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ABSTRACT

STRUCTURAL ENGINEERING OF HALIDE PEROVSKITES AND
THEIR ASSOCIATION WITH ORGANICS FOR OPTOELECTRONIC
APPLICATIONS

Halide perovskites show great potential for next-generation optoelectronic
applications due to their unique photophysical properties with low production costs.
However, their stability issues still prevent their commercialization on a large scale. The
main objective of this dissertation is to understand the additive engineering strategy to
improve the quality of halide perovskite films and nanocrystals for solar cells and light-
emitting diodes. There are two sections to this dissertation: The first section focuses on
halide perovskite films and solar cells while the second one focuses on halide perovskite
nanocrystals and white light-emitting diodes.

In the first section of this dissertation, in Chapter 2-3, the improvement of Sn-Pb
and methylammonium-free Pb-based halide perovskite films by additives are
investigated. The suppression of defects via additives is demonstrated through structural,
elemental, and optical analyses. The improved performance of perovskite solar cells by
decreasing defects is also shown. In Chapter 4-5, the change in stability and optical
properties of the halide perovskite nanocrystals by means of additive engineering and
their applications in white light-emitting diode are studied.

The results in this dissertation represent a new approach to improving the
structural and photophysical properties of halide perovskites and introduce a new
perspective of additive engineering method in the field of halide perovskite-based

optoelectronic applications.
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OZET

HALOJENUR PEROVSKITLERIN YAPISAL MUHENDISLIGI VE
OPTOELEKTRONIK UYGULAMALAR ICIN ORGANIKLER ILE
[LiSKiSi

Halojeniir perovskitler, diisiik tiretim maliyetleri ve essiz fotofiziksel ozellikleri
sebebiyle yeni nesil optoelektronik uygulamalar i¢in biiyiik bir potansiyel gostermektedir.
Ancak, kararlilik sorunlar1 hala biiytik 6lgekte ticarilesmelerini engellemektedir. Bu tezin
temel amaci, gilines hiicreleri ve 151k yayan diyotlar i¢in halojeniir perovskit filmlerin ve
nanokristallerin kalitesini artirmak i¢in katkilama stratejisini anlamaktir. Bu tezin iki
boliimii vardir: Ilk béliim halojeniir perovskit filmler ve giines hiicrelerine odaklanirken,
ikinci boliim halojeniir perovskit nanokristaller ve beyaz 151k yayan diyotlara
odaklanmaktadir.

Bu tezin ilk boliimiinde, Bolim 2-3’te, Sn-Pb ve metilamonyum igermeyen Pb
esasli halojeniir perovskit filmlerin katkilama ile 1iyilestirilmesi arastirilmaktadir.
Katkilama ile kusurlarin bastirilmasi, yapisal, elementel ve optik analizler ile
gosterilmektedir. Kusurlar1 azaltarak perovskit giines hiicrelerinin performansinin arttigi
da gosterilmistir. Bolim 4-5’te beyaz 151k yayan diyot uygulamalar: i¢in katkilama
yoluyla halojeniir perovskit nanokristallerin kararlilig1 ve optik 6zelliklerindeki degisim
incelenmistir.

Bu tezdeki sonuglar, halojentir perovskitlerin yapisal ve fotofiziksel 6zelliklerini
tyilestirmeye yonelik yeni bir yaklasimi temsil etmekte ve halojeniir perovskite dayali
optoelektronik uygulamalar alaninda yeni bir katkilama miihendisligi yontemi perspektifi

sunmaktadir.
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CHAPTER 1

INTRODUCTION

1.1. Overview of Perovskite Materials

Perovskite is a material having the same chemical formula with calcium titanium
oxide (CaTiOs) that was discovered in the Ural Mountains in 1839 by the mineralogist
Gustav Rose, and it was named after the mineralogist Lev A. Perovski.! The term of
perovskite materials is generally attributed to all compounds which have the same
structure as CaTiOs. The general formula of the perovskites is ABX3. In this structure,
both A and B are monovalent and divalent cations, respectively and X is an anion.
Inorganic perovskite oxides (e.g., CaTiOs3;, BaTiOs;, LaMnOs, etc.) have been widely
investigated during the last several decades due to their varied uses in superconductive
ferroelectric>* and solid oxide fuel cell® applications.

Halide perovskites are distinguished from oxide perovskites by the presence of
halide anions rather than oxide anions in the X site of the ABX3 structure. Owing to the
photophysical properties of halide perovskites, there are a large number of works on the
applications of halide perovskites, such as photovoltaics, light-emitting diodes (LEDs),

lasers and photodetectors®.

1.2. Crystal Structure of Metal Halide Perovskites

In three dimensional (3D) metal halide perovskites with the chemical formula
ABX3, A site is one/composed of monovalent organic methylammonium (MA™),
formamidinium (FA"), or inorganic Cs"/Rb" cations; B is a metal cation (e.g., Pb**, Sn*);
the X site is occupied by the halides which are 17, Br~, or Cl~ (Figure 1.1).” In the
perovskite structure, the A site cations are surrounded by an octahedral cage of [PbX]*
10, Depending on the unit cell lengths of the perovskite crystal structure, different phases

of the perovskite structure are formed.



o A* = MA*, FA*, Cs*

° B2+ = Pb2*, Sn2*

© X =CI,Br,I

Figure 1.1. Crystal structure of the perovskite ABX;3 form. (adapted from'?)

Goldschmidt tolerance factor (¢) can be used to predict the structural stability of
the 3D halide perovskite structure. This prediction is based on the ionic radii of all A, B,

and X ions in the ABXj structure as in the following formula'!:

T+ Ty

t =m (1.1)

Based on this prediction, a stable 3D perovskite structure is usually formed when
the ¢ value is between 0.8 and 1.0'>!* and the phases of halide perovskites around
boundary ¢ values are meta-stable (Figure 1.2). For example, the tolerance factor of the
most widely studied MAPDI; is 0.912'3. However, in contrast to the non-perovskite
phases, the perovskite phases of the FAPbI; and CsPbl; are meta-stable at room
temperature. Many techniques have been devised to stabilize these metastable perovskite
phases, allowing them to be used in optoelectronic applications'*'®. The most common
strategy is to tune the tolerance factor by alloying A cations. For instance, Cs1—xFAxPbl3
is a more stable perovskite phase!” compared to its pure Cs* or FA* based counterparts.
Additionally, alloyed two or three Cs*, MA", and FA" cations in the A site improve
photophysical properties and stability of 3D lead halide perovskites and the highest

performances achieved by perovskite solar cells are based on alloyed A-cations'!.
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The sizes of the A-cations influence the tilting of BXes octahedra in perovskite
structure and determine the availability of a stable perovskite. In addition, the size of the
A cations alters the optoelectronic properties of the perovskites. Smaller A-cations lead
to perovskite cages with octahedral tilting (Figure 1.3a), while larger A-cations cause the
formation of a stretched BX¢ octahedra and perovskite cages (Figure 1.3c¢). Smaller or
larger A-cations create structural distortions in perovskites and distort the ideal cubic

symmetry (Figure 1.3b).
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tilted octahedra stretched cage

Figure 1.3. a) Tilted octahedra b) optimal cubic, and c) stretched octahedra of ABX3

perovskite structures. '



1.3. Optoelectronic Properties of Metal Halide Perovskites

Metal halide perovskites are impressive materials for optoelectronic applications.
Extreme interest in understanding the fundamental material properties and photo-physics
of halide perovskite materials has contributed to the development of extremely effective
optoelectronics based on perovskites over the last decade or so. There are some main
characteristics that differentiate perovskites from the other semiconductors, such as
bandgap tunability?!, high charge carrier mobility (> ~10 cm?V-'s1)??, long diffusion
length (> 1 pm)?!, low exciton binding energy (between 2-50 meV)?, and low trap density
(<106 ey,

In case a semiconductor material has a tunable bandgap, it provides a large range
of applications in optoelectronic devices. The bandgap of the perovskites can be tuned by
changing elemental composition, stoichiometry, and the dimensionality of the
perovskites. As an absorber material, halide perovskites have a wide range of bandgap
energy by mixing the B-site cation and the X site anion (Figure 1.4 and Figure 1.5). The
bandgap energies of perovskites between 1.3 eV and 1.6 eV are suitable for single-
junction perovskite solar cells?*. Wider bandgap energies between 1.6 eV and 1.7 eV are

25.26 while narrow

appropriate for the top cell in tandem devices with silicon bottom cells
bandgap energy (~1.25 eV)?’, obtained in Sn-based perovskite cells is suitable for

perovskite/perovskite tandem solar cells.
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Figure 1.4. Shockley-Queisser efficiency for PSCs bandgap energy ranges of the Pb- and
Pb/Sn-based perovskites.2
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Figure 1.5. a) The colors under UV light, b) PL spectra, and c) absorption spectra of
CsPbX3 NCs depending on the halide composition.?®

Halide perovskite nanocrystals (NCs) also show incredible optoelectronic
properties. Lead halide perovskite NCs stand in the spotlight of optoelectronic materials
due to their tunable optical properties, high photoluminescence quantum yield (PLQY),
low full-width half-maxima of photoluminescence, and high defect tolerence®. These
promising properties enabled their usage in applications such as solar cells, light-emitting
devices, solar concentrators, photodetectors, etc.3 32

As shown in Figure 1.5, the absorption and light emission wavelengths of the
CsPbX3 NCs are mainly determined by the X anion which can be Cl, Br, or I.
Furthermore, all the wavelengths of the visible color spectrum can be achieved via mixing
these halides. Amongst these materials, CsPbl; NCs draw attention owing to their low
energy bandgap and red-light emission. However, CsPbl; NCs suffer from
thermodynamically unstable unlike their CsPbBr; and CsPbCls counterparts which
construct some challenges in the synthesis and fabrication processes. This situation leads
to the requirement of better methods like composition or ligand engineering to fabricate
CsPbl; NCs™.

The band structure illustration of metal halide perovskites is given in Figure 1.6.
The conduction band of the perovskite material is formed from the antibonding orbitals
of the hybridization of Pb 6p orbitals and the outer p orbitals of the halogens while the
valence band is formed from the antibonding states of the hybridization of Pb 6s orbitals

and the halide p orbitals’.
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Figure 1.6. Band structure of metal halide perovskites through the hybridization of lead

and iodine orbitals.’

One significant feature of halide perovskites is their defect tolerance which is their

ability to stay unaffected or mildly affected by a large density of defects. Compared to

conventional semiconductors, the energy states of the defects in halide perovskite

materials are close to or within the electronic bands of the perovskites themselves, causing

the formation of mostly shallow trap states*** (Figure 1.7).

(a) Most (b) Halide
Semiconductors Perovskites

Figure 1.7. Defect states in conventional semiconductors and halide perovskites.



One other important prospect of metal halide perovskite NCs is their high PLQY.
Contrary to conventional quantum dots (QD), metal halide perovskite NCs can show high
PLQY values even in absence of a passivating shell*®. Inorganic CsPbX3 NCs show
PLQY values between 50-95%. This is the result of the defect tolerance of these materials
and the formation of mostly shallow trap states®’ (Figure 1.7b).

One aspect that affects the optoelectronic properties of metal halide perovskite
NCs is quantum confinement. Quantum confinement is observed in metal halide
perovskite NCs when the size of the NCs is below the Bohr exciton radius in at least one
dimension. In this case, the absorption and PL of the NCs blue-shift due to their increased
bandgap energies. Furthermore, the confinement of the charge carriers causes an
increment in exciton binding energy due to lowered screening of Coulomb interaction. In
CsPbX3 NCs, the Bohr exciton radii are ultra-low as they are 5 nm, 7 nm, and 12 nm for
CsPbCls, CsPbBr3, and CsPbls, respectively®®. Furthermore, the absorption edge observed
in metal halide perovskite films and nanocubes evolves into a blue-shifted exciton
peak®4°, However, this band structure adjustment via quantum confinement comes at a
price which is the lower PLQY for higher quantum confinement. This is the result of
reduced dielectric screening of charge carriers that causes incomplete polaron formation.
Furthermore, high quantum confinement causes charge carriers to be more fragile against

defects and polar optical phonons*'.

1.4. Physics of Solar Cells

A perovskite solar cell consists of a cathode, an electron transport layer (ETL), a
solar absorber layer, a hole transport layer (HTL), and an anode. In order to minimize the
charge recombination and maximize the charge transport, ETL-perovskite (absorber
layer)-HTL must form heterojunctions between layers. When perovskite as the solar
absorber layer is exposed to the light, electrons are excited to the conduction band, i.e.
electron-hole pairs are formed. Due to the band alignment of the solar cell layers,
electrons are transported with ETL while holes are transported with HTL as shown in

Figure 1.8.
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Figure 1.8. a) Layer structure of a typical perovskite solar cell”” and b) required band

alignment of the layers.*?

1.4.1. Shockley-Queisser Limit

In 1961, Shockley and Queisser determined the limits of photovoltaic solar cells
by utilizing the basic thermodynamic principle of detailed balance. The result of their
study is referred to as the Shockley-Queisser (SQ) model and the limit for the photovoltaic
energy conversion according to the SQ model is referred to as the SQ limit. There are
some assumptions that were used for the determination of the SQ limit. These

assumptions are as follows*

1. One electron-hole pair is generated per absorbed photon.
Absorptivity of photons changes from 0 to 1 at E,.
Carrier temperature is equal to the cell temperature and ambient temperature.

Charge recombination only occurs radiatively.

A

Ohmic losses are not present.

In the SQ model, the cell exchanges electrons with the external electrical circuit
and heat with a temperature reservoir to keep constant the cell temperature. Here, the cell
temperature is kept constant and it is equal to the ambient temperature without solar
excitation. In this model, the photon absorber is a semiconductor material and has
conduction and valence bands. Under light illumination, the electrons in the valence band
are excited to the conduction band, leaving a hole in the valence band. This electron-hole
pair is considered free charges and they can move in their respective bands. In order to

generate free charge carriers, the energy of the incident photon must be higher than the



energy of the bandgap of the absorber material. When electron and hole recombination
happens, the energy released is assumed as a photon.

According to the SQ model, there are no losses due to contacts, photon absorption,
temperature, or non-radiative recombination. With these assumptions, the SQ model
gives a certain output for an ideal solar cell in ideal conditions. The maximum solar cell
efficiency can be obtained with a 1.1 eV bandgap and cannot exceed 30% efficiency.
However subsequent calculations involving global solar spectra (AM1.5G) and surface

back mirror resulted in maximum efficiency of 33.7% for a bandgap of 1.34 eV**.

1.4.2. Solar Cell Parameters

There are four main parameters to measure in order to quantify the properties of a
perovskite solar cell*:
- Open circuit voltage, Voc
- Short circuit current density, Jsc
- Fill factor, FF

- Power conversion efficiency (PCE), n

These parameters are determined via a J-V measurement of a solar cell. J-V
measurement is carried out by applying an external bias and measuring the current with
or without light. The measurements performed with a solar simulator under light
illumination are called light measurements, whereas the measurements performed without
light are called dark measurements. Furthermore, the external bias is applied as forward
bias and backward bias and when the forward J-V curve does not overlap the backward
J-V curve, hysteresis behavior is said to be observed. Figure 1.9 shows an example of a

J-V curve for solar cells.



104 ]
—_ 1 = Lightj-V
= ight
o
E 1
L 9
£ 1 V.
r f :
o ¥ = Luee XVupr,
& -10% o IscxVoc | b
© [
= g
g - J E
8 -20 x dic i i -1
! N mpp
-30 } i i t t t
09 06 03 00 03 06 09 12 15
Voltage (V)

Figure 1.9. J-V curve of a solar cell under illumination.*®

Open circuit voltage describes the maximum potential difference a solar cell
generates at zero current. The main limitation of Voc is the bandgap of the absorber
material. The higher the bandgap of the absorber layer leads to the higher the potential
difference between the electrodes. Therefore the higher bandgap of the perovskite causes
higher Voc. Moreover, the band alignment of the other layers in a perovskite solar cell
also affects Voc. The real Voc value of a perovskite solar cell is determined by the
potential difference between the conduction band minimum of the electron transporting
layer (ETL) and the valence band maximum of the hole transporting layer (HTL). One
other factor affecting Voc is the defects in the perovskite layer. Mid-gap and trap states
within the perovskite layer can reduce Voc. However, the effect of defects on Voc is
relatively small since the trapped charge carriers have long lifetimes. Therefore, the
synthesis of high quality perovskite film can increase Voc. In addition, any factor that
reduces the perovskite film quality such as humidity can also reduce Voc.

A short circuit current (Isc) describes the current a solar cell proves at short circuit
conditions with zero electric load. Isc is dependent on the number of photo-excited charge
carriers. In principle, the more light is absorbed by the perovskite, the higher the number
of charge carriers. The higher number of charge carriers causes a higher Isc. As the
bandgap of the perovskite decreases, Isc increases. Similarly, any factor that increases the

number of charge carriers causes higher Isc values. The area of the solar cell affects the
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photo-excitation area, thus the number of charge carriers. Therefore, a larger solar cell
area means a larger Isc value. Similarly, energy and the intensity of the excitation light
source also affect the generation of charge carriers. Therefore, light sources with higher
energy light and/or higher light intensities cause larger Isc values. The collection
probability, which is the probability of photon absorption by the solar cell to generate a
charge carrier, also affects Isc. Furthermore, since the collection probability is highly
dependent on the absorption coefficient (fixed) and the thickness of the absorber layer,
the thickness of the perovskite can enhance Jsc. In addition to absorption, reducing the
reflection of light at solar cell surfaces is also a crucial task for larger Isc values. In order
to achieve that, the pathway of light to the perovskite layer must be as transparent as
possible. It is not the number of photo-generated charge carriers but the number of charge
carriers reaching the electrodes which is the main factor that affects Jsc. Therefore, any
charge trapping effects such as defects or interfaces may cause recombination of charges
and thus cause Jsc losses. Due to that, all layers in the solar cell including the perovskite
layer must be as defect-free as possible and contacts between the layers must not lack
quality.
The fill factor (FF) determines the maximum power output of a solar cell. It is determined
by the ratio of actual power output the solar cell gives and the theoretical maximum power
output from Voc and Isc. The squareness of the [-V curve gives information about the FF.
As the area below the I-V curve increases the maximum power output and thus FF
increases. FF is also dependent on shunt resistance which is the resistance of the solar cell
against internal short circuit currents. Shunt resistance is usually related to defects and
pinholes in the layers that might cause direct transport of charges between ETL and HTL.
Power conversion efficiency (PCE) can be described as the outcome of all other
values of a solar cell that was described above. It is the efficiency of converting light into
electricity via solar cells. It is defined as the ratio of the power output of the solar cell

compared to the energy of the incident light.

Pmax = Voc Isc FF (1 2)
Voc Isc FF
= —Pin (1.3)
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1.5. Halide Perovskites in White Light Emitting Diodes

For perovskite based white light emitting diodes (WLEDs), there are two models
with CsPbX3 perovskite NCs as a PL-converter. The first one is the combinations of
red/green/blue (RGB) perovskites excited by a UV-LED*” and the second one is the
combinations of red/green (RG) perovskites excited by a blue-LED*®. Here, in CsPbX;
perovskite NCs, the halogen content X-site anions can be tuned to alter emission color,
e.g., the CsPbls, CsPbBr3, and CsPbCl; NCs can be used for the red (~1.7 eV), green
(~2.4 eV), and blue (~3.0 eV) emitters, respectively®®. For the first model, an ultraviolet
(UV) chip/LED is used in order to excite the emitters absorbing the UV light and this
model converts the UV light to multicolor luminescence or a broadband white light as
shown in Figure 1.10a-c. For the second model, a blue chip/LED is coated with green and
red emitter materials as shown in Figure 1.10d-e. The blue light generated from the blue
LED is absorbed by emitter materials and these emitter materials are used to form a

complementary color resulting in a white light*.
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Figure 1.10. For model 1, a) schematic diagram of WLED designed using halide
perovskite with a UV chip b) perovskite-based WLED by using UV chip,
and c) electroluminescent spectra of the WLED°. For model 2, d)
schematic representation of WLED designed using halide perovskite with

a blue chip and e) electroluminescence spectra of the WLED.*

Despite the excellent optoelectronic properties of metal halide perovskites, the
anion exchange reactions and unstable nature of the perovskites are issues for devices in
real-life applications. In order to resolve these kinds of problems, poly(methyl
methacrylate) (PMMA) polymer is used to hinder the contact of halide perovskites with

each other resulting in ion exchange*®. In this way, ethyl cellulose with its passivation
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effect was used to increase the stability of perovskite materials. Similarly, poly(maleic
anhydride-alt-1-octadecene) is used as a protective layer’! in order to improve the stability
of perovskites. Metal ion doping is also another strategy to increase stability and the
PLQY by passivating the surface defects®>3.

An ideal white light source requires an emitting both continuous and broad
spectrum similar to natural sunlight with the international commission on illumination
(CIE) coordinates of (0.33, 0.33)°*. The following indicators are routinely used to
measure the quality of a white light source: Color rendering index (CRI) and luminous
efficiency (7).

Color Rendering Index, CRI: CRI has a scale of 0 to 100 and CRI measures the
ability of a light source to restore the true color of a lighted object in comparison to natural
light>. In order to obtain the exact color of an object, the light source requires a higher
CRI*.

Luminous Efficiency (n): Luminous efficiency shows energy conversion
efficiency, which is measured in lumens per watt and can be represented using the
equation®.

®, (1.4)

where @,, and P, stand for the total luminous flux and total lamp power input (or radiant

power emitted).
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CHAPTER 2

EFFECTS OF STRONTIUM ADDITIVE ON LEAD-TIN
PEROVSKITE FILMS

2.1. Introduction

Organic-inorganic halide perovskites have been identified as very promising
materials for photovoltaic applications in terms of their strong benefits of low cost and
simple process?’. Perovskite solar cells (PSCs) have achieved power conversion
efficiency (PCE) exceeding 25%, which makes them a viable option for future
photovoltaic applications®®. However, lead halide perovskites suffer from the toxicity of
lead, which has led some researchers to investigate lead-free halide perovskites.
Environmentally friendly alternatives include Sn>” and Ge®. Mixed halide metals, such
as Sn/Ge>, Pb/Sn®’, or Pb/Sn/Cu®' in perovskite structure are also possible. Organic-
inorganic lead halide perovskites exhibit bandgap tunability by modifying the X-site
portion of the ABX3 structure®. The X-site is typically a halide, including CI, Br, and I,
or a combination of them. Modification of the X-site can result in bandgaps values in the
range of 1.48-2.3 eV®. In order to achieve the optimum bandgap of ~ 1.4 eV for single
junction solar cells regarding the Shockley-Queisser model®*, another option is to modify
the B-metal site in the perovskite structure by mixing Sn and Pb since the ratio of Pb:Sn
has the ability to change the bandgap of the perovskites ranging from 1.17 to 1.55 eV%.

However, the main problem of Sn perovskites is the oxidation of Sn*" to Sn*'
when exposed to ambient conditions®. Considering the standard redox potentials (Eo) of
Sn and Pb oxidation states, E, (Sn**/Sn*") = 0.15 V and E, (Pb**/Pb*") = 1.67 V, Sn
oxidation is more likely to occur in comparison to the oxidation of Pb** to Pb*"’. The
oxidation results in the disruption of structural stability and charge neutrality of the
perovskite®®. Sn** in the perovskite structure is oxidized to Sn*" and this oxidation plays
a role on the structure as a p-type dopant by a self-doping process®’’. SnF, additives
reduce the generation of Sn*" in Sn perovskite films’!’?. In order to overcome the
oxidation problem of Sn-based perovskites, the addition of SnF2 to Sn-based perovskite

as a reducing agent enhances photovoltaic device performance’>’>. According to some
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reports, the excessive addition of SnF; leads to pinhole formation of Sn-based perovskite
films and negatively affects photovoltaic performance in the devices '®’’. The addition of
SnF> does not lead to a significant change in crystal lattice parameters, and the
substitution of F~ ion for I" or Br™ ions does not take place since F~ has a smaller ionic
radius compared to that of I/ Br™ions’®. While these works have shown that Sn perovskite
can be more stable, there is still much more to understand about the mechanisms and how
other compounds prevent degradation.

In this work (Yuce H. et al.)”, it is aimed to show the stabilization of the Sn-based
perovskite by the addition of Srl,, which is expected to suppress Sn>" oxidation to the
Sn*" state. The Sr** (118 pm)® ion has a similar ionic radius to those of Sn** and Pb**
(119 pm)®! and Sr** ions were added at different concentrations to a solution containing
(FASnI3)0.8(MAPDbBr3)0.2. The composition was chosen to exploit the optimal bandgap of
~1.4 eV, ideal for single junction solar cells. This work aims to understand the effects of
the Srl, additive with various concentrations of 0.1, 0.5, 1.0, 2.0, and 5.0 mol % on Sn/Pb
based perovskite films. The structural and optical properties of the perovskite films with
Srl; additive were investigated. X-ray Diffraction (XRD) was employed to investigate the
structural features of perovskite films. By using the Williamson-Hall plot from the XRD
and Urbach energy calculations, a doping and passivation mechanism caused by Srl,
addition to the perovskite is proposed. Moreover, a detailed X-ray photoelectron
spectroscopy (XPS) elemental analysis in order to examine the effects of Srl, on Sn**
oxidation was performed. It is shown that Srl, additive causes to reduce Sn** oxidation
by XPS and improves optical properties of the perovskite film. These results are important
in the quest to stabilize and passivate the Sn perovskite films to achieve less toxic photo-
absorbers with an optimal bandgap and improved stability in single junction perovskite

solar cells.

2.2. Experimental Section

Chemicals: Methylammonium bromide (CH3NH3Br) and formamidinium iodide
(CH(NH2)2I) were purchased from Dyenamo. Tin iodide (Snlz) and strontium iodide
(Srl2) were purchased from Alfa Aesar. Dimethylformamide (DMF) and dimethyl
sulfoxide (DMSO) were purchased from Acros Organics. Lead bromide (PbBry) was
bought from TCI America, and tin fluoride (SnF>) was obtained from Sigma Aldrich.
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Perovskite Film Fabrication: 2.5x2.5 cm? glass and FTO glass substrates were
ultrasonically cleaned first in 2% Hellmanex solution, then in DI water, acetone, and IPA,
in that order. Snl, and PbBr> powders were dissolved separately in DMF/DMSO (4:1)
solvent, and 10% mol SnF; was added to the Snl; solution. FAI and MABr powders were
dissolved in Snl> and PbBr: solutions, respectively. By mixing the solutions, 1.2M
(FASnI3)0.8(MAPDBTr3)0.2 final perovskite solution was obtained. Finally, Srl, powder was
dissolved in DMSO at a concentration of 1.0 M, and added to the final perovskite solution
to achieve molar ratios (Srl> to Pb/Sn) of 0.1, 0.5, 1.0, 2.0, and 5.0%. The perovskite
solution was deposited on glass substrates by two-step spin coating: first at 1000 rpm for
5 s and then at 4000 rpm for 30 s. During spin coating, 2.5-3 mL of diethyl ether were
dropped on the substrate 20 s after the program started. Then, the films were annealed at
100 °C for 15 min in a nitrogen filled glove box.

Perovskite Film Characterization: Morphology of perovskite film surface was
obtained by using the Hitachi SU-8230 scanning electron microscope (SEM). XRD
measurements were carried out using a Malvern PANalytical Empyrean using Cu Ka
radiation (A= 1.54 nm) with a scan step size of 0.0131°. The chemical states of elements
were probed by an XPS spectrometer (Thermo K-Alpha XPS) equipped using an Al Ka
(1486.6 ¢V) monochromatic source with a spot size of 400 um. Absorption spectra were
collected by using the Carry 500 UV-Visible-NIR spectrophotometer. Hyperspectral PL
(Photon etc) measurements were performed by exciting with Nd: YAG laser light samples
at 532 nm. SEM and XPS analyses were carried out on perovskite coated on FTO/glass
substrates, whereas XRD and optical measurements were performed on perovskite coated
on glass substrates. Snl reference film for XRD measurements was coated under the

same conditions with perovskite films on glass substrates.

2.3. Results and Discussion

2.3.1. Morphological and Structural Analysis

To observe the effects of the Srl> addition into the Sn/Pb perovskite films on
morphology, SEM images of the perovskite films with (ranging from 0.1% to 5.0%) and
without Srlb are shown in Figure 2.1a. The films have different morphologies, with

smaller grains forming with increasing Srl, concentration. Even though small grains are
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formed, and the number of small grains increases, there are still large grains present in
the structure for concentrations up to 2.0% Srl. When increasing the concentration from
2.0% to 5.0%, all large grains completely disappear, and it is clearly seen that the area
and the number of pinholes significantly decrease. Beyond grain size reduction, the area
of pinholes also shrinks with the increasing Srl; amount in the films. The size of pinholes
becomes smaller with increasing Srlo concentrations, and this trend is similar to the
change in the size of perovskite grains. The reason for the pinholes could be stress due to
fast crystal growth in the film during the annealing process which changes with the
addition of Sr,*. The distributions of grain size for the perovskite films are shown in
Figure 2.1b. Grain sizes of the perovskite film without Srl, vary from nearly 1.6 pm to
0.2 um. When adding 0.1% Srl> to the perovskite, the average grain size of the perovskite
films decreased from ~707 nm to ~572 nm, and the distribution narrowed significantly.
When the Srl; additive concentration in the film was 0.5% and above, it was observed

that the grain sizes further decreased, with the 5.0% Srl> showing ~157 nm average grains.

(b) 35 mm0% Sr (Avg. ~707 nm ) 120 mm0.5% Sr (Avg. ~267 nm) 600 mm2.0% Sr (Avg. ~209 nm)
30 B 0.1% Sr (Avg. ~572 nm) mm 1.0% Sr (Avg. ~266 nm) 500 5.0% Sr (Avg. ~157 nm)

Ll
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Grain Size (nm) Grain Size (nm) Grain Size (nm)

Figure 2.1. a) SEM images (Scale bar: 2 um) and b) Grain size distributions of
(FASnI3)0.8(MAPDbBr3)0.2 perovskite films with the addition of 0%, 0.1%,
0.5%, 1.0%, 2.0%, and 5.0% SrL.
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In order to understand the impact of the Srl, additive on the crystal structure of
the (FASnI3)os(MAPbBr3)0.2 perovskite, XRD analyses were carried out and the results
are shown in Figure 2.2a. The signals at 20 of 14.1, 24.6, 28.4, 31.9, 40.7, and 43.3°
correspond to the characteristic diffraction peaks of (FASnl3)os(MAPbBr3).2
perovskite®>%3, In addition, the pristine and 0.1% Srl, perovskite films include excess Snl,
signals at 20 of 12.6, 25.5, 38.7, and 52.5°. When adding Srl, to the perovskite, no new
signal was observed, which is indicative of no additional crystalline phase formation. The
addition of 0.1% Srl, is shown to decrease the excess Snl, signal. At 0.5% Srl,, the excess
Snl, signature completely disappears and the perovskite film exhibits the highest XRD
peak intensity for the perovskite phase. When the concentration of Srl; is increased from
0.5% to 5.0%, the intensities of the XRD peaks for the perovskite structure decrease. The
XRD results show that the Srl> additive significantly improves the perovskite peak
intensity until 0.5% concentration. The crystallite size calculated by the Williamson—Hall
method of the perovskites is also increased by the addition of Srl> until 0.5% (Figure
S2.2).

In an effort to further understand the Srl, additive-perovskite mechanism,
microstrain within the perovskite lattice using the Williamson-Hall plot method, which
utilizes full width at half-maximum (FWHM) of XRD signals was calculated. In addition,
Urbach energies for the samples were calculated for comparison of structural disorder in
the perovskite films as shown in Figure 2.2b. All microstrain (Figure S2.1 and Table S2.1)
and Urbach energy (Figure S2.3 and Table S2.2) calculations with Urbach tail plots are
shown in detail in Appendix A. When Srl; is introduced in the perovskite precursor
solution at low concentrations (below 0.5%) an increase in microstrain was observed up
to 0.5%, most possibly because of the distortion of the lattice due to Sr** incorporation.
Above 0.5% Srl», the decrease in microstrain could be the result of the segregation of Srl»
and lack of Sr** incorporation. Similar behavior of Srl> related to doping and segregation
of Sr?* was observed by Phung et al. with the introduction of Sr>* at low concentrations
to the MAPDI; perovskite solution®. They observed Sr** segregation beyond 0.2% Srl,
added MAPbLI; while we observed the segregation beyond 0.5% Srlo added
(FASnI3)0.8(MAPDBr3)o2 perovskite films. The reason for this difference probably
originated from the rapid crystallization of Sn-based perovskites®® and entrapment of Sr**
ions within the lattice. However, a high concentration of Srl, additive may result in stress
in the perovskite lattice. This can be a result of the segregation of dopants at the grain

boundaries since the higher doping concentrations cause a disturbance in the long-range
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crystallographic ordering®®. The Urbach energy decreases with Sr>* doping and reaches
the lowest value when < 0.5%, which is ascribed to a decrease in electronic defect
concentration induced by Sr** incorporation. At 1.0% and 2.0% Srl», the Urbach energy
increases likely due to the segregation of Srl, as suggested by the microstrain analysis,
however, it is still lower than that of the pristine perovskite. For 5.0%, a larger drop in
Urbach energy is shown, suggesting that segregated Srl> could have a beneficial effect on
the structural and electronic properties of the perovskite polycrystalline films. Other
researchers have suggested that the accumulation of metal halides at the surface of the
crystalline grain act as a passivation layer®” It is possible that this is happening in these
polycrystalline thin films only when the Srlb concentration is high enough to form
precipitates that then passivate form at the surface of the perovskite. Both microstrain and
Urbach energy show that large changes in the structure and electronic defects are
happening at 5.0% Srl>. The former can be attributed to the changes in the morphology
with small grains and the latter with those smaller grains being passivated by the Srl, at
a higher proportion than in lower Srl> concentrations. Urbach energies are different for
each sample while bandgaps of the films remain unchanged, hinting at an overlap of trap

states with energy bands.
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Figure 2.2. a) XRD pattern and b) microstrain and Urbach energies of the perovskite films

with varying Srl> concentrations.

2.3.2. Optical Analysis

Optical absorbance analysis of pristine and Srl, added (FASnI3)o.s(MAPbBr3)0.2

perovskite films were carried out for the energies between 1.0 and 4.0 eV as shown in
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Figure 2.3a. From the absorbance spectra of the perovskite films, the optical bandgap (Ey)
was calculated using Tauc’s plot”™ shown in Figure 2.3b and details are given in Appendix
A, supplementary Note 2. The data shows that the optical bandgap energies of all films
are ~1.4 eV, which is in the range of the ideal bandgap of a single junction solar cell
according to the SQ limit*. To further understand the effect of Srl, on the optical
properties of pristine perovskite film, photoluminescence (PL) measurements have been
performed (Figure 2.3c). The PL peaks of all perovskite films are located at ~1.4 eV. The
highest emission intensity among the perovskite films belongs to the perovskite film with
0.1% Srlp, while the PL intensities of the 0.5% and 2.0% Srl perovskite films are still
higher than that of pristine perovskite film.
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Figure 2.3. Optical properties of the films. a) UV-vis absorption, b) Tauc Plot, and (c) PL

spectra.

2.3.3. Elemental Analysis

In order to investigate the effect of Srl> additive on the elemental composition of
the (FASnI3)o.s(MAPbBr3)0.2 perovskite, XPS analyses were carried out in the range of 0
to 800 eV as shown in Figure 2.4. According to the XPS survey results, the elements
identified on the surface of perovskite films. F and Sr peaks originate from added SnF>
and Srl, to the perovskite solution, respectively. The oxygen peak can be attributed to a
combination of Sn oxidation and adsorbed oxygen. After adding Srl> to the perovskite
structure, the F 1s peak at ~ 684.7 eV appears and the intensity of the peak increases for
higher Srl> concentrations (Figure 2.4). Interestingly, these results suggest that the Srl»

additive leads to the accumulation of F on the surface of the perovskite films. This
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accumulation trend can be originated from the phase segregation of SnF», and the

brightness of the SEM images in Figure 2.1a can be attributed to the segregation of F*1*2,
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Figure 2.4. XPS survey spectra of the perovskite films.

In addition, there is less oxygen on the surface of the perovskite films with Srl>
addition, as shown by the decrease in the intensity of the oxygen peak (Figure 2.4). To
understand the effect of Srl; additive on Sn oxidation and oxygen adsorption in air-
exposed perovskite films, high resolution XPS of the Sn 3d and O 1s peaks have been
performed. Pb 4f, Sn 3d, I 3d, and Br 3d spectra are shown in Figure 2.5. Pb 4f spectrum
for the perovskite films exhibit 4fs;; and 4f7> peaks at 142.7 and 137.9 eV (Figure 2.52)%;
Sn 3d spectra for pristine and Srl, added (FASnIz)o.3(MAPbBr3)0.2 perovskite films show
3ds; and 3ds; peaks at 494.8 and 486.3 eV (Figure 2.5b)**; I 3d spectrum for the films
have 3d3» and 3ds) peaks at 630.2 and 618.7 eV (Figure 2.5¢)’*, respectively. Br 3d peak
is observed at 68.6 eV (Figure 2.5d)*>. The Sr 3ds» (135.6 V) and Sr 3dsx (133.9 eV)
are also evident in Pb 4f spectra in Figure 2.5a%*. After the addition of Srl to the
perovskite, Pb 4f, I 3d, Sr 3d, and Br peaks shift to higher binding energies. The reason
for these shifts could be the presence of an oxide owing to surface band-bending®®. These
shifts in XPS peaks suggest the chemical structure modification of the surface in the

perovskite films®*.
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Figure 2.5. XPS spectra of a) Pb 4fb) Sn 3d ¢) I 3d, and d) Br 3d in perovskite films.
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Deconvolution of the Sn 3d peak represents the doublets of 3d3» at 495.27 eV and
3ds; at 486.87 eV are attributed to Sn*" in SnO, and the doublets 3ds» at 494.56 eV and
3ds at 486.17 eV assigned to Sn** (Figure 2.6)°". There is a significant decrease in Sn*"
concentration (with respect to the Sn®") in the perovskite films with increasing Srl,
concentration. The ratio of Sn*" in the pristine perovskite film is 42.19% (Figure 2.6a).
The addition of 5.0% Srl, to the perovskite film reduces the concentration of Sn*" to
23.27% (Figure 2.6f). In order to quantify the amount of Sn species in the oxidized form,
the ratio of Sn*/Sn** (Figure 2.6) as a function of different Srl, concentrations were
calculated as shown in Figure 2.7. A decrease in the ratio of Sn**/Sn?" was observed with
the increase in Srlo addition. The information gained from deconvoluted Sn 3d XPS peaks

suggests that the addition of Sr** to the perovskite causes a decrease in Sn>" oxidation,

which also decreases the Urbach energy and increases the microstrain of the perovskite

films in Figure 2.2b.
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Figure 2.7. Atomic ratio of Sn**/Sn?" at different Srl> concentrations.

Figure 2.8 shows that the binding energies of the oxygen fitted peaks are observed
at 530.26, 531.68, and 532.38 eV which are assigned to metal oxide coming from Sn-O,
Pb-O and Sr-O, C-OH and C=0 due to adsorbed atmospheric hydrocarbons from air,
respectively”® 1%, Considering the deconvolution of O 1s spectra, the atomic ratio of
metal oxide for pristine perovskite film is 17.71% while for 5.0% Srl, added perovskite

film, an increase in the ratio is observed with the atomic percent of 8.83%. Also, the rate
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graph of the atomic ratio of metal oxide to that of C-OH and C=O0 at different Srl> amounts
is shown in Figure 2.9. When the atomic ratio of oxygen coming from Sn-O with adsorbed
atmospheric hydrocarbons and oxygen due to exposing air is compared, it is found that
there are no exact correlations between them. In Sn deconvolution peaks, it is observed
that Srl, addition causes a decrease in Sn-oxidation with increasing Srl> concentration.
However, it is observed in O 1s deconvolution peaks that the atomic ratio of metal oxide
to C-OH and C=O increases at 0.1% Srl. This behavior could be the result of higher
adsorbed atmospheric hydrocarbons on the surface of the film. Nevertheless, with an
increasing amount of Srl, to 5.0%, metal oxidation seems to be reduced significantly as

shown in Figure 2.9.
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Figure 2.8. XPS spectra of O 1s peaks of a) pristine b) 0.1% c) 0.5% d) 1.0% e) 2.0%,
and f) 5.0% Srl; added perovskite films.
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calculated from deconvoluted from XPS measurements.

2.4. Conclusion

A detailed investigation of the effects of Srl> addition to (FASnI3)o.s(MAPbBr3)0.2
perovskite thin film with different concentrations has been presented. It was shown that
Srl, additive leads to Sr*" incorporation into the perovskite lattice for 0.1 and 0.5% Srl
concentrations. For higher concentrations, Srl> segregation takes place in the perovskite
owing to the lattice relaxation with lower strain. Urbach energy calculations of the
perovskite films show that Srl, addition leads to lower structural disorder in both Sr**-
incorporated and Srlz segregation cases. These results suggest segregated Srlz in the film
could be acting as a passivating agent at high enough concentrations exceeding the doping
limit of 0.5%. According to the XPS analysis results, deconvoluted spectra for Sn show
that oxidation of Sn** decreases with the addition of Srl,. Therefore, Srl> addition can be
considered a possible way to decrease oxidation in Sn-based perovskites and therefore
increase the long-term durability of the material while reducing the amount of lead (lower

toxicity) in the perovskite layer.
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CHAPTER 3

IMPROVING PERFORMANCE OF PEROVSKITE
SOLAR CELLS WITH ALKALINE EARTH METAL
ADDITIVES

3.1. Introduction

Halide perovskite solar cells are regarded as one of the most promising
technologies for the next generation of photovoltaics due to their high power conversion
efficiency (PCE) and manufacturing by using a simple solution technique. The absorber
layer of PSCs is the most commonly studied on MA-based perovskites owing to achieved
high efficiencies. However, it is reported that MAPbI3 is unstable due to low tolerance to
heat and moisture, which shows film degradation due to the volatility of MA*%,
Moreover, FAPbI; exhibits good photo- and thermo-stabilities with a longer carrier
lifetime compared to the MAPbI;'?!. However, FAPbI; exhibits degradation under the
effect of relative humidity, and the black a-phase perovskite of pure FAPbI; (only stable
above 160 °C) degrades into photo-inactive yellow d-phase below the phase transition
temperature'®1%?. Stabilizing the desired black phase of FAPbI; in the air for photovoltaic
applications is still a problem. Recently, moisture stability of perovskites with higher
performance is achieved by mixed cation perovskites (including Rb", Cs*, MA", and
FA")?. According to the reported works, the stability of FAPbI; can be improved by
partially incorporating MA" or Cs* into FAPbI;. Considering the volatility of MA™,
incorporated monovalent cation Cs" is a good candidate to enhance the structural stability
of FAPDI:.

Determination of the exact size of the organic cation in organic-inorganic halide
perovskites is not easy due to their non-spherical geometry and the constant rotation in
the lattice!®. FAPbI; is stable in the §-phase since it has a high tolerance factor (>1.0)
because of the large ionic size of FA". Therefore, by tuning its tolerance factor with the
incorporation of Cs" with a low tolerance factor, achieving stable a-phase CsxFA.<Pbls

with improved optical and electrical properties is possible!”!%. Furthermore, some
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reports have been conducted to increase the stability of the black-FAPbI3 phase and the
performance of FA-based organic-inorganic halide perovskite solar cells via doping and
passivation mechanisms!'?>1%,

PSCs suffer from current-voltage (J-V) hysteresis came into view in different J-V
scan directions. The hysteresis issue was first approached by Snaith e a/'%’. The factors
which trigger the hysteresis behavior in the J-V curve could be ferroelectricity,

108

modulation of charge transport, and ion migration “°. By hindering the ion migration and

decreasing the defect density, the hysteresis can be suppressed'”. The hysteresis in the J-
V curve can also be reduced by grain boundary engineering passivation mechanism!!%!!!,

In this work (Yuce H. et al.)!'?, the effects of Sr** and Ca?" additives with similar
and lower ionic sizes compared to Pb*" (rp,2+ = 119 pm; rg.2+ = 118 pm; rge+ =
100 pm)'"3 on Cso.1FAooPbls perovskites and the performance of these CsFA-based
PSCs have been investigated. It is shown that Sr*" and Ca®' additives make the
morphology of the perovskite uniform as confirmed by scanning electron microscopy
(SEM). Microstrain calculations for the perovskite films by using the Williamson-Hall
method have been performed. Morphology and the microstrain calculations suggested a
specific additive limit of 0.5% for improvement in the additive series beyond which the
films were affected negatively. The highest average PCE of 13.29% based on 0.5%
Sr?*:Cso.1FAo.oPbl; and 12.82% based on 0.5% Ca*":Cso.1FAooPbls was achieved while
Cso.1FA¢9Pbl; has a PCE of 11.20%. The effects of Sr*" and Ca** on the hysteresis of
CsFA-based PSCs has been also investigated. By the addition of 0.5%Sr?*, the hysteresis
of PSC is remarkably reduced by passivation. It is proved that low concentration additive
engineering with divalent cation in the perovskite films is a viable option for improving

the performance of PSCs.

3.2. Experimental Section

Materials and Sample Preparation: Soda-lime glass and fluorine-doped tin oxide
(FTO) coated glass substrates (2.5x2.5 cm?) were cleaned by sonication in 2% Hellmanex
water solution for 15 min. After rinsing with DI water, the substrates were cleaned with
DI water, acetone, and isopropanol for 15 min, respectively. Then, the substrates were

dried under nitrogen flow and exposed to UV-Ozone for 15 min.
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Electron transport layer preparation: A compact TiO; (c-Ti0Oy) precursor solution
was prepared with the mixture of 0.480 mL of Acetylacetone (Sigma-Aldrich) 0.720 mL
of titanium diisopropoxide bis(acetylacetonate) (75 wt % in isopropanol, (Sigma-
Aldrich)) diluted in 10.8 mL of anhydrous ethanol (Sigma-Aldrich). The precursor was
deposited with oxygen as a carrier gas at 450 °C on FTO substrates by using a spray
pyrolysis process. At 450 °C for 30 min, the TiO2 coated substrates were then sintered
and left to cool slowly down to room temperature. A mesoporous TiO2 (m-Ti02) solution
was prepared with the dilution of 150 mg TiO; paste (Sigma Aldrich) in 1 mL anhydrous
ethanol. The m-TiO; solution was spin coated on a c-TiO; layer at 4000 rpm for 30 sec,
and the samples were immediately dried on a hot plate at 150 °C for 15 min and then
sintered at 450 °C for 30 min.

Perovskite precursor solution and film preparation: A Precursor solution of
Cs0.1FA09Pbl; was prepared by mixing 1.5 M Pbl, (TCI America) and 1.5 M cesium
1odide (Csl, Sigma Aldrich) was dissolved in 8:1 V/V Dimethylformamide (DMF, Acros
Organics)/dimethyl sulfoxide (DMSO, Acros Organics) and DMSO, respectively. After
that, formamidinium iodide (FAIL Dyenamo) powders were dissolved in the Pbl solution
(molar ratio of FAI/Pblo: 1/1.09, lead excess precursor). The additives which are
strontium iodide (Srlb, Alfa Aesar) and calcium iodide (Cal,, Sigma Aldrich) were
dissolved in DMSO (1.5 M). Perovskite solution was coated on the substrates by 2- step
spin coating (step 1: 1000 rpm for 2 sec; step 2: 4000 rpm for 23 sec). 10 sec before the
end of spinning, 200 pL of chlorobenzene was dropped on the perovskite dropped
substrate. The perovskite coated films were immediately annealed at 150 °C for 15 min
in a nitrogen-filled glove box.

Hole transporting and contact layers preparation: Spiro OMeTAD (1-Material)
solution (0.07M) was doped with 0.5 M bis(trifluoromethylsulfonyl)imide lithium salt
(Li-TFSI, Sigma Aldrich), 0.03 M tris(2-(1Hpyrazol-1-yl)-4-tert-butylpyridine)-
cobalt(III)tris(bis(trifluoromethylsulfonyl)imide) (FK209, Sigma Aldrich) and 3.3 M 4-
tert-Butylpyridine (TBP, Sigma Aldrich). Then, the precursor was spin coated on a
perovskite layer at 3000 rpm for 30 sec. Finally, the Au electrode layer with a thickness
of 100 nm was evaporated on the spiro-OMeTAD layer.

The final structure of fabricated perovskite device solar cells with an active area of 0.128
cm? was FTO/c-TiO2/m-TiO»/Perovskite/spiro-OMeTAD/Au as shown in Figure 3.1a.

Characterizations of Perovskite Films and Devices: Morphology of perovskite

film surface was obtained by using the Hitachi SU-8230 SEM. X-ray Diffraction (XRD)
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measurements were carried out using a Malvern PANalytical Empyrean using Cu Ka
radiation (A= 1.54 nm) with a scan step size of 0.0131°. The chemical states of elements
were probed by an X-ray photoelectron spectrometer (XPS) (Thermo K-Alpha XPS)
equipped using an Al Ka (1486.6 eV) monochromatic source with a spot size of 400 pum.
Absorption spectra were collected by using the Carry 500 UV-Visible-NIR spectrometer.
Photoluminescence (PL) measurements were performed by using Horiba FL3-21
Fluorometer with an excitation wavelength of 560 nm. SEM, XRD, and XPS analyses
were carried out on perovskite coated on FTO/glass substrates, and optical measurements
were performed on perovskite coated on glass substrates. The J-V curves of the devices
were measured in a forward and reverse bias under the solar simulator (Fluxim, Litos
Lite) with an AM1.5 spectrum at a scan rate of 15 mV/s (Figure 3.1b). The numbers of
the devices per each series are 15 for CsFA, 0.1% Sr**, 0.1% Ca?", 0.5 Ca>"; 16 for 1.0%
Sr?*; 23 for 0.5 Sr*" PSCs.

Figure 3.1. Images of a) perovskite solar cell pixels and b) measurement setup for the

solar cell performance.

3.3. Results and Discussion

3.3.1. Morphological and Structural Analysis

In order to investigate the surface morphologies of the perovskite absorber layers,
the samples were evaluated by SEM. The SEM images of Sr*" and Ca** perovskite series
with pristine perovskite are shown in Figure 3.2. The SEM images show that the addition
of Ca’" and Sr** causes homogenization of the perovskite grain sizes. The morphological

properties of Sr** and Ca®" added perovskite films with the concentration of 0.1% and
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0.5% appear quite similar (Figure 3.2b,c). Moreover, by increasing the additive
concentration from 0.5% to 1.0%, the cracks in the SEM image are observed for 1.0%
Sr** added perovskite in Figure 3.2b. However, the cracks are not observed for 1.0% Ca?"
perovskite film in Figure 3.2c. The difference in the SEM images of 1.0% Sr** and 1.0%
Ca?" samples could have originated from the different ionic radii of the additives. Excess
additives affect negatively and lead to deterioration of the perovskite films’
morphological structure''*. The ideal additive limit is observed as 0.5% for Sr** and Ca*"
perovskites due to the observed cracks for Sr*" and smaller grains for Ca?* perovskites at
a higher concentration of 1.0%. The brightness of the grain boundaries could be attributed
to the segregated metal halides'!!. For all samples, over stoichiometric Pblo:Al (1.09:1.0)
where A is Cso.1FAo9 was employed and the brightness in Figure 3.2a is probably the
result of segregated Pbl. After adding Srl> and Cal: to the perovskites, the segregated
metal halides can be partially Pblo/Srl> and Pblo/Calz as shown in Figure 3.2d.

XRD patterns of the perovskite films coated on FTO substrates are shown in
Figure 3.3a,b. According to the XRD analysis results, all perovskite films exhibit similar
crystal structures with diffraction peaks centered at 2 £=13.93°, 19.75°, 24.26°, 28.10°,
and 40.19° corresponding to the perovskite phase and at 2 £=26.45°, 31.47°, 37.70°, and
42.74° corresponding to the mixed &- and perovskite phases. In the case of Sr*" and Ca®"
additions to the perovskite structure, any new peak is not observed, suggesting that no
new crystalline phases form. Segregated metal halides are undetectable by XRD due to
their low concentrations. Homogeneous structural strain behavior is usually detected by
a systematic shift in the signals in XRD patterns. Considering the absence of a systematic
shift in XRD peaks of our samples, there is no homogeneously strained lattice due to

macrostrain in the perovskite crystal structure'!>

. A microstrain in a crystalline material
originates from small fluctuations in the lattice spacing, and these small fluctuations are
detected owing to crystal imperfections or structural defects; such as dislocations,
vacancies, interstitials, twinnings, and grain boundaries''*. The microstrain is detected by
analyzing the broadening of XRD signals. Therefore, in order to monitor the
inhomogeneous strain behavior, the microstrain calculations by using Williamson-Hall
plot were performed for the Sr** and Ca?" perovskite series in Figure 3.3c, and the details
of microstrain calculations are given in supporting information (Figure S3.1 and Table

S3.1). It was observed that microstrains in both Sr** and Ca*" perovskite series follow the

same trend where the microstrain decreases until 0.5% additive concentration, then it
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increases at an additive concentration of 1.0%. The microstrain values for the Sr**

perovskite series are lower than those for the Ca®" perovskite series in all concentrations.
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Figure 3.2. SEM images of a) pristine, b) Sr** and c¢) Ca®" added perovskite with the
concentration of 0.1%, 0.5%, and 1.0%. d) Illustration of the proposed
microstructure of perovskite films. The left and right sides indicate pristine
and Sr**/Ca®" added perovskite films, respectively. Excess metal halides at

the grain boundaries are indicated by green spheres. Bar size is 500 nm for all

micrographs.
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Considering a higher microstrain due to high defect density, the calculations
suggest that the defect density in the perovskites is reduced by the additives. The
mechanism behind the reduction of microstrain by the additives is most probably
passivation by metal halides at grain boundaries as suggested by the reported work in
which excess Pbl, passivates the perovskite!'®. Similarly, Srl, and Cal, additives
with/without Pbl, can segregate at the grain boundaries as illustrated in Figure 3.2d. In
case of considering that the pristine perovskite film has already been passivated by excess
Pbl, It can be concluded that the passivation effects of Srl> and Calx are proven to be
better than that of Pbl, or a mixture of the additives with Pbl,, which is determined by
microstrain calculations of the films. The additive limit is determined to be the
concentration of 0.5% by microstrain calculations in Figure 3.3¢ which is also compatible
with SEM images with uniform grains due to the added Sr** and Ca®" at 0.5%

concentration in Figure 3.2b,c.

3.3.2. Optical Analysis

Figure 3.4 shows the Tauc plot and the photoluminescence (PL) spectrum of the
perovskite films. The absorption spectra of the films were given in Figure S3.2. The
bandgap energy was calculated by linear fitting of the absorption band edge as 1.53 eV
for Sr** and Ca®" additive perovskite series in Figure 3.4a,b, and the details of Tauc plot
calculations are given in Supporting Information. Considering the SQ limit, the calculated
bandgap of 1.53 eV is near the ideal bandgap of an absorber layer for single-junction solar
cells®. Note that all perovskite films including Sr** and Ca** additive perovskite series
have the same bandgap energy, which shows that the additives at low concentrations do
not affect the bandgap energy of the perovskite films. Gaussian fitted peaks of PL
emissions (raw data in Figure S3.3) for all perovskite films are centered at ~813 nm
(~1.525 eV) in Figure 3.4c,d, which is very close to the bandgap of the films. The
positions of the PL emissions remain unchanged with the addition of Sr** and Ca*".
According to the PL measurements, the optical properties of the perovskites are improved
in presence of the additives within the film. The highest PL intensities are observed at
0.1% concentration for Sr** (Figure 3.4c) and Ca*' (Figure 3.4d) additive perovskite
series. PL intensity of 0.5% Sr*" added perovskite film is higher than that of pristine

perovskite. The lowest PL intensities among Sr*>* and Ca?" additive series belong to 1.0%
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concentrations of additives. Furthermore, the PL intensity of pristine perovskite is the

same as those of 1.0% Sr** and 0.5% Ca*" perovskites.
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Figure 3.4. Tauc plots of a) Sr*" and b) Ca" additive perovskite series by using absorption

spectra. PL spectra of ¢) Sr** and d) Ca?" additive perovskite series.

3.3.3. Elemental Analysis

To further clarify the change of the Cso.1FAo9Pbls perovskite films after the
addition of Sr*" and Ca**, XPS measurements were performed. XPS survey spectra of
Sr?* and Ca?" series in the binding energy range of 0 to 900 eV are shown in Figure 3.5a,b.
After the addition of the additives, Sr- and Ca- related lines in the XPS survey spectra are
not distinguishable due to low concentrations of the additives. Figure 3.5¢ shows detailed
spectra in the energy region of Pb 4f7,,/Sr 3d core levels. The Sr 3ds, line is detected at
133.9 eV for Sr*" added perovskite films'!®> while only the edge of Pb 4f7 signal for
pristine perovskite (0%) is observed. XPS spectra of Ca 2p doublets which are obtained
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at 351.78 eV for Ca 2p1,» and 348.23 eV for Ca 2p3,'!7 with the spin-orbit splitting energy
of 3.55 eV!'!® as shown in Figure 3.5d. Here, Figures 3.5c,d demonstrate the presence of
Sr** in Sr** additive series and Ca*" in Ca?" additive series, respectively. Atomic
percentage ratios of Sr 3d/Pb 4f and Ca 2p/Pb 4f were calculated for Sr** and Ca®" additive

perovskite series, given in Table 3.1.
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Figure 3.5. XPS survey spectra of a) Sr** and b) Ca®" additive perovskite series. XPS
spectra of ¢) Pb 4f/Sr 3d and d) Ca 2p core levels of the perovskite films.

Table 3.1 Atomic percentage in sample for element to Pb ratio (Z:Pb)

Z:Pb4f  0.1% 0.5% 1.0% 0.1% 0.5% 1.0%

(%) Sr2* Sr?* Sr2t Ca*t Ca*t Ca?*
Sr 3d 1.2 2.9 3.8 - - -

Ca2p - - - 0.9 2.0 2.7
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Figure 3.6. XPS spectra of Cs 3d, I 3d and Pb 4f for a) Sr** and b) Ca*" additive perovskite

series. The energy shifts in the different elemental core level peaks of ¢) Sr**

and d) Ca®" perovskite films.

Table 3.2. The shifts in binding energies of the perovskite films for Cs 3d, I 3d, and Pb

4f XPS spectra.

Additives
0.1% Sr**
0.5% Sr**
1.0% Sr**
0.1% Ca*"
0.5% Ca*"
1.0% Ca*"

Cs 3d (eV) 13d (eV)
0.09 0.07
0.28 0.28
0.49 0.48
0.12 0.13
0.42 0.43
0.50 0.51

Pb 4f (eV)
0.03
0.30
0.44
0.10
0.38
0.50
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Figures 3.6a,b show the XPS spectra of Cs 3d, I 3d, and Pb 4f for Sr** and Ca*"
series, respectively. For pristine perovskite film, Cs 3d doublets are located 738.8 eV (Cs
3dsp2) and 724.9 eV (Cs 3dsp2)'"’. Moreover, the signals of Pb 4fs, and Pb 4fy, are
observed at 143.3 eV and 138.4 eV'?°. For 1 3d spectra, I 3ds/> and I 3ds/» peaks are located
at 630.7 eV and 619.2 eV'%. The spin-orbit splitting energies of Cs 3d, Pb 4f, and I 3d
doublets are calculated as 13.9, 4.9, and 11.4 V, respectively. In addition, It can be seen
that there are shifts in the binding energies of Cs 3d, Pb 4f, and I 3d after the addition of
Ca’?" and Sr*" to the perovskite film. In the case of increasing the concentration of Sr**
and Ca®" in the perovskite samples, the binding energies of the core levels shift to lower
binding energies, which is the result of the electronegativity difference of the additives'!.
Considering the electronegativities'”> of Pb (1.85), Sr (0.96), and Ca (1.03), the
differences in the electronegativity of the divalent cations could also explain the reason
for the different shifts in the binding energies for Sr** and Ca*' series. These shift
variations for Sr** (Figure 3.6¢) and Ca?" additives (Figure 3.6d) show small differences,
and these shift parameters are given in Table 3.2. The same trend in binding energy shifts
is also observed for Cls, N1s, and O1s XPS core level spectra, which are given in Figure

3.7.
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Figure 3.7. XPS spectra of C 1s, N 1s, and O 1s for a) Sr?* and b) Ca** additive perovskite

series.
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Figure 3.7 shows Cls, Nls, and O 1s core level XPS spectra for Sr*" and Ca**
additive perovskite series. In the C 1s spectra of Cso.1FAo9Pblz perovskite, the peaks at
284.8, 286.6, and 288.4 eV were assigned to C-H, C-N, and O-C=0O bonds,
respectively'?®. The Nls region of pristine perovskite includes one peak at 400.2 eV
assigned to C-N bonds'?. O 1s peak of pristine perovskite is at 532.7 belonging to the
C=0 bond'?. In the case of adding Sr** and Ca?" to the perovskite, XPS binding energies
shift to lower binding energies. For the O 1s region, the reason for the broadened peak
for the Sr** perovskite series can be the formation of surface hydroxides at around 530.9

eV 124‘

3.3.4. Solar Cell Characterization

The effects of Sr** (similar ionic radii with Pb*") and Ca®* (smaller ionic radii than
Pb*") additives on the performance of PSCs are shown in Figure 3.8. The n-i-p
architecture of PSC with FTO/compact TiO»/ mesoporous TiO»/ perovskite/Spiro
OMeTAD/Gold was constructed as shown in Figure 3.8c. The solar cell parameters,
which are open-circuit voltage (Voc), fill factor (FF), short circuit current density (Jsc),
and PCE were extracted from reverse J-V curves of Sr** and Ca®" additive series and
plotted in Figures 3.8a,b. The device parameters obtained from forward/reverse J-V
curves are plotted as box plots. The J-V curves belonging to high performance PSCs for
each series are given in Figure 3.8d.

The solar cell parameters suggest Sr** and Ca’*' addition to the perovskite
significantly improve the device performance. The pristine perovskite device yields an
average PCE of 11.20 % with Voc, FF, and Jsc values of 0.92 V, 64.92%, and 18.66
mA/cm?. Considering similar ionic radius with Pb?"; the addition of Sr*" until 0.5%
concentration improves the performance of PSCs. By the addition of Sr** at 0.1%
concentration, the device parameters are improved with a resulting average PCE value of
12.25%. The maximum device parameters are obtained for 0.5% Sr** PSC series with an
average PCE of 13.29%, Voc of 0.96 V, FF of 67.37%, and Jsc of 20.34 mA/cm?.
Considering lower Jsc at 1.0% Sr** PSCs compared to the others, it can be said that a high
concentration of St** can prevent charge extraction from the perovskite absorber layer,

resulting in a lower average PCE of 10.03%.
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Figure 3.8. Solar cell parameters of Voc, FF, Jsc, and PCE for a) Sr** and b) Ca" additive
series. ¢) n-i-p architecture of fabricated solar cells. d) J-V curves of PSCs for

additive series with the pristine.

When considering the addition of Ca** which has a lower ionic radius compared
to Pb?*, the perovskite device performance shows a somewhat similar performance trend
to Sr*" added PSCs. However, for 0.1% Ca®" PSCs, the average PCE drops to 11.03%
from 11.20% which could be a result of sample-to-sample fluctuation. The maximum

average PCE achieved for 0.5% Ca?" PSCs is 12.82% with Voc, FF, and Jsc values of
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0.95 V, 64.09%, and 20.95 mA/cm?. Lastly, 11.37% of average PCE is obtained in 1.0%
Ca?" concentration PSCs.

The device parameters of PSCs change in both cases, showing a similar trend
where 0.5% additive concentration yields the maximum values as a result of reduced
defect density upon doping as the microstrain calculations suggested. The microstrain
decreases monotonically with increasing additive concentration up to 0.5%, which
implies lower defect density while the microstrain in the perovskites enhances at 1.0%
(Figure 3.3c). Defects in the perovskites significantly affect the photovoltaic devices and
lead to lower device performances'!*!?>. Until 0.5% concentrations of the additives, PCEs
of the PSCs enhance with increasing Voc and Jsc due to the decreasing defects in the
perovskites. For 1.0% Sr*" and Ca”** PSCs, there is a decrease in device performance;
however, there are fluctuations in the FF of PSCs. At this point, considering microstrain

calculation, an increase in defect concentration is observed at 1.0% Sr>* and Ca’>* PSCs.

Table 3.3. Average device parameters of pristine, Sr**, and Ca*" additive PSCs for reverse

and forward scan.

PSCs Scan PCE Jsc Voc FF Hysteresis
direction [%] [mA cm?]  [V] [%] [%]
Cso.1lFAo9Pbs  Reverse 11.20 18.66 0.92 64.92 14.40
Cso.1FAo9oPbs  Forward 9.60 16.85 0.88 64.21
0.1% Sr** Reverse 12.25 20.32 0.94 63.50 5.28
0.1% Sr** Forward 11.61 19.50 0.90 65.87

0.5% Sr** Reverse 13.29 20.34 0.96 67.37 7.60
0.5% Sr** Forward 12.30 19.37 0.93 67.72
1.0% Sr** Reverse 10.03 16.18 0.94 65.79 17.23

1.0% Sr** Forward 8.28 14.53 0.91 62.64
0.1% Ca*" Reverse 11.03 18.27 0.92 65.28 12.70
0.1% Ca** Forward 9.71 16.72 0.87 65.45

0.5% Ca** Reverse 12.82 20.95 0.95 64.09 5.51
0.5% Ca*" Forward 12.21 20.09 0.91 66.66
1.0% Ca*" Reverse 11.37 18.61 0.93 65.15 12.58
1.0% Ca*" Forward 9.96 16.99 0.89 65.27

Microstrain calculation results for determining the change in defect concentrations
are compatible with device performance of the PSCs and hysteresis of J-V curves.

Hysteresis index box plots in J-V curves of the PSCs are shown in Figure 3.10. Average
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hysteresis indices and device parameters obtained from reverse and forward scans are
plotted as box plot in Figure 3.9 and given in Table 3.3. Hysteresis indexes in J-V curves
for the perovskite by Sr*" and Ca®" have been reduced and the lowest average hysteresis
index is obtained at 0.5% concentration for both additive series as shown in Figure 3.8d.
The hysteresis resulting from mostly ion migration which is faster at the grain boundaries
due to higher ionic diffusivity'?¢ is reduced for Sr** and Ca®" PSC series by passivation

effects of Srl; and Cals.
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Figure 3.9. Calculated solar cell parameters of Voc, FF, Jsc, and PCE from reverse and

forward J-V curves for a) Sr** and b) Ca** PSCs.
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Figure 3.10. Hysteresis indices in the J-V curves of a) Sr** and b) Ca*" additive series.

3.4. Conclusion

Additive engineering on CsFA-PSCs utilizing Sr** and Ca’" metal halide additives
at low concentrations has been performed. The additives cause uniformity in the grain
structure at 0.5% which is assigned as the optimum additive concentration. Microstrain
calculations show the defect densities in the perovskite films reduce until 0.5%
concentration. Furthermore, the additives cause improvements in optical parameters of
the perovskites as well. Finally, the performance of the PSCs is increased by the additives
due to lowered defect density with uniform morphologies and enhanced optical
properties. At the 0.5% additive concentration, PCEs of the PSCs are significantly
improved by Sr*" and Ca?"; however, the effect of Sr** for the improvement of PSCs is
superior compared to that of Ca?" with a champion PCE of 15.20%. Furthermore, the
hysteresis in PSCs is reduced by utilizing metal halide passivation at grain boundaries.
The results show that metal halide additive engineering is a promising strategy to counter

the problems of MA-free CsFA PSCs.
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CHAPTER 4

IMPROVING PHOTOPHYSICAL PROPERTIES OF
PEROVSKITE NANOCRYSTALS FOR WHITE LIGHT
EMITTING DIODES

4.1. Introduction

All-inorganic lead halide perovskite nanocrystals (NCs), e.g., CsPbX;3 (X = CI',
Br, I') have found a number of potential roles in a variety of applications including
LEDs®%127:128 "solar cells!®13° lasers'3!"!*2, and photodetectors'**!3*, In addition to the
key properties pursued by these applications such as high photoluminescence quantum
yield (PLQY), defect tolerance, adjustable bandgaps, narrow photoluminescence (PL),
and the low cost of these materials makes them significantly attractive®®!3>13_ Despite
these promising properties, there are still some issues of halide perovskite NCs face for
real-world applications. In addition to the stability, another main problem is the halide
defects decreasing the PLQY of perovskite NCs by promoting non-radiative
recombination'*”!%, In order to overcome these problems, a proper surface passivation

139,140

method by using polymers or inorganic ligands was applied; however, these surface

passivation materials limit their application in optoelectronic devices due to their poor
conductivities. Compositional engineering is also another effective method to increase
the stability and defect elimination resulting in improved optoelectronic properties of
perovskite NCs>**!13:141 This method can be performed with homovalent dopants, such as
Zn?T142.143 - CgFraz1aa N2 145.146 - and Sn?*192147 and heterovalent dopants, such as
Ce*"¥ Bi**1% Sb**150 and A", In addition, Sr*" homovalent dopants for CsPbls

perovskite NCs improve the stability and optical properties by increasing defect

52,53

formation energy>>>*. Mn?* incorporation into perovskite lattice leads to optically

interesting behavior, which results in a mid-gap state in band structure that belongs to the
Mn?*, which affects the recombination dynamics'>

PL emissions: one just below the bandgap (~2.4 eV for CsPbBr3 or ~3.0 eV for CsPbCl3),

. Mn-doped perovskites exhibit two

assigned to exciton recombination in the perovskite, and another one in orange/red region
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at around 2.06 eV'3, assigned to the Mn d—d transition between the *T1 and °Al
configurations®%!>2,

For perovskite NC-based white light-emitting diodes (WLEDs), CsPbX3 NCs can
be employed to obtain white light with the combination of the emissions in red-green-
blue regions®®®2. In order to obtain PL emission in the red region, Mn-doped perovskite
NCs are a promising alternative to CsPbls NCs which suffer from thermodynamic
instability at room temperature®®. CsPbBr3 exhibits better phase stability compared to
CsPbl; NCs?. A low PLQY of Mn state emission is still a problem for commercialized
usage; however, Bi** 13 Co?" 5% Ni?* 156 Yb¥* 157 ‘and Cu?* !*® co-dopants are used for
improving the PLQY of Mn state emission in Mn?"-doped perovskite NCs.

In this work (Yuce H. et al)!*?, the improved photophysical properties of CsPbBr3
and Mn?":CsPb(Br,Cl); perovskite NCs by Sr** incorporation are reported. Firstly, Sr**
dopant at 1%, 2%, 5%, and 10% concentrations in CsPbBr3 NCs was optimized. In order
to find the optimum Sr** dopant concentration, a series of doped samples ranging from
1% to 10% Sr*>* concentration was explored, and the highest PLQY was observed at a 2%
dopant concentration. With the goal of harnessing emission in the red region, the 2% Sr**
sample was further doped with MnCl, yielding Mn?":CsPb(Br,Cl); NCs. The effects of
Sr?* doping on the morphology and crystal structure of CsPbBr3; and Mn?*:CsPb(Br,Cl)s
perovskite NCs were investigated. A remarkable increase in PLQY and PL lifetime for
Sr?*:CsPbBr3 and Mn?":CsPb(Br,Cl); NCs have been observed. Lastly, the Sr**-doped
perovskite NCs having enhanced optoelectronic performance have been applied in a

white LED fabrication, which shows higher performance with improved white light.

4.2. Experimental Procedure

Materials: Lead(Il) bromide (PbBr2, >98%), strontium bromide (SrBr2, 99.99%
trace metal basis), Manganese(Il) chloride tetrahydrate (MnClz-4H>0, >98%) cesium
carbonate (Cs2CO3, 99.9%, Sigma-Aldrich), 1-octadecene (ODE, 90%), oleylamine
(OLAM, 70%), and oleic acid (OA, 90%) were purchased from SigmaAldrich. Toluene
(299%, Merck) was purchased and used without any further purification.

Synthesis of Cs — Oleate: for 203.5 mg (266.67 mg) Cs2COs3, 625 uL (1,167 uL)
oleic acid, and 10 mL 1-octadecene were put into a round bottom flask and dried at 120

°C while stirring for 1 h. After drying the temperature was increased to 150 °C under a
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nitrogen atmosphere. The solution was kept at 150 °C overnight to make sure all Cs2CO3
reacted with oleic acid. The values given in parentheses are for Cs-Oleate synthesis of
pristine and Sr?*:Mn?":CsPb(Br,Cl); NCs.

Synthesis of pristine and Sr**:CsPbBr3 NCs: For the synthesis of pristine CsPbBr3
NCs, first, 17.2 mg PbBr, was put into a glass tube alongside 1.25 mL ODE, 125 uL OA,
and 125 pL OLAM and dissolved/degassed at 120 °C for 30 minutes. After degassing,
the temperature was increased to 180 °C where 100 pL Cs-oleate was injected. After
injection, the solution was immediately cooled down using an ice bath and then
centrifuged for 15 min at 6000 rpm (Figure 4.1a). For the synthesis of Sr**:CsPbBr; NCs,
the same procedure was followed except 1%, 2%, 5%, and 10% SrBr> was added to the

solution while the same molar amount of PbBr, was excluded (Figure 4.1b).

(a)
Cs-Oleate
Daylight UV Light
Under vacuum —
PbBr, N, ambiance
+ _—_— [
Ligands

Quenching

s 180 °C .
120°c CsPbBr; NCs

b
( ) Cs-Oleate Daylight UV Light
/
. Under vacuum '
PbBr,:SrBr, | | Naambiance [  Quenching

+
Ligands

120 °C 180 °C 2% Sr2*:CsPbBr; NCs

Figure 4.1. Illustration of a) CsPbBr3; and b) Sr?*:CsPbBr; perovskite NCs synthesis with
their images under daylight and UV light.

Synthesis of Mn?":CsPb(Br,Cl); and Sr**:Mn*":CsPb(Br,Cl)s NCs: For the
synthesis of Mn?":CsPb(Br,Cl); NCs, firstly 9.175 mg PbBr2 and 4.95 mg MnCl.4H,0O
were put into a glass tube alongside with 1.25 mL ODE, 125 uLL OA, and 125 uL OLAM

and dissolved/degassed at 120 °C for 30 minutes. After degassing, the temperature was
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increased to 180 °C where 100 puL Cs-oleate was injected. After injection, the solution
was immediately cooled down using an ice bath and then centrifuged for 15 min at 6000
rpm (Figure 4.2a). For the synthesis of Sr*":Mn**:CsPb(Br,Cl); NCs, the same procedure
was followed except 2% SrBr, was added to the solution while the same molar amount

of PbBr2 was excluded (Figure 4.2b).

(a) Cs-Oleate ) .
4 Daylight UV Light
= Under vacuum '
PbBr,:MnCl, | N2ambiance Quenching |
+ — —
Ligands
120 °C 180 °C

Mn2*:CsPb(Br,Cl); NCs

(b) Cs-Oleate Daylight UV Light

J
. Under vacuum
PbBr,: MnCI N, ambiance [ Quenchmg
SrBr2

Lngands
120°C 180 °C 2% Sr2*: Mn?*:CsPb(Br,Cl); NCs

Figure 4.2. Illustration of a) Mn?":CsPb(Br,Cl); and b) 2%Sr*":Mn?":CsPb(Br,Cl)s
perovskite NCs synthesis with their images under daylight and UV light.

Fabrication of perovskite NCs- based WLED: 0.5 g poly(methyl methacrylate)
(PMMA) was dissolved in 10 mL Toluene. For each film of CsPbBr;3 drop cast films were
prepared with the mixture of 40 pL PMMA and 120 pL perovskite while
Mn?*:CsPb(Br,Cl); drop cast films were prepared with the mixture of 40 uL. PMMA and
240 L perovskite solution on 1.5x1.5 cm? glass substrates (Figure 4.3). Then, these
CsPbBr; and Mn*":CsPb(Br,Cl); (for 0% and 2% Sr** series separately) were placed on
the LED laterally. The emission spectra were taken from the perovskite layers excited
with UV light (366 nm of wavelength, 12 V, and 8W power) and a CIE chromaticity
diagram was extracted from the OSRAM ColorCalculator program.
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Daylight
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Figure 4.3. Pictures of perovskite NCs/PMMA composite films under daylight and UV
light.

Characterization of NCs: STEM images for all perovskite NCs were taken by
using a scanning electron microscopy (SEM); Quanta 250, FEI, Hillsboro, OR. Perovskite
solutions were dropped onto 300 mesh holey carbon-Cu (50 microns) for STEM images.
X-ray diffraction (XRD) analyses were done by using X’Pert Pro, Philips, Eindhoven, the
Netherlands. Optical measurements including absorption, PL, PL lifetime, and PLQY
were carried out on an FS5 spectrofluorometer (Edinburgh Instruments, U.K.). For PL
and PLQY measurements, excitation wavelengths of CsPbBr; and Mn?**:CsPb(Br,Cl);
samples were 400 nm and 390 nm, respectively. For lifetime measurements, CsPbBr3 and
Mn?":CsPb(Br,Cl); samples were excited with 442 nm and 307 nm lasers, respectively.
Trace metal analysis was carried out using an inductively Coupled Plasma-Mass

Spectrometer (ICP-MS) on Agilent 7500ce Octopole Reaction System.

4.3. Results and Discussion

4.3.1 Elemental Analysis

Inductively Coupled Plasma-Mass Spectrometer (ICP-MS) measurements as
shown in Figure 4.4 (Table 4.1) were firstly carried out in order to determine actual
doping ratio of Sr/Pb for CsPbBr; NCs and the ratios were estimated as 0.0472%,
0.0998%, 0.2388%, 1.0513% for the 1%, 2%, 5%, and 10% Sr*" concentration,
respectively. For Mn?*:CsPb(Br,Cl); perovskite NCs, actual doping ratio of 2% Sr** was
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estimated as 0.0205% as given in Table 4.2. ICP-MS analysis results show that Sr*" was
successfully doped into perovskite NCs and doping concentrations of Sr*" against their
addition amounts are in agreement with Sr>*:CsPbl; NCs>?. Br/CI ratios were determined
as 72.34% and 75.26% for Mn?":CsPb(Br,Cl); and 2% Sr*": Mn*":CsPb(Br,Cl); by ion
chromatography (IC) analysis. The large difference in bond dissociation energies between
ions prevents the incorporation of dopants into perovskite NCs!#*. Considering the bond
dissociation energies of Sr-Br (365 kJ/mol) and Sr-Cl (409 kJ/mol)!¢*1®! incorporated

Sr?" within lattice could be favoring doping of Br~ compared to the CI.
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Figure 4.4. Actual Sr** and Pb*" percentages depending on the added Sr** concentrations
for CsPbBr3; NCs as obtained by ICP-MS.

Table 4.1. Actual Sr**/ Pb?>*+Sr?* for St**:CsPbBr; NCs (determined by ICP-MS).

Sample
1% Sr**:CsPbBrs;
2% Sr**:CsPbBrs;
5% Sr**:CsPbBrs;

10% Sr**:CsPbBr3

SrZ*/(Pb?*+Sr?*) (%)
0.0472
0.0998
0.2388

1.0513
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Table 4.2. Actual mole ratio (%) of Sr** and Mn?"/ Pb**+Mn**+Sr** (determined by ICP-
MS) and Br/CI™ (determined by IC) for Mn?":CsPb(Br,Cl); NC samples.

Sample Sr¥/(Pb*+Mn?"+Sr*")  Mn**/(Pb**+Mn?"+Sr*")  Br/CI°
(%) (%) (%)
0% - 0.2525 72.34
Sr**:Mn?":CsPb(Br,Cl)s
2% 0.0205 0.2406 75.26
Sr?*:Mn?":CsPb(Br,Cl)s

4.3.2. Morphology of CsPbBr3; NCs

The morphology and size distribution of CsPbBrs NCs upon Sr** doping was
monitored via STEM mode in SEM. The incorporation of Sr** ions into the perovskite
lattice does not clearly affect the structure and morphology of the perovskite NCs (Figure
4.5). From the STEM images in Figure 4.5, the average NC sizes of pristine, 1%, 2%,
5%, and 10% Sr**-doped CsPbBr; NCs were found to be ~20.3, ~16.8, ~17.3, ~16.0, and
~17.0 nm, respectively. While a systematic reduction of perovskite NC size
corresponding to an increasing Sr>* ion concentration was not observed, in general,
however, the CsPbBrs NCs experienced a reduction in nanoparticle size due to Sr*"
doping. Passivation by excess halide ions has been reported to cause a lower size
distribution in perovskite NCs'6%!% however, the reason for the decrease in NC size upon
Sr?* doping can be an effect of impurity (i.e., the dopant) on crystallization dynamics,
since the synthesized perovskite NCs are stoichiometric in this work. It is argued that the
Sr** impurities lead to a reduction of the energy threshold for nucleation and cause more
nuclei to form, resulting in a smaller NC size. The uniformity of NC size distribution is
improved upon Sr** doping until 2% Sr** concentration, however, even higher Sr**

concentrations adversely affect NC homogeneity (Figure 4.5b-e insets).
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O Cs*
© Pb?*
OBr

@ Sr2+ |

Figure 4.5. a) Illustration of Sr**-doping into CsPbBr; crystal lattice and STEM images
of b) 0%, ¢) 1%, d) 2%, e) 5%, and ) 10% Sr>* doped CsPbBr3; NCs. All inset
in each figure shows NC size distribution in the relevant sample. Bar size is

50 nm.

4.3.3. Structural and Optical Properties of CsPbBr; NCs

Figure 4.6a shows the XRD patterns of pristine and Sr**:CsPbBr; NC samples.
XRD reflections for all samples confirm the orthorhombic Pnma crystal structure of
CsPbBr3!%. Incorporation of Sr?** to perovskite lattice does not cause any additional XRD
reflection, confirming no phase transition upon doping. Furthermore, no systematic shift
in XRD reflections was observed upon Sr** doping due to the similar ionic radii of Pb**
(119 pm) and Sr** (118 pm) ions'!"®. In order to understand the effect of Sr*" doping on
the perovskite lattice, the lattice parameters were calculated by using XRD patterns of
each sample as given in Table S4.1. The lattice parameters (a, b, ¢ unit cell) show a trend
where “a= 8.27680 A and “c= 8.19181 A” values increase and reach a maximum at 2%
Sr** doping concentration and then decrease as the doping concentration exceeds 2%
(Figure 4.6b) whereas “b” lattice parameter follows an opposite trend. The absence of a
systematic shift in XRD patterns (i.e. homogeneous strain) has led to an investigation of
microstrain depending on the doping concentration. Microstrain describes a local
distortion of the crystal lattice, which was calculated by the slope of the Williamson-Hall
(W-H) plot obtained by the XRD reflection broadness of the samples in Figure S4.1
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(Table S4.2)"!"5. According to the calculations in Figure 4.6¢, microstrain has declined

upon Sr** doping until 2% concentration. For further concentrations, there is a systematic

increase in microstrain. This behavior suggests that reduced defect-related distortion in

the perovskite NCs at 2% Sr** could be the result of changed lattice parameters upon

doping.
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Figure 4.6. a) XRD patterns, b) lattice parameters, c) microstrain values obtained by W-

H plot, d) PL/Absorption spectra, €) TRPL plot, and f) PLQY distribution of

pristine and Sr*":CsPbBr3; NCs.

| —0% S (@) _ | —1%sr* (b) | | _2%sr (c)
= 5 =2
o P o E: K p
) = >
i e = h
2 3 =2
)7 33 A 25 26 23 33 24 IS 26 23 33 o4 75 26
Energy (eV) Energy (eV) Energy (eV)
| _5%sSr2* (d)} | _—10%sr* (e)
= =
— S
=) ) e
O
g 3
22 23 24, 25 26 322 23 24 35 26
Energy (eV) Energy (eV)

Figure 4.7. Tauc plots of a) pristine, b) 1%, ¢) 2%, d) 5%, and e) 10% Sr*>*:CsPbBr; NCs

with bandgap of 2.39 eV.
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In order to understand the doping effect further, optical measurements have been
carried out as shown in Figure 4.6d-f. Considering absorption and PL spectra of pristine
and Sr*":CsPbBr; NCs (Figure 4.5d), there is no shift in PL emission energy and
absorption edge of the samples. This implies that the incorporation of Sr** into the lattice
does not affect the bandgap energy of CsPbBr3. According to Tauc’s plot (Figure 4.7),
the bandgap energies of the samples are calculated as ~2.39 eV. PL signals were centered
at 2.41 eV. Furthermore, the full-width half maxima (FWHM) of PL peaks (Figure 4.8)
were reduced by the doping of Sr*" which is in agreement with size distribution in STEM

images.

0% Sr**
— 1% Sr*
—2% Sr*
— 5% Sr*'
10% Sr**

Normalized
PL Intensity (a.u.)

21 2.2 23 2.4 25 26 2.7 28
Energy (eV)

Figure 4.8. PL emissions of pristine, 1%, 2%, 5%, and 10% Sr**:CsPbBr3; NCs.

The absence of PL shift despite the minor NC size changes can be attributed to
the sizes of CsPbBr3 NCs within intermediate-weak confinement regimes'®®. Figure 4.6¢
shows the TRPL results of CsPbBr; NCs with different Sr** doping amounts. The average
PL lifetimes per sample were calculated in Table S4.3 and details are given in Appendix
A, Supplementary Note 4. PL lifetime of CsPbBr; NCs was measured as 7.62 ns. In the
case of the incorporation of Sr*" ions until < 2% to the perovskite NCs, longer average
lifetimes were observed. Depending on the doping concentration, there is a systematic
increase in the average lifetime which are 8.42 and 10.39 ns for 1% and 2% Sr**-doped
CsPbBrs NCs, respectively. However, for higher concentrations of Sr** (>2%), a
reduction of lifetimes which are 7.30 ns for 5% and 6.84 ns for 10% Sr** perovskite NCs
was found. Considering the inversely proportional defect-lifetime relationship'®%'%7 the
trend in PL lifetimes is in an agreement with calculated microstrain results in Figure 4.6¢.

According to the microstrain calculations, defect-related distortions were diminished by
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incorporation of Sr** into the lattice until 2% concentration and minimum microstrain
originating from fewer defects was determined for 2% Sr**-doped CsPbBr; NCs. Then,
with a higher doping amount of Sr**, a reduction of PL lifetime was observed with
increasing microstrain due to higher defect concentration resulting in more non-radiative
recombination. The reduced defect density leads to decreased non-radiative
recombination, resulting in higher PLQY and PL lifetime!®®. The same trend as in PL
lifetime and microstrain was observed for PLQY results in Figure 4.6f. The PLQY of
CsPbBr; NCs was obtained as 84.7%. By doping of Sr**, PLQY of the perovskite NCs
was enhanced to 88.8% and 92.6% at 1% and 2% Sr** concentrations, respectively. For
further doping concentrations, PLQY of the perovskite dropped to 83% at 5% Sr** and
then 70% at 10% Sr?* concentrations since more dopants in the perovskite lattice could

trigger the formation of new defects.

4.3.4. Morphology of Mn?":CsPb(Br,Cl); NCs

Figure 4.9 shows the STEM images of Mn?":CsPb(Br,Cl); and 2%
Sr?*:MnCl,:CsPbBr3 NCs. 2% Sr** incorporation into Mn?*:CsPb(Br,Cl); lattice is benign
to the NC morphology shape-wise. However, a slight decrease in nanocube size and
improved monodispersity in size were observed similar to the Sr*>":CsPbBr; case (Figure
4.5). The average NC sizes are 20.6 nm and 19.3 nm for pristine and 2%
Sr?":Mn**:CsPb(Br,Cl)3, respectively.

Figure 4.9. STEM images of a) Mn?":CsPb(Br,Cl); and b) 2% Sr**:Mn?":CsPb(Br,Cl);

NCs. Bar size is 50 nm.
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4.3.5. Structural and Optical Properties of Mn**:CsPb(Br,Cl); NCs

XRD analyses for Mn*":CsPb(Br,Cl); NCs in order to observe the impact of 2%
Sr?" doping on the NCs were carried out as shown in Figure 4.10a. The XRD pattern of
Mn?":CsPb(Br,Cl); NCs show reflections at 15.4°, 22.0°, 31.1°, 35.0°, 38.4°, and 44.6°
which correspond to the orthorhombic perovskite phase'®. Due to the ionic radius
difference between Mn** (67 pm) and Pb*" (119 pm) ions''?, the XRD signal shifted to
higher angles for Mn**-doped perovskite NCs, which indicates Mn”** ions were
incorporated into the perovskite lattice!”°. Nonetheless, the shift in Mn?":CsPb(Br,Cl)s is
not exclusively due to Pb?" ion substitutions with Mn** ions, the overall lattice shrinking
effect should also be attributable to C1/Br~ substitutions Figure 4.10b*. Sr** addition into
Mn?":CsPb(Br,Cl); NCs does not exhibit any peak shift, indicating the Sr** ions
substituted with Pb>* ions in the perovskite NCs.
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Figure 4.10. a) XRD patterns, b) the comparisons of XRD signal positions for CsPbBr3,
Mn?":CsPb(Br,Cl); and Sr**:Mn?":CsPb(Br,Cl); perovskite NCs c)
microstrain and lattice constant parameters. d) PL/Absorption spectra, )
TRPL plot, and f) PLQY comparisons of Mn?":CsPb(Br,Cl); and
2%Sr?":Mn*":CsPb(Br,Cl); NCs.

Therefore, microstrain calculations of Mn?":CsPb(Br,Cl); samples have been
performed owing to the narrowing of XRD signals after Sr*" incorporation. Through the
doping, the microstrain of Mn?>*:CsPb(Br,Cl); NCs diminishes from 0.33% to 0.20% as

shown in Figure 4.10c. In the lattice parameters, b and ¢ exhibit an inversely proportional
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trend while “a=8.1324 A” and stays constant by Sr>* doping (Figure 4.10c and Table
S4.1). The UV-Vis results in Figure 4.10d show very similar absorption behaviour for
Mn?":CsPb(Br,Cl)s and 2%Sr*":Mn**:CsPb(Br,Cl); NCs.

—0% Sr?* (a) 2% Sr** (b)

(ahv)’ (a.u.)
(ahv)’ (a.u.)

y S

2.4 2.6 2.8 30 24 2.6 2.8 3.0
Energy (eV) Energy (eV)

Figure 4.11. Tauc plots of a) Mn?":CsPb(Br,Cl); (E; = 2.70 eV) and b) 2%
Sr**:Mn?":CsPb(Br,Cl)s NCs (Eg = 2.69 eV).

The Tauc plots of Mn*":CsPb(Br,Cl); and 2%S1**:Mn?":CsPb(Br,Cl); samples are
shown in Figure 4.11, which shows 2.70 and 2.69 eV bandgaps for these samples,
respectively. This small variation between the samples was also observed in PL peak
positions obtained from excitons where Mn?":CsPb(Br,Cl); and 2%Sr*"
Mn?":CsPb(Br,Cl); NCs exhibited exciton PL signals at 2.72 and 2.71 eV, respectively
(Figure 4.10d). Since Sr** doping at low concentrations (< 1%) does not cause a change
in the bandgap energy (Figure 4.7), this slight change in bandgap and PL emission
energies can be attributed to an extremely small variety of Br/CI  ratio in the perovskite
structures. PL emission coming from Mn-state in Mn?":CsPb(Br,Cl); perovskite NCs
increases by Sr*" doping. TRPL measurement results of these samples are given in Figure
4.10e for exciton emissions of the perovskites. The average PL lifetime of
Mn?":CsPb(Br,Cl); NCs was increased from 9.39 ns to 10.10 ns by Sr** doping, indicating
lower defect density. As the last optical measurement, PLQY measurements on
Mn?*:CsPb(Br,Cl); and 2%Sr*":Mn**:CsPb(Br,Cl); NCs have been performed. For these
measurements, only the range between 2.38-1.59 eV (520-780 nm) and 3.02-2.38 eV
(410-520 nm) were included to see the change in the optical performance of Mn**-state
and perovskite exciton emissions, respectively. As a result, Mn?":CsPb(Br,Cl); NCs have
a PLQY of 7.6% and they show a remarkable increase in the PLQY reaching up to 14.2%
after Sr** incorporation for Sr>*:Mn?":CsPb(Br,Cl); NCs as given in Figure 4.10f, proving
the beneficial effect of Sr*" co-doping alongside with Mn?*. In addition, the exciton
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PLQY belonging to the perovskite structure is increased from 43.4% to 49.1% by Sr**
incorporation (Figure 4.10f). These optical improvements with better exciton-to-Mn**

energy transfer due to Sr** incorporation originated from lowered defect density.

4.3.6. White Light Generation by Using Perovskite NCs

Two sets of WLEDs were fabricated based on CsPbBrs/PMMA (green-emitting
composite) and Mn?*:CsPb(Br,Cl)s/PMMA (red-blue emitting composite) by excitation
of a UV LED. In order to observe 2% Sr*" addition effect on the quality of WLED,
perovskite NCs/PMMA composite films with and without 2% Sr** were obtained by
drop-casting. Their corresponding PL spectra for 0% Sr*" and 2% Sr?* systems are shown
in Figure 4.12a with their CIE coordinates in Figure 4.12b. Since the amount of
Mn?":CsPb(Br,Cl); perovskite NCs in the film is higher compared to the amount of
CsPbBrs; NCs, PL emissions of Mn?":CsPb(Br,Cl); are improved more by Sr** doping
compared to the improvement of CsPbBrs; NCs. The luminescence efficiency of
CsPbBr3/Mn**:CsPb(Br,Cl); based WLED is 277 Im/W under the 8W power of UV light,
which is increased to 290 Im/W by Sr** doping. While the CRI for the undoped perovskite
system is 80, 2% Sr**:CsPbBr3/2% Sr**:Mn**:CsPb(Br,Cl); based WLED exhibit a CRI
of 83 due to the increase in PL emission of Mn- state by decreasing the deficiency of red

emission in the system.
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Figure 4.12. PL spectra of WLEDs based on a) 0% and 2% Sr** doped CsPbBr; and
Mn?":CsPb(Br,Cl); drop casted films; b) corresponding CIE coordinates.
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4.4. Conclusion

A detailed experimental study on Sr** doping into CsPbBr; and
Mn?":CsPb(Br,Cl); perovskite NCs has been presented. Upon Sr** doping, a decrease in
the NC size of the perovskite was observed by STEM images. The changes in lattice
parameters and microstrains were calculated from XRD signals, where microstrain
reaches a minimum at 2% Sr** concentration for CsPbBr; NCs possibly due to the
elimination of defects. In addition, the improved optical properties with a PLQY 0 92.6%
increased from 84.7% by reducing non-radiative recombination with fewer defects. Based
on the significant results obtained by Sr*":CsPbBr3; NCs, the same strategy to improve the
optical properties of Mn*":CsPb(Br,Cl); NCs has been employed, which was
characterized by the same techniques. The PLQY of Mn?*-state emission is increased to
14.2% from 7.6%. Finally, improved 2% Sr**-doped CsPbBr; and Mn**:CsPb(Br,Cl);
NCs were used to build a WLED system resulting in improved white light compared to
the WLED build with pristine perovskite NC counterparts. It is shown that Sr** doping is
a very effective method to make CsPbBr; and Mn?":CsPb(Br,Cl); perovskite NCs more

optically active.
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CHAPTER 5

INCREASED STABILITY OF PEROVSKITE
NANOCRYSTALS BY LIGAND ENGINEERING

5.1. Introduction

In terms of their optoelectronic properties, useful black phases of CsPbls with o
(cubic), B (tetragonal) or y (orthorhombic) require high temperatures to maintain their
stability!”"!2. Thermodynamic instability of black CsPbls phases at low temperatures in
ambient conditions limits their usage in optoelectronic devices!”>!’*. Since the first
synthesis of inorganic lead halide perovskite NCs, oleic acid (OA) and oleylamine
(OLAM) have been the most popular ligand pair for these materials*®. One common issue
regarding lead halide perovskite NCs is the phase instability of CsPbls NCs, especially
under ambient conditions'”!. Phase instability of the perovskite NCs is caused by the
small size of the Cs™ cation and is facilitated by humidity. The dynamic nature of the
ligand binding to lead halide perovskite NC surfaces increases the risk of ligand
detachment and faster phase transition of CsPbls NCs'”°. This detachment can occur
during the purification steps or upon exposure to polar solvents or the atmosphere. The
sizes of long-chain OA and OLAM ligands limit the potential optoelectronic applications
of LHP NCs due to blocked charge carrier transport!’¢.

To overcome the phase instability of CsPblz NCs, methods such as forming

77178 or ligand

octahedral tilting by doping the perovskite lattice with impurities
engineering to increase the passivation to protect the structure from ambient air are
implemented®"!”°. Also, hydrophobic ligands in perovskites are used to hinder the effect
of humidity on CsPbl; NCs'8. Therefore, it is crucial to dig deeper into these mechanisms
to achieve stable CsPbls NCs with good optoelectronic properties.

In this study, 4-hydroxybenzoic acid (4-HBA) was used as an additive to the
standard OA and OLAM ligand pair in order to improve the optical properties and a-
phase stability of CsPbl; NCs. The hydrophobic feature of 4-HBA!®! causes the

protection of CsPbl3 NCs in the ambient atmosphere or polar solvent conditions, resulting

in improved stability. It was also revealed that octahedral tilting due to increased

57



compressive strain within the CsPbls crystal lattice is another possible reason for this
improvement by using x-ray diffraction (XRD) and tracking the strain within the CsPbl3
crystal lattice. Time-resolved photoluminescence (TRPL) studies showed that the 4-HBA
addition decreases the non-radiative carrier lifetimes. The stability of CsPbl; NCs under
ambient conditions by periodic PL and absorption optical measurements was tested. This
study shows the effect of 4-HBA ligand addition at different concentrations on CsPbl;
perovskite NCs and significantly improved perovskite phase stability of CsPbls NCs in

addition to improved optical properties.

5.2. Experimental Procedure

Materials: Lead (II) iodide (Pblz, 99%), cesium carbonate (Cs2CO3, 99.9%,), 1-
octadecene (ODE, 90%), oleylamine (OLAM, 70%), oleic acid (OA, 90%), and 4-
Hydroxybenzoic acid (HBA, >99%) were purchased from SigmaAldrich. Toluene
(299%, Merck) was purchased and used without any further purification.

Synthesis of Cs-Oleate was carried out the same way as described in Chapter 4.2.

Synthesis of CsPbl; NCs: For the synthesis of pure CsPbl; NCs, first, 21.7 mg
Pbl> (0.047 mmol) was put into a glass tube alongside 1.25 mL ODE, 125 puL. OA, and
125 pL OLAM and dissolved/degassed under vacuum at 120 °C for 10 minutes. After
degassing, the temperature of the solution was increased to 160 °C under a nitrogen
atmosphere and 100 puL Cs-oleate was injected. After 10 seconds of Cs-oleate injection,
the solution was cooled down with an ice bath. In order to remove the residuals, the
perovskite solution was centrifuged at 9000 rpm for 10 min after cooling to room
temperature. Finally, perovskite NCs were dispersed in toluene (Figure 5.1a). For the
synthesis of CsPbls NCs with 4-HBA, the same procedure was followed with the addition
of 2.5%, 5%, 10%, and 20% mmol of 4-HBA to the OA (Figure 5.1b).
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Figure 5.1. Illustration of a) CsPbl; and b) 5% 4-HBA:CsPbl; perovskite NCs synthesis
with their images under daylight and UV light.

Methods: STEM images for all perovskite samples were taken by using the STEM
mode of scanning electron microscopy (SEM); Quanta 250, FEI, Hillsboro, OR.
Perovskite solutions were dropped onto 300 mesh holey carbon-Cu (50 pL) for STEM
images. X-ray diffraction (XRD) analyses were done by using PANalytical Empyrean
using Cu Ko radiation (A= 1.54 nm) with a scan step size of 0.013°. Optical measurements
including absorption, PL, and TRPL were carried out on a spectrophotometer (UV-2550
Shimadzu, Kyoto, Japan), a fluorescence spectrophotometer (Varian Carry-Eclipse), and
an FS5 spectrofluorometer (Edinburgh Instruments, U.K.). For PL measurements, the
excitation wavelength was 480 nm. For lifetime measurements, CsPbls NCs were excited

with a 561 nm laser.

5.3. Results and Discussion

5.3.1. Morphological and Structural Analysis

STEM images of CsPbl; NCs with 0%, 2.5%, 5%, 10%, and 20% 4-HBA

additives are shown in Figure 5.2. Pristine CsPbls NCs show the standard nanocube



morphology with an average size distribution of ~26.5 nm (Figure S5.1). As the 4-HBA
concentration rises, a slight change in the morphology of perovskite NCs was observed.
The reason for the change in the morphology could be the formation of the y-CsPbl; phase
or polyhedral perovskite NCs. This kind of effect was observed on CsPblz particles
passivated with imidazolium resulting in y-CsPbl3'®2. In addition, NCs aggregation was

observed by the increasing concentration of 4-HBA.

Figure 5.2. STEM images of perovskite samples, for a) 0%, b) 2.5%, ¢) 5.0%, d) 10%,
and e) 20% 4-HBA perovskites. Bar size is 200 nm.

XRD measurements were carried out in order to understand the effect of 4-HBA
on the crystal structure of CsPblz NCs. Figure 5.3 shows the XRD analysis results of
CsPblz NCs with 0%, 2.5%, 5%, 10%, and 20% 4-HBA additives. The XRD pattern of
the pristine CsPbl; NCs exhibits peaks at 14.12°,20.10°, and 28.62° which correspond to
the cubic a-phase of CsPbl; with Pm3m symmetry'’>. As the 4-HBA percentage
increases, the reflection at 28.5° shifts to higher scattering angles which indicate
compressive strain on the lattice.

The XRD reflections of the CsPbl; NCs evolve into a new pattern upon the
emergence of new peaks for 4-HBA added samples that belong to the y-CsPbls phase.
Also, the weak a-CsPbls phase signals at around 20°, 32°, 35°, and 40° were gradually
intensified with increasing 4-HBA addition. This changing trend indicates that the CsPbl3
NCs undergo octahedral tilting due to increased strain with increasing 4-HBA amount.
This tilting leads to the formation of the orthorhombic y-CsPbls phase with Pnam

symmetry and the peaks of the y-CsPbl; phase become more intense with increasing 4-
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HBA amount. Therefore, it can be said that 4-HBA addition yields CsPbl; NCs with a
mixture of a- and y-phases. The octahedral tilting was reported to be the reason for better
stability and optical properties for CsPbl;!®* and 4-HBA addition to the CsPbls synthesis
could be improving the NC quality.
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Figure 5.3. a) XRD patterns and b) relative shift in the peak at 28.5° of perovskite NC

samples.

5.3.2. Optical Analysis

Photoluminescence (PL) and absorption measurements for 4-HBA added
perovskite NCs at different concentrations have been performed. Bandgap energies and
PL peak positions of CsPblz NCs with varying 4-HBA percentages are given in Figure
5.4a and Figure 5.4b, respectively. A systematic red-shift in PL spectra of CsPblz NC
samples depending on the 4-HBA concentration is observed. Tauc plots were used
obtained from the absorption data to determine the bandgaps of the CsPblz NCs (Figure
5.4a). Pristine CsPbl; NCs exhibit ~1.75 eV whereas 20% 4-HBA added CsPbl; NCs



show ~1.73 eV bandgap. Since all CsPblz NCs lie within a similar quantum confinement
regime, increased strain in the crystal lattice can be the reason for the change in the

bandgap energy as it was observed for perovskite thin films'8*

. Urbach energies by using
the absorption spectra of CsPbl; NC samples with varying 4-HBA percentages were
calculated (Figure 5.4c). The Urbach energy value decreases dramatically when 4-HBA
is introduced to the CsPbl; NC synthesis and remains rather similar amongst 4-HBA
added samples (Figure S5.2 and Table S5.1). It decreases to 43.65 meV from 47.32 meV
when 5% 4-HBA added to CsPbl; NCs. Further 4-HBA additions increase the Urbach
Energy slightly. However, the Urbach Energy values of 4-HBA added CsPblz NCs are
still lower than that of pristine CsPblz NCs. Therefore, Urbach energy calculation shows

the disordering is reduced upon 4-HBA addition.
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Figure 5.4. a) Tauc plots, b) PL spectra, ¢) Urbach energy comparison, and d) TRPL data
of CsPbl; NCs with various 4-HBA amounts.

Time-resolved photoluminescence (TRPL) measurements on the samples have
been also conducted to see the 4-HBA addition effect on the charge carrier dynamics of

CsPblz NCs (Figure 5.4d). Double exponential fit was used to get 11 and 12 values which
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are given in Table S5.2. TRPL results reveal that the PL lifetime of CsPblz NCs increases
from 97.08 ns to 203.71 ns with a 5% 4-HBA addition. After the 5%, the PL lifetime
values decrease with further 4-HBA addition and reach 177.45 ns for 20% 4-HBA. Even
though the PL lifetime value of 20% HBA is lower than that of 5% 4-HBA value, it is
still higher than the PL lifetime of the pristine sample. This means 4-HBA addition and
octahedral tilting are causing the suppression of non-radiative recombination caused by
defects.

It is widely known that ambient conditions such as humidity facilitate the phase
transition of the black CsPbl; phase to the yellow CsPbls phase. Polar solvents such as
ethanol are also known to cause lattice distortion and lead to the phase transition of
CsPbls'", Causing reduced cubic symmetry or octahedral tilting in CsPbls lattice is a
well-established method to counter the phase stability issue of the black CsPbl;
phase!”>!8 The increased strain and octahedral tilting caused by 4-HBA addition are
therefore expected to increase the stability of CsPbl; NCs against ambient and polar
solvent conditions. In addition, the hydrophobic group in 4-HBA is expected to protect
the CsPbl; NCs from the ambient humidity and hinder its effect on the phase
transformation from black CsPbl; to yellow CsPbl;'®2. Therefore, the effect of 4-HBA
addition to the stability of CsPblz NCs using ethanol as a polar solvent was tested. The
photographic images are shown in Figure 5.5 and Figure S5.3. To this end, 100 pL ethanol
to the expectedly 0.0248 mmol CsPbl; NC dispersion in toluene was added and the optical

measurements of the samples were carried out.

100 uL EtOH After 16 h After 48 h
B3 B2 B C2 B3 |EN B3 B3 CA B3 | &2 8o B8 B2 B2

Figure 5.5. Images of CsPbl; NCs with varying 4-HBA concentrations after ethanol
exposure under daylight and UV light. The vials are ordered with the
concentration of 4-HBA at 0%, 2.5%, 5%, 10%, and 20%, respectively from
left to right.
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Figure 5.6. PL spectra of CsPblz NCs with various 4-HBA amounts after ethanol exposure
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Figure 5.7. Absorption spectra of CsPblz NCs with various 4-HBA amounts depending

on ambient air exposure time.

Figure 5.6 shows the periodic PL measurements of CsPbl; NCs with different 4-
HBA amounts after injection of 100 pL. The PL degradation over time indicates the phase
transition from black perovskite to yellow perovskite phase. The pristine CsPblz NCs
transform into the yellow phase in 1 h. When 16 h passed after the ethanol addition,
CsPbls NCs with 2.5% and 5% 4-HBA maintained about 50% of their original PL
intensities although CsPbls NCs with 10% and 20% 4-HBA lost most of their PL. After
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24h in ethanol addition, CsPbl; NCs with 2.5% and 5% 4-HBA possessed about 25% of
their original PL intensities, and 10% 4-HBA added sample had almost 3% of its initial
PL intensity (Figure S5.3 and Figure 5.6). The most stable samples were observed to be
2.5% and 5.0% 4-HBA added CsPbl; NCs with minor differences and they still have
emission 48 h after EtOH exposure. The absorption behavior of the CsPblz NCs in the
same condition showed a similar trend where 4-HBA addition increased the stability

(Figure 5.7).

5.4. Conclusion

It has been discovered that 4-HBA ligand additive to CsPblz NCs leads to superior
optoelectronic properties and phase stability under ambient conditions. XRD
measurements revealed that the compressive strain applied to the CsPbl; lattice was
proportional to the 4-HBA amount. The changes in the XRD patterns are caused by the
partial phase transition of CsPbl; NCs to the mixed a- and y-phases of the perovskite.
This increased strain also caused a lower bandgap and higher free charge carrier lifetime.
Also, our periodic PL/absorption measurements on the CsPbl; samples which were mixed
with ethanol show that the strain and hydrophobic effects caused by 4-HBA addition
increase the black phase stability of CsPblz NCs to 48 hours where pristine CsPbls NCs
lost their black phase in 1 hour. In addition, the optimum octahedral tilting caused by 4-
HBA addition of 5.0% was found. This method is a good strategy to improve the stability

of perovskites for optoelectronic applications.
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CHAPTER 6

CONCLUSION

The main objective of this dissertation was to improve the structural and
photophysical properties of perovskite films and perovskite nanocrystals for
optoelectronic applications.

In Chapter 2, improvements on the photophysical properties of Pb/Sn-based
perovskite films induced by Srl, additives were presented. The effects of Srl, addition on
the defects of the perovskite films were investigated by using microstrain calculations.
The doping and segregation regimes were discriminated based on XRD analysis. From
Urbach energy calculations, segregated Srl> was shown to passivate the perovskite films.
XPS analysis showed a reduced ratio of Sn*"/Sn?" by the addition of Srl,. Therefore, Srl,
addition also reduced the oxidation of Sn** to Sn*", improving the stability of the
perovskite film. Thus, Srl, additive can be an effective method to hinder the Sn**
oxidation in the Sn-based perovskite films.

In chapter 3, improved methylammonium-free perovskite films and solar cells by
Srl> and Cal; additives were demonstrated. Microstrain calculations pointed out to a
reduced defect density within the perovskite lattice upon Srl> and Cal, addition. The solar
cells built from pristine, Sr*" added, and Ca®" added perovskite films showed that Srl
and Cal; additives improve the PCE while Srl> added films yielded the best performing
device. The average PCE of CsFAPbI3 PSCs was increased from 11.20% to 13.29% with
the addition of Sr** and 12.82% with the addition of Ca**. Furthermore, average hysteresis
index of CsFAPbI; PSCs decreased from 14.4% to around 5% by Sr** and Ca®* additives.
Sr?*and Ca®" additives proved to be efficient passivators at low concentration.

In chapter 4, the effects of Sr*" incorporation into the CsPbBrs; nanocrystals
regarding their photophysical properties such as PLQY and PL lifetime were presented.
By using XRD patterns and microstrain calculations, the changes in perovskite lattice
parameters and the correlation of the defect density trend with the additive concentration
were respectively tracked. These results showed that Sr** doping reduced the defect
density and improved optical properties of CsPbBr3 nanocrystals with a longer lifetime

and a higher PLQY. Based on these results, Sr** doping was performed to improve the

66



optical properties of Mn?*:CsPb(Br,Cl); perovskite nanocrystals. The PLQY of CsPbBr3
NCs was increased from 84.7% to 92.6% by Sr** doping. Similarly, Sr** incorporation
changed the lattice parameters and decreased the defect density of the perovskite NCs.
These changes led to higher PLQY for both perovskite exciton and Mn-state emission
doubling the orange/red emission from the Mn-state. The PLQY of Mn-state was
improved from 7.6% to 14.2% with Sr** doping. By using improved perovskite
nanocrystals, WLEDs were built to improve the white light luminous efficiency.

In chapter 5, a novel ligand engineering method was employed in order to increase
the stability of CsPbls nanocrystals with 4-hydroxybenzoic acid addition to the precursor
solution. 4-hydroxybenzoic acid led to an increase in PL lifetime until a specific ratio.
XRD patterns showed that 4-hydroxybenzoic acid addition causes a compressive strain
in the perovskite lattice which eventually causes octahedral tilting and formation of -
CsPblz orthorhombic perovskite phase in addition to the a-CsPblz phase. Lastly, the
absorption and PL spectra measurements on perovskite nanocrystals in an ethanol
medium revealed that 4-hydroxybenzoic acid addition significantly improves the black

phase stability of CsPbl; perovskite nanocrystals.
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APPENDIX A

SUPPORTING INFORMATION

Supplementary Note 1: Williamson-Hall (W-H) method to calculate microstrain and

crystallite size.

The crystallite size and the lattice strain in the films can be calculated by using

Williamson-Hall method (W-H) in equations (S1) and (S2)7%!12:15%186.187

1
ﬁ: (ﬁmeasured2 - ﬁinstrumental2 ) /2 (Sl)

kA
P cosB = ) + 4 £ sinf (52)

Where D, 4, 5, 0 and k (= 0.9) is crystallite size, the wavelength of the radiation,
the FWHM, the peak position and is a constant, respectively. The microstrain in the lattice
is notated by €. Even though Binstrumentar Was not determined, micro-strain, € and
crystallite size, D for the samples can be comparable according to the equation (S2).

The microstrain (€) and crystallite size (D) were calculated respectively from

slope and y-intercept of the graph obtained by plotting S cos (6) against 4 sin(8). Here,

. kA . )
the slope is equal to £ and - gives y-intercept.

Supplementary Note 2: Tauc plot calculations.

By using the absorbance spectra of the perovskite films, the optical bandgap (Ey)
was calculated from Tauc’s plot’***!%15%; qhy = B(hv — Eg)x; where x = % for the

direct bandgap. In the equation, a, hv, and [ are absorption coefficient, the energy of the

photon, and a constant, respectively.
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Supplementary Note 3: Urbach energy calculations.

The energetic disorder at the band edge is defined by the Urbach energy (Eu).
Absorption coefficient («) is dependent on the energy (E = hv) and temperature (T) by

the equation (S3)7%-18%:189

(hv,T) = a, exp[‘I (o= EO)] =

@ exp[hl;_Eo] (S3)

In the equation, o is the steepness parameter of the absorption edge. ajand Ej
refer to the coordinates of the convergence point of the Urbach bundle. Urbach energy

(Eu) can be obtained by the following equation (S4);

1 A(na)

E;  A(hv)

(S4)

Supplementary Note 4: Time Resolved Spectroscopic Characterization

The PL decays of perovskite NCs showed triple/double exponential behavior and
fitted accordingly. The decay lifetimes of all samples exhibits a complex multi-
exponential decay trend which were fitted with a two/three-exponential relation!'>%!%

(equation S5):

t t t

I(t) = Aj.em + Ay.ew2 + Az.e™ (S5)

In equation S5, A1, Az and A3 are the amplitudes of decay time components and
T1, T2 and 13 are the related decay time constants. The average decay lifetime was

calculated by using these values, as equation (S6):

. _ AL TE+ Ayt + AsTh (S6)
average A1+ AT, + Az1g
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Data Analyses of Chapter 2:
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Figure S2.1. W-H plot of a) pristine, 0.1%, and 0.5% and b) 1.0%, 2.0%, and 5.0% Srl»
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added perovskite films.
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Figure S2.2. Crystallite size of each perovskite film calculated from W-H plot.



Table S2.1. Calculated strain (€), y-intercept, and correlation coefficient (R?), crystallite

size of perovskite films from W-H plot.

Sr “e” Standard y- Standard “R?” “D”
concentration | Strain | Error for | intercept | Error for | Correlation | crystallite
(%) € y- coefficient | size (nm)

intercept

0% 0.168 | 2.53E-04 | 6.39E-04 | 2.79E-04 | 0.89595 217.0

0.1% 0.182 | 2.03E-04 | 4.56E-04 | 2.24E-04 | 0.94036 304.1

0.5% 0.203 | 4.04E-04 | 4.45E-04 | 4.44E-04 | 0.82957 311.3

1.0% 0.177 | 1.02E-04 | 6.87E-04 | 1.13E-04 | 0.98351 201.7

2.0% 0.148 | 2.56E-04 | 0.00125 | 2.81E-04 | 0.86602 110.8

5.0% 0.216 | 5.42E-04 | 7.93E-04 | 5.96E-04 | 0.74884 174.7

In (a)
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$
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Figure S2.3. Urbach tails of the perovskite samples.
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Table S2.2. Calculated Urbach energy of the perovskite films from linear fitting of Urbach

“Eu”
Standard “R?”
Sr Urbach
Slope Error of the Correlation
concentration Energy
slope coefficient
(eV)
0% 5.47189 0.0312 0.99841 0.182
0.1% 6.92985 0.02713 0.99942 0.144
0.5% 8.37974 0.03344 0.99909 0.119
1.0% 5.80626 0.0159 0.99968 0.172
2.0% 6.31708 0.01794 0.99967 0.158
5.0% 10.01557 0.04737 0.99897 0.099

Data Analyses of Chapter 3:
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Figure S3.1. Williamson-Hall plot of a) Sr*" and b) Ca** added perovskite films.
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Table S3.1. Calculated strain (€) and y-intercept of perovskite films from W-H plot.

Perovskite “e” Strain Standard Standard Error
y- intercept
Materials (%) Error for € for y- intercept
Cso.1FA09PbI3 7.11E-02 2.32E-04 0.00165 2.20E-04
0.1% Sr** 5.78E-02 2.75E-04 0.00176 2.62E-04
0.5% Sr** 4.96E-02 2.32E-04 0.0021 2.20E-04
1.0% Sr** 5.74E-02 1.76E-04 0.00186 1.68E-04
0.1% Ca** 6.36E-02 2.04E-04 0.00175 1.94E-04
0.5% Ca** 5.36E-02 1.02E-04 0.00189 9.69E-05
1.0 % Ca?* 6.40E-02 2.87E-04 0.0018 2.73E-04
(a) —CSOJFAolnglg (b) L,.......»...,“‘\‘ _CSO_1FA0 9Pb|3
— 01% SP ——0.1% Cca*
—;: —05% Sr** ’;‘ ——0.5% Ca**
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Figure S3.2. Absorption spectra of a) Sr*" and b) Ca®" additive perovskite series.
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Figure S3.3. PL spectra of a) Sr*" and b) Ca®* additive perovskite series.
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Data Analyses of Chapter 4:

Table S4.1. Lattice parameters of perovskite NCs.

Sample a(A) b(A) c(A)
CsPbBr; 8.2768 11.7667 8.19181
1% Sr**:CsPbBr; 8.2976 11.7626 8.17733
2% Sr**:CsPbBr; 8.38 11.7262 8.36262
5% Sr**:CsPbBr3 8.2832 11.7747 8.18562
10% Sr**:CsPbBr3 8.2704 11.7444 8.21592
0% Sr?*: Mn?*:CsPb(Br,Cl)s 8.1324 11.4667 8.11694
2% Sr**: Mn*":CsPb(Br,Cl)3 8.1324 11.4774 8.10173

The parameters of pristine and Sr*>":CsPbBr; were calculated from the XRD
signals at the angle of ~15° (101), ~21° (200), and ~43° (242). Those of 0% and 2%
Sr?*:Mn?":CsPb(Br,Cl); were calculated from XRD peaks at ~ 22° (200), ~ 31° (202), and

~ 43°(242). For these calculations, three peaks at the highest intensities were chosen.

(a) (b)
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of Cp+ Ax107
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Figure S4.1. W-H plots of a) pristine and Sr**:CsPbBr; NCs and b) Mn?>":CsPb(Br,Cl);
and 2% Sr*":Mn**:CsPb(Br,Cl); NCs. Peaks at high intensities for the fitting
were (101) ~15.2°, (200) ~21.4°, (202) ~30.6° for CsPbBr; and (101)
~15.4°, (200) ~22.0%, (202) ~31.1° for Mn2*:CsPb(Br,Cl)s NCs.



Table S4.2. Calculated strain (€) and linear fit parameters of perovskite NCs from W-H

plots.
Root
Samples Standard R?
Strain, € R value | Adj R? MSE
error, E (COD)
(SD)
CsPbBr3 0.01932 0.00364 0.9827 ]0.93139 | 0.96569 | 0.00136
1% Sr?*:
0.01173 0.00673 0.86748 | 0.50504 | 0.75252 | 0.00251
CSPbBI‘3
2% Sr**:
0.01055 0.00339 0.95214 | 0.81315 | 0.90658 | 0.00127
CSPbBI‘3
5% Sr**
0.01378 0.00535 0.93229 | 0.73831 | 0.86916 0.002
CsPbBr3
10% Sr**:
0.01785 0.00752 0.92149 | 0.69828 | 0.84914 | 0.00281
CSPbBI‘3
0% Sr**:
4.89566
Mn?*: 0.00336 | 6.85197E-4 | 0.97981 | 0.92004 | 0.96002 B4
CsPb(Br,Cl)3
2% Sr**:
1.67756
Mn?*: 0.00202 | 2.34983E-4 | 0.99332 | 0.97337 | 0.98668 -
CsPb(Br,Cl)3
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Table S4.3. The average lifetime parameters of all perovskite samples with their

amplitudes and related decay time constants taken into account.

T1 T2 T3 TAVg
Samples A1 A2 A3
(ns) (ns) (ns) | (ns)
CsPbBrs | 226489 | 0.80 | 238862 | 3.75 | 545.07 | 13.96 | 7.62
+.
ASET | 63418 | 071 | 183448 | 320 | 57090 | 14.04 | 842
CsPbBr3;
s
25| 170366 | 103 | 261926 | 430 | 73190 | 17.16 | 1039
CsPbBr;
+:
5% Sr 1601.57 | 1.04 | 2669.50 | 3.80 | 71596 | 12.45 | 730
CsPbBr3;
Ao
10%Se% | 184466 | 088 | 2579.43 | 328 | 75594 | 1144 | 6.84
CsPbBr;
+. 2+.
0%Sr: M| yyy339 | 100 | 2851.95 | 4.51 | 97535 | 15.16 | 9.85
CsPb(Br,Cl);3
Ao Prg
2%SEMIT | o451 | 087 | 283823 | 436 | 1051.62 | 15.07 | 10.10
CsPb(Br,Cl)3

Data Analyses of Chapter 5:
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Figure S5.1. Size distribution of CsPbl; NCs
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Figure S5.2. Urbach tails of CsPblz perovskite samples with different 4-HBA

concentrations

Table S5.1. Calculated Urbach energy of the perovskite films from linear fitting of Urbach

tail.
“RZ” “EU” Urbach
4-HBA Standard
Slope Correlation Energy
concentration Error

coefficient (meV)

0% 21.13 0.10675 0.9986 47.32
2.5% 22.64 0.10227 0.9990 44.17
5.0% 2291 0.08398 0.9994 43.65
10% 22.36 0.06467 0.9997 44.72
20% 22.43 0.06245 0.9997 44,58
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Table S5.2. Fitting parameters of TRPL decay of CsPbls NCs with various 4-HBA

amounts.
Sample A T1 (ns) A; T2 (ns) <t> (ns)
CsPbl3-0% HBA 608.322 | 30.8822 238.571 135.5374 97
CsPbl3-2.5% HBA | 412.975 40.7376 476.962 189.6387 166
CsPbls-5.0% HBA | 477.504 55.3569 425.953 241.7866 203
CsPbls-10% HBA 467.09 29.4833 333.604 222.5369 192
CsPbl3-20% HBA | 366.743 | 28.5436 380.997 198.1038 177
Fresh 100 pL EtOH After1h

E3 B3 B3 £2 B2 umu-- u--m-

Figure S5.3. Images of CsPbl; NCs with varying 4-HBA concentrations after 1 h, 16 h,
24 h, 36 h, and 48 h ethanol exposure under daylight and UV light. The vials
are ordered with the concentration of 4-HBA at 0%, 2.5%, 5%, 10%, and

20%, respectively from left to right.
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