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ABSTRACT

Exploration of Optoelectronic Properties in Lead

Halide Perovskites

Seonhong Min
Department of Chemistry
Graduate School of

Sungshin Women’s University

Three—dimensional (3D) and two—dimensional (2D) lead halide
perovskites have been considered as a promising material for light—
emitting diodes and photovoltaics due to its tunable optoelectronic
properties such as band gap, absorption or emission wavelength,
charge carrier recombination dynamics, etc,. These properties can be
finely—tunned to modulate the nanocrystals size, halide ion

composition and surface ligands. First, we have investigated Pb—X



bonding strength (more ionic Pb—Cl versus more covalent Pb—1) in
lead octahedral [PbXs]* and their impact on growth kinetics in 3D bulk
nanocrystals. We determined the activation energies for growth
kinetic in CsPbX3 (X = Cl, and I) nanocrystals; 92 kJ/mol for CsPbCls

and 71 kJ/mol for CsPbls.

Second, we have elucidated the halide ion migration activation energy
in 2D lead halide perovskites. Binding mode of spacer ligand in 2D
structures generated by multi— or mono— dentate nature of ligand
affects the rigidity of lead halide frameworks which is associated with
halide vacancy formation and halide stability. Halide ion migration
kinetic in RP phase and DJ phase of 2D lead halide perovskites is
elucidated by temperature— and thickness— dependent spectroscopic
measurements. We determined the activation energies for halide ion
migration kinetic in 2D perovskites with different binding mode of
spacer; 50.9kJ/mol for Ruddlesden—Popper (RP) vs and 60.8kJ/mol

for Dion—Jacobson (DJ) phase, respectively.

In summary, understanding such growth mechanism related with
chemical bonding of Pb—X and structure characteristic of 2D lead

halide perovskites provides strategies for synthesis of dimensionally —



tunable perovskites across 3D—2D for optoelectronic application in

light—emitting diodes or photovoltaics.
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CHAPTER I

Introduction

Dimensionally Tunable 3D—2D Lead Halide Perovskite

Three—dimensional (3D) lead halide nanocrystals have general formula of
ABX3 structures, where A cation is [eg.,, Cs'(cesium), FA"
(formamidinium), and MA® (methylammonium)] located the center of
[PbXs]?™ octahedra frameworks connected by corner—sharing * (Figure

[.2). These Lead halide perovskites are extensively investigated as a

3D 2D 1D
Molecular Level Dimension Reduction

CsPbBry (CHgNH;),(FA)Pb,Br; (DL-HLys)5(Pb,Br,)3H,0
Morphology Level Dimension Reduction

s SR

CsPbBr; nanocube CsPbBr, nanoplate CsPbBr; nanowire

Figure I.1. Dimensional reduction at the (A) molecular and (B) morphological level.

Reprinted with permission form ref %. Copyright © 2021 American Chemical Society



promising candidate in the field of optoelectronics for light—emitting
diodes (LEDs), photovoltaics, photodetector, and X-ray scintillating
imaging.!™ These lead halide perovskites are facile to control for their
dimensionality across three—dimension (3D) to zero—dimension (0D) at
the molecular level. Tunable optoelectronics properties can provide a
degree of freedom to modulate bandgap, charge carrier lifetime,
photoluminescence (PL) quantum yield, and halide stability®® (Figure 1.1).
By dimensionality and halide composition engineering, we can further tune

optoelectronic properties of perovskites to achieve perovskites LEDs with

@ ~ G5 NHCHNH,, CHNH:

@ e

@ Xx:CBrl

Figure 1.2. Crystal structure of lead halide perovskites.

Anion-based spectral tunability o |B
°
o C

oo 0 00
o 00 Sq 00 o
oo Po po 00
98 00 gg Bd 00 R
Purple NIR
cl CUBr | g BA_,,

Dimensionality engineering

NIR

Figure 1.3. Schematic representation of spectral tunability in lead halide perovskites by
anion and dimensionality engineering. Reprinted with permission form ref 8, Copyright

Light Sci App/10, 61 (2021)



color pure and full—color emission covering color gamut of National

Television System Committee (NTSC) standard CIE diagram?’. (Figure 1.3)

Importantly, the lead halide perovskites compared to other semiconductor
are defect—tolerant materials’. Figure 1.4 shows the electronic structure
of MAPDI3 including its intrinsic defect. In lead halide perovskites, the
defect energy level which is produced by halide vacancies or dangling bond
are generated nearby or inside the band edges. These shallow defects
leading to low nonradiative recombination rates can influence the device

performance and stability. %*°

Defect intolerant Defect tolerant

Pb(6p)

[ ———
.

/ ‘deep ! shallow /
states / states ;

bonding

Figure 1.4. Electronic structure of typical III-V, II-VI, or group IV semiconductors (left)

compared to the lead halide perovskite crystal structure (right). Reprinted with

permission form ref 9. Copyright © 2017 American Chemical Society.



Generally, 2D lead halide perovskite can be classified into 1)
Ruddlesden—Popper (RP) phase (L2A,-1PbuX3,+1) and ii) Dion—Jacobson
(DJ) phase (LA,-1Pbu.X3n,+1) where in L is spacer ligands; monodentate

spacer cation (e.g., butylammonium, phenethylammonium, etc.) for RP

A Ruddlesden-Popper B Dion-Jacobson
b (RP)phase (DJ) phase

a N\

c

Figure [.5. Crystal structure of two—dimensional lead halide perovskites; (A)
Ruddlesden—Popper phase and (B) Dion—Jacobson phase. Reprinted with permission

from ref 6 . Copyright © 2021 American Chemical Society.

phase and bidentate spacer cation (e.g., butane—1,4-diamine, 1,4—
phenylenedimethanammoium, etc.) for DJ phase; A is a monovalent cation;
(e.g., Cs+, MA+ and FA+, etc.); and X is halide (Cl, Br and )°. (Figure I .5)
By introducing the organic spacer cation into the octahedra frameworks of

3D perovskites, two—dimensional (2D) sheets are generated with different



layer number (n2) as illustrated in Figure 1.5. The inserted large organic
cations (L; spacer ligand) into the 3D perovskites [PbXgl?™ inorganic
sheets give rise to dielectric mismatch between inorganic well (barrier)

and organic well which can be called quantum well (QW) 1112,

This quantum well structure provides not only quantum confinement effect
but also dielectric confinement effect as compared to 3D lead halide
perovskites. In particular, the dielectric confinement effect is governed by
the layer number in 2D perovskites due to the decreasing of dielectric
constant (&) with increasing the thickness of the inorganic sheets so in
the 3D perovskites (bulk) this effect is entirely disappeared?®. The

research fields of 2D metal halide perovskites rapidly grow in the last few

Spacer cation

3D (bulk) perovskites

Quantum and dielectric confinement
Figure 1.6. Illustrations of 2D perovskites generation by introducing the spacer organic
cation into the 3D perovskites and quantum and dielectric confinement effect created by

quantum well structure.



years rather than 3D perovskites since, by modulating the QW structure
(n value of 2D perovskites), the bandgap and carrier recombination
dynamics can be fine—tuned for achieving the Pb—based optoelectronic

device with better performance stability.”'"!*

Generally, 2D lead halide perovskite can be classified into 1)
Ruddlesden—Popper (RP) phase (LsA,-1Pb,X3n+1) and ii) Dion—Jacobson
(DJ) phase (LA,-1PbuX3n.+1) where in L is spacer ligands; monodentate
spacer cation (e.g., butylammonium, phenethylammonium, etc.) for RP
phase and bidentate spacer cation (e.g., butane—1,4—diamine, 1,4-
phenylenedimethanammoium, etc.) for DJ phase; A is a monovalent cation;

(e.g., Cs+, MA+ and FA+, etc.); and X is halide (Cl, Br and ). (Figure I .6)

Kinetics of Perovskite Nanocrystals Crystallization and Ostwald Ripening
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Figure L.7. (A) Lamer plot model and (B) Schematic of hot—injection method for

synthesis of CsPbBr3 perovskite nanocrystals. (A) is reprinted with permission from

refl5. Copyright © 2015 American Chemical Society.



Generally, growth of nanocrystals including the perovskite nanocrystals
can be understood as illustrated in Lamer plot!® Figure I.7A). For
synthesis the homogeneous nanocrystals, the concentration of the
precursor and reactant reach the supersaturation instantly for rapidly
inducing the nucleation. Especially, in the Pb—based optoelectronic devices,
nonhomogeneous perovskite nanocrystals which induce the randomicity of
optoelectronic properties give rise to poor device performance '%'7, If
there is rapid nucleation and additional nucleation is suppressed

simultaneously, final nanocrystals will be obtained with maintaining size

uniformity with the same grow pathway.

Hot—injection method is generally used for synthesis of colloidal
perovskite nanocrystals'®!? (Figure I.7B). With this method the burst
nucleation can be achieved by controlling the precursor reactivity with
adjusting the temperature parameter. Lead halide (PbXs) salt is dissolved
with surface—passivating ligands containing long hydrocarbon chains at the
elevated temperatures. When heating the solution over the precursor
decomposition temperature or injecting the precursor solution at higher
temperature, as shown in nucleation step in Lamer plot model
(Figure I .7A), the monomer concentration rapidly rise above the

nucleation threshold (; supersaturation). After the nucleation process is



completed due to the consumption of precursors or abrupt decrease the
reaction temperature, the monomer concentration level drops below the
threshold of nucleation and crystal growth process starts. Especially, the
perovskite nanocrystals size is controlled by regulating the organic ligand
ratio, chain length of ligand and the precursor injection temperature 2°-22,
Thus, corresponding optical band gap energy can be tuned by controlling

such parameters.?!?3,

Nanocrystals growth mechanism is also elucidated by Ostwald ripening
process which is gradual transition for the larger nanocrystal with small
surface area. The driving force of this natural phenomenon is difference
of surface energy between a small crystal (large surface area) and a large

) ?*. There are several factors that affect

crystal (small surface area
Ostwald ripening including concentration gradient, temperature, reaction
time and so on. For instant, higher temperatures increase the solubility of
the crystals, so smaller crystals dissolve more easily than larger ones,
resulting in the growth of larger crystals at the expense of smaller crystals
2426 Similarly, in film casted perovskite nanocrystals from colloidal
solution, annealing time or temperature of films are considered as the

factor affecting the Ostwald ripening ?2. Understanding, therefore, growth

mechanisms in terms of Ostwald ripening and the factors is important to



optimize nanocrystals growth process for producing the device with high—

quality nanocrystals.

Halide Ion Migration in Lead Halide Perovskites.

Halide ion migration is governed by two processes: diffusion and ion

27

exchange reaction Generally, vacancy or interstitial diffusion

mechanisms carry out the ion migration in lead halide perovskites lattice

Vacancy-mediated

@ ion migration

Figure 1.8. Schematic of halide ion migration and mixed halide migration in 1[PbX6]4—

octahedral framework mediated by vacancy. Reprinted with permission from ref?®.

Copyright © 2021 American Chemical Society

(Figure I .8)?"%%, The X—site halide ion of the lattice has lowest activation
energy due to the facile vacancy—assisted diffusion, whereas the lead
cation is located at the center of octahedral lattice [PbXs]?™, creating a

significant energy barrier that suppresses the ion migration 27%%. A—site



cation 1s occupied large volume within lead halide perovskites lattice.
Consequently, for this large cation to migrate, it must overcome the four
adjacent halide ions, involving a higher activation energy than that required
for the halide ions. Defects in lead halide perovskites also has great impact
on ion diffusion ?®. For its low formation energy including interstitial and
vacancy of A—site, Pb and halide site, the defects lower the activation
energy of diffusion which enable halide ions to access facile pathway for

inter diffusion 272,

Halide ion exchange reaction, for example in ABX3 perovskite nanocrystals,

is followed by the chemical equation (1) %7,

ABX; + X'~ > ABX,X'""+ X'~ -+ - ABXS (1)

When the new halide ion (X7) diffuse into the parent ABX3 nanocrystals,
the counterpart X ion is extracted. The halide exchange can be conducted

by liquid phase process and solid phase process (figure 1.1).

Post—synthetic halide exchange method i1s widely used in liquid phase
process ***!. In this method, the halide source is directly loaded into the
parent CsPbXs nanocrystals for fast halide exchanges. The metal halide

salts: lead halide (PbXy2), zinc halide (ZnXy), etc., are dissolved in organic

ligand solvent: oleic acid, oleyl ammine, etc., as a halide source ?’. This is

10



one of the simple methods to adjusting the halide ratio for fine tuning the
band gap, achieving full color emissive mixed halide perovskite

213031 However, in the solid phase

nanocrystals in visible spectral region
exchange process, the halide ion diffuses across the interface of the films.
The solid state of lead halide perovskites (2D or 3D) films with different
halide composition are synthesized by thin film deposition method and then
the films are physically paired for halide ion migration at the surface "%,
In the lead halide perovskite films with specific thickness, the halide
exchange procedure consists of three steps: first, the halide 1on is

extracted and diffuse to the interface of the films; second, the halide

exchange at the surface; third, the halide ion diffuses inside the film 2.

11



CHAPTER II

How Chemical Bonding Impacts Halide Perovskite
Nanocrystals Growth to Bulk Films: Implication of Pb—X Bond

on Growth Kineics *

II.1 INTRODUCTION

Lead halide perovskites nanocrystals with the chemical formula of APbX3
(A = methylammonium (MA), formamidinium (FA), and cesium (Cs); X =

Cl, Br, and I) have emerged as a leading candidate in the various field of

applications including photovoltaics3?33, light—emitting didoes343¢,

photodetector?-®, and X-ray scintillators*®4'. Such perovskite

nanocrystals exhibit fascinating optoelectronic properties such as tunable
bandgap, high absorption cross—section, narrow emission, long carrier
diffusion length, and high photoluminescent quantum yield.*“ Given their

favorable optical and electronic properties, significant research effort has

been made thus far toward understanding and controlling the growth of

* Reprinted with permission from “How chemical bonding impacts Halide Perovskites Nanocrystals
to Bulk Films: Implication of Pb—X Bond on Growth Kinetics” by S. Min, H. Choe, S. Hyun Jung, J.
Cho ChemPhysChem. 2023, 24, e202300202. (© 2023 Wiley—VCH GmbH. All rights reserved.
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such perovskite nanocrystals to achieve more desirable properties.*4 Of
particular interest in perovskite nanocrystals is the bandgap tunability that
can be readily accomplished by varying either size or composition of
nanocrystals.*49-51 As such, controlling the size of halide perovskite
nanocrystals and understanding the correlation between size and

optoelectronic property remains an important issue since it 1s directly

linked to the performances and stability of perovskite photovoltaics and
optoelectronic devices.* For instance, Kim et al reported that CsPbBrs
nanocrystals beyond the quantum confinement regime (and exciton Bohr
diameter) exhibit the high photoluminescent quantum yield and

stability.>?** Also, Kamat et al thoroughly investigated the growth of

CsPbBr3 nanocrystals to bulk films.>®>* In—situ tracking of the

spectroscopic features such as emission and absorption allows for
understanding the size—dependent nanocrystal growth mechanism.>>>° [t
has been revealed that control over the grain size and grain boundaries,
mostly acting as carrier recombination sites, influence the excited state
dynamics involving different charge carrier separation or recombination

kinetics within nanocrystals that also directly affects the efficiency of

perovskite—based devices.60-64
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As a result of ionic bonding characteristics and soft lattices of halide
perovskites, fast nucleation and concurrent growth make it difficult to
study the growth mechanism of halide perovskite nanocrystals that is

strikingly different from more covalent solid nanocrystals such as CdSe

and InP nanocrystals.?>#% Recently, Akkerman et al have reported that

using trioctylphosphine oxide (TOPO), serving as a complexation agent
with a monomer, indeed allows for a slower release of Pb monomer, thus

enabling to separate nucleation and growth events of CsPbBrs

nanocrystals.®> With a longer time scale up to 30 minutes, in—situ tracking

of spectral features of nanocrystals can allows for elucidating the
nucleation and growth mechanism of CsPbBrj3 nanocrystals. One of the
important questions to be answered is how the chemical bonding in CsPbX3
(ionicity or covalency governed by the type of halide ions that are directly

bound to Pb?" metals by forming [PbXsl*™ octahedral frameworks)

influence the growth kinetics of nanocrystals, transforming to bulk films.>*

> Throughout such transformation, we can indeed obtain a better

understanding of size— and surface—defect— dependent changes in the
optoelectronic properties of lead halide perovskites. In this study, we have,
thus, investigated the growth kinetics using entire series of analogue lead

halide nanocrystals including CsPbCls (more ionic), CsPbBrs

14



(intermediate), and CsPbls (more covalent) with different chemical
bonding motifs but these all are derived from the same parent of CsPbBrs
through halide ion exchanges. Upon subjecting to thermal treatment of
nanocrystal films, lead halide perovskite nanocrystals grow, transforming
into bulk films. Different growth kinetics governed by the type of halide
ions provide a significant insight into the important role of chemical
bonding in lead halide perovskites, also playing a critical role in controlling
the growth of perovskite nanocrystals to induce more desired
optoelectronic properties depending upon photovoltaic (fast dissociation

of carriers) or light—emitting applications (fast recombination of carriers)

that is also strongly size dependent.®
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II.2ZEXPERIMENTAL

Materials

Lead chloride (PbCle, 99%, Alfa Aesar), Lead bromide (PbBrs, 98+ %, Alfa
Aesar), Lead iodide (Pbls, 98.5%, Alfa Aesar), cesium carbonate (Cs2COs3,
99%, Alfa Aesar), oleic acid (OA, technical grade 90%, Sigma Aldrich),
oleylamine (OLAm, technical grade 70%, Sigma Aldrich), 1—octadecene
(ODE, 90%, Sigma Aldrich), Hexanes (96%, Samchun Chemicals), Glass
substrate (Plain—type, 90° , ScilLab). All chemicals were used as received

without additional purification.

Synthesis of CsPbBr3 Nanocrysyals.

The preparation of CsPbBrj3 nanocrystals follows the previously reported
method with a hot injection. "?~®! First, cesium oleate (Cs—OA) precursor
solution was prepared by mixing 0.3693 g of Cs2CO3 (1.13 mmol) with 3.4
mL of OA (10.7 mmol) and 3.6 mL of ODE in the 50 ml three—neck rock
bottom flask. The reaction mixture was further heated at 150 °C. Second,
for the synthesis of CsPbBr3 nanocrystals, 0.828 g of PbBrq (2.26 mmol),
6mL of OA (18.88 mmol), 6 mL of OLAm (19.05 mmol), and 10 mL of ODE
were placed in the 50mL of three neck round bottom flaks. The reaction

flask containing mixtures was degassed at 100 °C for 30 min and put under

16



vacuum. Next, reaction temperature of the flask is ramping to 170 °C under
a Nq flow and 4 mL of as—prepared Cs—0OA was swiftly injected. After 10
seconds of reaction, the flask was immediately quenched with an ice water
bath. To purify the obtained nanocrystals, the reaction products was
centrifuged at 4000 rpm for 10 min and then the precipitates was collected
after discarding the supernatant. The precipitates were resuspended to

make a colloidal stable dispersion in hexanes.

Halide Exchange Reactions.

Halide exchange reaction using the as—synthesized parent CsPbBrs was
performed by adapting a previously reported method %7, Briefly, halide
source stock solutions 0.375 M for Cl (0.188 M for I) were prepared
separately by dissolving 0.628 g of PbCl. (0.52 g of Pbls) with 1.5 mL of
oleic acid, 1.5 mL of oleylamine, and 3 mL of ODE in 20 mL of vial,
respectively. Halide stock solution was then heated at using temperature—
controlled hot plate under vigorous stirring to entirely dissolve the solids.
Next, systematically controlled volume of the halide stock solution was
added to parent CsPbBrs solution in hexanes to yield halide—exchanged
nanocrystals of CsPb(Bri-:Clys (x = 0—1) and I-rich CsPb(Bri-,1,)3 (¥

= 0—1). The final halide compositions such as x and y can be determined

17



by using Vegard’ s law. The samples were spun down by centrifuging at

4000 rpm for 10 min.

Annealing Experiments Using Nanocrystals Thin Films.

A thin film on glass substrates was prepared by following the methods
reported in the previous literature precedence °**?. Before deposition of
nanocrystals on glasses to make thin films, 1 inch x 1 inch glass substrates
were firstly prepared by cutting the microscope slide glass which were
further cleaned by sonicating in an ethanol bath for 10 min. The substrates
were then treated with ozone cleaner for 10 min to remove organic
residues. The perovskite nanocrystals (through directly synthesized via
hot injection or post—synthetically prepared via halide exchange) were
deposited on the glass substrates by spin—casting at 4000 rpm for 5 s and
5000 rpm for 30 s. Briefly, annealing experiments were conducted by
placing the as—prepared 1 inch x 1 inch nanocrystal thins films (Cl and I)
on a temperature—controlled hot plates in the temperature range of 110—
200 °C. The films were thermally annealed with the desired time and taken
periodically for spectroscopic measurements. The completion of annealing

was visually seen with color changes of the films.
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Characterizations.

Absorption.

UV—Vis absorption spectra were taken using a Varian Cary 60
spectrophotometer in the wavelength of 350—700 nm for CsPbXs
nanocrystals dispersed in hexanes and nanocrystal films deposited on
glass substrates. The difference absorption spectra were plotted by
subtracting the absorption spectrum taken at initial time (at O min or O sec)
from the absorption spectra taken at longer time. The spectrum of O min

(or O sec) serves as a reference for difference absorbance spectra.

Photoluminescence (PL).

Photoluminescence measurements were performed using JASCO FP-—
8550 spectrofluorometer in the wavelength of 380—=750 nm for CsPbX3
nanocrystals dispersed in hexanes (for solution) and nanocrystal films (for
solid) deposited on glass substrates. Excitation wavelength of 365 nm was
chosen with a 0.5 nm of scan step size, a 0.1 sec dwell time, and a slit

width of 10 nm for both excitation and emission measurements.
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Powder X—ray diffraction (XRD).

Powder X—ray diffraction (XRD) measurements were carried out using a
Bruker D8 Focus X—ray Powder Diffractometer with a Cu K« radiation

source (A = 1.5406 A) in the 260 range from 10—50°.

Scanning and Transmission Electron Microscope.

Field emission scanning electron microscope (SEM) measurements were
made using a JEOL Ltd. JSM—7500F operated at an accelerating voltage
of 10 kV. The transmission electron microscopy (TEM) images were taken

using a JEM—2100F (HR) (JEOL LTD) at an operating voltage at 200 kV.

Analysis of Grain Size

From X-—ray diffraction patterns, Scherer equation is used to determine
the grain size along (200) crystallographic planes for the annealed films.
The broadening (or sharpening) of the diffraction peak is referred to the

grain size (equation 1).

r =KA/ 8 cosd (D)

where 7 isthe average crystallographic grain (domain) size; Kis a shape
factor (0.9 is sued here); A is the wavelength of X—ray beam; /4 is the

line broadening (full width at the half maximum) in radians; and & is the

20



Bragg angle.

Tauc Plot Analysis for Bandgap determination.

The absorption spectra were converted to 7auc plots using the equation
of (¢hy)? versus hy. The straight line was extrapolated from the
curvature onto X—axis to estimate the bandgap energy (Eg) of the
perovskites as a function of halides. Bandgap of pure CsPbBr3; nanocrystals
1s 2.41 eV whereas the those of fully exchanged chloride and iodide are
2.91 and 1.82 eV, respectively. Halide compositions were determined
based upon the estimated bandgap of the mixed halide perovskites in the
range of x and y for CsPb(Bri-;Cly) 3 (x =0—1) and I-rich CsPb(Bri-,I,)s

(y=0-1), following the Vegard’ s law (equations 4—5).

Bandgap (eV) of the CsPb(Br1-,Clys= (1—-x) X2.41 + xxX2.9 (4)

Bandgap (eV) of the CsPb(Bri—,I,)s = (1—y) X2.41 + yx1.8 (5)
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II.3 RESULTS AND DISCUSSION

Post—synthetic Halide Ion Exchanges in CsPbX3s Nanocrystals.
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Figure II.1. (A) Absorption and (B) Normalized PL emission spectra for Cl—exchanged
CsPb(Bri1-xClx)s (x =0—1) and I—exchanged CsPb(Bri-yly)s (» = 0—1) nanocrystals
prepared through halide ion exchanges using the same parent CsPbBr3 nanocrystals
(a—1). (C) Tauc plots of panel A and (D) corresponding bandgap determined from panel
C for entire series of CsPbXs nanocrystals shown in panel A. (E—G) Transmission

electron microscope images for CsPbCl3(E), CsPbBrs (F), and CsPblz (G). Average
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To elucidate the effect of the chemical bonding of Pb—X (determined by
the degree of ionicity and covalency of halide ions) on growth kinetics of
CsPbXj3 (X=Cl, Br, and I) nanocrystals, we have adopted a post—synthetic

anion exchange to obtain the same size of nanocrystals with different

halides.®”® Halide ion exchanges were performed using the same parent

CsPbBrs nanocrystals to prepare homologous series of CsPbXs
nanocrystals with the same size by adding other halide sources (PbCl; or
Pbls). Post—synthetic ion exchanges enable to preserve the original
crystal structure and size of parents yet only alter the anion sublattice and
composition spanning from Cl to Br and to I, which enables to rule out any

size dependent properties (i.e. surface energy) that probably affect growth

kinetics of nanocrystals . The parent CsPbBrs (green—emitting) and

mixed halide perovskites including CsPb(Bri-«Clds (x =0—1; blue—
emitting) and I—rich CsPb(Bri-yI,)3 (3 = 0—1; red—emitting) nanocrystals
are stabilized, respectively. Figures II.1A,B display the corresponding
absorption and emission features of CsPbX3 nanocrystals. The band—edge
absorption (and emission maxima) peaks are controlled in the entire
visible spectral range of 410—640 nm (and 420—660 nm). As seen from
color changes as a function of varying the halide composition, the band—

edge absorption was continuously shifted from 490 nm (for parent
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CsPbBr3) to 405 nm (for CsPbCls) and to 660 nm (for CsPbls),
respectively. Simultaneously, the emission features were also shifted from
505 nm (CsPbBr3) to 420 nm (for CsPbCls) and to 660 nm (for CsPbls),
respectively. Digital photographs taken under ambient room light (left) and
UV excitation (right) vividly describes the coloration of lead halide
perovskite nanocrystals as a function of halide compositions (Figures
II.1A,B). As the halide composition changes, corresponding bandgap also
alters continuously since the valence bands position of perovskite
nanocrystals are primarily dictated by halide np orbitals (3p for Cl, 4p for
Br, and 5p for I) whereas the conduction band edge does not change
significantly owing to isoenergetic Pb 6p orbitals *°. The bandgap of the
lead halide perovskites can be readily determined from Tauc plot analysis
as depicted in Figure II.1C. Corresponding bandgap of the lead halide
perovskites shown in Figure II.1D indicates that the bandgap of CsPbXs
nanocrystals is varied as a function of the halide compositions of
CsPb(Br1-«Cly) 3 (x =0—1) and CsPb(Bri-yIy)s (» = 0—1 ). As the halide
composition changes from parent Br to Cl in the range of x = 0—1 (Br —
CD and to I in the range of y = 0—1 (Br — 1), respectively, the bandgap
of the lead halide perovskites changes in the range of 1.8—2.9 eV
continuously, following the Vegard’ s law. Transmission electron

microscope (TEM) images for CsPbCls (x = 1), CsPbBrj3 (parents), and
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CsPbls (y =1) nanocrystals, respectively, revealed that there were no
significant changes in the size of nanocrystals during the anion exchange
reactions (Figures II.1E—G and Figure A.1AB). All of the CsPbXs3
nanocrystals retained their original size with an average diameter of ~7—
8 nm regardless of the halide compositions. A small deviation in size
distribution is mainly derived from the size distribution of as—synthesized
nanocrystals. This is in line with previous reports that soft anionic lattices

of the lead octahedral enable the topochemical transformation without

altering the unit cell and lattices 79,
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Growth Kinetics of CsPbX3 Nanocrysyals.
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Figure II.2. (A) Digital photographs taken under laboratory light (top) and 365 nm UV

lamp (bottom) for CsPbCls nanocrystals annealed at 130 °C for different annealing time

(0=70 min). (B,C) Transmission electron microscope images taken for O min sample

(B) and scanning electron microscope image taken for 70 min sample (C). (D) X-ray

diffraction patterns for CsPbCls nanocrystal films annealed from 0—70 min. (E) Size

evolution of average crystallite size of CsPbCls and CsPbls nanocrystal films upon

annealing determined by counting 50 particles from SEM images as shown in Figures

(S3 and S5). Monoexponential fits were used to determine the kinetic rate constant of

growth of CsPbCl3 and CsPbls shown in panel E.
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Using the perovskite nanocrystals with different halide compositions, we
have further prepared CsPbXs nanocrystal films through spin—coating on
the glass substrates performed at 5000 rpm for 30 seconds. Figure A.2A
shows as—prepared nanocrystal thin films of CsPbCls, CsPbBrs, and CsPbls,
respectively, without changes in band—edge absorption and emission
features between colloidal nanocrystals and films with nanocrystals
deposited on the glass substrate (Figures A.2B,C). Digital photographs of
such films taken under UV excitation of 365 nm confirm the bright
luminescence from each nanocrystal film as a result of quantum
confinement effects despite the deposition on the substrates (Figure
A.2A). When the nanocrystal thin films were thermally treated with a

temperature—controlled hot plate, the growth of CsPbX3 nanocrystals into

bulk films can be seen ***”. As a representative example, Figure II.2

displays the digital photographs of CsPbCl3 nanocrystal films that were
annealed at 130 °C for different annealing times of O—70 mins under
laboratory light (top) and 365 nm UV lamp (bottom). The disappearance
of blue emission upon increasing annealing times (> 5 min) reflects that
nanocrystals transformed into larger crystallites beyond the quantum
confinement regime, in which exciton can be readily dissociated into free

charge carriers (or electrons and holes), preferring to undergo
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nonradiative recombination. Scanning electron microscope (SEM) images
directly provide evidence of growths that initial CsPbCls nanocrystals with
a size of 7.2%20.8 nm (for O min) evolved into larger crystallite with a size
of 60.9%9.1 nm (for 70 min), as displayed in Figures II.2B—C and Figures
A.3A—F (Supporting Information). X—ray diffraction (XRD) patterns for
the films corresponding to a panel of Figure 2A were taken (Figure I1.2D).
XRD pattern obtained at O mins shows the orthorhombic crystal structure
of CsPbCls with strong reflection peaks at 15.5 ° and 31.7° that are
assigned to (100) and (200) crystallographic planes. As evidenced by the
digital photographs and microscope images, the reflection peaks became
sharper with increasing annealing times, indicative of the growth of
nanocrystals. Using the Scherrer equation (see the details in the
Experimental section of the Supporting Information), the average
crystallite size (or domain size) along (200) planes gradually increased
from ~8 nm (for O min) to 32 nm (for 70 min) with the thermal treatment
(Figure A.4A). We have also repeated the annealing experiment with
CsPbls nanocrystal films for SEM and XRD measurements (Figures A.4B
and A.5A—F), following similar growth mechanism like CsPbCls films but
different growth kinetics (Figure II.2E). Such growth is based upon Oswald
ripening mechanism: the larger crystallites prefer to grow into larger with

an expense of small nanocrystals, consistent with earlier reports with
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CsPbBrs nanocrystals.>”" This process is thermodynamically preferable,

driven by the difference in surface free energies between larger and
smaller nanocrystals. The lower surface free energy of larger crystallites

1s thermodynamically more stable, thus preferring to grow larger by

scarifying the smaller particles with a higher surface free energy.’?73
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Figure II.3. (A,B) Absorption spectra acquired for the CsPbCls (A) and CsPblz (B)

nanocrystal thin films annealed at 130

°C for different annealing

©

time.

Corresponding bandgap changes determined from Tauc plots for CsPbCls and CsPbls.

(D,E) Difference absorption spectra of panel A,B for the CsPbCls (D) and CsPbls (E)

nanocrystal thin films. (F) Kinetic traces and monoexponential fits for CsPbCls and

CsPbls nanocrystal by tracking the bulk peak at 440 nm (for CsPbCls) and 650 nm (for

CsPbl3). The photo shown in panels A,B is a pair of nanocrystal thin films under 365 nm

UV excitation.
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During the Oswald ripening, the chemical bonding of Pb—X and surface free
energy might play a critical role in growth kinetics. When the changes in
the average crystallite size (determined from SEM images) were fitted
using a monoexponential function, it was revealed that the growth of
CsPblIs (k: 0.0011 sec™) is approximately two times faster than that of

CsPbCls (k: 0.0006 sec™b).

To further investigate the growth kinetics of such nanocrystal films, we
have recorded the absorption of the nanocrystal films of CsPbCls and
CsPbls, respectively, during the course of different annealing times

(Figures I1.3A,B). Band—edge absorption of nanocrystals shifted to longer

wavelength for CsPbCls (405 — 440 nm; 3A)™ and CsPblz3 (630 —

655nm; 3B), respectively. Corresponding bandgap changes when
nanocrystals are converted to bulks are seen in Figure I1.3C as determined
from Tauc plot analysis (Figures A.6A,B). These changes in spectroscopic
absorption peak provide the size—dependent bandgap of nanocrystals. The
size of nanocrystals increased whereas the bandgap decreased upon
increasing annealing times, mirroring the previous observations from SEM
and XRD measurements. Apparently, the increased portion of scattering
observed from 500—700 nm (for CsPbCl3) and 700—800 nm (for CsPbl3)

indirectly provide an evidence of increased size of crystallographic grains
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for both films, in line with observation from SEM (Figures I1.2B,C).”>7¢ The

changes in the absorption during the growth of nanocrystals can be more
apparently visualized through taking difference absorption (JA) spectra
that are further obtained by subtracting the initial spectrum at O sec
(serving as a reference) from the absorption spectrum taken at longer
times (& O sec). Figures II.3D,E shows A4A spectra corresponding to
CsPbCls (3D) and CsPbls (3E) nanocrystal films, respectively. As the
nanocrystals transformed to larger crystallites, absorption peaks
corresponding to bulk features of each lead halide perovskites (at 440 nm
for CsPbCls and at 670 nm for CsPbl3) have appeared as a function of
increasing the annealing time. By tracking such changes in these bulk
peaks shown from the difference absorptions A4 A, growth kinetics of bulk
crystals can be extracted. Figure II.3F shows the bulk growth kinetic
traces and fitting obtained from JA spectra with a rate constant for
growth to bulk films of 0.0011 sec™ ! (for CsPbl3) and 0.0007 sec™! (for
CsPbCls), respectively. In terms of completion of growth to bulk from
nanocrystals, it takes around 4000—6000s for CsPbCls and 1500—-2000 s
for CsPbls, respectively. From microscopic and spectroscopic

observations, it was concluded that the growth of more covalent
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nanocrystals of CsPbls is faster than that of more ionic CsPbCl;

nanocrystals.

How Pb—X Bonds Affect Growth Kinetics.
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Figure I1I.4. (A,B) Changes in difference absorption spectra of nanocrystal films by
tracking the bulk peak at 440nm (for CsPbCl3s; A) and 650 nm (for CsPbls; B) during the
course of annealing at different temperatures (110—200 °C). (C) Arrhenius plot of In (k)
versus inverse temperature (1/T) obtained from the kinetic fitting of panels A,B.
Monoexponential fits were used for determination of rate constant (k) as shown in
panels A,B. For the relative comparison of activation energy between different CsPbXa3
nanocrystals, the literature values corresponding to the activation energy of 75 kJ/mol
for CsPbBrs nanocrystals are plotted together in panel C, based upon the previous

report.55

To further understand the effect of chemical bonding of Pb—X on growth
kinetics and activation energies, we have repeated the annealing
experiments shown in Figures 3 (performed at 130 °C) at various
annealing temperatures ranging from 110—200 °C. It has been clearly

established that the temperature —dependent growth behaviors of CsPbBrjs
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nanocrystals following the Arrhenius relationship.®® In this study, we have

focused on growth of two different characteristic nanocrystals at the end
(more ionic CsPbCl3 versus more covalent CsPbls). Figures I1.4A,B exhibit
the kinetics traces and monoexponential fittings of two different
nanocrystal films as seen from difference absorption spectra by tracking
the bulk peaks at 440 nm for CsPbCls (Figure II.4A) and at 650 nm for
CsPbls, respectively (Figure 11.4B). Figures A.7A—F (for CsPbCls) and
A.8A—F (for CsPbls) of the Supporting Information shows the absorption
and corresponding difference absorption spectra recorded at different
annealing times for CsPbCls (150, 180, and 200 °C) and CsPbls (110, 150,
and 180 °C), respectively. It is worth mentioning that annealing of the
CsPbCls nanocrystals films at 110 °C takes 8000—10000 s for completion
of growth and kinetic traces was significantly deviated from the
monoexponential fitting (Figure A.9A—C of the Supporting Information).
This is probably cooling of the nanocrystal films in air during the
measurements that might be more critical when annealed at lower
temperature. The kinetic traces can be further fitted using a
monoexponential function, and corresponding rate constant (k) can be

obtained at the different temperatures. By plotting the natural log of rate
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constant (In(k)) versus inverse temperature (1/T), Arrhenius relationship

as described in the following equation (1) can be established
In (k) = —f?—j +1In (4) (1)

where k is the rate constant; E, is growth activation energy; A is the
preexponential factor; and T is the absolute temperature using Kelvin
scale (K). Temperature—dependent rate constant reflects the growth rate
get faster upon increasing the annealing temperatures, inducing faster
transformation of nanocrystals into bulk for both CsPbCls and CsPbls
nanocrystals, following the same growth mechanism. However, two
different characteristic nanocrystals of CsPbCls (more ionic) and CsPbls
(more covalent) with different bonding energy showed different growth
kinetics. From the linear relationship between In(k) and inverse
temperature (1/T), the activation energy for growth of nanocrystals into

bulk films were estimated to be 92.8 £ 3.7 kJ/mol (for CsPbCl3) and 71.6
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* 1.6 kJ/mol (for CsPbl3z), respectively. When monitoring the wavelength
changes during the course of annealing at different temperatures, similar
activation energy for CsPbCls (87.8 £ 5.0 kJ/mol) and CsPbls (74.8 £
1.6 kJ/mol) films can be also estimated (Figure A.10A—C of the Supporting

Information).
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Figure I1.5. (A,B) Changes in photoluminescence spectra throughout the sintering of the
nanocrystal films of CsPbCl3 (A) and CsPbls (B), respectively, treated at 130 °C. (C,D)
Corresponding photoluminescence decay curve and Kkinetic fittings for nanocrystal
films of CsPbCls (C) and CsPbls (D), respectively, upon annealing at 130 °C. The kinetic
fitting parameters and details are summarized in Table S1 of Supporting Information.

Instrument response function (IRF) was obtained using hexanes alone.
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To further understand the charge carrier recombination during the course
of annealing of the nanocrystal films while the nanocrystals converted to
bulk crystallites, we have recorded the photoluminescence (PL) changes
over CsPbCls and CsPbls nanocrystal films as a function of annealing times
(Figures II.5A,B). The maximum PL intensities of both nanocrystal films
decreased upon annealing the films, reflecting that the size of crystallites
grow upon annealing. As the size increased, the quantum confinements of
larger crystallites became weaker which in turn diminish the PL intensity
owing mainly to the reduced radiative recombination of charge carriers;
carrier recombination dynamics will be examined in PL decay
measurements later (vide infra). It is worth mentioning that it takes 2400
sec for CsPbCls and 720 sec for CsPbls films that the PL intensity was
almost quenched upon thermal treatment as a result of increased
crystallite sizes (Figures II.5A,B), suggesting that the growth kinetics of
CsPbls is much faster than that of CsPbCl3, consistent with previous SEM

and absorption data (Figures I1.2— I1.4).

Then we have measured the PL decay for both films using time —correlated
single photon counting (TCSPC) to elucidate the charge carrier
recombination dynamics within different size of crystallites (Figures 5C,D).

Corresponding PL decay kinetic traces can be fitted using biexponential
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functions including a faster component and a slower component (equations

2) and average carrier lifetime can be further calculated (equation 3)

I =1I,+ Ajexp (—%) + A, exp (—é) (2)
_ Agti+ApTs
Tavg - A1T1+A2T2 (3)

where A1 is a weighted amplitute of the faster component; 71 1is a lifetime
of the faster component; Az is a weighted amplitute of the slower
component; 7o is a lifetime of the slower component; and 7 ave 1S an

average carrier lifetime.

Both films commonly show the similar growth behavior that upon annealing
the films, the average carrier recombination lifetime reduced from 2.5—
1.2 ns (for CsPbClz) and from 23.7—0.17 ns (for CsPbls) at the end of
annealing as a result of loss of surface passivating ligands when subjected
to the thermal treatment at 130 °C (Figures II.5C,D). These results reflect
that the increased portion of A1 components with significantly reduced
1 prefer a faster carrier recombination in the earlier stage. Interestingly,
during the initial stage of the annealing for both CsPbCl3 films (for 600 sec)
and CsPbls films (for 60 sec), the average carrier lifetime somewhat

elongated from 2.5—6.7 ns (for CsPbCls) and from 23.7—26.5 ns (for
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CsPbls), respectively, reflecting that the growth of nanocrystals into bit
larger crystallites facilitates the dissociation of exciton (tightly bound one)
into charge carriers (free electron and hole) upon annealing of films with
a longer—lived carrier lifetime. The increased size of crystallite size with
improved surface defect states favors retarded carrier recombination in
the excited states. However, after growing above the certain limit of
crystallites (around 20 nm), the average carrier lifetime started to decline,

in consistent with the earlier reports, due mainly to loss of surface capping

ligands along with increased surface defect states %°. It is also worth

mentioning that stronger surface interaction between surface passivating
ligands of oleylammonium (acting as a hard acid) and Cl~ (acting as a hard
base) in CsPbCls nanocrystals can somewhat retard the growth kinetics of
nanocrystals during the sintering while the weaker acid—base interaction
with I” (acting as a soft base) of CsPbls nanocrystals gives rise to a faster
growth due to the faster loss of ligands throughout the annealing process.
Hence, in the case of CsPbl; films, we have seen the similar changes at
even earlier stage owing to the faster growth of CsPbls nanocrystals into

larger particles.
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Correlation of Halide Ionicity and Growth Kinetics.
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Figure I1.6. (A) Activation energy of growth of nanocrystal to bulk films. The activation
energy for CsPbBr3 is based on the previous report.’® (B) average electronegativity and
difference in electronegativity between Pb and X (X = Cl, Br, I). (C) Van Arkel-Ketelaar
triangle with Pauling electronegativity scale (blue: ionic, red: covalent, and yellow:
metallic). The electronegativity used in this study is based upon Pauling

electronegativity scale.

Previously, we have seen the decrease in the activation energy from more
ionic CsPbCls (93 kJ/mol) to more covalent CsPbls (72 kJ/mol) as a
function of decreasing the degree of ionicity of halides. Overall, the
activation energy decreased in the order of CsPbCls (93 kJ/mol) > CsPbBr3
(75kJ/mol) > CsPblz (72 kJ/mol). Such trend in activation energies
indicates that the degree of ionicity and covalency that directly links to the
bond energy of Pb—X in lead octahedral [PbXsl?™ affects the Oswald
ripening growth kinetics (Figure II.6A). The growth and evolution of

nanocrystals to bulk films is indeed mediated through the kinetic diffusion
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of Cs[PbX3] monomers that are concurrently generated and released when

smaller nanocrystals are dissolved back into solid solution during the

Oswald ripening processes #8677 In other word, the higher surface free

energy of smaller nanocrystals tends to dissolve back to produce
monomeric species that in turn help to use for making and transforming
into bulk crystals. The surface free energy (how thermodynamically stable
or unstable) of nanocrystals in turn affects the monomer formation and
corresponding growth kinetics of nanocrystals. From the perspective of
Pb—X bonding, as the halide changes from more electronegative Cl to less
electronegative I (electronegativity: Cl: 3.16 > Br:2.96 > I: 2.66), bonding
motifs changes from ionic to covalent along with fixed central metal
(Pb:1.87) of [PbXsl*  octahedral frameworks (Figure II.6B). Based on
average and difference of electronegativity between Pb and X, the bonding
characteristics can be determined in Van Arkel-Ketelaar triangle (Figure
I11.6C), indicating that Pb—Cl is more ionic whereas Pb—I is more covalent

than intermediate Pb—Br bond.
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Figure I1.7. Schematic illustration of transformative growth of nanocrystals to bulk films

with atomistic picture based upon Pb—X chemical bonding.

Figure II.7 illustrates the growth kinetics of two different nanocrystals of
CsPbCls and CsPbls. More covalent Pb—I bonds with a less bonding energy
of Pb—X exhibit a faster growth as compared to more ionic counterpart of
Pb—ClI with the increased bonding energy in Pb—X. This is mainly ascribed
to different ionic bonding energies that is derived from different
electronegative of halides in lead octahedral frameworks [PbXs]*™ that is
basic unit of perovskite lattices. Such ionic bond energy increased with the
greater difference between cation (Pb) and anion (X = Cl, Br, and I). The
Pb—X bond dissociation energy (kJ/mol) is also reported in the order of

Pb—Cl (240) > Pb—Br (200) > Pb—1I (150), consistent with the order of
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electronegativity of halides (Figures II.6A,B) #°. These reflect that Pb—Cl

shows the strongest bonding energy among three Pb—X bonds due to
increased portion of ionicity in the chemical bonding of Pb—X. Furthermore,
thermodynamic parameters such as lattice enthalpy, surface energy, and
interaction with surface passivating ligands (hard—soft acid—base
interaction) influenced by different halides (Cl versus 1) plays a critical
role in growth of nanocrystals as well. During the process of dissolution of
nanocrystal and monomer formation, higher lattices enthalpy (or smaller
surface free energy) for more ionic solids as compared to less ionic
counterparts makes them thermodynamically stable due to the stronger
electrostatic interactions of cation and anion even at the surfaces. The

observation of faster growth of CsPbls as compared to CsPbCls
nanocrystals is also in line with the trend in halide ion migration.?%4¢ By
comparing the halide ion migration and resulting phase segregation for

Cl/Br versus Br/I, more rigid framework with Cl shows the slower halide

lon segregation owing to increased Pb—X bond strength and higher

activation energy of segregation 4978,
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I1.4 CONCLUSION

In summary, size—dependent optoelectronic properties (emission
wavelength, bandgap, quantum yield, carrier diffusion length, and carrier
recombination kinetics) and control over these properties remain an
important in both field of photovoltaics and optoelectronic devices so as to
achieve more desired optoelectronic properties. By tracking the
transformative changes from nanocrystals to bulk films, we can understand
the growth kinetics and mechanism of nanocrystals transforming to bulk
crystallites. Chemical bonding of Pb—X mainly determined by the type of
halide ions (and electronegativity of X) affected the growth kinetics of
nanocrystals. The temperature—dependent study provides a fundamental
understanding of the growth kinetics and activation energy of nanocrystals.
Future studies are ongoing to elucidate the charge carrier dynamics with
different crystal size and halide composition of perovskite nanocrystals to

fully exploit such optoelectronic properties with fewer defect densities.
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CHAPTER III

Halide Ion Mobility in Paired 2D Halide Perovskites:

Ruddlesden Popper Versus Dion—Jacobson Phases®

III.1 INTRODUCTION

Two—dimensional (2D) metal halide perovskites with a reduced
dimensionality compared to traditional three—dimensional (3D)
perovskites have emerged as a promising candidate in the field of

optoelectronics for photovoltaics, light—emitting diodes (LEDs),
photodetector, and X—ray scintillating imaging 8-, These 2D lead halide
perovskites are categorized into (i) RP phase (L2A,-1Pb,Xs,+1), (i) DJ

(LA,-1Pb,X3,+1), and (iii) alternating cation interface (ACI), wherein L

represents a spacer ligand; A is monovalent cation (A" = MA (CH3NHs3),

FA (HC(NH32)3), Cs); and X is halide (X~ = CI, Br, 1).999 The increased

complexity in 2D structure through modulating the layer thickness (),

“ Reprinted with permission from “Halide Ion Mobility in Paired 2D Perovskites: Ruddlesden—Popper
Versus Dion—Jacobson” by S. Min, J. Cho Advanced Optical Mater. 2024, 12, 2302516. © 2024 Wiley—
VCH GmbH. All rights reserved.
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type of spacer ligand (L), binding mode (RP, DJ, and ACI), etc, allows for
providing a rich, expanded design palette for controlling optoelectronic
properties including bandgap, photoluminescence (PL) quantum vyield,
charge carrier lifetime, and halide stability. In particular, the coordination
bonding nature of intercalated spacer ligands (L) (although do not directly

affect the optoelectronic properties) can play a critical role in maintaining

the stability of the 2D halide perovskites 101-109,

Importantly, a distinctive feature of lead halide perovskites is centered at
a bandgap tunability tuned by halide compositions 71015 T'unable bandgap
1s essentially required for optimizing the light—harvesting properties in
photovoltaics and light—emitting properties in LEDs. Halide ion (or even

spacer cation) exchange across the colloidal perovskite nanocrystals, films,

and bulk solids, thus, represents a convenient means for modulating the
bandgap 99816119 However, facile halide ion migration through soft
perovskite lattices to form mixed halides gives rise to halide ion instability

(or halide segregation) inversely.9113120-124  Hgjlide ion exchange is an

entropically—driven process, and the exchange takes place until the final

composition reaches the chemical equilibrium of halide composition

throughout the system 7125128 Therefore, recently, many research efforts
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have been made toward suppressing the halide ion migration for stabilizing

the perovskite lattices 9112127129130

Halide ion mixing in low dimensional perovskites as compared to 3D
perovskites remains underexplored owing to more stabilized perovskite

lattices aided by intercalated spacer ligands %132 The 2D perovskite

structures resemble quantum well structures wherein the reduced

dimensionality and the spacer ligands can bring about additional

stabilization against moisture, heat, and external stimulus. Recently, Kamat

and colleagues have investigated the important role of spacer ligands in

stabilizing the 2D perovskites by mixing and segregating 2D perovskites

with different spacer cations of linear BA and aromatic PEA.®7100118133

Indeed, the intercalated ligands can serve as a halide migration barrier,

and the aromatic spacer ligands are more effective than linear ones in

terms of maintaining the stability of halides.9”18134135 By tracking in—situ

and ex—situ spectroscopic changes, a comprehensive understanding of the

kinetics of halide ion migration and resulting stability across 2D vs 3D

metal halide perovskites can be gained 97100118133

In this study, we have further elucidated the important role of binding mode

determined by the coordinating nature of spacer ligands in 2D perovskites:
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monodentate (BA) with RP versus bidentate (BDA) with DJ perovskites.
We examined the important role of spacer ligands (BA vs BDA) as well as
their binding mode (RP vs DJ) in maintaining the halide ion stability given
halide mixing potential. Such difference in 2D crystallographic structures
indeed brings about different degrees of halide ion mixing kinetics across
the interface of the physically —paired 2D bromide and iodide perovskite
films. This study provides a significant insight into the stability of halide
perovskites and the design principle for achieving more stable low—

dimensional perovskite optoelectronics.
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II1.2 EXPERIMENTAL

Materials.

n-butylammonium bromide (BABr, Greatcell Solar), n—butylammonium
iodide (BAI, Greatcell Solar), butane—1,4—diammonium bromide
((BDA)Brg, Greatcell Solar), butane—1,4—diammonium iodide ((BDA)Ig,
Greatcell Solar), methylammonium bromide (MABr, Greatcell Solar),
methylammonium iodide (MAI, Greatcell Solar), lead bromide (PbBrs,
99.998% metal basis, Alfa Aesar), lead iodide (Pbls, 99.9985% metal basis,
Alfa Aesar), N,N—dimethylformamide (DMF, anhydrous 99.8%, Sigma—
Aldrich), dimethyl sulfoxide (DMSO, anhydrous = 99.9%, Sigma-—
Aldrich), fluorine —doped tin oxide conducting glass with 6~9 2/sq (FTO).

All chemicals were used as received without additional purification.

Preparation of 2D Precursor Solutions.

It is important to note that the preparation of 2D bromide and iodide
precursor solutions were entirely identical except for the halide
precursors used. For preparation of Ruddlesden—Popper perovskites (n =
1), 0.3 mmol of BABr (or BAI) and 0.15 mmol of PbBrs (or Pbls) was first
dissolved in 1 mL containing 4:1 volumetric ratio of DMF:DMSO. For

preparation of Dion—Jacobson perovskites (7= 1), 0.15mmol of (BDA)Br»
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(or (BDA)I» and 0.15mmol of PbBro (or Pbls) was dissolved in 1 mL
containing 4:1 volumetric ratio of DMF:DMSO. All precursor solutions

were stirred at ambient temperature in No—filled glovebox overnight.

Synthesis of 2D Perovskite Films.

Initially, FTO—coated glasses (2.5 cm x 2.5 cm) were cleaned with soapy
water, followed by ultrasonication in mixed ethanol and deionized water
for 15 min. Then, FTO substrates were treated with UV ozone for 20 min
for surface activation. The substrates were immediately transferred to a
No—filled glovebox for deposition of 2D perovskite films through spin—
coating processes. A 30 gL of as—prepared RP (or DJ) precursor
solutions was dropped on to the FTO film and subsequently spin—coated
at 4000rpm for 25 sec. After 5 sec, 0.5 mL of chlorobenzene (acting as
antisolvent) was rapidly injected into the FTO glass to induce the
crystallization of 2D perovskite films. Then the perovskite films were

transferred to pre—heated hot plate with 100 °C for 5 min.

Halide Ion Mixing with Paired 2D Perovskites Films.

The 2D lead bromide and iodide films were physically paired by clamping
together with binder clips and transferred to a pre—heated hot plate with

different heating temperatures (25—140 °C). To directly heat the

49



physically —paired films, aluminum plates were placed on top and bottom
of the paired perovskite films. The clamped films were periodically
checked during halide ion mixing process by measuring UV —vis absorption
spectra. Noting that halide ion mixing experiments were conducted in
ambient air condition if not stated since the halide mixing kinetics can be

influenced by atmospheric condition (N3 or air).

Preparation and Halide Ion Mixing with Paired Quasi—2D (n = 10) and 3D

(n = bulk) Perovskite Films.

Quasi—2D and 3D bromide and iodide perovskite films were also prepared
to test halide ion exchanges. For 3D perovskite preparation, 0.6 mmol of
MABr (or MAID) and 0.6mmol of PbBry (or Pblz) were dissolved in 1 mL of
4:1 volumetric ratio of DMF:DMSO mixture. Other process for synthesis
of 3D films were identical with those of 2D films described earlier. To
prepare quasi—2D perovskites (7 = 10), as—prepared 3D perovskite
solution and 2D perovskites solution were stoichiometrically mixed to
yield (BA)2MA4-1PbnXan+1 for RP and (BDA)MA,-1PbsX3n+1 for DJ. In the
case of n = 10, the ratio between as—prepared 3D perovskite (MA, Pb,
and X) and 2D perovskite (containing spacer, Pb, and X) is 9:1 regardless
of the binding mode according to following equations 1,2. Overall, the 180

#L of 0.6 M Pb (3D precursor solution) and 80 «L of 0.15 M Pb (2D
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precursor) perovskites solutions were homogeneously mixed at room
temperature by stirring over 2—3 hr. Quasi—2D perovskites films were
also synthesized following the same procedure as described in 2D and 3D

perovskites (annealing at 100 °C for 5 min).

In the case of n = 10 (quasi—2D)
9MAPbX3 + (BA) 2PbX4 -> (BA) 2MA9Pb1oX31 (X = BI‘, D (equation 1)

9MAPDBX3 + (BDA)PbXy » (BDA)MAGPb10X31 (X =Br, ) (equation 2)

Characterizations.

Steady State Absorption Measurements.

Absorption spectra were recorded using a Varian Cary 60 spectrometer in
the wavelength of 350—800nm with a scan rate 4800 nm/min for 2D lead
halide perovskites films. The difference absorption (JA) spectra were
acquired by subtracting the absorption spectrum at zero time (O min;
serving as a reference) from the absorption spectra collected at longer

time

Photoluminescence (PL).

Photoluminescence measurements were made using JASCO FP—8550
spectrofluorometer in the wavelength of 380—600 nm for the perovskites

films. Excitation wavelength was set to be 365 nm with a 0.5 nm of scan
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step size, a 0.1 sec of dwell time, and a slit width of 10 nm for emission

measurements.

Scanning Electron Microscopes (SEM).

Field emission scanning electron microscope (SEM) images were taken
using a JEOL Ltd. JISM—7500F operated at an accelerating voltage of 10
kV. Top—down view and cross—section SEM images were collected using

the 2D samples.

Powder X—ray diffraction (XRD)

Powder X—ray diffraction (XRD) measurements were performed using a

Bruker D8 Focus X—ray Powder Diffractometer with a Cu K¢ radiation

source (A = 1.5406 A) in the 26 range from 5—45°.

Determination of Bandgap in the Mixed Halides.

Tauc plots were obtained by converting the absorption spectra with the
equation of (ahv)? versus hy for the directly—allowed transitions
materials. The straight line was extrapolated onto x—axis to determine the
bandgap (E.). Halide ion compositions in the mixed halide were further
analyzed in consideration of the bandgap of pure bromide and iodide

perovskites, respectively, that is also determined from the 7auc plots. A
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simple Vegard' s law with a linear interpolation is used to determine the

halide composition in the mixed halide perovskites.

53



III.3 RESULTS AND DISCUSSION

Mixed Halide Stability in 2D RP and DJ Perovskites under Ambient

Condition.

The 2D perovskite films with bromide and iodide with RP and DJ phases,
respectively, are prepared through a spin—casting process, following
previously reported methods (details on the preparation are found in the
Supporting Information).%6 In this study, a similar chain length of C4
(butane) ligands is used: monodentate spacer ligand of BA with a length of

5.0 A for yielding RP versus bidentate spacer ligand of BDA with a length

of 6.2 A for stabilizing DJ phase, respectively (Figure II.1A,B).

Hereinafter, we denote the (BA):PbBrs to be BA(Br), (BA):Pbls to be
BA(D), (BDA)PbBrs to be BDA(Br), and (BDA)Pbly to be BDA(D),

respectively, throughout the entire manuscript for simplicity.

To access the halide ion stability (or mobility) in 2D RP and DJ perovskites,
we have paired two different halide perovskite films and annealed them at

various reaction temperatures (25—140 °C) 917125 FRigures II.1C,D

contrasts the absorption spectra changes over time (for 2880 mins) for

the paired 2D bromide and iodides films: denoted as paired BA (Br) | BA(I)
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with RP phase versus BDA(Br) | BDA(I) with DJ phase, respectively.
Insets of Figure MI.1C,D displayed physically —clamped Br and I films,
respectively, left at room temperature (RT). Before pairing, initial 2D films
are characterized with a pronounced band—edge absorption peak around
400 nm (BABr)), 510 nm (BA()), 390 nm (BDA(Br)), and 492 nm
(BDA()), respectively. Interestingly, 2D DJ perovskites show a little bit
of increased bandgap (~ 0.1—0.2 eV) as compared to 2D RP perovskites

with the same halide compositions. This is associated with the change in

the degree of dielectric confinement with different spacer ligands . To

understand halide composition—dependent bandgap changes, we also
directly synthesized BA— and BDA—based perovskites films with mixed
halides by initially weighing out different halide compositions of Br:il =
100:0, 75:25, 50:50, 25:27, and 0:100, respectively. Absorption spectra
of these films were recorded using a FTO and a glass substrate,
respectively (Figures A.11A—-D). Noting that absorbance in the range of
450—550 nm on a FTO substrate is owing to FTO artifacts, which is not
shown in the sample on a glass. Absorption spectra of a FTO and a glass
along with baseline correction are shown in (Figure A.11EF).
Corresponding PL emission spectra for those films with different halide

compositions were recorded (Figures A.11G,H). Notably, BA—based
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perovskite films show distinctive PL emission as a function of halide

composition whereas BDA—based perovskite films show very weak PL

Ruddlsden-Popper (RP) Dion-Jacobson (DJ)

50A 6.2A
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b“tle“Z“'“e | butane-1,4-diamine
NIV (84) (8DA)
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Figure III.1. (A,B) Crystallographic structures of 2D perovskites: (A)
Ruddlesden—Popper perovskites using butylamine (BA) and (B) Dion—
Jacobson perovskites using butane—1,4—diamine. (C,D) Absorption spectra
changes recorded at room temperature (RT; 25 °C) for the physically paired
2D lead halide (X = Br, I) perovskite films with BA (RP) and BDA (DJ),
respectively, on a FTO substrate in air. (E) Absorbance changes over time by
tracking the absorbance at bromide peak (at 390—400 nm) and iodide peak (at
490—-520 nm) for the paired 2D lead bromide and lead iodide perovskites films,

respectively, as shown in panel 1C and 1D.
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emission except BDA (Br). This is probably associated with a high defect
density seen in BDA—based perovskites which can be shown in SEM and

XRD (vide infra).

Bandgap of 2D perovskites can be further determined by Tauc plots
(Figure A.12A—C), indicating that the bandgap shifted from 3.25—2.55 eV
(for BDA) and from 3.16—2.44 eV (for BA), respectively, as a function of
increasing iodide (or decreasing bromide) composition in the mixed halides
(Figure A.12C). Figure II.1E displays the change in the absorption
intensity changes over time by tracking the Br (390—400 nm) and I (500—
520 nm) peaks, respectively, for 2D paired perovskite films, shown in
panels of Figure IM.1C,D. Notably, absorption intensities of both BDA (X
= Br, I) were retained over time while these values decreased in both BA
(X = Br, I) perovskites. Hence, it is important to note that there is
significant halide ion mixing occurring in 2D BA—based perovskites (RP)
even at room temperature while the halide ion mixing is entirely
suppressed in BDA—based perovskites (Figure II.1E). These changes
can be seen more apparent in the difference absorption spectra (Figure
A.12A B). Given the halide mixing potential and halide concentration
gradient across the paired films, different halide compositions of 2D

perovskite films (Br and I) get mixed through the interface of 2D
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perovskite films (RP vs DJ).

Halide Ion Migration Kinetics in Paired 2D Perovskite Films.

To understand thermally—activated halide ion migration across the
interface of the 2D paired Br|I films, we have recorded absorption changes
at different temperatures ranging from 25—140 °C. As shown in the
absorption and PL emission spectra of Figure A11.A—D, each BA— and
BDA-based films (bromide and iodide), exhibited distinctive excitonic
features, respectively. Figure II.2A demonstrates a schematic illustration
of the paired BA(Br)|BA(I) films that is thermally heated using a

temperature—controlled hot plate in air. As a representative example,

Before _After 15- BA(Br)|BA(l) 10 BDA(Br)|BDA(I)
A rB ; i kY] B : C ’ —0min
| | ——120 min
3 . icisi o o 08
BA 2 1.04 g
BA(BI) A(Br) < € s
Tk 2 2
o RS r~ =
e 8 8 0.4
o 2 a ™
g 051 <
0.2
@120°C @120°C
0.0 r - - 7 0.0 - - - -
400 450 500 550 400 450 500 550
w 9o
- Wavelength(nm) Wavelength(nm)

Figure II1.2. (A) Schematic illustration (bottom) of thermal heating of paired 2D lead
bromide and iodide films on a FTO substrate using temperature —controlled hot plate
and digital photograph (top) of BA(D) and BA(Br) film before and after heating at 120
°C for 120 min in air. (B,C) Absorption spectra recoded at O min (before heating) and
after heating at 120 °C for 120 min: (B) 2D paired BA(Br)|BA(I) and (C) 2D

BDA (Br) IBDA(D films.
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Figures II.2B,C show the absorption changes recorded at a higher

temperature of 120 °C for these paired perovskite films.
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Figure II1.3. (A,B) Time—dependent absorption spectra recorded for the paired 2D RP
(BA; 3A) and DJ (BDA; 3B) films on a FTO substrate upon heating at 120 °C in air.
(C) Change in bandgap of each film. (D,E) Difference absorption spectra corresponding
to panel 3A and 3B, respectively. (F) Kinetic trace and fitting by tracking the band—
edge peak of BA(Br), BA(I), BDA(Br), and BDA(I), respectively, as shown in

difference absorption spectra during heating at 120 °C.

As seen from halide ion stability and mobility at room temperature, it is
noticeable that 2D BA-—based perovskites films show two different
absorption peaks almost merged after heating for 2 hr (Figure 2B)
whereas the 2D BDA —based perovskites films maintained the initial band—

edge absorption peaks even heating for same time (Figure 2C). It is also
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very important to note that halide ion migration kinetics can be somewhat

affected by an atmosphere condition (more specifically halide defect

concentration controlled by atmospheric gases).’® Noting that all of these

spectroscopic measurements for mixing were mainly conducted in ambient

air conditions unless otherwise stated.

To understand these effects, a control experiment for mixing was
performed in a controlled glove box filled with inert gas of N2 that will be
further discussed later (vide infra). Digital photographs taken for BA
perovskites before and after heating also attest that initial BA(Br) with
white and BA(I) with dark orange changed to the same color (both
greenish) upon mixing (Figure IM.2A). To observe time—dependent
absorption changes shown in Figures 2B,C, we have further recorded the
absorption changes for physically paired 2D perovskite films until halides
entirely get mixed at 120 °C. Figures 3A,B depict the time—dependent
absorption changes seen in such 2D BA (Br) | BA(I) and BDA (Br) | BDA (D)
films, respectively. By tracking time—dependent absorption peak shift
(corresponding to halide—dependent bandgap), it was able to understand
halide ion exchange kinetics across the 2D perovskite films (Figure II.3C).
Strikingly differently, mixing of BA perovskites requires 150 min for

completion whereas it takes 780 min for entire halide ion mixing in the
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BDA perovskites (Figures IM.3A,B). Figures A.14A,B show the digital
photograph of each film BA(Br), BA(I), BDABr), and BDA(I) before (0
min) and after entirely mixed, and corresponding identical PL emission
spectra for these fully mixed perovskite films. The PL emission spectra
from the mixed phase of 2D perovskites were identically each other, which
cannot be seen in PL emission spectrum of directly —synthesized Br:l =

50:50 films, exhibiting intrinsically segregated halide phases, in line with

previous report 3. (Figures A.14C,D and A.11G,H). This result suggests

that post—synthetic halide 1ion homogenization through the thermal
annealing provide an alternative route to access homogeneously mixed 2D
perovskites. To better visualize such spectroscopic changes, difference
absorption spectra were obtained by subtracting the absorption recorded
at a longer time from the absorption recorded at O min (Figures 3D,E). In
both 2D films (RP and DJ phase), the absorption peak intensity
corresponding to 380—400 nm (for Br) and 480—520 nm (for I) decreased
gradually, suggesting that parents Br and I are consumed to produce mixed

halides that can be expressed in equations (1—2).

(BA),PbBr, + (BA),Pbl, - (BA),Pb(Bryslys)s for RP phase (1)

(BDA)PbBr, + (BDA)PbI, — (BDA)Pb(Bryslys), for DJ phase — (2)
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The difference in halide composition (halide concentration gradient) in
these paired films drives the halide mixing due to entropic stabilization.
Figure A.15A,B depict the band—edge wavelength changes over time for
BA and BDA-—perovskites films, respectively. As a result of halide ion
mixing, the mixed halide peak with Br:I = 50:50 appeared around 440—
450 nm with different mixing timescales for BA and BDA-—based
perovskites (Figures IM3.A,B). The mixed halide peak emerging at 440—
450 nm is matched with the halide composition of Br:I = 50:50. (Figures
A.11A,B). The disappearance kinetics of parent 2D bromide films are
further tracked and fitted using a monoexponential function to understand
mixing kinetics (Figure IM.3F). A pseudo—first—order Kkinetic rate
constant (4¥) was obtained with 0.050—0.062 min~! (for BA(Br, 1)) and
0.0040—0.0063 min~'! (for BDABr, 1)) (Figure II.3F). Such huge
differences in kinetic rate constants between RP and DJ perovskites by an
order of magnitude imply that halide migrations are more facilitated in RP
perovskites than in DJ perovskites at given condition (same thermal

activation and same carbon chain length).
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Figure II1.4. (A,B) XRD patterns obtained before (0 min; A) and after mixing (fully

mixed; B) with BA(Br) and BA(I) on a glass substrate. (C) Crystallographic structure

of fully mixed BA perovskites (Br/I). (D,E)

(A,B) XRD patterns obtained before (0

min; D) and after mixing (fully mixed; E) with BDA (Br) and BDA(I) on glass substrate.

(F) Crystallographic structure of fully mixed BA perovskites (Br/I). Spacing by ligand

is calculated by subtracting the length of lead octahedral from the stacking distance.

To characterize the structural changes during the halide ion exchange, we

have measured XRD and SEM for 2D films before and after mixing,

respectively. Figures III.4A,B and A.16A,B demonstrate XRD patterns
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obtained on glass and FTO substrate, respectively, before (I.4A and

A.16A) and after mixing (IlI.4B and A.16B) for BA—based perovskites.

BA(Br) (0 min) BA(l) (0 min)

3 g o 115‘
i BDA(BT) (fu

Figure III.5. (A,B) XRD patterns obtained before (0 min; A) and after mixing (fully
mixed; B) with BA(Br) and BA(I) on a glass substrate. (C) Crystallographic structure
of fully mixed BA perovskites (Br/I). (D,E) (A,B) XRD patterns obtained before (0
min; D) and after mixing (fully mixed; E) with BDA (Br) and BDA (I) on glass substrate.
(F) Crystallographic structure of fully mixed BA perovskites (Br/I). Spacing by ligand

is calculated by subtracting the length of lead octahedral from the stacking distance.
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The 2D layer stacking in crystallographic structure with a periodical
repetition was determined based upon a periodicity in 2 theta angle along
(00) planes (Figure IM.4C). Initial periodicity for BA(Br) of 6.40° and
BA(I) of 6.35° homogenized to the intermediate value of 6.39°—6.37°,
mirroring the spectroscopic observations (Figure II.3A). When
converting 2 theta angle (°) to distance (nm), the interlayer spacing of
BA(Br) of 1.38 nm and BA(I) of 1.39 nm films was changed to an identical
length after entirely mixed (1.382—1.386 nm) (Figure A.17 and II.4C).
Similar phenomena were observed for BDA films during the halide ion
mixing (Figures I.4D,E and A.18A,B). Notably, XRD patterns collected
on both glass and FTO were distinctive with enhanced reflection peaks on

(111) and (222) instead of (00J)) reflections for DJ perovskites, consistent

with previous publications (Figure II.4F) 190 However, clear reflection

on (002) plane allows for a determination of interlayer spacing to be 0.99—
1.02 nm for BDA (Br) and BDA (I) that are changed to an identical number

of 1.005 nm for mixed halides (BDA (Br/I) (Figure A.19 and II.4F).

Figure IM.5A—-D and IM.5A’ —D’ shows SEM images of BA(Br), BA(D),
BDA (Br), and BDA(), before (bA—D) and after mixing (A" =D’ ),

respectively.
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Overall, each 2D films were characterized by 2D flakes owing to the
growth nature in a 2D manner. Despite thermal heating, there are no
significant morphological changes during halide ion migration and mixing.
If the halide ion migration occurs through the solid—state interface, the
halide migration kinetics are also determined by the Fickian second

diffusion laws (Figure II.3E and equation 3).

dc d?c
dt = dx? (3)

where C is the halide concentration; t is the time; D is the diffusion

coefficient, x is the diffusion distance.

As diffusion kinetics 1s dictated by concentration gradient as well as
diffusion distance, we have measured the cross—sectional SEM images for
each film (Figure Im.5F—1I and Figure A.20A—D) to determine the diffusion
pathlength. Cross—section SEM images can reveal the average thickness
of the film, corresponding to the halide ion migration pathlength, was
determined to be 122 £ 20 nm, respectively. Each thickness of 2D films
1s summarized in Figure A.20E. In this scenario, given the similar halide
concentration gradient and diffusion length, the halide diffusivity or
kinetics is more governed by the diffusion coefficient of materials that is

also strongly dependent on the binding mode.
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Figure I.3J illustrates the schematic demonstration for interfacial halide
ion migration and resulting mixing across the halide concentration gradient
of the paired 2D films. Taking into account the random orientation and
growth of the 2D flakes, overall halide ion mobility was governed by the
inherent crystal structures (DJ vs RP). Increased halide stability in DJ is
assoclated with increased rigidity in the frameworks that are maintained
by the bidentate binding of spacer ligand BDA. On the other hand, softer
frameworks comprised of monodentate BA with only van der Waals gap
give rise to facile lead octahedral distortion—induced halide vacancy
formation, which can induce the halide ion migration (well-known

vacancy—mediated halide migration), following Vacancy—mediated

diffusion coefficient (equation 4) ™.

D= fa%C,b (4)

where f is the jump correlation factor; a is the lattice parameter; C, is the

vacancy concentration; b is the atom jump frequency.
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Activation Energy for Halide Mixing in 2D Perovskites.
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Figure II1.6. (A,B) Kinetic trace and fitting obtained from difference absorption
spectra over 2D paired bromide and iodide films on a FTO substrate by tracking the
bromide peak at 390—400 nm for BA (A) and for BDA (B) recorded at various
reaction temperatures from 140—25°C in air. (C) Arrhenius plots validating In (k)
versus inverse temperature (1/T) relationship for these 2D perovskite films with
activation energy of halide mixing. (D,E) Absorption spectra changes recorded for
the paired quasi—2D bromide and iodide perovskite films (n = 10) with RP (BA:
4D) and DJ phase (BDA: 4E) upon heating at 80 °C. (F) Kinetic traces and fitting

obtained from the difference absorption spectra at 730 nm upon heating at 80 °C.

To gain a better understanding of the suppressed halide ion migration in
BDA (DJ) perovskites, we have further conducted temperature—
dependent studies for halide mixing at different reaction temperatures of

140, 95, 80, and 60 °C, respecitvely. Corresponding evolution of absorption
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and difference absorption spectra at given temperatures are depicted in
Figure A.21A—H (BA) and Figure A.22A—H (BDA), respectively. Figures
II.6A,B summarized the change seen in different absorption spectra by
tracking the Br peak (390—400 nm) of paired 2D films. With increasing
the reaction temperatures from 25—140 °C, it can be seen that the kinetic
rate constant (%) for mixing increased from 6.7 x 107° — 1.6 x 107% sec™!
(for BA) and from 8.3 x 107" — 7.9 x 107* sec”! (for BDA—based
perovskites). Given the same thermal activation, the rate constants for
mixing of DJ perovskite films is an order of magnitude lower than those of
RP perovskites. Diammonium cation can immobilize the 2D perovskite
layer by attaching the top and bottom of 2D sheets (Figures II.1A,B). By
fitting with pseudo—first—order kinetics, we can obtain the rate constant

at different temperatures and calculate the activation energy using the

Arrhenius equation (equation 5).

In (k) = —Ea/RT + In (A) (5)

where kis the rate constant; E. is the activation energy; R is the universal
gas constant; T is kelvin temperature; and A is the pre —exponential factor.
The calculated activation energy for halide mixing in 2D perovskites is
50.9 = 4.5 kJ/mol (for BA) and 60.8 * 3.3 kJ/mol (for BDA),

respectively (Figure II.6C). The increased activation energy (or energy

69



increment around 10 kJ/mol) for BDA is associated with the two—fold
increase in hydrogen bonding as a result of bidentate spacer ligands
employed in 2D perovskite crystal structures. The diamine group of space
ligands can interact with halide ions through hydrogen bonding, stabilizing
the perovskite lattices as described in Figures M.1A,B. Recently, we also
investigated the halide mixing across colloidal 2D RP perovskites using
only different spacer ligands of aromatic phenethylammonium (PEA) and
aliphatic BA. Halide ion mixing activation energy was reported to be 75.3
(PEA) and 57.8 kJ/mol (BA), respectively. The increased activation
energy for PEA—based perovskites even with the same binding mode of

RP is closely associated with the increased rigidity of frameworks as a

result of 7 — x interaction between aromatic ligands.¥ Similarly, a

binding mode within 2D perovskites dictates the chemical interaction
between the spacer ligand and inorganic sheet, affecting the halide ion
activation energy. Importantly, in the case of DJ perovskites with
increased defect densities (or halide vacancies) as seen from XRD and
SEM, intrinsic crystal structures comprised of bidentate amines can dictate

the overall halide ion migration kinetics (and stability).

It is also important to note that an atmospheric condition (which definitely

affects the defect concentration) plays a critical role in determining the
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halide ion diffusion kinetics. It has been well known that 3D halide
perovskites can indeed interact with oxygen molecules that can further
incorporate into crystal structures. Simultaneously, generated halide

vacancy concentration shows somewhat a linear correlation with a partial

oxygen pressure 8. As indicated in equation (4), the halide diffusion

coefficient is dictated by halide vacancy concentration (Cy). To understand
the role of oxygen in halide ion exchange in 2D perovskites, we have
conducted a control mixing experiment at 140 °C in a glove box entirely
filled with N2 (oxygen < 5—10 ppm). Figures A.23A—F exhibit the
absorption and difference absorption spectra recorded for paired BA—
based (S13A,C,E) and BDA—based bromide and iodide (S13B,D,F) films.
Noticeably, it takes much longer times for mixing in Ng condition as
compared to in air for both BA and BDA—based films (Figures A.23E,F).
The rate constant determined from kinetic fittings was 8.9 x 107% sec™
(BA) and 7.9 x 107* sec™! (BDA), respectively. Thus, we can conclude
that gas condition (such as air or N») also strongly influences the surface

passivation and defect formation, which ultimately governs halide ion

mixing kinetics that should be taken into account for halide stability.138142143

In addition to Og, infiltration of ambient water molecules into perovskite

lattices affects halide ion migration kinetics as well. Recent studies reveals
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that even with 2D perovskite layer protection on 3D perovskites, water
molecules can incorporate into the perovskite structures, inducing

structural degradations and disproportionation of initial 2D phase into

lower number 2D structures.™' We also have examined the substrate

effect on halide mixing at 80 °C as a representavie example using either a
FTO or a glass (control) as shown in Figures A.24A-F. There is no
significant difference in halide mixing kinetic rate constants (~107° sec™!

for BA and ~107% sec™! for BDA —based perovskites), suggesting that

halide ion mixing is rather governed by the binding mode.

Halide Mobility in Quasi—2D Perovskites.

To further probe our idea that DJ perovskites are more effective than RP
perovskites in stabilizing the halides, we have expanded to quasi—2D
perovskites (which are further compared with 3D perovskites). By pairing
the two different quasi—2D bromide and iodide films (with the same n =
10), we examined the halide ion stability given temperature (at 80 °C).
Figure A.25 shows UV —vis absorption spectra for 3D MAPbX3 (with 7 =
bulk) and quasi—2D perovskites films with 7 = 10 (X = Br, D) including BA
and BDA as spacers, respectively (details for the preparation of quasi—2D
are shown in the experimental section). Previous studies demonstrated

that thermally—induced halide ion migration was influenced by layer
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number (n2) of inorganic slab across 3D—2D perovskites. With reducing the

dimensionality of the perovskite layer, the activation energy of halide ion

migration increased.®®'® It has been known that halide ion migration is

more facilitated in 3D halide perovskites owing to interconnected [PbXg]*~
lead octahedral frameworks. Figures III.6D,E and Figures A.26 A—D show
the absorption changes of paired quasi—2D perovskites (with n = 10) and
3D perovskite films upon heating at 80 °C. Figure I.6F summarized such
changes in difference absorption spectra by monitoring at 730 nm for
quasi—2D BA (n = 10), quasi—2D BDA (n = 10), and 3D (2 = bulk).
Notably, the quasi—2D with DJ phase (4 0.0005 min~!) shows sluggish
halide migration than RP perovskites (& 0.0125 min™'). Considering the
halide ion migration is closely related to the halide vacancy formation (or
defect density) dominantly (equation 4), introducing the protective 2D
perovskites layers atop 3D perovskites or making quasi—2D perovskites
with DJ phases (bidentate ligands) provide better halide stability given
similar halide diffusion length, crystallinity, grain boundary, halide defect
density, and concentration gradient of mixing. In particular, bidentate
spacer ligands can provide two—fold increased hydrogen bonding with
halide ions as manifested in DJ phases, allowing for coordination on top

and bottom of inorganic lead octahedral layers, thus more stabilizing 2D
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perovskite lattices.
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I1I1.3 CONCLUSION

Halide ion mixing across physically —paired 2D perovskites with RP (BA)
and DJ (BDA) perovskites were examined to understand the halide ion
stability in different binding modes of 2D perovskites. The 2D layered
perovskites are known as more stable than 3D perovskites with increased
stability. However, given halide mixing potential, halide ion exchange
occurs even at room temperature with BA-—based perovskites.
Temperature— and layer thickness—dependent studies probe that the
mixing of halide anions in DJ (BDA) occurs at an order of magnitude slower
than that in RP (BA). The increased activation energy for halide mixing in
DJ perovskites as compared to RP perovskites is associated with the
multidentating nature of spacer ligands as well as increased hydrogen
bondings. Therefore, the binding mode of spacer ligands in 2D structure
governs the rigidity of lead octahedral framework, halide vacancy
formation, and halide stability (or mobility). Such understanding and
engineering the crystallographic structure of the 2D perovskites is
essentially required to achieve optoelectronic devices with better stability

and performance.
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IV. Dissertation Summary and Conclusions

Importantly, we have studied the structure—properties (optoelectronic
properties) correlation of lead halide perovskites across 3D) to two—

dimensional (2D) perovskite films using kinetic studies.

In Chapter I, we have investigated the effect of chemical bonding of Pb—
X in octahedral [PbXs]?™ dictated by the type of halide ions on CsPbXs
nanocrystals growth kinetics (transformation to bulk film). The activation
energy for growth of 3D lead halide nanocrystals obtained by
temperature—dependent study is 93kj/mol for CsPbCl3 and 72J/mol for
CsPbl3. This result indicated that ionic bonding of Pb—Cl leads the faster
transforming to bulk crystals compared to covalent bonding (less ionic

bonding) of Pb—1.

In Chapterlll, we have explored halide ion mobility (stability) in
Ruddlesden—Popper phase (RP) and Dion—Jacobson (DJ) phase of 2D lead
halide perovskites synthesized on film substrates. Temperature, and
thickness— dependent spectroscopic studies probe that halide (bromide
and iodide) ions migration kinetics is dictated by binding modes (RP vs
DJ): halide ions are facilely migrated and mixed in RP phase than DJ phase.
Each activation energy of RP and DJ phase obtained by temperature—

dependent study indicates the rigidity of [PbXs]*™ octahedral framework
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determined by binding mode of organic spacer cation. We can conclude the
bonding nature DJ phase with increasing hydrogen bondings are more

stable in terms of halide vacancy formation and ion migration.

In summary, through control of halide ion migration kinetics or growth
kinetics, we can control the size—dependent optoelectronic properties
such as bandgap, emission wavelength and charge carrier recombination
kinetic. Also, kinetic study of halide ion migration in 2D lead halide
perovskites with RP or DJ phase, is essentially required to understand the
halide ion stability in crystal structures. Such kinetic studies using 3D and
2D perovskites provide significant insight into engineering and designing
the lead halide perovskites nanocrystals synthesis with more desirable
optoelectronic properties and stability. Since the optoelectronic properties
of lead halide perovskites (band gap, emission wavelength and carrier
recombination dynamics ) depends on particle size, layer thickness, and
spacer ligand variation, consequently , this study provides strategies to
achieve lead halide perovskites based optoelectronic devices with better

performance and stability.
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APPENDIX A

SUPPLEMENTARY FIGURES AND TABLES

CsPbBr;

Figure A.1. TEM images for CsPbBr3 (A) and CsPbls nanocrystals (B).
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Figure A.2. (A) Digital photographs under laboratory light and UV lamp (365 nm),
(B) absorption spectra, and (C) emission spectra for CsPbCls, CsPbBrs, and

CsPbls nanocrystal films deposited on glass substrates, respectively.
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9008
{15 min)

Figure A.3. (A) Digital photograph under 365 nm UV excitation for CsPbCls film
annealed for 0 and 70 min. (B—F) SEM images for CsPbCl;s films annealed at 130

°C for different annealing time from 0, 15, 25, 40, 70 min, respectively.

80



w
(5.}

B Bulk films [—70win}
@ CsPbCl, |
50| ° CsPbh LJ\ )|
—— 40min
— ﬂ
E2s ﬁ i
"; ——15min
ks | |
e L L
] ——— 5min
g 15
W/A\__ S
10 § —_ Nanocrystals/\ —_ Omin
=g S
I\ Ji\
5 ;"J

0 10 20 30 40 50 60 70 1
Time (min)

20 30 40 50
2 theta (degree)

Figure A.4. (A) Grain size changes determined from the XRD patterns using
Scherrer equation for CsPbCls and CsPbls nanocrystal films annealed at 130 °C

for 70 min. (B) XRD pattern evolution during the course of annealing for CsPbl3

films annealed at 130 °C for 70 min.
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Figure A.5. (A) Digital photograph under 365 nm UV excitation for CsPbI3 film
annealed for O and 70 min. (B—F) SEM images for CsPbl3 films annealed at 130

oC for different annealing time from O, 15, 25, 40, 70 min, respectively.
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Figure A.6. (A,B) Tauc plots for CsPbCls (A) and CsPbls (B) nanocrystal films

annealed at 130 °C for different annealing times.
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Figure A.7. (A—C) Absorption spectra and (D—F) different absorption spectra
acquired for the CsPbCls nanocrystal films annealed at different temperature of
150 (A,D), 180 (B,E), and 200 °C (C,F) for different annealing time. The arrows

indicate the growth of bulk crystallites as marked by the peak at 440 nm.
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Figure A.8. (A—C) Absorption spectra and (D—F) different absorption spectra
acquired for the CsPbls nanocrystal films annealed at different temperature of 150
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indicate the growth of bulk crystallites as marked by the peak at 650 nm.
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Figure A.9. (A) Absorption spectra and (B) different absorption spectra acquired
for the CsPbCl3 nanocrystal films annealed at 110 °C for different annealing times.
(C) Corresponding kinetic traces over the annealing time as shown in the panel B

by tracking the bulk peak at 440 nm.
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Figure A.10. (A,B) Changes in the wavelength of nanocrystal films by tracking
the band—edge absorption peak for CsPbCls (A) and for CsPbls (B) during the
course of annealing at the different temperatures (110—200 °C). (C) Arrhenius
plot of In(k) versus inverse temperature (1/T) obtained from the kinetic fitting of

panels A,B. Monoexponential fits were used for detemination of rate contant k.
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CsPbCls films A1 11 (NS) Az 72 (NS) Tave (NS)

0 sec 0.97 0.14 0.03 4.99 2.5
60 sec 0.85 0.67 0.15 5.48 3.6
300 sec 0.85 1.71 0.15 8.28 4.7
600 sec 0.82 1.36 0.18 9.97 6.7
1500 sec 0.85 0.98 0.15 8.28 53
2400 sec 0.97 0.60 0.03 6.94 2.1
4200 sec 0.81 0.65 0.19 1.99 1.2
CsPbls films A1 71 (S) Az 12 (us) Tave "(us)
0 sec 0.60 1.19 0.39 25.3 23.7
60 sec 0.58 3.89 0.41 30.6 26.5
300 sec 0.95 0.88 0.05 13.6 6.2
600 sec 0.98 0.18 0.02 6.56 2.5
1500 sec 1 0.17 = - 0.17

Table A.1 Kinetic fitting parameters obtained using biexponential fitting for
CsPbCl3 and CsPbl3 nanocrystal films upon annealing at 130 °C for different time.
The average carrier lifetimes (7 ave) is computed by considering individual

lifetimes (71 and 7 2) and the corresponding amplitudes (A; and A»).
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Figure A.11. (A,B) Absorption spectra of 2D RP (BA) PbX, (X = Br:I) and 2D DJ
(BDA)PbXy (X = Br:I) perovskite films with varying Br:I ratio from Br:I = 100:0
to 0:100 on a FTO substrate. (C,D) Absorption spectra of 2D RP (BA) ,PbX, (X =
Br:D) and 2D DJ (BDA)PbXy (X = Br:I) perovskite films with varying Br:I ratio
from Br:I = 100:0 to 0:100 on a glass substrate. (E,F) Absorption spectra of (E)
FTO and FTO-based line correction and (F) glass and glass—based line
correction. (G,H) PL emission spectra of BA— and BDA—-based film with a
different halide composition from Br:I = 100:0 to 0:100 on a glass substrate.
Noting that PL emission spectra were recorded with a glass since a FTO can serve
as a electron transport layer, leading to reduced PL emission. The inset digital
photographs of S1A,B represent the as—prepared film with different halide

composition from Br:I = 100:0 to 0:100.
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Figure A.12. (A,B) Corresponding 7auc plots of the (BA).PbXy (A) and

(BDA)PbX, (B) perovskite films deposited on FTO substrates as shown in panel

of Figures S1A,B. (C) Corresponding change in band—edge wavelength (nm) and

bandgap (eV) as a function of halide composition for 2D RP and DJ perovskites

films.
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Figure A.13. (A,B) Difference absorption spectra recorded at room temperature
for the physically paired 2D bromide and iodide perovskites films deposited on
FTO  substrates: (A)  (BA):PbBr4| (BA)2Pbly  with RP and (B)
(BDA)PbBr4| (BDA)Pbly with DJ. The absorption spectrum recorded at O min was

served as reference to obtain the difference absorption spectra (A4A).
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Figure A.14. (A,B) Digital photographs taken under laboratory light before (up)
and after (bottom) mixing using 2D BA—based perovskites (A) and BDA—based
perovskites (B) film with bromide (Br) and iodide (I), respectively, on a glass
substrate. (C,D) PL emission spectra for fully— mixed film recorded using Br and
I side, respectively for BA— (C) and BDA—based (D) mixed halide perovskite

films.
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Figure A.15. (A,B) Changes in wavelength by tracking the band—edge wavelength
of (A) BA (X = Br, ) and (B) BDA (X = Br, I) films, respectively, during the

course of halide ion mixing at 120 °C over time.
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Figure A.16. (A,B) XRD patterns obtained before (0 min; A) and after mixing

(fully —mixed; B) with BA(Br) and BA(I) on a FTO substrate. Asterisk marks on

panel A,B denote the XRD patterns generated from FTO substrate. The black

arrow indicates the periodicity found in 2D layered structures.
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BA(Br)

Spacing by spacer = 0.79 nm Spacing by spacer = 0.76 nm
Figure A.17. (A,B) Crystallographic structures of (A) BA(Br) and (B) BA(I). The
thickness of lead octahedral [PbXs]*™ is indicated with blue arrows whereas the

interlayer spacing is indicated with red arrows within each structure.
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Figure A.18. (A,B) XRD patterns obtained before (0 min; A) and after mixing
(fully mixed; B) with BDA (Br) and BDA(I) on a FTO substrate. Asterisk marks

on panel A,B denote the XRD patterns generated from FTO substrate.
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BDA(Br) BDA(I)

(111)
Spacing by spacer = 0.4 nm Spacing by spacer = 0.38 nm

Figure A.19. (A,B) Crystallographic structures of (A) BDA(Br), (B) BDA(I). The
thickness of lead octahedral [PbXg]*™ is indicated with red arrows whereas the
interlayer spacing is indicated with margent arrows within each structure. The
grey plane on panel A corresponds to the (111) crystallographic plane with a

distinctive XRD reflection peak.
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Figure A.20. (A—D) Cross—section SEM images for 2D perovskite film before
mixing (0 min): (A) BA@Br), (B) BA(I, (C) BDA@Br), and (D) BDA(D),
respectively, on a FTO substrate. (E) Average thickness and standard deviation
of each film. The average thickness of the film determined by counting six
different points was 122 £ 21 nm (for BABr)), 120 £ 26 nm (for BABr)),

122 = 19 nm (for BDA(Br)), and 122 £ 17 nm (for BDA(1)), respectively.
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Figure A.21. (A,C,E,G) Absorption and (B,D,F,H) difference spectra of the paired
2D lead bromide and iodide (BA(Br) |BA(I)) films on a FTO substrate recorded
at different temperature of (A,B) 140 ° C, (C,D) 95 ° C, (E,F) 80 ° C, and (GH)
60 ° C as a function of mixing time. The absorption spectrum at O min was served

as reference to obtain the difference absorption spectra (JA).
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Figure A.22. (A,C,E,G) Absorption and (B,D,F,H) difference spectra of the paired
2D lead bromide and iodide (BDA(Br)|BDA()) films recorded at different
temperature of (A,B) 140 ° C, (C,D) 95 ° C, (E,F) 80 ° C, and (G,H) 60 ° C as
a function of mixing time in air. The absorption spectrum at O min was served as

reference to obtain the difference absorption spectra (AJA).
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Figure A.23. (A,B) Absorption and (C,D) difference absorption spectra of the
paired 2D lead bromide and iodide (BA (Br) |BA(I)) and (BDA(Br) |IBDA(I)) film,
respectively, recorded at 140 ° C as a function of mixing time in a glove box filled

with nitrogen (N2). The absorption spectrum at O min was served as reference to
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obtain the difference absorption spectra (A4 A). (E,F) Corresponding kinetic traces
and fittings for (BABr) |IBA()) (E) and (BDABr) IBDA()) (F) films mixed in
air and N2 (glove box), respectively. Monoexponential function was used for

fittings.
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Figure A.24. (A,B) Absorption and (C,D) difference absorption spectra of the
paired 2D lead bromide and iodide (BA(Br)|BA(I)) and (BDA (Br) |IBDA(D)) film
on a glass substrate, respectively, recorded at 140 ° C as a function of mixing
time as control experiments. The absorption spectrum at O min was served as

reference to obtain the difference absorption spectra (4A). (E,F) Corresponding
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kinetic traces and fittings for (BA(Br)|BA(()) (E) and (BDA(Br) |BDA()) (F)
films mixed using a FTO and a glass substrate, respectively. Monoexponential

decay function was used for fittings.
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Figure A.25. (A—C) Absorption spectra of (A) 3D MAPbX3 (X = Br, I), (B) quasi—
2D BA—based (RP) perovskite film (X = Br, D), and (C) quasi—2D BDA—based
(DJ) perovskites film (X = Br, I), respectively. Quasi—2D perovskites with same
thickness of n = 10 were made for both RP and DJ phase.
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Figure A.26. (A,B) Absorption (A) and difference absorption (B) spectra for
paired 3D lead bromide and iodide MAPbBr3| MAPbI3) recorded at 80 ° C over
time. (C,D) difference absorption spectra recorded for paired quasi—2D (2 = 10)
bromide and iodide films obtained using BA with RP (C) and using BDA for DJ
phase (D). The ratio of BA:MA = 9:2 and BDA:MA = 9:1 was used to yield each

quasi—2D perovskites with n = 10, respectively.
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