 fs, 1 kHz repetition rate) generated by a TOPAS-C optical parametric
amplifier pumped with a Spectra-Physics Tsunami Ti:sapphire laser. The excitation and
probing spots were ~300 um and ~100 um in diameter, respectively. A supercontinuum
white-light probe (450—-800 nm, 30 fs) was produced via a sapphire crystal. Pump fluence
ranged between 1.4 and 28 pJcm™. TA measurements were carried out in ambient
atmosphere with relative humidity controlled under 50%.

X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy
(UPS) were performed using a PerkinElmer PHI 5400 (monochromatic Al Ko X-ray
source) and a Specs UVS 10/35 UV lamp, respectively. The optical bandgap (Eg) and
HOMO energy levels were derived via Tauc plot analysis under the assumption of a direct
bandgap. Electrochemical impedance spectroscopy (EIS) and capacitance—voltage (C—-V)
profiling were carried out on encapsulated devices in air using a Bio-Logic SP-200

impedance analyzer with AC modulation.

3.3.3 Results and Discussion

Modification of quasi-2D perovskites by PPT/PPF post-treatment. As discussed
earlier, our objective is to introduce conductive phosphine oxides to passivate quasi-2D
perovskites and evaluate their effectiveness in mitigating efficiency roll-off. Considering
their favorable conductivity and well-aligned energy levels, we have selected two
184, 185]

phosphine oxides, PPT and PPF, for incorporation at the perovskite/ETL interface.!

This additional interfacial layer is expected to enhance charge injection through cascade
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charge transfer, as illustrated in Fig. 3.25a. Furthermore, the P=O bond in phosphine
oxides has been demonstrated to effectively passivate surface defects in the perovskite
emitting layer, thereby suppressing non-radiative recombination and enabling high-
performance light-emitting devices. To achieve this, we spin-coat an additional layer of
PPT or PPF onto the perovskite film before depositing the ETL, rather than employing
the conventional post-treatment method of dissolving phosphine oxides in a washing
solvent for drip-casting, as reported in previous studies. To further enhance the
passivation effect of PPT/PPF, the as-prepared perovskite layer is soaked in precursor
solutions of PPT/PPF for a specific duration before spin coating./®! Detailed experimental
procedures are provided in the Experimental Section.

The incorporation of phosphine oxide into perovskite precursors has been reported
to affect the crystallinity and phase distribution of quasi-2D perovskite films.['8 187 To
assess these effects, we systematically examined the crystallinity, optoelectronic
properties, and film morphology of PPT/PPF-modified perovskite films. Fig. 3.26a
presents the X-ray diffraction (XRD) patterns of pristine, PPT-modified, and PPF-
modified perovskite films. Notably, no significant changes in peak intensity or position
are observed among these samples, indicating that the introduction of PPT and PPF does
not alter the crystallinity or phase distribution of quasi-2D perovskites. The ultraviolet-
visible (UV-Vis) absorption spectra, shown in Fig. 3.26b, further support this observation.
All films exhibit similar absorption profiles, with no distinct absorption peaks associated
with small-n phases (n < 5), suggesting the suppression of these lower-n phases.
Collectively, the XRD and UV-Vis results confirm that PPT/PPF modification preserves
the structural integrity and phase distribution of quasi-2D perovskite films without

adversely affecting their optoelectronic properties.
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PPT and PPF have been widely employed as electron transport layers in organic
light-emitting diodes due to their excellent electron transport capabilities.['8183] To
investigate the impact of PPT/PPF modification on the charge dynamics of quasi-2D
perovskite films, we conducted steady-state photoluminescence (PL) spectroscopy and
time-resolved photoluminescence (TRPL) measurements. As shown in Fig. 3.25b, the
steady-state PL spectra of PPT- and PPF-modified films exhibit clear PL quenching. This
observation indicates efficient charge transfer between the perovskite layer and the
PPT/PPF layer, which can be attributed to the favorable electron transport properties of
these molecules and their well-matched energy levels, as discussed later in the text.[> 1341
A similar trend is observed in the photoluminescence quantum yield (PLQY)
measurements, presented in Fig. 3.25¢, further supporting the occurrence of charge
transfer. To gain deeper insights into the charge recombination dynamics, we performed
TRPL measurements (Fig. 3.25d), and the biexponential fitting results are summarized in
Table 3.8. Both modified films exhibit longer average carrier lifetimes compared to the
pristine perovskite film. This suggests that, despite inducing PL quenching, PPT and PPF
effectively passivate the perovskite films by mitigating surface defects. Consequently, the
suppression of non-radiative recombination leads to extended carrier lifetimes.!'s8] A
more detailed discussion of the interactions between perovskite and PPT/PPF is provided
in the following section.

We further investigated the morphological characteristics of the perovskite films
using scanning electron microscopy (SEM). As shown in Fig. 3.27a, the pristine
perovskite film exhibits a smooth and homogeneous surface. To rule out potential
recrystallization effects induced by the solvent used in the PPT/PPF precursor solution,
we also examined the morphology of a film treated with pure chlorobenzene (CB). As

depicted in Fig. 3.27b, the CB-treated film maintains a morphology comparable to that
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of the pristine film, confirming that the solvent itself does not alter the perovskite surface
in the absence of PPT or PPF. Fig. 3.27c¢&d presents the SEM images of the PPT- and
PPF-modified perovskite films. Notably, the modified films exhibit the presence of
nanoplatelets on the surface, which are likely formed due to the aggregation of PPT or
PPF. Despite the appearance of these nanoplatelets, the overall morphology of both films
remains largely consistent with that of the pristine perovskite film, indicating that the

introduction of PPT/PPF does not induce significant structural alterations.

Interaction between PPT/PPF and perovskite. To clucidate the interactions
between PPT/PPF and the perovskite layer, we employed nuclear magnetic resonance
(NMR), electrostatic potential (ESP) mapping, and X-ray photoelectron spectroscopy
(XPS). The *'P NMR spectra (Fig. 3.28a,b) reveal a chemical shift in the phosphorus
peaks upon mixing PPT or PPF with perovskite precursors. The original phosphorus peak
of PPT at 25.9 ppm shifts slightly to ~26.1 ppm after the introduction of PbBr2, CsBr, or
PEAB-. Similarly, the PPF peak shifts from 25.6 ppm to ~25.7 ppm upon interaction with
the perovskite precursors. These chemical shifts suggest a change in the chemical
environment of phosphorus due to coordination interactions between the P=O group and
cationic species within the perovskite.[!”3] To further investigate these interactions,
density functional theory (DFT)-based ESP mapping was conducted. As depicted in Fig.
3.28c¢ and Fig. 3.29, the electron density in PPT and PPF is concentrated around the P=O
group, highlighting their strong Lewis basicity. This enables effective coordination with
uncoordinated Pb*" ions, supporting the notion that PPT/PPF contribute to defect
passivation.!8”] XPS analysis further confirms these findings. The characteristic P 2p
peak (Fig. 3.30) verifies the presence of phosphorus on the perovskite surface, indicating

the successful formation of a PPT/PPF layer. Additionally, the Pb 4f peak in PPT/PPF-
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modified films shifts toward a higher binding energy (Fig. 3.30d), suggesting an
interaction between P=0O and the PbBrs*~ octahedral unit. This interaction stabilizes the
perovskite surface and mitigates non-radiative recombination by passivating defects and

(191 In summary, based on 3'P NMR, XPS, and ESP mapping results, we

vacancies.
confirm that the P=O groups in PPT/PPF effectively coordinate with Pb** ions, leading to
efficient passivation of perovskite surface defects (illustrated in Fig. 3.30e). This

coordination mechanism aligns well with previous literature, reinforcing the crucial role

of phosphine oxides in stabilizing and enhancing perovskite optoelectronic properties.

Influence of PPT/PPF modification on device performance. Based on the above
understanding of the PPT/PPF interaction with perovskite films, we proceeded to
fabricate perovskite light-emitting diodes (PeLEDs) incorporating these modified films.
Their performance was then compared with PeLEDs based on pristine perovskite films.
The device architecture used in this study follows the structure: ITO/poly-
TPD/PVK/quasi-2D perovskite/TPBi/LiF/Al, as illustrated in Fig. 3.31a. A key
distinction in our approach is that, unlike simple surface decoration, the PPT/PPF layer is
strategically introduced at the perovskite/TPBi interface. This modification is expected to
facilitate improved charge injection and transport, as well as enhanced surface passivation,
ultimately leading to better PeLED performance.

Fig. 3.31b presents the energy level diagram of the fabricated devices, highlighting
the role of PPT and PPF in mitigating hole leakage. The deeper HOMO levels of PPT and
PPF compared to TPBi effectively suppress hole transport from the perovskite layer into
the electron transport layer (ETL).!""!! To validate this effect, hole-only devices with the
configuration ITO/poly-TPD/PVK/quasi-2D perovskite/MoOs/Ag were fabricated using

pristine, PPT-modified, and PPF-modified perovskite films. As depicted in Fig. 3.32a, the
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PPT/PPF-modified devices exhibit significantly reduced hole-dominated current density,
indicating enhanced transport resistance due to the effective hole-blocking properties of
PPT and PPF. Furthermore, based on the space charge limited current (SCLC) model, the
trap density is primarily determined by the trap-filled limit voltage (VrrL).'"? As
observed, both PPT- and PPF-modified devices exhibit a lower Vtr compared to the

[76] This finding aligns with the

control device, indicating a reduction in trap density.
previously discussed passivation effect of phosphine oxides. Additionally, while the
lowest unoccupied molecular orbital (LUMO) level of PPF is comparable to that of TPBi,
the LUMO level of PPT lies below that of TPBi but remains above the conduction band
minimum (CBM) of the perovskite layer. This favorable energy level alignment facilitates
efficient electron injection from TPBi into the perovskite layer. This effect is further
corroborated by the performance of electron-only devices, as illustrated in Fig. 3.32b,
where a notable increase in electron-dominated current density is observed in PPT/PPF-
modified devices, confirming enhanced electron transport.

Fig. 3.31c¢ illustrates the current density—voltage—luminance (J-V—L) characteristics
of the fabricated devices incorporating pristine, PPT-modified, and PPF-modified
perovskite films (designated as the control, PPT, and PPF devices, respectively). The key
performance parameters of each device are summarized in Table 3.9. Notably, the PPT-
and PPF-modified devices exhibit more than a twofold increase in luminance compared
to the control device, achieving maximum brightness values of 73,896.6 cd m™ and
61,025.3 cd m™, respectively. Moreover, both devices achieve a maximum external
quantum efficiency (EQE) exceeding 10%, positioning their performance particularly in
terms of luminance among the highest reported for pure Cs-based quasi-2D PeLEDs. This

enhancement is primarily attributed to the improved electron transport characteristics and

enhanced hole-blocking capability provided by PPT and PPF, as previously discussed.
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Additionally, the facilitated electron injection in these devices leads to a notably lower
turn-on voltage compared to the control device. Furthermore, as shown in Fig. 3.33, the
electroluminescence (EL) spectra of the PPT- and PPF-modified devices closely resemble
that of the control device, which is consistent with the PL results, indicating that the
modifications do not induce significant spectral shifts.

Quasi-2D perovskites generally exhibit lower electrical conductivity and slower
carrier injection rates compared to their 3D perovskite counterparts, resulting in reduced
luminance in quasi-2D perovskite-based PeLEDs.!'7> Moreover, Joule heating and carrier
leakage at elevated voltages contribute to a rapid decline in external quantum efficiency
(EQE), which is a primary factor limiting device performance and leading to severe
efficiency roll-off.176 193 194l However, as illustrated in Fig. 3.31d—f, the PPT- and PPF-
modified devices exhibit significantly suppressed efficiency roll-off at high voltages. This
enhancement can be attributed to the stronger hole-blocking effect introduced by PPT and
PPF, which mitigates charge imbalance and suppresses undesired non-radiative
recombination. A more detailed analysis of the brightness improvement and efficiency

roll-off mitigation will be presented in the following sections.

Investigation of the recombination dynamics by TA measurement. To gain
deeper insight into the mechanism behind the enhanced brightness and reduced efficiency
roll-off, transient absorption (TA) spectroscopy was conducted to investigate the
relaxation dynamics of photoexcited carriers in the perovskite layer. As illustrated in Fig.
3.34a—c, all perovskite films exhibit a single ground state bleaching (GSB) signal at 505
nm, suggesting that other quasi-2D phases are significantly suppressed.’® It is
noteworthy that the spectral band beyond 505 nm is associated with trap-assisted

nonradiative recombination, whereas photocarriers are generated at 505 nm within an
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C.[195

ultrafast timescale (<1 ps), as shown in Fig. 3.34a— I These findings confirm the

presence of a single, dominantly emissive domain in the solution-processed perovskite
films, in agreement with the steady-state absorption spectra presented in Fig. 3.26b.1%%!
Subsequently, the photocarriers associated with the GSB gradually decay without
the emergence of additional spectral peaks (Fig. 3.34d—f), indicating effective carrier
confinement within the quantum well structure and successful radiative recombination.
Notably, the modified films exhibit a larger change in transmittance compared to the
control film, suggesting that a greater number of carriers are localized at the perovskite
band edge and excited by the laser following PPT/PPF modification. However, the
absorption dynamics before and after the modification remain largely unchanged,
implying that the relaxation process of photoexcited carriers in the perovskite layer is not
significantly influenced by the PPT/PPF treatment. Therefore, the observed enhancement
in device brightness and reduction in efficiency roll-off are unlikely to result from

differences in energy transfer between multiple quasi-2D phases within the perovskite

film.

Investigation of the carrier dynamics between interfaces in PeLED devices.
Given the well-established link between efficiency roll-off and carrier dynamics in

perovskite light-emitting layers, 197 198

we sought to investigate this relationship further.
Generally, the recombination pathways of free carriers can be categorized into three types,
according to the number of carriers involved: monomolecular trap-assisted recombination,
bimolecular radiative recombination, and trimolecular Auger recombination.!'>®! In metal
halide perovskite materials, both trap-assisted and Auger recombination are considered

non-radiative processes, meaning they release energy without generating photons. Among

these, Auger recombination involves a higher number of carriers and tends to dominate
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under high injection conditions, such as at elevated voltages. Consequently, the interplay
between radiative recombination and non-radiative Auger recombination significantly
influences the maximum external quantum efficiency (EQE), luminance, and efficiency
roll-off in perovskite light-emitting diodes (PeLEDs). This recombination behavior can

be quantitatively described by the following rate equation:!!®!

-%:k1 n + k,n? + ksn? (1)

In this equation, n represents the free charge carrier density, while ki, ks, and ks
correspond to the rate coefficients for monomolecular trap-assisted recombination,
bimolecular radiative recombination, and trimolecular Auger recombination, respectively.
To further elucidate the relationship between recombination dynamics and the enhanced
performance of the device, fluence-dependent transient absorption (TA) measurements
were conducted to extract the values of these recombination coefficients.

Since recombination dynamics are highly dependent on carrier concentration, as
described by Equation (1), accurately determining the initial carrier concentration is
critical for fluence-dependent TA analysis. To obtain a comprehensive recombination
profile, measurements must be conducted at various initial carrier concentrations, which
are achieved by using excitation beams with different pump powers. However, extracting
the monomolecular recombination constant (ki) solely from TA measurements is
insufficient, as the time window of TA spectroscopy is limited to only a few nanoseconds.
Therefore, ki was instead determined by fitting time-resolved photoluminescence (TRPL)
data using a single-exponential decay model.l'””! The resulting carrier dynamics and
fitting results are presented in Fig. 3.35 and summarized in Table 3.10 Additional details
regarding the fluence-dependent TA methodology can be found in the literature.!!?”- 181

In summary, the global fitting results reveal an increase in the bimolecular

recombination coefficient (k2) following post-modification, likely due to a higher
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population of photoexcited carriers induced by PPT/PPF treatment, as previously
discussed. This trend aligns with the observed extension in average carrier lifetime from
TRPL measurements and the reduction in trap-filled limit voltage (Vtrr) observed via
space-charge limited current (SCLC) measurements, further supporting the trap
passivation effect of PPT/PPF. Surprisingly, however, the Auger recombination
coefficient (ks) remained largely unchanged after modification. This finding suggests that
PPT/PPF treatment does not significantly suppress Auger recombination in the perovskite
films. Consequently, the observed reduction in efficiency roll-off cannot be attributed to
diminished Auger recombination, and the underlying mechanism responsible for this
improvement remains unresolved.

Since the recombination dynamics alone could not fully account for the enhanced
performance and reduced efficiency roll-off, we shifted our focus to examining the carrier
behavior across the entire device. To investigate the electrical characteristics of the
fabricated PeLEDs, electrochemical impedance spectroscopy (EIS) measurements were
performed at an applied bias of 4 V, as shown in Fig. 3.37a. The modified PeLEDs exhibit
a significantly smaller arc radius in the Nyquist plot, indicating improved electron
injection and enhanced carrier transport as a result of the PPT/PPF interfacial
modification.!”2°!] To gain further insight into the carrier dynamics, capacitance—
voltage (C—V) measurements were also carried out, with the results presented in Fig.
3.37b. Given the dielectric nature of perovskite materials, the PeLED structure can be
regarded as a capacitor.?°> 23] Accordingly, the carrier behavior within the device can be
inferred from the capacitance response under varying applied voltages.

Initially, the number of carriers within the device is very small and negligible, so the
capacitance can be approximated by the geometric capacitance, which remains constant.

As the applied voltage increases, carriers begin to be injected into the device. However,
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the number of carriers that can be injected is limited by the inability of the applied bias
to overcome the energy barrier between the layers, leading to a gradual increase in
capacitance. Once the applied voltage reaches a sufficient level, more carriers are able to
overcome the energy barrier and enter the device, causing a rapid increase in capacitance
with rising voltage. However, as the applied voltage exceeds the turn-on voltage, a
significant number of carriers begin to recombine within the perovskite layer, resulting in
a reduction in the overall carrier population and, consequently, a decrease in capacitance.
Thus, the balance between carrier injection, driven by the increasing applied voltage, and
carrier recombination ultimately determines the capacitance after the turn-on voltage. If
the recombination rate is sufficiently fast, the capacitance will continue to decrease. In
other words, the more efficiently the carriers recombine in the perovskite layer, the lower
the capacitance value will be.[?!

Returning to the experimental results shown in Fig. 3.37b, the capacitance of the
control device begins to increase only at 3 V, while the capacitance of the modified
devices increases more gradually at first. This indicates that carriers are more easily
injected into the modified devices, where the overall energy barrier is reduced. This
behavior can be attributed to the improved energy level alignment resulting from the
incorporation of the PPT/PPF layer. Additionally, the capacitance of the PPT/PPF-
modified devices starts to decrease at 3.0 and 3.5 V, respectively, whereas the capacitance
of the control device decreases at a higher voltage of approximately 3.8 V. This reduction
in turn-on voltage observed in the modified devices further supports the notion of an
enhanced energy barrier in these devices. More importantly, after the turn-on voltage, the
capacitance of the modified devices decreases rapidly, while that of the control device
declines more gradually. This suggests that the recombination behavior improves with the

introduction of the PPT/PPF layer.[?*>> 22! This improvement is likely due to the hole-
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blocking capabilities of PPT and PPF. Generally, holes tend to escape from the perovskite
layer when the energy gained by each carrier exceeds the highest occupied molecular
orbital (HOMO) energy difference between perovskite and the electron transport layer
(ETL). This results in poor recombination behavior in the control device at higher
voltages. In contrast, in the modified devices, the potential barrier between the perovskite
and ETL is significantly larger, allowing for more efficient electron-hole recombination
within the perovskite layer, regardless of the applied bias voltage.

To further understand the impact of the PPT/PPF modification, the energy levels of
perovskite films with and without the modification were calculated. Fig. 3.37¢ displays
the energy levels of the perovskite films, including the conduction band minimum (CBM),
valence band minimum (VBM), and Fermi levels, which were determined through
ultraviolet photoelectron spectroscopy (UPS) and UV—Vis absorption measurements.!2%4!
The UPS results are provided in Fig. 3.38. As the PPT and PPF layers are too thin to be
measured directly by UPS, the energy levels were obtained only for the perovskite
surfaces modified by PPT and PPF. Moreover, as discussed earlier, the bulk properties of
the perovskite layer are largely unaffected by the surface modification. Therefore, we
assume that the energy levels of the modified perovskite layers are the same as those of
the control film, except at the interface with TPBi. Since the Fermi level must align across
layers in equilibrium, band bending occurs to achieve a continuous vacuum level.[?%]
Initially, the energy levels of TPBi exhibited unfavorable upward band bending, while the
perovskite layer showed downward band bending at the interface with TPBi. This resulted
in a significant energy barrier to electron injection and poor hole blocking, as shown in
the schematic on the left of Fig. 3.37d. However, after the introduction of the PPT/PPF

layer, the energy level alignment improves, as depicted on the right of Fig. 3.37d. The

energy levels of the PPT- and PPF-modified perovskite films show not only downward
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bending of the TPBi band but also upward bending of the perovskite band edge at the
surface. This modification facilitates electron injection from TPBi into the perovskite
layer while preventing the escape of holes from the emitting layer.[2%

This result aligns with the analyses discussed earlier. Following the PPT/PPF
modification, the energy barrier for electron injection is reduced, facilitating easier carrier
injection into the perovskite layer. This leads to an increase in current density and a
reduction in the turn-on voltage. Additionally, the improved hole-blocking capability in
the modified devices enhances the recombination of electrons and holes at higher applied
bias voltages, resulting in increased brightness and external quantum efficiency (EQE) at
elevated voltages. More importantly, the introduction of the PPT/PPF layer significantly
suppresses efficiency roll-off, providing a straightforward and effective solution to one
of the most persistent challenges in quasi-2D PeLEDs. However, despite the successful
defect passivation at the perovskite surface, as confirmed by XPS and SCLC
measurements, the maximum EQEs of the modified devices did not surpass those of the
control device. This suggests that further detailed analysis is necessary to fully understand

the underlying reasons for this limitation.

3.3.4 Summary

In conclusion, this study introduces a straightforward yet impactful interfacial
engineering approach to suppress efficiency roll-off in perovskite light-emitting diodes
(PeLEDs). By inserting a thin conductive phosphine oxide layer (either PPT or PPF) at
the junction between the perovskite and the electron transport layer (ETL), we
simultaneously achieve defect passivation on the perovskite surface and enhanced charge
carrier management at the interface. This modification leads to more efficient electron

injection and improved hole-blocking capabilities, resulting in significantly increased
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luminance and reduced efficiency degradation under high driving voltages when

compared to unmodified devices. Notably, these performance gains were achieved

without altering the perovskite composition, underscoring the effectiveness of the

interlayer. Detailed analysis confirms that the primary enhancement stems from improved

interfacial charge dynamics rather than from changes in energy transfer among quasi-2D

phases. These findings highlight the pivotal role of interfacial properties in dictating

PeLED performance and present a promising direction for the development of robust,

high-efficiency devices.

3.3.5 Tables and Figures

Table 3.8 Bi-exponential fitting parameters for the TRPL results.

A1 71 (ns) Az T2 (ns) Tavg (NS)
Control 4.44 x 104 6.26 4.88 x 103 45,5 10.1
PPT 3.67 x 104 6.83 4.33 x 103 57.4 12.2
PPF 1.90 x 104 8.21 3.82x103 67.6 18.2
Table 3.9 Performance of the fabricated PeLEDs.
Von EL peak Max. Lum.
. EQE (¢
(V) (nm) (cd m?) Max. EQE (%)
Control 3.0 512 26471.2 14.5
PPT 2.8 513 73896.6 10.7
PPF 2.8 512 61025.3 12.6
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Table 3.10 Recombination decay constants of the control, PPT-modified and PPF-

modified perovskite films.

ki(s?) k2 (cm3s?) k3 (cm®s?)

Control 1.5 x 108 8.0x 1010 2.0 x 10
PPT 1.4 x 108 1.8 x 10" 1.3 x 10?7
PPF 1.2 x 108 1.3 x10” 2.2 %107
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Fig. 3.25 (a) Chemical structures of PPT and PPF and schematic representation of the

post-treatment process and illustration of the interfacial engineering. (b) PL emission

spectra, (c) PLQYs, and (d) TRPL curves of pristine, PPT-treated and PPF-treated

perovskite films, where the PLQY's were measured by a 368 nm laser.
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Fig. 3.26 (a) XRD characteristics and (b) UV—vis absorption spectra of the pristine, PPT-

modified and PPF-modified perovskite films.
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Fig. 3.27 SEM images of the (a) pristine, (b) CB-treated, (¢) PPT-modified and (d) PPF-

modified perovskite films
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4f signal for the pristine, PPT-modified and PPF-modified perovskite films. (¢) Schematic

illustration of the passivation function of PPT on a perovskite surface.
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perovskite films.
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Chapter 4 2D Lead-Free Perovskite Light-Emitting

Diodes

4.1 Improving Performance of Lead-Free Two-Dimensional
Pure Red Perovskite Light Emitting Diodes via Natural

Antioxidants Additive

The text and figures in this section are reproduced with permission from:

C. H. Chen, M. H. Yu, Y. Y. Wang, Y. C. Tseng, 1. H. Chao, I. C. Ni, B. H. Lin, Y. J. Lu,
C. C. Chueh*, “Enhancing the Performance of Two-Dimensional Tin-Based Pure Red
Perovskite Light-Emitting Diodes through the Synergistic Effect of Natural Antioxidants

and Cyclic Molecular Additives”, Small, 2307774 (2024).

4.1.1 Background

Metal halide perovskites have garnered widespread attention as promising materials
for light-emitting diodes (LEDs) due to their solution-processability, tunable optical
bandgap, excellent color purity, and high photoluminescence quantum yield (PLQY).[1%:
207-2091 Qver the past decade, tremendous progress has been achieved in developing high-
efficiency perovskite light-emitting diodes (PeLEDs) across the visible spectrum,
reflecting the sustained effort and innovation within the field.!** 2%-217] Nevertheless, a
major concern remains: the majority of high-performing PeLEDs are based on lead-
containing perovskites, raising serious environmental and health issues that pose

challenges for widespread commercialization. In response, several strategies have

emerged to promote sustainable development, including the design of Pb-free perovskite
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alternatives, adoption of greener solvents, and the integration of bio-derived additives.l’”
218-220]

Driven by the need to reduce lead toxicity, researchers have actively pursued lead-
free perovskite systems for electroluminescence applications. Various metallic substitutes
such as tin (Sn),!?2-224 copper (Cu),[22>-226] germanium (Ge),??”) bismuth (Bi),[??%22] and
europium (Eu),[>*% 23! have been explored for their potential to replace Pb. Among them,
Sn-based perovskites have gained particular interest due to their similar electronic
structure to Pb, offering a promising platform not only for LEDs but also for solar and
electronic devices.[> 2322381 However, fabrication of high-quality Sn-based perovskite
films is impeded by several intrinsic issues. Sn** ions are easily oxidized to Sn**, and their
strong Lewis acidity accelerates crystallization, leading to poor film formation and a high
density of defects such as Sn vacancies and uncoordinated Sn**. These defects degrade
the film’s optoelectronic quality and hamper device performance.**-241 To address these
challenges, researchers have proposed various strategies. To mitigate oxidation issues,
reducing agents such as SnF,, Sn powder, and hypophosphorous acid have been
introduced as additives in Sn-based precursor solutions, showcasing remarkable effects
in preventing Sn®" oxidation.[??!:232:241-243] Meanwhile, additives with strong coordination
affinity for Sn?*, such as valeric acid (VA) and DSAS, help slow crystallization kinetics
and improve film uniformity./>* *4! Additionally, halide-rich environments and Lewis
base additives have been used to passivate uncoordinated Sn centers and reduce trap-state
density. 1245 246]

Beyond additive engineering, tailoring the dimensionality of Sn-based perovskites
also offers a viable route to improved film and device stability. Transitioning from
traditional 3D structures to 2D or quasi-2D configuration by incorporating bulky organic

cation can shield the perovskite lattice from moisture and oxygen while slowing crystal
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growth.?4725% These layered structures typically exhibit a blue shift in emission
compared to 3D systems, shifting from near-infrared to red light. Despite the altered
semiconducting nature due to insulating spacer cations, the enhanced quantum
confinement in 2D Sn perovskites makes them appealing for red-light emission./?3!252]
Significant milestones have been achieved in the realm of 2D Sn-based PeLEDs,
particularly for red emitters. The earliest demonstration in 2017 exhibited a luminance of
just 0.15 cd/m?, alongside an initial study of halide composition effects on emission

behavior.**3

I Later advancements centered on enhancing film quality, especially in the
archetypal PEA.Snl. system. For instance, Liang et al. employed hypophosphorous acid
(HPA) to inhibit Snls formation and improve film smoothness, while Gao et al.
demonstrated that DSAS could effectively delay crystallization, enhancing film
morphology and device efficiency. [2** 23 In a notable example, Wang et al. replaced the
traditional PEA* cation with BTm* to construct (BTm).Snls, a 2D perovskite that
facilitated better energy transfer and achieved a peak luminance of 3466 cd/m? with an
EQE of 3.33%.[2%¥] Similarly, Yuan et al. reported that VA’s strong coordination with Sn*
both prevented oxidation and refined crystal growth, yielding a record-high EQE of ~5%
and luminance of 170 cd/m2.***! Despite these achievements, progress in 2D Sn-based
PeLEDs has plateaued, underscoring the need for renewed innovation.

In this work, we introduce a new synergistic strategy to advance 2D Sn-based red
PeLEDs by combining natural antioxidants with cyclic molecular additives. To promote
greener synthesis, we first evaluated naturally derived antioxidants, including ascorbic
acid (VitC), caffeic acid, ferulic acid, and p-coumaric acid, as additives in the Sn precursor
solution. Among them, VitC demonstrated the most promising performance, effectively

suppressing Sn** oxidation and slowing crystallization via coordination interactions,

which significantly improved film morphology. Building upon this, we incorporated 18-
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Crown-6, a well-known cyclic ether, which helped chelate excess ionic species such as
Sn** and/or PEA*. This dual-additive approach led to a marked improvement in film
quality, reducing defect density and enhancing overall device characteristics. As a result,
PeLEDs treated with VitC and 18-Crown-6 exhibited a nearly fourfold increase in peak
luminance (from 25.3 to 98.7 cd/m?) and a sevenfold improvement in external quantum
efficiency (from 0.21% to 1.87%) relative to untreated controls. These results clearly
demonstrate the powerful synergistic effect of combining natural antioxidants and crown
ethers, offering a viable route to enhancing performance and sustainability in 2D Sn-based

PeLED technologies.

4.1.2 Experimental Section

Materials. Tin iodide (Snlz, > 99.9%), phenethylammonium iodide (PEAI, > 98%),
ascorbic acid, lithium fluoride (LiF, > 99.99%), and solvents including

dimethylformamide (DMF, 99.8%) and dimethyl sulfoxide (DMSO, = 99.9%) were

acquired from Sigma-Aldrich and employed without additional purification. 18-Crown-6
2,2°,27-(1,3,5-benzinetriyl)-tris(1-phenyl-1-H-benzimidazole) (TPBi) was purchased
from Ultra Fine Chemical Technology Corp. PEDOT:PSS (CleviousTM P Al 4083) was

purchased from Uniregion bio-tech and used without further purification.

Device fabrication. The precursor solution for the 2D perovskite PEA>Snls was
prepared by dissolving phenethylammonium iodide (PEAI) and tin(II) iodide (Snlz) in 1
mL of a mixed solvent system (DMF/DMSO = 1:1 by volume) at a molar ratio of 2:1.
The solution was stirred at room temperature for two hours. To inhibit the oxidation of

Sn** to Sn*', ascorbic acid was introduced at varying molar concentrations (15%, 25%,
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and 35%). Additionally, 18-Crown-6 was added at a concentration of 3.7 mg/mL to further
improve film quality. Prior to device fabrication, ITO-coated glass substrates were
thoroughly cleaned using a sequential ultrasonic bath in detergent, deionized water,
acetone, and isopropanol (15 minutes each). After cleaning, the substrates were dried
under a nitrogen stream and baked at 60 °C to remove residual solvents, followed by
surface activation via plasma treatment. A hole-transporting layer (HTL) of PEDOT:PSS
was then spin-coated onto the treated substrates at 6000 rpm for 60 seconds and
subsequently annealed at 150 °C for 15 minutes in ambient air. The PEDOT:PSS-coated
substrates were then transferred into a nitrogen-filled glove box for the deposition of the
perovskite layer. The PEA.Snls films, containing various ascorbic acid doping levels,
were deposited onto the HTL via a two-step spin-coating process: 1000 rpm for 10
seconds followed by 5000 rpm for 60 seconds. The films were then annealed at 100 °C
for 10 minutes to complete crystallization. Device fabrication was completed through
sequential thermal evaporation of TPBi (30 nm), LiF (1 nm), and aluminum (100 nm)

under high vacuum conditions (<107 torr).

Characterization. The 2D perovskite films used for characterization were prepared
by spin-coating the precursor solutions under the same conditions as those employed in
device fabrication. UV-visible absorption spectra were recorded using a Hitachi U-4100
spectrophotometer, while photoluminescence (PL) measurements were obtained with a
Horiba Fluorolog-3 system. Time-resolved PL (TRPL) analysis was performed using a
Hamamatsu Universal Streak Camera C10910 at the TPS 23 A beamline of the National
Synchrotron Radiation Research Center (NSRRC). Surface morphology was examined
via scanning electron microscopy (SEM) using a Nova™ NanoSEM 230. The crystal

structure of the perovskite films was analyzed with a Rigaku SmartLab SE X-ray
134

doi:10.6342/NTU202502560



diffractometer. Electrical performance metrics, including current density—voltage—
luminance (J-V-L) characteristics, external quantum efficiency (EQE), and
electroluminescence (EL) were measured using an Enlitech LQ-100 system equipped
with a 100 mm integrating sphere. All measurements were conducted in a nitrogen-filled
glovebox without device encapsulation. Carrier dynamics were probed through transient
absorption spectroscopy (TAS) using a Femto Frame II system (IB Photonics). The
excitation source consisted of 400 nm pulses (100 fs duration, 1 kHz repetition rate),
generated by an optical parametric amplifier (OPA, TOPAS-C, Light Conversion)
pumped by a mode-locked Ti:Sapphire laser (Spectra-Physics, Tsunami). Pump and probe
beams were focused separately onto the sample, with respective spot sizes of
approximately 300 pum and 100 um. The white-light probe (450—-800 nm) was produced
via supercontinuum generation from a sapphire plate, with a pulse width of 30 fs. X-ray
photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS)
were carried out using a PerkinElmer PHI 5400 system (equipped with a monochromatic
Al Ka X-ray source) and a Specs UVS 10/35 UV lamp, respectively. The highest occupied
molecular orbital (HOMO) levels and optical bandgaps (Eg) were estimated from Tauc
plots, assuming a direct bandgap transition. Electrochemical impedance spectroscopy
(EIS) was conducted on encapsulated devices in ambient air using a BioLogic SP-200
frequency response analyzer. Capacitance—voltage (C—V) and transient
electroluminescence (TEL) measurements were performed with a Fluxim Paios system

under room conditions.

4.1.3 Results and Discussion

Effects of natural antioxidants and 18-Crown-6 additives on film properties. In

this study, 2D lead-free perovskite films based on PEA.Snl. were fabricated using a spin-
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coating method, with toluene employed as the antisolvent during processing. This
approach, well-established in the literature, has been shown to produce high-quality Sn-

236,244, 254-256] The detailed fabrication protocol is provided in the

based perovskite films.
Experimental Section. To address the oxidation of Sn*" and promote environmental
sustainability, we explored the use of naturally derived antioxidants ascorbic acid (VitC),
caffeic acid, ferulic acid, and p-coumaric acid as additives to the PEA2Snls precursor
solution. Given that high concentrations of organic additives may negatively impact film
quality due to their insulating nature, we first evaluated the photoluminescence quantum
yield (PLQY) of PEA:Snls films with varying antioxidant loadings. As summarized in
Table 4.1, all antioxidant-treated films exhibited higher PLQY values than the pristine
film (0.67%), confirming their beneficial role in improving luminescence. Among them,
VitC showed the most pronounced effect, yielding a peak PLQY of 3.32% at a 25% molar
ratio. Notably, the corresponding film emitted the brightest red light under UV
illumination (Fig. 4.1), highlighting VitC’s strong interaction with Sn*" and its ability to
suppress oxidation and regulate crystallization.

Building on these findings, we incorporated 18-Crown-6, a cyclic ether known to
coordinate with metal ions, into the precursor solution to further enhance film quality.
Although 18-Crown-6 has previously been used to improve 3D and quasi-2D perovskite
systems, 27 78 257. 28] jtg effects on 2D Pb-free perovskites had not been reported. PLQY
results, detailed in Table 4.2 and Fig. 4.2a, demonstrate that the addition of 18-Crown-6
significantly boosted the PLQY of both pristine and VitC-treated films. The pristine film’s
PLQY rose to 2.47%, while the 25% VitC + 18-Crown-6 sample reached a maximum
PLQY of 5.78%, indicating a strong synergistic interaction between the two additives.
Consequently, the following analysis focuses on three representative film types: pristine

PEA:Snls (Pure), 25% VitC-treated (25C), and dual-additive-treated (25CC). UV-vis
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absorption and photoluminescence (PL) spectra of the 25C and 25CC films are presented
in Fig. 4.2b,c, while results for other compositions are shown in Fig. 4.3. The absorption
spectra remained unchanged after additive incorporation, with characteristic peaks
observed at ~610 nm (exciton absorption), ~520 nm (charge transfer), and ~425 nm
(higher energy transitions),/>> indicating that neither additive significantly alters the
optical band structure.

PL emission profiles for all samples featured a main emission peak around 625 nm.
A slight blue shift was observed upon additive treatment, attributed to reduced shallow
defect densities and fewer grain boundaries, consistent with prior findings.[?¢"!
Furthermore, PL intensity trends mirrored PLQY measurements, with the 25CC film
exhibiting the strongest emission (Fig. 4.2¢), confirming the additive-induced
enhancement in film quality.

To gain further insights into the enhanced PL intensity, time-resolved
photoluminescence (TRPL) measurements were performed and fitted using a
biexponential decay curve, as shown in Fig. 4.2d. The fitting results, listed in Table 4.3,
reveal that the average lifetime increases from 0.23 ns to 1.32 ns with the addition of 25%
VitC, further increasing to 1.95 ns with the additional inclusion of 18-Crown-6. To
analyze the prolongation of the average lifetime, we combined the TRPL results with the
PLQY data. According to the definition of PLQY, it represents the ratio of the radiative
recombination rate (Krd) to the total recombination rate (Kraa + Knonrad), Where Knonrad
denotes the nonradiative recombination rate. Furthermore, the average lifetime can be
defined as 1/(Krad + Knonrad).1>** 261 On this basis, we calculated the values of Krad and Knonrad
and summarized the results in Table 4.3. The results indicate that the addition of VitC and
18-Crown-6 does not significantly change krq but leads to a remarkable decrease in Knonrad.

Therefore, the addition of VitC and 18-Crown-6 effectively reduces the nonradiative
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recombination pathways in the PEA>Snl4 film, correlating with the blue-shifting of the
PL peak.

Structural characterization via X-ray diffraction (XRD) and grazing-incidence wide-
angle X-ray scattering (GIWAXS) is shown in Fig. 4.2e&f and Fig. 4.4. All samples
displayed similar peak positions and scattering patterns, indicating that the additives do
not disrupt the perovskite’s crystalline phase. However, morphological differences were
evident from SEM and AFM images (Fig. 4.3g—i & Fig. 4.5). SEM analysis revealed
larger grain sizes and fewer grain boundaries in additive-treated films. AFM
measurements showed a progressive decrease in surface roughness: from Rq = 17.8 nm
(Pure) to 9.37 nm (25C) and 6.10 nm (25CC), indicating enhanced film uniformity,
consistent with previous studies.[’®! These morphological improvements directly correlate
with the observed enhancements in optoelectronic properties.

In order to have a comprehensive understanding of the optical properties of the Pure,
25C, and 25CC films, we analyzed their temperature-dependent photoluminescence (PL)
emission spectra. As shown in Fig. 4.6a-c, we examined their emission properties over
the temperature range of 50 K to 300 K. The corresponding pseudo-color 2D plots are
plotted in Fig. 4.6d-e to highlight the variation in peak position more effectively. The
temperature-dependent PL results of the Pure film showed two peaks at low temperatures,
centered at 649 nm (S2) and 632 nm (S1), suggesting the existence of two distinct states
in PEA,Snl4.[?%%) Previous reports have indicated that the peak at 649 nm corresponds to
the emission of shallow defects, while the peak at 632 nm originates from free
excitons.*®?! It is noteworthy that above 130 K, only one emission peak at 632 nm is
observed, indicating thermal repopulation from S2 to S1. Based on the very different PL
properties of these two states, a rough comparison of the number of defect states in the

Pure, 25C, and 25CC films can be made by analyzing the temperature-dependent PL at
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low temperatures. The results presented in Fig. 4.6 indicate that the transition from S2 to
S1 occurs at ~70 K in both 25C and 25CC films, which is significantly lower than in the
Pure film. In addition, the emission peak of S2 is less pronounced at a low temperature
of 50 K for the 25 CC film as compared to the 25C film. These observations further
confirm the favorable effect of the addition of VitC and 18-Crown-6 to the pristine
PEA>Snl; film on reducing the number of defective states, which is consistent with the

results in Table 4.3.

Influence of dual additives on carrier dynamics of the film. To further investigate
the differences in carrier dynamics among the Pure, 25C, and 25CC films, transient
absorption spectroscopy (TAS) measurements were conducted using an excitation
wavelength of 400 nm and a white-light probe beam spanning the range of 450-800 nm.
Fig. 4.7a-c depicts 2D pseudo-color plots of the intensity differences among these three
films in the time-delay range from 0 to 1000 ps. Additionally, Fig. 4.7d-f displays the
TAS spectra for different time delays (ranging from 200 fs to 500 ps) in each case. These
spectra reveal two distinct ground-state bleach (GSB) peaks at approximately 610 nm and
530 nm, consistent with the results from the steady-state absorption spectra shown in Fig.
4.7b.

The decay kinetics of the 610 nm peak in each case were recorded and plotted as a
function of time in Fig. 4.7g-i, and Fig. 4.8. A tri-exponential decay curve was fitted to
the data by using formula (2), and Table 4.4 presents the fitting data. In the fitting, the
average lifetime of the pristine, 25C, and 25CC samples is 30.8 ps, 368.7 ps, and 579.7
ps, respectively. The 25CC sample exhibits the longest average lifetime. These results
align well with the higher photoluminescence quantum yield (PLQY) values observed for

the 25C and 25CC films in Fig. 4.2a.
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To further explore the carrier dynamics, Leung, T.L., et al. investigated the carrier
dynamics in the 2D tin-based perovskite series.?®’] They identified three relaxation
processes of excitons. The first one (sub-picosecond) represents the defect trapping
exciton and the bandgap renormalization. The second one (hundred picoseconds)
represents the interband radiation recombination process, and the last one (nanoseconds)
represents the defect-assisted exciton recombination process. All samples exhibit similar
11, indicating that additives do not alter the exciton trapping process. The 12 contribution
in the fitting is minimal, suggesting that trap-assisted exciton recombination dominates
the radiative recombination channel rather than free exciton recombination in our sample.
The 13 values for the pristine, 25C, and 25CC samples are 161 ps, 1168 ps, and 1404 ps,
respectively. These results suggest that the trap-assist process in the presence of 25C and
25CC is approximately ten and twenty times longer, respectively, compared to the Pure
film. The TAS results demonstrate the synergistic effect of natural antioxidants and cyclic
molecular additives in reducing exciton scattering, thereby improving device efficiency.
In the investigation of the passivation effect of the additives VitC and 18-Crown-6
on the PEA>Snl; film, X-ray photoelectron spectroscopy (XPS) analyses were conducted
on Pure, 25C, and 25CC PEA,Snl; films to compare their Sn** to Sn** ratios. Fig. 4.9a-c
depict the Sn 3d spectra of these films, showing two peaks at 484.3 eV and 492.6 eV,
corresponding to the spin-orbit splitting of the Sns, and Sns, states of Sn?".
Deconvolution of these peaks reveals the Sn*" states at 485 eV and 493.4 eV, allowing for
the calculation of the Sn**/Sn?" ratio. The Pure film exhibits the highest Sn**/Sn?" ratio
of 0.42, indicating significant oxidation of Sn**. With the addition of VitC, the Sn*"/Sn?*
ratio in the 25C film is markedly decreased to 0.16, providing evidence of VitC's reducing

ability to retard the oxidation of Sn?". Moreover, the Sn**/Sn** ratio in the 25CC film is
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further reduced to 0.1, indicating that 18-Crown-6 contributes to the passivation of
PEA,Snly. This aligns with the results in Table 4.3, emphasizing that the synergistic effect
of VitC and 18-Crown-6 significantly mitigates knonraa and Sn vacancy formation in
EA>Snls. Overall, the XPS analyses provide insights into the reduction of Sn** oxidation
and passivation of PEA>Snly facilitated by VitC and 18-Crown-6, reinforcing their roles
in enhancing the film quality.

The effect of VitC on the crystallization process of PEA>Snls was investigated
through '"H NMR measurements on perovskite precursors (PEAI and Snl,) mixed with
VitC. Fig. 4.9d shows a noticeable chemical shift of VitC when mixed with Snla,
indicating a strong interaction between VitC and Snl,. In contrast, no shift was observed
when mixing VitC with PEAI, confirming the interaction between VitC and Snl,. Further
insights were gained through '*C NMR measurements (Fig. 4.9¢). Mixing VitC with Snl,
induced a significant shift in the peak of the C=0O group, suggesting a strong bonding
interaction between VitC and Sn?" (-C=0...Sn*"). Additionally, FTIR spectra in Fig. 4.9f
revealed a shift in the carboxylate stretching vibrational signal in both 25C and 25CC
films, confirming the interaction between VitC and Sn?" (-C=0...Sn?"). The electrostatic
potential (ESP) calculation for the VitC molecule (Fig. 4.10) showed a high density of
electron cloud on the C=0 functional group, indicating its ability to form bonds with Sn*".
These results collectively confirm that the interaction between the C=0O group of VitC
and Sn** retards the crystallization process of PEA>Snly, leading to an improvement in
film quality.!**%2#**) On the other hand, the effect of 18-Crown-6 was explored through 'H
NMR measurements (Fig. 4.9¢g), showing interactions with both Snl> and PEAI. This
supports the conclusion that 18-Crown-6 contributes to reducing the crystallization

process of PEA,Snls by capturing excess ions, such as Sn?>" or PEA*, acting as an
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additional passivator. Fig. 4.9h presents a schematic representation of the feasible

interactions between VitC, 18-Crown-6, and PEA>Snla.

Electrical characterization of the Pure, 25C and 25CC Films. To understand the
reduction in trap density after the additions of VitC and 18-Crown-6, space-charge-limited
current (SCLC) measurements were performed, and the results are illustrated in Fig.
4.11a-c. The hole-only device structure used for these measurements was
ITO/PEDOT:PSS/2D perovskites (Pure, 25C, 25CC)/Mo0O3/Ag. In SCLC measurements,
the trap density can be estimated from the onset voltage, known as the trap-filled limit
voltage (VtrL). For the device based on the Pure film, the highest VrrL value was 0.47 V,
while the VtrL values decreased for the devices based on 25C and 25CC films, measuring
0.40 V and 0.36 V, respectively. The trap density difference was quantified using the
equation Ni=2goe:Vrrr/eL?, which allowed the calculation of the exact trap density (Ny).
The results showed that the addition of VitC led to a significant decrease in trap density
from 1.05 x 10'7 cm™ to 6.56 x 10'® cm™. Furthermore, the additional addition of 18-
Crown-6 further reduced the trap density to 5.90 x 10'® cm™. These findings suggest that
the synergistic effect of VitC and 18-Crown-6 contributes to a substantial reduction in
trap density, which is indicative of improved charge carrier transport properties in the
perovskite films.interactions between VitC, 18-Crown-6, and PEA>Snls.

Fig. 4.11d illustrates the electrochemical impedance spectroscopy (EIS) of devices
based on these three films. The device structure is identical to that of the PeLED device
and the information is provided in the next section. The smaller arc radius in the Nyquist
plot clearly confirms the better carrier transport performance of the devices based on 25C
and 25CC films. This is due to the fact that the VitC and 18-Crown-6 additives effectively

decreases the trap density in the film, which reduces the leakage current during device
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operation and improves carrier transport.**! To investigate carrier recombination
capacity and charge transfer, we performed capacitance-voltage (C-V) measurements as
shown in Fig. 4.11e. The capacitance increases with increasing bias voltage, indicating
that charge is injected into the PeLED. At higher voltages, the capacitance decreases
sharply, indicative of a decrease in carriers due to recombination of electrons and holes
in the light-emitting layer. Of all the conditions, 25CC has the fastest capacitance drop at
high voltage, demonstrating a more efficient charge transfer during the recombination of
electrons and holes. Due to the higher charge transfer efficiency of 25CC, it is expected
that 25CC produces the brightest PeLED compared to the other conditions.[?* 26!
Transient electroluminescence (EL) decay measurements were conducted to further
investigate the exciton recombination behaviors in the perovskite films. The onset time
(ta), rising time (t:), and decay rate of electroluminescence (EL) are depicted in Fig. 4.11f,
where tq is defined as the time when holes and electrons start to be captured together. A
PeLED with a faster td indicates a quick response and higher carrier mobility. On the
other hand, tr is defined as the time during which carriers penetrate each other and the
traps are filled, leading to an increase in the density of excited states in the recombination
region. A faster t; indicates a lower trap density and quicker carrier transfer.[¢-26¢! Fig,
4.11f compares the transient EL results of the studied PeLEDs. Under the same voltage
bias, 25CC exhibited the fastest td of 0.428 ps and the fastest t; of 2.412 ps, suggesting
that 25CC possesses the highest carrier mobility and the lowest trap density among the
studied devices. Moreover, the decay time varied for each PeLED device (Fig. 4.12), with
25CC exhibiting the fastest decay time, indicating the lowest trap density among the
devices studied.?*®! These results from transient EL measurements align with the findings
discussed in the previous sections, providing further evidence of the enhanced

performance of the PeLEDs with the addition of VitC and 18-Crown-6.
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Device performance of the fabricated PeLEDs. In the final step, we fabricated 2D
Sn-based PeLEDs based on the three films (Pure, 25C, and 25CC) and compared their
performances. The device structure, as shown in Fig. 4.13a, consists of
ITO/PEDOT:PSS/2D perovskites (Pure, 25C, 25CC)/TPBi/LiF/Al, with fabrication
details described in the Experimental Section. To assess the energy levels of these
perovskite films, Ultraviolet photoelectron spectroscopy (UPS) was employed (Fig. 4.14),
and the results are summarized in the energy-level diagram in Fig. 4.13b. The results
demonstrate an upward shift of the valence band maximum (VBM) from -5.49 eV (Pure)
to -5.37 eV (25C) and -5.02 eV (25CC). This shift in the VBM favors the injection of
holes into the light-emitting layer from the hole transport layer, thereby suppressing the
unwanted injection of holes into the electron transport layer.[??!1 Additionally, the upshift
of the Fermi level in the cases of 25C and 25CC indicates that the p-type behavior of the
perovskite film is attenuated due to the presence of fewer Sn*' ions.[*** 2%l This
modification contributes to the improved performance of the PeLEDs based on 25C and
25CC films.

The performance of the PeLED devices based on the Pure, 25C, and 25CC PEA,Snl4
films is evaluated through current density-voltage-luminance (J-V-L) curves (Fig. 4.13c¢),
EQE-current density curves (Fig. 4.13d), and summarized in Table 4.5. The results reveal
that the 25C and 25CC devices exhibit lower current densities before the turn-on voltage
compared to the Pure device, aligning with the VrrL results in the SCLC analysis (Fig.
4.11a-c). Additionally, the 25C and 25CC devices operate at higher voltages than the Pure
device. The CIE coordinates of these PeLED devices at different bias voltages are
depicted in Fig. 4.13e and Fig. 4.15. Notably, the 25CC device demonstrates superior

color stability across bias voltages, maintaining a consistent CIE coordinate of (0.7, 0.3)
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from 2.4 V to 5 V. This color stability aligns with the Rec. 2100 specification for red
emitters. In contrast, the CIE coordinate of the Pure device undergoes notable changes,
moving from (0.56, 0.44) to (0.69, 0.31) at 2.4 V to 3.6 V and further to (0.66, 0.34) at 4
V. The instability in the Pure device is attributed to the high density of defects in the
pristine PEA>Snl4 film. Despite the improved color stability of the 25C device at different
bias voltages, it remains less stable than the 25CC device, underscoring the significance
of the synergistic effect of VitC and 18-Crown-6.

The electroluminescence (EL) spectra of the devices at different bias voltages are
captured in Fig. 4.16a-c, and the corresponding 2D color contour plots are presented in
Figure 6f-h. Notably, the Pure device reaches a maximum voltage of 4 V, while the 25CC
device operates at a higher voltage of up to 5.6 V. The contour plots exhibit a narrowing
trend with the addition of VitC or dual additives (VitC + 18-Crown-6), indicating a more
concentrated emission of pure red color. Furthermore, the full-width half maximum
(FWHM) of each device at the same operating voltage of 3.6 V is depicted in Fig. 4.16d-
f. The addition of dual additives results in a slight decrease in the FWHM value from 32
nm to 29.7 nm, indicating an enhancement in color purity. In summary, the collaborative
action of VitC and 18-Crown-6 serves as effective passivators for the PEA2Snls film.
They not only mitigate the oxidation from Sn** to Sn*" but also significantly improve the

film quality, thereby enhancing the performance of the derived PeLED device.

4.14 Summary

In summary, we adopted a dual-additives approach to address the performance
challenges of lead-free perovskite light-emitting diodes (PeLEDs). Firstly, we utilized the
natural oxidant, VitC, as an additive to hinder the oxidation of Sn?>* to Sn*". X-ray

photoelectron spectroscopy (XPS) results illustrated a significant reduction in the
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presence of Sn** in the film. Furthermore, the passivation effect of VitC was evident from
photoluminescence (PL) measurements, and supportive evidence was obtained through
nuclear magnetic resonance (NMR) interactions. Secondly, we incorporated 18-Crown-6,
a cyclic molecule, as an additional additive to further refine the film quality and enhance
the overall performance of lead-free 2D PeLEDs. The dual-additives strategy resulted in
an improved performance in the fabricated lead-free PeLEDs. Despite achieving an
enhanced external quantum efficiency (EQE) of nearly 2%, luminance reaching
approximately 100 cd/m?, and a purer red color with a FWHM value of only 29.7nm,
there remains room for further enhancements. Moving forward, our future endeavors will
involve continued exploration of passivation methods and the investigation of alternative

additives to create even more efficient lead-free perovskite light-emitting diodes.
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4.1.5 Tables and Figures

Table 4.1 PLQY of PEA>Snls film containing different ratios of the studied natural

antioxidants.

Natural antioxidant additive 15 mol% 25 mol% 35 mol%
VitC 1.88 % 332% 3.19%
Caffeic acid 0.97 % 0.90 % 1.28 %
Ferulic acid 1.04 % 1.02% 1.23%
p-Coumaric acid 1.07 % 0.87% 1.12%

Table 4.2 PLQY of PEA>Snly films with or w/o 18-Crown-6 containing different molar

ratios of VitC.

0 mol% VitC 15 mol% VitC 25 mol% VitC 35 mol% VitC
w/o Crown 0.67 % 1.88 % 3.32% 3.19%
w/ Crown 2.47 % 4.70 % 5.78 % 5.64 %

Table 4.3 TRPL fitting parameters and the radiative and nonradiative recombination rates

of pristine, 25C and 25CC PEA,Snl4 films.

A1 T1 (ns) A T2 (ns) Tavg (ns) krad(loels) knonrad(106/5)
Pure 0.015 1.52 0.985 0.21 0.23 29.1 4318.7
25C 0.364 2.27 0.636 0.77 1.32 25.2 732.4
25CC 0.423 3.88 0.576 0.53 1.95 29.6 483.2
Table 4.4 The carrier lifetime calculated from transient absorption measurement of
different 2D Sn-based perovskite.
A 11 (ns) A; 12 (ns) A3 3 (ns) Tavg (NS)
Pure 0.88 0.2 0.14 9.2 0.23 161 30.8
25C 0.85 0.21 0.04 6.2 0.41 1168 368.7
25CC 0.7 0.2 0.04 53 0.52 1404 579.7
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Table 4.5 Device performance of the fabricated PeLEDs.

K‘;; Etnpr‘:‘;‘k N:izr;“{;' Max. EQE (%)
Pure 2.4 634 253 0.21
25C 2.4 633 78.3 0.57
25CC 2.4 633 98.7 1.87
O
HO,  OH N7 OH
H. /= HO
HO o0 OH
o Caffeic acid
ascorbic acid (VitC)
O 0]
X" OH /Q/\/“\OH
HO HO
OCHj
Ferulic acid p-Coumaric acid

Fig. 4.1 UV irradiated PEA>Snl4 films containing 25% molar ratio of (a) Vit C, (b) Caffeic

acid, (c) Ferulic acid, and (d) p-Coumaric acid.
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Fig. 4.2 (a) Photoluminescence quantum yield (PLQY) of PEA>Snl4 films with varying
molar ratios of ascorbic acid (VitC), with and without the addition of 18-Crown-6. (b)
UV-vis absorption spectra, (¢) photoluminescence (PL) emission spectra, (d) time-
resolved PL (TRPL) decay curves, and (¢) X-ray diffraction (XRD) patterns of pristine,
25C (25% VitC), and 25CC (25% VitC + 18-Crown-6) PEA,Snly films. (f) Grazing-
incidence wide-angle X-ray scattering (GIWAXS) pattern of the 25CC PEA>Snl4 film.

(g—1) Scanning electron microscopy (SEM) images of (g) pristine, (h) 25C, and (i) 25CC

PEA,Snl4 films.
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Fig. 4.4 GIWAX patterns of (a) pristine and (b) 25CC PEA>Snl; films.
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Fig. 4.5 The AFM images of Pure, 25C, and 25CC PEA;Snl; films.
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Fig. 4.7 Pseudocolor plots of transient absorption spectra (TAS) of (a, d) pristine, (b, ¢)
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Kinetic traces of (g) pristine, (h) 25C and (i) 25CC PEA,Snls films at the probe

wavelength of 610 nm.
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Fig. 4.9 (a—) X-ray photoelectron spectroscopy (XPS) spectra of the Sn 3d core levels
for (a) pristine, (b) 25C (25% VitC), and (c) 25CC (25% VitC + 18-Crown-6) PEA>Snl4
films. (d) '"H NMR spectra of VitC, VitC + PEAI, and VitC + Snl», and (e) *C NMR
spectra of VitC and VitC + Snl> in DMSO- ds solution. (f) Fourier-transform infrared
(FTIR) spectra of pristine, 25C, and 25CC PEA>Snl4 films. (g) 'H NMR spectra of 18-
Crown-6, 18-Crown-6 + PEAI, and 18-Crown-6 + Snl, in DMSO-ds. (h) Schematic
illustration of the proposed interactions between VitC, 18-Crown-6, and the PEA>Snl4

perovskite structure.
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6) PEA>Snly films and their respective PeLEDs. (c¢) Current density—voltage—luminance
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curves of devices based on the three film types. (¢) CIE 1931 chromaticity coordinates of

the 25CC device under various applied voltages; inset: photograph of the 25CC device in

operation. Electroluminescence (EL) intensity contour plots for devices incorporating (f)

pristine, (g) 25C, and (h) 25CC PEA>Snl4 emissive layers.
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Fig. 4.14 UPS results of (a, d) Pure, (b, ¢) 25C and (c, f) 25CC PEA,Snl4 films.

(b)

Fig. 4.15 CIE coordinates for (a) Pure and (b) 25C devices when operating at the biases

from2.4Vto3.6V.
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Chapter S Conclusion and Future Works

5.1 Conclusion

In these works, we systematically investigated the design, engineering, and
performance optimization of perovskite light-emitting diodes (PeLEDs) based on
perovskite materials with varying dimensionalities including 3D, quasi-2D, and 2D lead-
free perovskites. A dimension-specific strategy was employed to address the intrinsic
challenges associated with each system, thereby improving film quality, exciton dynamics,
energy alignment, and overall device efficiency.

For 3D all-inorganic perovskite PeLEDs, we demonstrated that the incorporation of
conjugated polymer interlayers significantly enhanced interfacial contact and hole
injection, leading to improved crystallinity and suppressed leakage current. Specifically,
polar-bridged pyrene-based polymers enabled superior energy-level alignment at the
PEDOT:PSS/CsPbBrs; interface, yielding a sixfold increase in luminance and 3.6-fold
improvement in EQE compared to unmodified devices.

In the quasi-2D regime, we explored both additive and interface engineering to
mitigate phase heterogeneity and efficiency roll-off. Through the incorporation of cyclic
molecular additives such as a- and B-cyclodextrins, we successfully tuned the phase
distribution to suppress undesirable low-n domains and enhance energy funneling to high-
n phases. Furthermore, cryptand—a 3D cage-like molecule—demonstrated strong
coordination with Pb*" ions and efficient passivation, yielding a narrowed phase
distribution and significantly enhanced PLQY and TRPL lifetimes. The optimized
cryptand-based PeLEDs reached an EQE of 4.02%. Beyond phase regulation, we
employed multifunctional phosphine oxide interfacial layers (PPT and PPF) to improve
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electron injection and defect passivation. This approach elevated device brightness
beyond 73,000 cd/m? and pushed EQEs above 10%, while simultaneously suppressing
efficiency roll-off—representing a major step forward in quasi-2D PeLED performance.

Finally, to address lead toxicity, we investigated 2D Sn-based PeLEDs. By
combining vitamin C as a reducing agent and 18-crown-6 as a cation chelator, we
developed a dual-additive strategy that significantly inhibited Sn*" oxidation, reduced
defect density, and enhanced film uniformity. This synergistic approach led to a near
ninefold increase in EQE (from 0.21% to 1.87%) and improved device operational
stability, paving the way for high-performance lead-free red PeLEDs.

Collectively, the results from this study underscore the importance of
dimensionality-tailored strategies in the advancement of PeLEDs. From interface
modification and additive engineering to phase regulation and trap-state passivation, our
findings offer a comprehensive blueprint for the rational design of next-generation light-

emitting perovskite devices.

5.2 Future Works

Although significant progress has been made in these works, several key directions
also deserve to be further explored to drive the PeLEDs closer to their theoretical
performance limits and enhance their competitiveness with OLEDs and QLEDs in next-

generation display and lighting applications (Fig. 5.1).
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Fig. 5.1 Future research directions for commercialized PeLEDs.

5.2.1 Stability of PeLEDs

Although recent advancements have significantly improved the efficiency of PeLEDs,
achieving long-term operational stability remains one of the most critical challenges
impeding their commercial viability. Unlike photovoltaic devices that operate under
continuous illumination, PeLEDs are driven by constant electrical injection, which
induces various degradation mechanisms, such as ion migration, interfacial delamination,
phase segregation, and defect formation under high current densities.[%’!

Future studies should thus explore several key areas such as tuning of the A-site (e.g.,
incorporation of sterically hindered or rigid cations), B-site (partial alloying with divalent
or trivalent metals), and X-site (mixed halide systems with more robust bonding) can
enhance the tolerance factor and lattice rigidity, thereby improving intrinsic structural

stability.[279-274] Defect passivation is a key strategy to suppress ion migration in PeLEDs
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by blocking ion transport pathways. Common migration-related defects include
uncoordinated ions and vacancies of halides and organic cations. Surface defects often
stem from under-coordinated Pb*" and halide ions. Various passivation agent such as
Lewis base molecules, alkali metal ions, and charged organics like choline chloride have
been shown to effectively neutralize these defects.”% 7% 275-277] | ewis bases coordinate
with Pb?*, while alkali halides fill halide vacancies. These agents saturate dangling bonds
and eliminate electronic trap states, reducing non-radiative recombination. Stability can
also be enhanced by using more chemically and thermally stable charge transport layers.
For example, replacing PEDOT:PSS with inert inorganic HTLs (e.g., NiOx) or
introducing ultrathin buffer layers (e.g., MoOx, polyTPD) can mitigate interfacial
reactions and reduce charge accumulation at the interface.!?78-28

Ultimately, achieving PeLED devices with an operational lifetime exceeding
1,000~10,000 hours at practical brightness levels (e.g., >1,000 cd/m?) under ambient
conditions remains a key milestone. Combining materials innovation with device

encapsulation, interfacial stability, and mechanistic understanding will be vital for

transitioning perovskite-based LEDs from the lab to real-world applications.

5.2.2  Full-Color and White PeLED Integration

Realizing full-color (RGB) and white-emitting perovskite LEDs is essential for the
development of next-generation display and solid-state lighting technologies. While
green and red PeLEDs have achieved impressive external quantum efficiencies (EQEs),
the development of stable and efficient blue PeLEDs remains a significant challenge due
to several intrinsic and extrinsic factors. One of the main limitations in blue-emitting
perovskites is their poor phase stability and high defect density, particularly in wide-

bandgap quasi-2D systems like PEA2PbBrs or mixed-halide CsPb(Cl/Br)s. These
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materials tend to suffer from halide segregation, exciton quenching, and fast non-radiative
recombination under electrical bias. Additionally, lattice strain and lower carrier
confinement reduce the radiative efficiency of blue emitters.

To overcome the challenge in blue-emitting perovskites, some strategies can be used
such as compositional engineering of wide-bandgap perovskites by incorporating mixed
cations (e.g., formamidinium, cesium) or passivating organic ligands can help stabilize
wide-bandgap phases and reduce nonradiative losses. A fine control over quantum well
thickness (n-phase distribution) in quasi-2D perovskites is also crucial to achieve high
color purity and efficient exciton funneling in blue-emitting systems.281-28] Additive
engineering and robust lattice anchoring can be employed to suppress halide segregation
in mixed-halide systems, which is especially critical for stable blue and white emission.

For white PeLEDs, achieving high-quality broadband emission with balanced
spectral components requires precise stacking or blending of RGB emissive layers or the
use of single-component perovskites with broadband emission characteristics. Several
strategies can be used to fabricate perovskite white light-emitting diodes including using
multilayer emissive architectures by sequentially depositing different colors of
perovskite layers with optimized energy level alignment can enable white emission,
although interlayer energy transfer and exciton quenching must be carefully controlled.*>
284-286] Also, using a single-component white emitters is also a feasible way to fabricate
white PeLEDs. Using 2D or quasi-2D perovskites with strong self-trapped exciton (STE)
emission or dual-phase coexistence can achieve broadband white emission with simpler
device architectures.[?*8! Last but not least, a strategy of using a hybrid emitters and down-
conversion layers is also feasible by combining perovskite LEDs with down-conversion

phosphor or commercial LED chips can also enable white emission.287- 28]
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5.2.3 Exploration of Environment-Friendly Materials for PeLEDs

The environmental and health concerns associated with lead-based perovskites have
spurred extensive research into alternative, eco-friendly materials for PeLEDs. Exploring
such materials is crucial for sustainable and safe optoelectronic applications While Sn-
based perovskites offer a lead-free pathway, challenges related to oxidation and low
PLQY persist. Further work is needed to investigate other B-site elements (e.g., Bi**, Sb**,
Ge?") and mixed-valence strategies to develop high-performance, eco-friendly perovskite
emitters.

As for tin-based perovskites are promising lead-free alternatives due to their similar
electronic configurations. Tin-based perovskites have direct and tunable bandgaps,
emitting from visible to near-infrared (NIR-II). These materials offer good conductivity
but suffer from Sn** oxidation, self-doping, and defect formation. Strategies like using
2D structures and organic spacer cations can improve crystallinity and stability. 2D Sn-
based perovskites, like PEA2Snls, show strong red emission and improved PLQEs up to
60%. Tin-based materials enable efficient red PeLEDs without halide mixing, avoiding
phase separation. As for germanium-based perovskites, they are non-toxic and exhibit
strong NLO (nonlinear optical) properties.?®”] Bandgaps are highly tunable with A-site
cation selection (e.g., FA* vs. Cs").[* Ge?* suffers from oxidation but can form a
passivating oxide layer, improving film stability. Ge inclusion in Sn-based systems can
also reduce Sn oxidation and improves device lifetimes.[*°!! Lead-free double perovskites
(e.g., Cs2AgBiBrs, Cs2Ago.sNao 4InCls) are structurally stable and allow for diverse cation
combinations.?>2%] Their broad emissions come from self-trapped excitons (STEs), but
most have low PLQEs. Doping (e.g., with Bi*" or Sb*") significantly improves emission
and thermal stability.*”! Some doped systems achieved PLQEs over 85% and

ultrabroadband white emission. Other rare-earth-based perovskites (e.g., CsEuCls,
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CsYbls) also show sharp emissions and high stability.>*"2°4] For example, Eu**-based
materials emit blue or red light depending on composition, with improved PLQEs after
doping. Techniques like thermal evaporation and Ni** doping further enhance

luminescence and structural stability.[>]

5.2.4 Integration with Flexible and Large-Area Substrates

The integration of perovskite light-emitting diodes (PeLEDs) with flexible and
large-area substrates is pivotal for the advancement of next-generation optoelectronic
devices, including wearable electronics, foldable displays, and large-scale lighting panels.
Recent research has focused on developing materials and fabrication techniques to
achieve high-performance, mechanically robust, and scalable PeLEDs.[22°7]

As for flexible substrate integration, material selection of flexible substrates is
important such as polyethylene terephthalate (PET), polyimide (PI), and ultrathin glass
are potential candidates due to their mechanical flexibility and thermal stability.!*% 2?1 In
addition, the surface modification of perovskite to enhance perovskite film formation on
flexible substrates is also important. Surface treatments like the application of branched
polyethylenimine (PEI) have been utilized. PEI modifies the substrate surface energy,
promoting uniform perovskite crystallization and reducing defect densities, leading to
improved device performance.

As for the fabrication of large-area PeLED, inkjet printing has emerged as a
promising technique for fabricating large-area PeLEDs.**! This method allows for
precise deposition of perovskite inks, enabling uniform film formation over extensive
areas. Liu et al. demonstrated large-area (28 cm?) red PeLEDs on flexible substrates using

inkjet printing, achieving an external quantum efficiency (EQE) of 14.3%.5%! Blade

coating are also techniques being employed to produce uniform perovskite layers over
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[301,302

large substrates. I By optimizing the coating parameters and ink formulations, high-

quality films with controlled thickness and morphology can be achieved, essential for

consistent device performance across large areas.
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Chapter 6 (Appendix) Perovskite Tandem Solar Cells

6.1 Optimization of ALD SnO: in All-Perovskite Tandem

Solar Cells

This appendix records the experimental work conducted during my research
exchange in Professor Edward Sargent’s group at Northwestern University from May
2024 to June 2025. During this period, my research focused on the fabrication of all-
perovskite tandem solar cells and perovskite/organic tandem solar cells (PO-TSCs). 1
would like to express my sincere gratitude to the National Science and Technology
Council (NSTC) for providing the scholarship that supported this exchange program.
Special thanks to Professor Edward Sargent (Ted) and Dr. Bin for their invaluable

guidance and unwavering support throughout the year.

6.1.1 Introduction

All-perovskite tandem solar cells (TSCs) have emerged as an attractive photovoltaic
technology, promising to exceed the theoretical efficiency limits imposed by single-
junction solar cells by effectively utilizing a broader portion of the solar spectrum.
Recently, perovskite materials have gained attention due to their tunable bandgaps, high
absorption coefficients, and cost-effective solution-based processing methods, enabling
power conversion efficiencies (PCE) above 25% in single-junction configurations.
Despite these advancements, substantial challenges related to efficiency and stability
remain, particularly regarding the wide-bandgap (WBG, approximately 1.75-1.8 eV) and

narrow-bandgap (NBG, approximately 1.2—1.3 eV) perovskite materials.
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The efficiency of all-perovskite TSCs critically depends on minimizing voltage
losses, enhancing interfacial quality, and optimizing carrier management. WBG
perovskite subcells commonly encounter significant open-circuit voltage (Voc) deficits
and reduced fill factors (FF), issues that primarily stem from high trap densities, energy-
level mismatches at charge-selective interfaces, and interfacial recombination losses.
Recent strategies to mitigate these challenges involve the introduction of self-assembled
monolayers (SAMs) as hole-selective contacts, particularly those derived from carbazole-
based molecules with phosphonic acid anchoring groups, which effectively reduce
interfacial non-radiative recombination and improve hole extraction. Such molecular
engineering techniques have successfully enhanced Voc and FF, enabling certified
efficiencies beyond 26% for large-area (>1 cm?) tandem cells.

Conversely, the performance of NBG perovskite subcells, typically composed of Sn—
Pb mixed perovskites, is hindered by rapid oxidation of Sn** ions to Sn**, high intrinsic
carrier densities, and defects in film morphology, leading to limited carrier lifetimes and
compromised stability. To address these challenges, strategies including the incorporation
of two-dimensional (2D) perovskite additives and diammonium molecular passivation
have been developed. Notably, quasi-2D perovskite structures containing
phenethylammonium (PEA) and guanidinium (GA) cations have effectively reduced
defect densities and significantly increased carrier lifetimes. Additionally, molecular
dynamics-informed passivation approaches utilizing fluorinated aromatic ammonium
cations have shown enhanced binding affinity to perovskite surfaces, improving carrier
diffusion lengths and enabling thicker absorber layers.

Recent achievements include the demonstration of certified PCEs up to 28.1% in
small-area all-perovskite TSCs and over 26% in larger-area devices, accompanied by

substantially improved operational stability under continuous illumination and ambient
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conditions. Moreover, flexible all-perovskite tandem cells approaching 25% efficiency
have shown significant promise for applications in building-integrated photovoltaics,
wearable electronics, and portable power systems, owing to their robust mechanical
durability.

However, besides the importance of building up a high performance of all-perovskite
TSC by improving the performance of WBG and NBG perovskite subcells, the quality of
the interconnecting layer also plays a key role in the device structure of all-perovskite
TSCs. Therefore, the deposition conditions of SnO- play a critical role in the fabrication
of tandem perovskite solar cells, particularly because the SnO: layer often functions as
both the electron transport layer (ETL) and a protective barrier during the sequential
processing of top and bottom cells. Atomic Layer Deposition (ALD) is a widely adopted
method for fabricating high-quality SnO: thin films due to its precision in thickness
control, excellent conformality, and low-temperature processability.

Beyond optimizing WBG and NBG perovskite subcells, the interconnecting layer
quality is also crucial for all-perovskite TSC performance. SnO: is widely used in TSCs
as both an electron transport layer (ETL) and a protective barrier. Atomic Layer
Deposition (ALD), noted for its exceptional thickness precision, conformality, and low-
temperature compatibility, is a preferred method for fabricating SnO- films. According to
the detailed ALD mechanism for SnO: formation which is illustrated in Fig. 6.1, several
steps are included to form layer by layer of SnO,. First of all, the hydroxylated surface
preparation, the ALD process begins with a substrate surface terminated by hydroxyl
groups (—OH), typically achieved through pre-treatment or exposure to humid air. These
—OH groups serve as reactive sites for precursor chemisorption. Second, there is the tin
precursor pulse. Upon pulsing the organotin precursor, tetrakis(dimethylamino)tin

[Sn(NMe:)4], allows it to chemisorb onto the —OH-terminated surface. A ligand-exchange
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reaction occurs, anchoring Sn atoms while releasing volatile dimethylamine (HNMe:)
byproducts. Third, is the purging step, a subsequent purge step removes unreacted
Sn(NMe:)s and the byproducts from the chamber, preventing gas-phase reactions during
the next precursor pulse. Then, the oxidant (H20) pulse is being made. Water vapor is
introduced, reacting with the surface-bound tin complexes to form Sn—O bonds while
regenerating —OH surface terminations, enabling the continuation of the layer-by-layer
growth process. Last but not least, final purge and cycle Completion, a second purge
clears excess H-0 and reaction byproducts, concluding one ALD cycle and preparing the
surface for the next Sn(NMe:)s pulse. Repetition of this cycle builds up a uniform SnO-
film with precise thickness control. This self-limiting, sequential process ensures
conformal and uniform SnO- deposition with atomic-scale thickness precision, crucial for
applications in perovskite tandem solar cells where interface quality and film uniformity
directly influence device performance.

In this work, optimizing critical ALD parameters such as the Sn/O ratio, purge
durations, and chamber temperature has been done to significantly elevate the baseline
performance of all-perovskite TSCs to approximately 28%, establishing a solid

foundation for further advancements in this promising research field for the group.

6.1.2 Experimental Section

Materials. Formamidinium bromide (FABr, >99.99%), Formamidinium iodide (FAI,
>99.99%), methylammonium iodide (MAI, >99.99%), methylammonium chloride
(MACI, >99.99%) and 4-fluoro-phenethylammonium bromide (4F-PEABr) were
purchased from Greatcell Solar Materials. Lead halide precursors, including lead(Il)
iodide (Pblz, 99.999%), lead(11) bromide (PbBr2, 99.999%), and lead(1I) chloride (PbCl.,

99.999%), as well as cesium bromide (CsBr, 99.999%) and cesium iodide (Csl, 99.999%)
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and [4-(3,6-Dimethyl-9H-carbazol-9-yl)butyl|phosphonic acid (Me-4PACz, >99.0%)
were obtained from TCI Chemicals. Tin iodide (Snlz, 99.99%), tin fluoride (SnF2, 99%)
were purchased from Sigma-Aldrich. C60, bathocuproine (BCP), guanidinium
thiocyanate (GuaSCN, >99%) were purchased from Xi’an Polymer Light Technology.
The 1,3-propane diammonium diiodide (PDAL, >99.5%) was purchased from
Luminescence Technology Corp.

1,2-Diaminopropane (DAP, 99%), dimethyl sulfoxide (DMSO, >99.9%), anisole
(99.7%), chlorobenzene (CB, >99.5%), isopropanol (IPA, >99.5%), toluene (99.8%), and
dimethylformamide (DMF, >99.5%) were obtained from Sigma-Aldrich. The nickel
oxide (NiOx) nanoparticle dispersion was sourced from Avantama. Poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS, Al-4083) was acquired
from Ossila. Tetrakis(dimethylamino)tin(IV) (50-1815 Tin, 99.99% Sn) was supplied by
Strem Chemicals. Indium tin oxide (ITO) coated glass substrates with a sheet resistance
of 15 Q/sq and dimensions of 25 mm x 25 mm were purchased from Suzhou ShangYang

Solar Technology Co. Metallic copper, silver, and gold were obtained from Kurt J. Lesker.

Preparation of perovskite solutions

Narrow-bandgap (NBG) perovskite solution. To prepare the narrow-bandgap
(NBG) perovskite precursor solution (1.8 M, Cso.05FA07MA025SnosPbosl3), Csl
(23.4 mg), FAI (216.7 mg), MAI (71.55 mg), Snl> (335.3 mg), and Pblz (414.9 mg) were
dissolved in a solvent mixture comprising 750 pL of DMF and 250 uL of DMSO. The
resulting solution was further supplemented with additives such as guanidinium
thiocyanate (GuaSCN, 4mg), tin(Il) fluoride (SnF2, 14.1mg), and 4-

fluorophenylethylammonium bromide (4F-PEABT, 1.5 mg).
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Wide-bandgap (WBG) perovskite solution To prepare the wide-bandgap (WBG)
perovskite precursor solution (1.1 M, FAosCso2Pb(lo.2Bro3s)3), MACI (5mg), PbCl,
(15mg), CsBr (18.7 mg), Csl (34.3 mg), FABr (44 mg), FAI (91 mg), PbBr; (149.4 mg)
and Pblz (319.5 mg) were dissolved in a solvent mixture comprising 800 uL. of DMF and

200 pL of DMSO.

Post-treatment and hole transport material solutions DAP was prepared at a
concentration of 0.25 uL/mL in chlorobenzene (CB). PDAI: was dissolved at I mg/mL in
a mixed solvent system of isopropanol (IPA) and CB with a volume ratio of 2:1. The
NiOx nanoparticle dispersion was diluted to 0.025 wt% using ethanol. Me-4PACz was
also dissolved in ethanol at a concentration of 0.3 mg/mL. All perovskite precursor
solutions were stirred magnetically at ambient temperature without any heating treatment.
Prior to use, the solutions were passed through a 0.22 um polytetrafluoroethylene (PTFE)

membrane filter to ensure purity and remove particulates.

Device Fabrication.

Pre-patterned ITO-coated glass substrates were sequentially cleaned by
ultrasonication with detergent, deionized water, acetone, and isopropanol for 15min,
respectively. Before fabricating thin films, these ITO-coated glass substrates were cleaned

by using UV-ozone cleaner for 15 minutes.

Narrow-bandgap (NBG) perovskite single junction solar cells
The narrow-bandgap (NBG) perovskite solar cells were fabricated using the device
structure  glass/ITO/PEDOT:PSS/Cso.0sFA0.7MA0.255n0.5Pbo.5s13/Ceo/ ALD-SnO2/Ag. In

this configuration, ITO refers to indium tin oxide, PEDOT:PSS to poly(3,4-
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ethylenedioxythiophene):polystyrene sulfonate, and ALD to atomic layer deposition.
Initially, PEDOT:PSS was spin-coated onto pre-cleaned ITO-coated glass substrates at
4,000 rpm for 25 s, followed by drying at 150 °C for 20 minutes. Subsequently, 60 pL of
the perovskite precursor solution was spin-coated onto the ITO/PEDOT:PSS substrates
inside a nitrogen-filled glovebox at 1,000 rpm for 10 s and then 3,800 rpm for 40 s. At
30 s into the spin-coating process, 250 pL of chlorobenzene was dispensed dropwise onto
the spinning substrate to induce crystallization. The resulting perovskite films were
annealed at 96 °C for 10 minutes. Following this, 150 uL. of a diamine solution was
deposited via spin-coating at 4,000 rpm for 25 s, and then thermally treated at 100 °C for
5 minutes. A ~27 nm Ceo layer was deposited by thermal evaporation at a rate of 0.2 A/s
as the electron transport layer. This was followed by the deposition of a ~20 nm SnO:
layer via atomic layer deposition (ALD) under varied processing conditions. Finally,
silver electrodes were deposited through a shadow mask by thermal evaporation under

high vacuum to define the device's active area.

Wide-bandgap perovskite solar cells and all-perovskite tandem solar cells

A NiOx hole transport layer was deposited by spin coating at 4000 rpm for
25 seconds and used directly without additional thermal treatment. Once transferred into
anitrogen-filled glovebox, a self-assembled monolayer (SAM) of Me-4PACz was applied
onto the NiOx layer via spin coating at 4000 rpm for 25 seconds, followed by annealing
at 100 °C for 10 minutes. Perovskite precursor solutions (60 puL) were then spin-coated at
4000 rpm for 30 seconds. During the spin-coating process, 150 pL of anisole was added
dropwise onto the substrate at the 25-second mark to aid crystallization. The resulting
perovskite films were subsequently annealed at 100 °C for 15 minutes. The deposition of

the Ceo electron transport layer and metal electrodes was carried out using the same
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method as for the NBG perovskite solar cells. However, the atomic layer deposition (ALD)
conditions for the SnO:. layer were adjusted by varying process parameters. For the
fabrication of all-perovskite tandem solar cells, a 1 nm gold layer was thermally
evaporated onto the appropriately thick SnO:-coated wide-bandgap subcells, serving as
the recombination layer. The NBG subcell was then constructed on top using the same
procedure described above. Finally, 140nm of silver was deposited by thermal

evaporation to form the top electrode for performance evaluation.

6.1.3 Results and Discussion

As introduced in the previous section, the ALD SnO: process involves a sequence of
self-limiting surface reactions designed to produce high-quality SnO: thin films. The
quality of the resulting films is highly sensitive to several key deposition parameters, all
of which can be precisely adjusted through the operation interface, as illustrated in Fig.
6.2. As shown in Fig. 6.2, parameters such as chamber temperature, precursor pulse
durations, purge times, and cycle number must be systematically optimized to ensure
conformal film growth, minimal defect density, and favorable interfacial properties for
integration in tandem perovskite solar cells.

First of all, the chamber temperature (heater, outer ring and inner ring) are being
considered. The temperature must be optimized to ensure good film crystallinity and
reduce defect density. While higher temperatures generally yield better SnO: quality, they
risk damaging thermally sensitive perovskite layers. Therefore, a trade-off must be
considered between the quality of the SnO» and the quality of perovskites. For instance,
the standard ALD deposition temperature is typically set at 90 °C. However, this
temperature is excessively high for PbSn perovskite, a narrow-bandgap material known

for its high sensitivity to thermal stress. Therefore, we fabricate a batch of NBG
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perovskite single junction solar cells with the device -configuration of
ITO/PEDOT:PSS/PbSn perovskite/Ceso/SnO2/Ag. As shown in Fig. 6.3 and in Table 6.1,
devices utilizing ALD-grown SnO: at 90 °C exhibit lower performance and greater
variability compared to those fabricated at a reduced temperature of 75 °C. These results
highlight the critical importance of carefully optimizing the ALD chamber temperature,
particularly when working with thermally sensitive perovskite compositions.

Second, the precursor pulse times (Sn source and H.O) are being considered.
Adjusting the pulse durations directly affects the Sn-to-O ratio in the final film. A longer
Sn precursor pulse relative to H>O can produce oxygen-deficient SnO:, increasing oxygen
vacancy concentration. These vacancies act as shallow donor states, improving electron
conductivity. However, excessive oxygen deficiency can lead to charge imbalance and
increased trap states, negatively impacting device performance. Due to the inherent
differences in conductivity and optoelectronic properties among perovskites with varying
bandgaps, the optimal ALD SnO: deposition conditions must be tailored accordingly. As
such, further experimental optimization is necessary for each bandgap category. To
address this, a series of experiments were conducted, and the results are presented in Fig.
6.4. The data clearly indicate that each perovskite bandgap requires distinct ALD SnO-
parameters to achieve optimal device performance. For example, in the case of the
1.78 eV perovskite, which is commonly employed as the top cell in all-perovskite tandem
solar cells, the optimal ALD conditions were found to be a water pulse time of 0.015 s
and a Sn precursor pulse time of 0.1 s. In contrast, for a wider-bandgap perovskite with a
bandgap of 1.88 eV, typically used in perovskite/organic tandem solar cells, the optimal
conditions shifted to a water pulse time of 0.015s and a Sn pulse time of 0.5s. These
findings underscore the critical importance of bandgap-specific optimization of the ALD

SnO: process to ensure proper interface formation and maximize device efficiency.
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Third, the purge time and vacuum pumping efficiency are also critical parameters in
the ALD process. The purging step, which follows each precursor pulse, allows nitrogen
gas to distribute the precursors throughout the chamber and remove unreacted species,
while the vacuum pump helps re-establish a stable base pressure. As shown in Fig. 6.5,
the use of a more powerful pump significantly reduces the chamber’s base pressure from
0.25 torr to 0.18 torr, demonstrating improved evacuation efficiency. This enhancement
allows for shorter purge durations, thereby enabling faster ALD cycling and promoting
better film uniformity.

However, excessively long purge times can be detrimental; prolonged exposure may
lead to partial desorption of the already-formed SnO: layer and extended thermal stress
on the perovskite films, which are sensitive to high-temperature environments. To
investigate the optimal purge time, we used an all-perovskite tandem solar cell
architecture as the test platform, as illustrated in Fig. 6.6a. The corresponding device
performance results in Fig. 6.6b show that purge time significantly affects the efficiency
of the tandem cells. Specifically, reducing the purge time led to notable improvements in
device performance, highlighting the importance of carefully optimizing this parameter
to balance complete precursor removal with minimal thermal degradation of the
perovskite layers.

Last but not least, the number of ALD cycles plays a key role in determining the thickness
of the SnO: film. In single-junction perovskite solar cells, an excessively thick SnO: layer
can lead to increased series resistance due to the inherently lower conductivity of SnO-
compared to other transport layers, ultimately compromising device performance. In
contrast, tandem solar cell, particularly all-perovskite architectures, require a thicker
SnO: layer not only for efficient electron transport but also as a protective interlayer

during the bottom-cell fabrication process. This protective function is essential, as the
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deposition of the hole transport layer (PEDOT:PSS) for the bottom cell involves aqueous
solvents that can damage the underlying top cell. As shown in Fig. 6.7, increasing the
ALD cycle number from 140 to 600 leads to a marked improvement in the overall
performance of all-perovskite tandem solar cells. This result indicates that a thicker SnO-
interconnect layer offers more robust protection to the top cell, effectively preventing
solvent-induced damage during the subsequent processing steps. Therefore, while there
is a trade-off between minimizing resistive losses and ensuring structural protection, these
findings highlight the critical role of SnO- thickness optimization in achieving high-
performance tandem devices.

In summary, precise control over ALD parameters, including chamber temperature,
precursor pulse and purge durations, and cycle number, is crucial for engineering SnO-
films with optimal stoichiometry, thickness, and functional properties. These parameters
collectively influence charge transport, interfacial quality, and the overall structural
integrity of tandem perovskite solar cells. By further optimizing the SnO: layer in terms
of thickness, deposition temperature, and Sn/O ratio, a 1.78 eV wide-bandgap (WBGQG)
perovskite single-junction solar cell with the architecture ITO/NiOx/Me-4PACz/1.78 eV
WBG perovskite/Cso/SnO2/Ag achieves excellent performance, delivering a power
conversion efficiency (PCE) of 20.35%, an open-circuit voltage (Voc) of 1.339 V, a short-
circuit current density (Jsc) of 17.86 mA cm™, and an outstanding fill factor (FF) of
85.81%, with high device reproducibility (Fig. 6.8 & Table 6.2). Meanwhile, all-
perovskite tandem solar cells employing the configuration ITO/NiOx/Me-4PACz/1.78 eV
WBG perovskite/Cso/SnO2/AW/PEDOT:PSS/1.25 eV NBG perovskite/Cso/BCP/Ag
fabricated under optimized SnO: processing conditions achieve a champion PCE of
27.91%, with a high Voc of 2.112 V, a Jsc of 16.23 mA cm™2, and an impressive FF of

83.03%. (Table 6.3)
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6.1.4 Summary and Future works

This study successfully established a robust atomic layer deposition (ALD) protocol
for SnO: tailored to the fabrication of high-performance all-perovskite tandem solar cells.
Key process parameters, including chamber temperature, precursor pulse duration, and
purge times, were systematically optimized to yield high-quality SnO- films. These efforts
enabled the realization of tandem devices with efficiencies comparable to internationally
leading benchmarks. Notably, due to significant differences between the ALD systems
used at Northwestern University and those previously employed at the University of
Toronto, it was necessary to re-establish a new baseline through extensive parameter
tuning. Through this optimization, I successfully implemented a reproducible high-
efficiency tandem device architecture within the Sargent group at Northwestern. As
shown in Fig. 6.9, the resulting device performance closely parallels that of previously
optimized counterparts and is competitive with state-of-the-art results in the literature.
This newly established baseline provides both valuable experience and a strategic
foundation for the future development of triple-junction all-perovskite tandem solar cells
in the Sargent group.

To further enhance device stability, attention must also be directed toward the
interconnecting layer (ICL). While gold (Au) is widely used as an ICL for efficient charge
recombination, it suffers from metal diffusion issues that compromise long-term stability.
Replacing Au with conductive metal oxides such as indium tin oxide (ITO) or indium
zinc oxide (IZO) presents a promising alternative to mitigate this diffusion problem and
also improve the optical loss problem. Furthermore, a transition from Au to metal oxides

opens opportunities to replace conventional organic hole-transport layers like
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PEDOT:PSS with self-assembled monolayers (SAMs) in the PbSn NBG subcell, further
enhancing device stability.

Based on this rationale, I explored the incorporation of ITO nanoparticles as a
replacement for ICL.1*%] Initial optimization was conducted using the structure of ITO
glass/ITO nanoparticle/co-SAMs (MeO+Me4)/1.25 eV NBG perovskite/Cso/BCP/Ag.
Various surface treatments were investigated, including UV-ozone, IPA rinse, and DMF
solvent treatment to improve the ITO nanoparticle film quality obtained via spin coating.
As shown in Fig. 6.10a-d, the DMF-treated ITO surface yielded the best device
performance and reproducibility. Compared to PEDOT:PSS-based devices, this approach
demonstrated competitive performance and improved light absorption in the 450—700 nm
range, as seen in EQE spectra in Fig. 6.11, suggesting reduced parasitic absorption due to
the absence of PEDOT:PSS. Following this validation, I integrated the ITO nanoparticle
layer into all-perovskite tandem devices. Results indicate that increasing the
concentration of ITO nanoparticles enhances device performance, with EQE curves
showing reduced leakage current in the top cell (Fig. 6.12 & Fig. 6.13). Although the
overall performance remains slightly lower than those achieved with PEDOT:PSS, the
ITO nanoparticle-based architecture offers significant promise for future development,

especially in the context of device stability and scalable fabrication.
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6.1.5 Tables and Figures

Table 6.1 Performance of NBG perovskite solar cells with different chamber

temperatures but in same batch.

Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
(AVG) (AVG) (AVG) (AVG)
90°C 0.854 30.53 69.67 17.98
(0.823) (26.75) (58.46) (13.07)
75°C 0.839 31.83 68.24 17.95
(0.833) (30.22) (64.58) (16.27)

Table 6.2 Performance of 1.78eV WBG perovskite solar cells with optimized ALD

conditions.
Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
(AVG) (AVG) (AVG) (AVG)
1.339 17.86 85.81 20.35
1.78eV (1.326) (17.73) (84.84) (19.95)

Table 6.3 Performance of all-perovskite tandem solar cells with optimized ALD

conditions.
Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
(AVG) (AVG) (AVG) (AVG)
PP Tandem 2.112 16.23 83.03 27.91

(2.083) (15.79) (80.88) (26.61)
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Fig. 6.5 The base pressure changes after using a powerful pump.
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6.2 Improving the Performance of Perovskite/Organic

Tandem Solar Cells

6.2.1 Introduction

To overcome the Shockley—Queisser (S—Q) efficiency limit inherent to single-
junction solar cells, tandem architectures have emerged as a promising solution by
enabling spectral splitting and more efficient utilization of the solar spectrum. Among
various tandem configurations, perovskite—organic tandem solar cells (PO-TSCs) have
garnered growing interest due to their excellent solution-processability, tunable bandgaps,
and compatibility with lightweight and flexible substrates. These devices typically consist
of'a wide-bandgap (WBG) perovskite front subcell and a narrow-bandgap (NBG) organic
subcell, working synergistically to harvest high-energy and near-infrared (NIR) photons,
respectively.

Meanwhile, recent years have seen remarkable breakthroughs in PO-TSC
performance, driven by synergistic advances in wide-bandgap perovskite engineering,
interfacial passivation, organic acceptor design, and interconnecting layer (ICL)
optimization. For instance, Jiang et al. reported a certified efficiency of 25.7% by
introducing cis-CyDAL as a surface passivating agent for the WBG perovskite subcell,
effectively suppressing non-radiative recombination at the perovskite/Ceo interface and
enhancing the open-circuit voltage (Voc). The tandem architecture utilized a 1.88 eV
perovskite front cell and a 1.24 eV ternary organic rear cell (PM6:BTPSe-Ph4F:MO-
ITIC-2F), achieving excellent spectral coverage and current matching.*%*! Similarly, He
et al. demonstrated a 25.1% efficient PO-TSC by minimizing energy losses in both
subcells and the ICL. Their strategy involved pyridinium bromide perbromide (PBP) to
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stabilize the WBG perovskite against halide migration and an optimized V:0s-based ICL
that exhibited low optical and electrical losses, facilitating improved charge
recombination and NIR transparency.*%

Another milestone was set by Zhang et al., who achieved a certified 25.06%
efficiency by doping WBG perovskites with thiocyanate (SCN-) ions. These pseudo-
halogen ions effectively suppressed halide segregation and enhanced crystallinity by
occupying halogen vacancies, leading to increased stability over 1000 hours under
continuous illumination.?”! Wu et al. further tackled phase instability in WBG
perovskites by incorporating redox mediators derived from anthraquinone. These
additives selectively reduced oxidized iodide and metallic Pb°, stabilizing the perovskite
composition and maintaining over 95% efficiency after 500 hours of operational testing.
Their monolithic PO-TSC achieved a certified efficiency of 24.27%, demonstrating both
high performance and improved long-term stability. %]

Collectively, these studies reflect the rapid progress in addressing key limitations in
PO-TSCs, including voltage losses in WBG perovskites, halide phase instability,
interconnect layer inefficiencies, and non-radiative recombination. Despite these
achievements, significant challenges remain, particularly in the development of narrow-
bandgap (NBG) organic subcells that offer high current output, minimized Voc losses,
and long-term stability. Future research is expected to focus on further reducing voltage
losses in both subcells, optimizing ICL design, and implementing scalable, low-
temperature processing methods compatible with flexible substrates and roll-to-roll
manufacturing.

To address the intrinsic challenges associated with the rear organic subcell in PO-

TSCs, particularly limited photocurrent generation and Voc losses, we focused on the

rational design of nonfullerene acceptors (NFAs) with extended m-conjugation to reduce
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the optical bandgap and enhance near-infrared (NIR) absorption. In this context, we
developed a novel NFA design strategy based on CFs-functionalized side chains. By
precisely tuning the length of the —(CH»),— linker that connects the electron-withdrawing
CF3 group to the fused aromatic backbone, we systematically modulated key properties
including molecular packing, electrostatic interactions, and miscibility with donor
polymers. This side-chain engineering approach facilitated the formation of distinctive
two-dimensional mesh-like crystal structures, stabilized by CF3---F intermolecular
interactions, which in turn promoted enhanced film crystallinity, improved charge
transport, and favorable blend morphology. Among the designed NFA series, the -(CHa)>—
substituted variant, Y2CF3 (also referred to as YCF3-BF), exhibited the most balanced
optoelectronic properties. Devices based on YCF3-BF achieved a power conversion
efficiency (PCE) of 19.08%, a high fill factor of 80.09%, and an extended absorption
onset at 928 nm, corresponding to a bandgap of 1.34 eV. This narrowed bandgap is
particularly advantageous for tandem integration, as it enhances spectral complementarity
with the wide-bandgap (WBG) perovskite front subcell and facilitates current matching,
both of which are essential for boosting tandem device efficiency.

Beyond efficiency, the side-chain engineering also contributed significantly to
device stability. The improved donor—acceptor miscibility and controlled domain
morphology provided by the CFs-functionalized NFAs imparted strong morphological
robustness under prolonged illumination and elevated temperature conditions, improving
both operational and thermal stability. These findings underscore the importance of
integrating material design and interfacial engineering to advance PO-TSC technologies.
The incorporation of CF3-functionalized NBG acceptors offers a promising pathway to
reduce optical and electrical losses while simultaneously achieving high efficiency and

long-term durability.
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However, further analysis of YCF3-BF-based PO-TSCs revealed a performance
limitation stemming from a relatively modest short-circuit current density (Jsc). This
bottleneck motivated the development of a next-generation NFA-YCF3-NF featuring a
more extended n-conjugated backbone to further reduce the optical bandgap and improve
NIR absorption. The enhanced absorption profile of YCF3-NF is expected to boost
photocurrent generation in the organic rear subcell, addressing the Jsc limitation observed
in YCF3-BF-based devices. Although fully optimized PO-TSCs based on YCF3-NF are
still under development, the promising results obtained with YCF3-BF provide a solid
foundation. Building on this, we anticipate that the integration of YCF3-NF will lead to
further improvements in overall tandem performance, offering new insights into
molecular design principles and scalable strategies for next-generation, high-efficiency

tandem solar cells.

6.2.2 Experimental Section

Materials. Formamidinium bromide (FABr, >99.99%), Formamidinium iodide (FAI,
>99.99%) and methylammonium chloride (MACI, >99.99%) were purchased from
Greatcell Solar Materials. Lead halide precursors, including lead(II) iodide (Pbl,
99.999%), lead(IT) bromide (PbBr2, 99.999%), and lead(II) chloride (PbClz, 99.999%), as
well as cesium bromide (CsBr, 99.999%) and cesium iodide (Csl, 99.999%) and [4-(3,6-
Dimethyl-9H-carbazol-9-yl)butyl|phosphonic acid (Me-4PACz, >99.0%) were obtained
from TCI Chemicals. CF3-functionalized nonfullerene acceptors (YCF3-BF and YCF3-
NF) were synthesized according to previously reported procedures.’”! The donor
polymer PM6, standard acceptor Y6, compatibilizer L8BO, and electron transporting
material PNDIT-F3N were procured from Solarmer or 1-Material Inc. C60 and

bathocuproine (BCP) were purchased from Xi’an Polymer Light Technology. The 1,3-
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propane diammonium diiodide (PDAIL, >99.5%) was purchased from Luminescence
Technology Corp.

Dimethyl sulfoxide (DMSO, >99.9%), anisole (99.7%), chlorobenzene (CB,
>99.5%), isopropanol (IPA, >99.5%), and dimethylformamide (DMF, >99.5%) were
sourced from Sigma-Aldrich. A nickel oxide (NiOx) nanoparticle dispersion was obtained
from Avantama. The PEDOT:PSS solution (AI-4083 grade) was acquired from Ossila.
Tetrakis(dimethylamino)tin(IV) (50-1815 Tin, 99.99% Sn) was supplied by Strem
Chemicals. Indium tin oxide (ITO) coated glass substrates, with a sheet resistance of
15 Q/sq and dimensions of 25 mm X 25 mm, were purchased from Suzhou ShangYang
Solar Technology Co. High-purity copper, silver, and gold used for electrode deposition

were obtained from Kurt J. Lesker.

Preparation of perovskite and organic solutions

Wide-bandgap (WBG) perovskite solution WBG perovskite precursor solution
(0.8 M, FA(.8Cs0.2Pb(I0.5Bro.5)3) was prepared by dissolving MACI (3.6 mg), PbCl, (10.9
mg), CsBr (13.6 mg), Csl (25 mg), FABr (32 mg), FAI (66.2 mg), PbBr; (161.5 mg) and

Pbl> (166 mg) in mixed solvent of DMF (800 pnl) and DMSO (200 pl).

Organic photovoltaic (OPV) solution OPV solution was prepared by using
different donor—acceptor combinations depending on the target system. For binary blends,
the donor polymer PM6 was blended with either YCF3-BF or YCF3-NF at a weight ratio
of 1:1.2 in mixed solvent of CF:CN = 99.5:0.5 with 0.5% (v/v) 1,8-diiodooctane (DIO)
as a processing additive. For ternary blends, PM6, YCF3-BF, and the compatibilizer
L8BO were blended at a weight ratio of 1:1.2:0.6 under the same solvent and additive

conditions. In both cases, the total solid concentration was 7 mg mL™".
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Post-treatment and hole transport material solutions PDAI> was prepared at a
concentration of 1 mg/mL in a mixed solvent of isopropanol (IPA) and chlorobenzene
(CB) with a volume ratio of 2:1. A 1 mg/mL solution of PNDIT-F3N was dissolved in
methanol containing 0.3 wt% acetic acid. The NiOx nanoparticle dispersion was diluted
to a final concentration of 0.025 wt% in ethanol. Me-4PACz was dissolved in IPA at a
concentration of 0.3 mg/mL.

Perovskite precursor solutions were stirred at room temperature using a magnetic
stir bar without applying heat, while organic solutions were stirred overnight at 50 °C to
ensure complete dissolution and uniformity. Prior to application, both perovskite and
organic solutions were passed through a 0.22 um PTFE (polytetrafluoroethylene)

membrane filter to remove particulates.

Device Fabrication.

Pre-patterned ITO-coated glass substrates were sequentially cleaned by
ultrasonication with detergent, deionized water, acetone, and isopropanol for 15min,
respectively. Before fabricating thin films, these ITO-coated glass substrates were cleaned

by using UV-ozone cleaner for 15 minutes.

Organic Subcell (NBG Cell). Organic solar cells (OSCs) were fabricated using a
conventional device structure of ITO/PEDOT:PSS/BHJ/PNDIT-F3N/Ag. Indium tin
oxide (ITO)-coated glass substrates were cleaned by sequential sonication in detergent,
deionized water, acetone, and isopropanol for 15 minutes each. This was followed by UV-
ozone treatment for 15 minutes to improve surface wettability. A thin layer of
PEDOT:PSS (Clevios P VP AT 4083) was deposited by spin-coating at 4000 rpm for 40 s,

followed by annealing at 150 °C for 10 minutes to serve as the hole transport layer (HTL).
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The BHJ solution was then spin-coated in a nitrogen-filled glovebox at 2000 rpm for 60's, ,
followed by annealing at 110 °C for 10 minutes A methanolic solution of PNDIT-F3N
(1 mg mL™") was spin-coated at 3000 rpm for 60 s as the electron transport layer (ETL).
Finally, a ~100 nm-thick silver (Ag) electrode was thermally evaporated through a

shadow mask under high vacuum conditions (<5 x 107¢ Torr) to complete the device.

Wide-bandgap perovskite solar cells and perovskite/organic tandem solar cells

A NiOx hole transport layer was deposited by spin coating at 4000 rpm for
25 seconds and used without additional thermal treatment. The substrates were then
transferred into a nitrogen-filled glovebox, where a self-assembled monolayer (SAM) of
Me-4PACz was applied on top of the NiOx via spin coating at 4000 rpm for 25 seconds,
followed by annealing at 100 °C for 10 minutes. Subsequently, 60 uL of the perovskite
precursor solution was spin-coated onto the prepared substrates at 4000 rpm for
30 seconds. During the spin process, 150 pL of anisole was dropped onto the substrate at
the 25-second mark to assist in film formation. The resulting perovskite films were then
annealed at 100 °C for 15 minutes to promote crystallization. The deposition of the Ceo
electron transport layer and top electrodes followed the same protocol as that used for the
NBG perovskite solar cells. However, the SnO: interlayer was deposited using atomic
layer deposition (ALD) under modified conditions, varying specific parameters to
optimize performance. For constructing perovskite/organic tandem solar cells, a 1 nm
layer of gold was deposited onto the appropriately thick SnO: layer of the wide-bandgap
subcell to serve as the recombination contact. The organic top subcells were then
fabricated using the same methods described above. Finally, a 140 nm silver layer was

thermally evaporated to complete the device structure for efficiency characterization.
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6.2.3 Results and Discussion

Building upon the ALD SnO: conditions I previously optimized for the all-
perovskite tandem solar cell baseline, during the optimization progress, I also developed
a new research direction, perovskite/organic tandem solar cells (PO-TSCs) for the group.
PO-TSCs share a similar working mechanism with all-perovskite TSCs, except that the
narrow-bandgap (NBG) PbSn perovskite bottom subcell is replaced by an organic
photovoltaic (OPV) subcell as showed in Fig. 6.14. To enhance the overall efficiency of
PO-TSCs, this work focused on improving the performance of the OPV subcell
particularly by increasing its open-circuit voltage (Voc), which is a critical factor in
determining tandem device efficiency. This research was conducted in collaboration with
the Tobin Marks group.

In order to increase the open-circuit voltage (Voc) in OPV subcell, a series of CFs-
functionalized nonfullerene acceptors (NFAs), designated as YnCF3 (n = 1, 2, 3), were
rationally designed and synthesized, based on our previous research.l*®! The molecular
design strategy involved systematically varying the length of the alkyl linker (—(CHz),—)
that connects the electron-withdrawing CF3; moiety to the electron-rich azole core (Fig.
6.15a). This approach enabled fine-tuning of the electrostatic interactions and molecular
packing properties, ultimately influencing the energy level alignment, morphological
behavior, and electronic performance of the resulting OPV subcells. This molecular
engineering strategy allows for precise modulation of intermolecular electrostatic
interactions and molecular packing behavior. UV—vis absorption spectroscopy revealed
that extending the alkyl chain length leads to red-shifted absorption maxima and increased
absorption coefficients in both solution and solid-state films, indicating enhanced light-
harvesting capability and stronger molecular aggregation (Fig. 6.15b). Simultaneously,

electrochemical measurements showed an upshift in HOMO levels with increasing linker
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length, while the LUMO remained relatively stable, suggesting that the CF3; group
predominantly influences the HOMO via a c-electron-withdrawing effect (Fig. 6.15c¢).

Single-crystal X-ray diffraction revealed a transition from the three-dimensional n—
n stacked mesh-like structure observed in Y6 to a unique two-dimensional hollow
topology in the YnCF3 series (Fig. 6.16a). These structures emerged from electrostatic
interactions between the CF3 termini and fluorinated aryl groups in adjacent molecules.
As the linker length increased, the vertical mesh size decreased while the horizontal mesh
dimension expanded, modulating the electrostatic interaction site distribution and
molecular packing anisotropy. Grazing incidence wide-angle X-ray scattering (GIWAXS)
analyses of neat films demonstrated that the YnCF3 materials maintain a m-face-on
orientation with shorter m—x stacking distances and longer crystal coherence lengths than
Y6, reflecting improved order and charge transport (Fig. 6.16b-c).

In donor—acceptor blend films with D18, the electrostatic potential (ESP) difference
between the components increased with linker length, enhancing miscibility and leading
to finer phase separation and reduced domain sizes, particularly in D18:Y3CF3 blends
(Fig. 6.17a). However, this high miscibility resulted in excessive recombination and
reduced fill factor (FF). In contrast, D18:Y2CF3 demonstrated an optimal balance
between miscibility and domain purity, yielding a well-organized nanoscale morphology
with favorable crystallinity and efficient exciton dissociation. This was reflected in the
superior photovoltaic performance of Y2CF3-based devices, which achieved a power
conversion efficiency (PCE) of 19.08%, a high short-circuit current density (Jsc) of 27.64
mA cm2, and an outstanding FF of 80.09%, surpassing the Y6-based control device (Fig.
6.17b-d).

Building upon the promising performance of Y2CF3 (hereafter referred to as YCF3-

BF) in single-junction organic photovoltaic (OPV) devices, we further integrated this
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high-efficiency OPV subcell into a perovskite/organic tandem solar cell (PO-TSC)
architecture. The tandem device combines the YCF3-BF-based OPV rear subcell with a
front subcell employing a wide-bandgap (WBG) 1.88 eV perovskite, which had already
been optimized using an ALD-grown SnO; interconnect layer to ensure efficient charge
extraction and thermal stability (Fig. 6.18).

To ensure proper spectral splitting and complementary absorption between the two
subcells, the bulk heterojunction (BHJ) composition of the OPV subcell was slightly
modified. Specifically, the donor polymer D18 was replaced with PM6 to avoid spectral
overlap with the WBG perovskite. Moreover, to boost the photocurrent and improve
charge transport, a ternary blend strategy was adopted by incorporating the compatibilizer
L8BO into the active layer. As summarized in the corresponding Fig. 6.19 & Table 6.4,
this ternary OPV subcell configuration led to a noticeable increase in short-circuit current
density (Jsc), reflecting improved photon harvesting and charge collection. The
integration of these two optimized subcells resulted in a high-performance PO-TSC with
a power conversion efficiency (PCE) of 25.24%, an extremely high open-circuit voltage
(Voc) 0of 2.197 V, a Jsc of 14.21 mA cm™, and an exceptional fill factor (FF) of 83.00%.
In addition, the champion device also showed negligible hysteresis with a stabilized
power output of 24.53% (Fig. 6.19d-e). In comparison, the control tandem device
incorporating Y6 in the OPV subcell achieved a lower PCE of 23.04%, a Voc of 2.114 V,
aJsc of 13.37 mA cm2, and an FF of 81.74%. The significant performance enhancement
in the YCF3-BF-based tandem device is primarily attributed to the higher Voc enabled by
the improved electronic properties and reduced nonradiative recombination losses of
YCF3-BF, confirming its strong potential for next-generation tandem solar cell

application.
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Following the development of YCF3-BF-based PO-TSCs, it was observed that the
overall device performance faced limitations primarily due to the relatively large bandgap
of the OPV subcell. This large bandgap constrained the photocurrent, thereby acting as a
bottleneck for the total current density of the tandem device. To overcome this issue, a
novel nonfullerene acceptor (NFA), YCF3-NF, was designed with the aim of reducing the
bandgap and enhancing the current output. Guided by established molecular design
principles for NFAs, the extension of the conjugation length in YCF3-NF was intended
to red-shift the absorption profile, allowing the OPV subcell to harvest a broader range of
the solar spectrum and thus achieve a higher photocurrent. As illustrated in Fig. 6.20, the
molecular structures and optoelectronic characteristics of YCF3-BF and its extended-
conjugation counterpart YCF3-NF are compared. Fig. 6.20a shows that while both
molecules feature a trifluoromethyl-substituted azole core, YCF3-NF incorporates a fused
aromatic end group, resulting in a significantly extended m-conjugation framework.

This structural modification leads to notable optoelectronic differences. As presented
in Fig. 6.20b, YCF3-NF exhibits a red-shifted absorption onset at 951 nm compared to
915 nm for YCF3-BF, along with stronger absorption in the near-infrared region. This
enhancement is attributed to both the lower optical bandgap and the increased
intermolecular interactions afforded by the extended conjugation. Furthermore, cyclic
voltammetry (CV) measurements were conducted to estimate the HOMO and LUMO
energy levels of both NFAs, with the results summarized in the corresponding Fig. 6.20d
and Table 6.5. These electronic structure insights suggest favorable energy level
alignment for efficient charge separation and collection in future OPV configurations.

Although the current work did not fully optimize the donor-to-acceptor ratio or the
integration of YCF3-NF into tandem PO-TSC devices due to time constraints, the

preliminary results are promising. The newly designed YCF3-NF molecule demonstrates
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significant potential for advancing the efficiency of PO-TSCs by addressing the current
density limitation seen in YCF3-BF-based devices. Further optimization and integration
studies are still keep going to unlock the full performance capabilities of this molecular

system in upcoming research.
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6.2.4 Summary and Future works

Building upon this established baseline, our research extended into
perovskite/organic tandem solar cell (PO-TSC) architectures by incorporating a newly
developed CFs-functionalized non-fullerene acceptor, YCF3-BF, into the organic
photovoltaic (OPV) subcell. Optimized PO-TSC devices demonstrated a notable power
conversion efficiency (PCE) of 25.24%, outperforming conventional Y6-based
configurations. To further address limitations related to current density, we synthesized a
novel molecule, YCF3-NF, characterized by an extended m-conjugation structure, red-
shifted absorption spectra, and advantageous energy alignment. While full integration of
Y CF3-NF into complete devices remains ongoing, preliminary results indicate significant
promise. This study underscores the critical role of synergistic interface engineering,
innovative molecular design, and meticulous process optimization in advancing tandem
solar cell technology. Additionally, our findings provide foundational insights for future
research endeavors into triple-junction and large-area solar devices.

Regarding future commercialization prospects for perovskite solar cells, PO-TSCs
continue to represent a strategically valuable research direction. Structurally, the wide-
bandgap (WBG) perovskite top subcell efficiently absorbs high-energy photons,
converting them into electricity, while residual photons pass through an interconnecting
layer to be absorbed by the OPV bottom subcell. This design not only optimizes photon
utilization but also protects the OPV subcell from potential photodamage. Compared with
all-perovskite tandem solar cells, PO-TSCs offer several advantages, notably improved
device stability by substituting the Pb-Sn NBG perovskite component with an OPV
subcell. Furthermore, integrating an OPV subcell enhances the feasibility of fabricating

flexible devices, broadening future application opportunities in semiconductors.
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Nevertheless, PO-TSC efficiency currently lags behind that of all-perovskite

configurations, primarily due to lower OPV subcell performance and phase separation

issues in the WBG perovskite top subcell. To tackle these challenges, I provided four

strategically designed projects aimed at elevating PO-TSC performance. These projects

target enhancing the open-circuit voltage (Voc) of the OPV subcell, designing infrared-

responsive OPVs to boost current density, reducing Voc losses in the WBG perovskite

subcell, and significantly improving the overall device stability by stabilizing the WBG

perovskite subcell. Through these targeted strategies, we anticipate narrowing the

performance and stability gaps between PO-TSCs and all-perovskite tandem solar cells,

thus advancing the potential for their commercial application.

6.2.5 Tables and Figures

Table 6.4 Device performance of perovskite and OPV single junction and PO-TSCs.

Voc (V) Jsc (mA/cm?) FF (%) PCE (%)

(AVG) (AVG) (AVG) (AVG)

Perovskite SJ 1.362 15.36 85.11 17.56
(1.352) (14.44) (83.48) (16.28)

OPV S) 0.841 26.59 78.48 17.13
[PM6:YCF3-BF:L8BO]  (0.838) (25.10) (75.10) (16.43)

PO-TSCs 2.114 13.37 81.74 23.04
[PM6:Y6:L8BO] (2.106) (13.32) (81.42) (22.83)

PO-TSCs 2.197 14.21 83.00 25.24
[PM6:YCF3-BF:L8BO]  (2.171) (13.44) (81.05) (23.65)

Table 6.5 The summarized results of UV-vis absorption and CV measurement.

A Imax Aﬂlmmax A onste Egopt EHOMOCV ELUMOCV EgCV

[nm] [nm] [nm] [eV] [eV] [eV] [eV]

YCF3-BF 748 833 915 1.35 -5.64 -4.00 1.64

YCF3-NF 781 862 951 1.30 -5.48 -4.00 1.48
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Fig. 6.14 The device architecture of (a) all-perovskite tandem solar cells and (b)

perovskite/organic tandem solar cells (PO-TSCs)
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Fig. 6.15 NFA chemical structures and their optoelectronic and thermal properties. (a)

Chemical structures of the benchmark NFA Y6 and the CFs-functionalized series YnCF3

(n=1, 2, 3). (b) Normalized UV—vis absorption spectra of Y6 and YnCF3s measured in

chloroform solution (dashed lines) and as thin films (solid lines). (¢) Energy level diagram

illustrating the HOMO and LUMO positions of Y6 and YnCF3s as determined by cyclic

voltammetry (CV).[2%
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» Project 1-High Voc POPV Tandem » Project 2 - IR OPV Design

Target : Improve POPV tandem by high Voc OPV subcell Target : Replace Pb-Sn perovskite subcell by OPV subcell
Strategy : We design novel Y-series acceptors to improve * OPVsubcell has similar band edge with Pb-Sn PVSK
the Voc of OPV subcell : ->By blending NIR small molecules
—>All-polymer solar cell
Strategy :

1. Design NIR small molecules
2. All-polymer solar cell baseline establishment

> Project 3-WBG PVSK Voc loss : » Project 4 - Stability of POPV Tandem
Target : Improve POPV tandem by high Voc PVSK subcell Target : Improve the stability of WBG PVSK

*  PVSKwith higher bandgap = WBG PVSK has high Br content
—>Voc loss is a main problem —>Phase segregation problem is very serious
Strategy :

Strategy :
Molecule screening for passivation or additive method

Additive method is being used to regulate the crystallization
process of PVSK

Fig. 6.21 Four potential research directions for future development of PO-TSCs.
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