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Synthesis and optical properties of
two-dimensional lead halide perovskite
(C6H5CH2NH3)2PbBI’4

Fanfan Zhu
Interdisciplinary Program of Biomedical, Mechanical & Electrical Engineering
Pukyong National University

Abstract

In this work, (C¢HsCH;NH3),PbBrs; were prepared by chemical
method. The crystalline phase was confirmed by X-ray powder diffraction
analysis. The morphology of the materials was analyzed by scanning
electron microscopy (SEM), indicating a good crystallization. The
luminescence properties such as photoluminescence spectra and decay
curves were investigated. Low and high temperature photoluminescence
spectra show the coexistence of free exciton and self-trapped exciton
luminescence in a deformable lattice. The thermal stabilities were
investigated from the temperature dependent luminescence decay curves
(lifetimes) and spectra intensities. The obtained (CsHsCH,NH3),PbBr,

perovskite reported here can be applied to other two-dimensional



perovskites to increase the optoelectronic efficiency of the device in the

future.



1. Introduction

In recent years, organic/inorganic hybrid chemicals have made great
progress in the neighborhood of optoelectronic functional materials due to

their unique structure, and have a very broad application prospect. **°!

The innovation of advanced technology and the requirement of
electronic market are always focusing on low cost electronics, easy
processing, having enhanced performance. Take as an example the
improvement of flat panel display. It has experienced three periods: CRT
(Cathode Ray Tube), LCD (Liquid Crystal Display) and OLED (Organic
Electronic-luminescence Display). CRT has been replaced by LCD and
OLED because the depth and weight of CRTs are not appropriate for
portable applications. ™% The organic materials are more and more
widely used due to their various advantages: low temperature processing,
flexibility of organic chemistry to form molecules, good luminescent
properties. However, organic compounds generally have a number of
disadvantages, including poor thermal stability, as well as a limited

mobility at room temperature. 271

Besides the inorganic semiconductors and the organic materials, an



interesting class of materials is intensively studied: the hybrid materials,
which are expected to combine the attractive features of organic materials
and inorganic materials within a single molecular-scale composite, and
can be synergistically exploited to overcome the limitations when the two
kinds of materials are used separately. In the past two decades, the organic
-inorganic hybrid perovskites have arisen as a new functional material and
have drawn great attention and research effort 2%, When deposited by
spin-costing, these compounds are self-assembled systems. They form a
multi-quantum well structure spontaneously and exhibit excellent optical
and electronic properties at room temperature. Their optical properties can
be finely tuned thanks to molecular engineering on the organic part or on
the inorganic part. Furthermore, spin-coating is a very simple method,
compared to the deposition techniques for inorganic semiconductors, such
as MBE (Molecular Beam Epitaxy), MOCVD (Metalorganic Chemical
Vapor Deposition) and PECVD (Plasma Enhanced Chemical Vapor
Deposition).

Recently, organic-inorganic hybrid perovskites have used in many research
and practical fields such as surface plasmons, Symonds et al. (2007,2008)

LEDs, Era et al. (1994) solar cells Kojima et al. (2009); Li et al. (2010) ;
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Koutsclas et al. (2011) as well as microcavities. Bréhierct al. (2006); Lanty et
al. (2008b); Wei et al. (2012) Especially the use of this hybrid semiconductor
inside microcavities could open the way to realize polariton laser at room
temperature. The team “Optical Properties of Hybrid Nanostructures” of
LPQM ENS Cachan has successfully realized microcavities containing two
dimensional layered organic-inorganic perovskites, working in the strong
coupling regime at room temperature, and emitting in the green, blue and near
UV range. Additionally, some hybrid vertical microcavities containing a layer
of inorganic semiconductors such as GaN or ZnO and a perovskite layer have
been performed, and the strong coupling regime between the photon mode and
the two excitons has been demonstrated at room temperature. Although
perovskites show stronger excitonic properties and brighter luminescence than
inorganic semiconductors, and stronger thermal- and photo-stability than most
organic Semiconductors, it is still quite urgent to work on optical optimization
of perovskite layers, especially the long time photo-stability, in order to

support higher requirements of technological and scientific applications. 262!

These important issues bring about the research subject of this thesis.
The objectives are to synthesize, characterize and optimize new

functionalized organic-inorganic hybrid perovskites for the application of

3



microcavities, and further scientific and practical requirements. In this
manuscript, we focus our attention on the group of two-dimensional (2D)
layered lead halide perovskites and emphatically make research efforts on
several aspects: Improvement of optical properties; Study on

photostability; and Application of perovskite layers in microcavities.

1.1. Crystal Structure and Quantum Trap of

Organic/Inorganic Hybrid Perovskites

1.1.1. Crystal structure

The typical perovskite structure compound of can be expressed as
AMX3, as shown in Figure 1.1, where M is a metal cation that can
coordinate to form an octahedron (can be composed of more than 50
elements such as Ti, Fe, Nb, etc.), X is an anion capable of forming a
coordination octahedron with A (may be composed of elements such as Cl,
Br, and I), and A is a metal cation which can balance M and anion charge
to make the system electrically neutral (acceptable by Ca, Ba, Sr, Pb, K,
Se, Y and 20 kinds of elements such as lanthanum metal from La to Lu are

formed) (2.



Fig. 1.1 (a) Ballad stick model of the basic perovskite structure and (b)

their extend network structure connected by the corner-shared octahedra.

The organic/inorganic hybrid perovskite is a derivative of cubic
perovskite (AMX3). At this time, A is an organic ammonium cation, and
the metal cation M?* and an anion X (usually a halogen) form an
inorganic octahedral structure MXg* through a strong coordinate bond, M
is located in the body of the halogen octahedron, and X is co-topped with
the octahedral apex. The mode is connected and extends infinitely in the
direction of the three-dimensional space to form a network-like frame
structure: the organic ammonium cation A is filled in the void formed by
the co-topped octahedron, as shown in Fig. 1.2a. If the three-dimensional
(3D) hybrid perovskite structure is cut into a sheet along a certain crystal

plane orientation, the sheet structure can be regarded as a two-dimensional



(2D) layered perovskite structure. According to the crystal plane
orientation, it can be divided into three types: <100>, <110> and <111>.
The simplest and most common structure is <100> oriented hybrid
perovskite, and its general formula is (RNH3)2An1X30+1. Here, RNH;" is
an aliphatic (linear) or aromatic organic ammonium cation, while A
includes monovalent cation (CHsNH3*, K*, Na*), and M is mainly VA
metal ion (Pb*, Sn**, Ge®*)as well as monovalent cation such as Cu?",

Ni%*, Co®*, Fe?*, Mn?*, Pd?**, Cd** and Eu?".

()

o Sl
nrgg 08,1
N A A

n=1 n=2 n=o

Fig. 1.2 (a) Polyhedral representation of the 3D hybrid perovskite AMX3
structure along the <100> direction. (b) The <100>-oriented hybrid
perovskite series by alternating stacking inorganic layers with organic
cations with general formula of (R-NH3)2(CH3NH3),.1MnX3n.1. The
thicknesses of inorganic slabs increase and toward 3D structure with

increasing n.



The <100> oriented hybrid perovskite is a multiple quantum structure
hydrazine crystal material (hereinafter, hybrid perovskites are specifically
referred to as <100> type hybrid perovskites). when n=1 hybridization,
the perovskite is of the formula (RNH3),MX,, where the organ
ammonium cation is a monogamic ammonium cation or a bis-organ
ammonium cation (NH3"-R-NHs"), and the halide ion of the inorganic
sheet layer is formed, and the ammonium end of the organic chain is
connected to the inorganic octahedron by strong hydrogen bonding (Fig.
1.2b). The bilayer structure of the monoammonium cation is connected by
Van der Waals force, and the tail end extends to the adjacent. In the void
of the inorganic layer, an organic layer is formed: the two NH3 groups of
the head and the tail of the bis-organic amine are bonded to the halogen of
the adjacent inorganic layer, so that the organic layer is a monomolecular
layer, and the organic layer and the inorganic layer alternate with each
other to form a stable single layered inorganic sheet layer of hybrid

perovskite structure.*%

When n>2, the short-chain A organic cation (usually CH3sNHz") is
filled in the void of the inorganic layer of the inorganic metal halogen

octahedral structure, and is bonded to the inorganic layer by hydrogen
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bonding to function like a glue. The inorganic octahedral layer structure is
tightly bonded together to form a structure of a multi-inorganic sheet layer,
and the relative number of methylamine can adjust the number n of the
inorganic sheet layer, that is, the thickness of the inorganic layer can pass
through the amount of methylamine®®2. In the hybrid calcium ore of the
multi-layer inorganic layer, the long-chain organic ammonium cation
forms an organic layer through hydrogen bonding and van der Waals force
(the combination is similar to the case of n=1), and finally, more product
of alternating layers of calcium minerals and organic components (Fig.

1.2b).

When n=co, the content of the organic cation of the short chain is
much larger than that of the long chain organic cation, and therefore, it is
substantially filled with the short organic ammonium chain by hydrogen
bonding, and is filled in the void of the inorganic metal halide octahedral

structure to form an extension in each orientation.

1.1.2. Quantum well structure

Since the organic component and the inorganic component are

alternately stacked, a layered organic/inorganic hybrid perovskite is



formed, so that such a structure has the characteristics of a quantum
structure, as shown in Fig. 1.3. Usually there are three kinds of
multi-quantum negative structures. Due to the difference in the bands of
the organic matter and the inorganic matter (the position of the energy
level), the conduction band of the inorganic layer is lower than the
conduction band of the organic layer (the lowest empty orbit LUMO), and
the valence band of the inorganic layer is higher than the valence band of
the organic layer ( The highest occupied orbit HOMO), so that the
forbidden band of the organic layer (HOMO-LUMO energy gap) is larger
than the inorganic layer (Fig. 1.3a). The inorganic layers are potential
wells, and the organic layer acts as a barrier; on the contrary, if the
forbidden band width of the inorganic layer is larger than the forbidden
band width of the organic layer, then the forbidden band of the organic
layer will be affected by the inorganic layer. The forbidden band is
completely inclusive, for that the inorganic layer is a potential barrier, and
the organic layer is a potential well (Fig. 1.3b). In these two forms, the
forbidden band of one layer completely falls into the forbidden band of
another layer, and electrons and holes are bundled. In the same layer

(organic or inorganic layer), therefore, the two structural portions are



called I-type quantum structures, and when the inorganic layer and the
organic layer have a forbidden band width not large, the forbidden band of
the inorganic layer and the organic layer are not aligned, and the HOMO
and LUMO bands of the organic layer are higher (or lower) than the
valence and conduction band of the inorganic layer, and the layer with a
small forbidden band will serve as an electron potential well. The layer of
forbidden bandwidth will completely contain the narrow forbidden band
as the barrier of electrons, that is, the potential well of the hole, and the
electrons and holes are respectively bundled in the potential well and the

potential hole to form a type Il quantum well structure (Fig. 1.3c).
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Fig. 1.3 Schematic organic or inorganic perovskite structure and possible
energy-level schemes. The most common arrangement is shown in (a),
semiconducting inorganic sheets alternate with organic layers having
much wider bandgaps, resulting in a type I quantum well structure. In (b),

wider bandgap inorganic layers and organic cations with a smaller
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HOMO-LUMO gap results in another type I quantum well structure. In (c),
by shifting the electron affinity of the organic layers relative to the
inorganic layers, a staggering of energy levels results in a type 1l quantum

well structure.

The organic element machine has a strong optical absorption under the
chamber, which is closely related to the exciton (excited electron-hole pair)
energy state of the semiconductor inorganic layer. In general inorganic
semiconductor materials, the exciton binding energy is very high. Usually,
only at very low temperatures, photoluminescence can be observed in
high-purity crystals!®®. And in quantum materials, especially in the
structure of I-type quantum wells, excited electrons and holes are bound.
In the inorganic layer (potential well), the diffusion of excitons will be
limited by the organic barrier layer, and the excitons are bound in a very
narrow well layer, making the combination of electrons and holes easier.
Therefore, the material has a large exciton binding energy. According to
the classical quantum confinement effect theory, in the two-dimensional
quantum well structure, the exciton binding energy is generally four times
that of the bulk material. The titanium ore multi-quantum well crystal has
a very high exciton binding energy, which is much higher than four times

12



the exciton binding energy of the bulk material. 3

Through theoretical calculations and experiments, it has been found
that the difference in dielectric between the organic layer (barrier layer)
and the inorganic layer (potential layer) has a large influence on the
exciton binding energy. In the hybrid perovskite structure, the dielectric
constant of the inorganic substance is larger, and the dielectric constant of
the organic substance is lower. The organic layer having a smaller
dielectric constant is added to the inorganic layer having a larger dielectric
constant, and the organic layer is reduced. The shielding effect of
electrons and holes in the inorganic well layer increases the coulomb
interaction of electron-hole bonding, thus making the hybrid perovskite
have greater exciton binding energy. This phenomenon is called dielectric
confinement. The effect is that as the ratio of the dielectric constant of the
inorganic component to the organic component increases, the exciton

binding energy increases.

The dual role of the dielectric confinement effect and the
two-dimensional quantum well confinement effect makes the inorganic
hybrid perovskite materials having very prominent optoelectronic

properties, such as higher exciton binding energy, and large vibrator

13



strength, strong room temperature photoluminescence, nonlinear optical

properties, strong exciton-photon coupling phenomena, etc.

1.2. Preparation of organic/inorganic hybrid

perovskite materials

The driving forces for self-assembly in the formation of
organic/inorganic hybrid perovskite materials are coordination bonds
(formation of MXg*" metal halide octahedron), hydrogen bonding
(interaction of halides in organic cations and inorganic layers), van der
Waals forces or ruthenium stacking (weak interaction between organic

cationic groups) and the like.

1.2.1. Single crystal preparation

The analysis and testing of single crystals is the most direct and most
detached means of studying the crystal structure of materials and the
physical energy of materials. Therefore, the preparation of a single crystal
having a regular shape has a non-essential significance, and typical
methods include a solution cooling method, an evaporation solvent

method, a gel method, and a layered solution method.
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1.2.1.1. Solution cooling method

The growth of single crystals (polycrystals) by solution method is
currently the most common method for preparing organic/inorganic
hybrid perovskite crystals. For a single layer of inorganic sheet of hybrid
perovskite crystals, a certain stoichiometric ratio of metal halides and
organic amines can be dissolved in a solvent, and the two solvents are
mixed at a higher temperature to completely dissolve them. By controlling
the cooling rate and slowly cooling to room temperature (or below), the
hybrid perovskite crystals can be precipitated. By changing the
stoichiometric ratio of the metal halide and the organic amine, the number
of the perovskite inorganic layer can be controlled, resulting a hybrid
perovskite crystal of a multilayer inorganic sheet. The limitation of this
method is that it is necessary to find a co-solvent capable of
simultaneously dissolving metal halides and organic amine salts, and the
divalent cation of a rare earth metal is very compatible with the solvent,

such as Eu?*, thus, it avoids generating impurities. B ¢!

1.2.1.2. Evaporation solvent method
The evaporative solvent method is similar to the solution method

except that the evaporative solvent method is a process of driving

15



crystallization by evaporating the solvent at a slow rate, instead of using a
step temperature to cool down. The crystal quality obtained by this
method is lower than that of the solution method, and the solvent is
evaporated for a long time (usually several weeks or more). However, the
time for culturing a single crystal can be shortened by using a mixed
solvent. For example, Hattori T. uses a mixed solvent of acetone and
nitromethane in a volume ratio of 1:2 to grow a crystal of

(CeHsC2H4NH3),PbCla,

1.2.1.3. Gel method

When the organic component and the inorganic component are not
dissolved in a solvent, we can dissolve the two components in different
solvents separately, and use the gel method to slowly expand the two
solutions to obtain a single crystal. Guan J. and Suib S.L. et al. have

reported that a larger single crystal has been obtained by a gel method.

The single crystal obtained by this method has a high optical quality
and a large size, but has a long slicing cycle. And the biggest disadvantage
is that the composition of the gel usually contaminates the single crystal

product.
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1.2.1.4. Layered solution method

The layered solution method is also a very good method when the
cosolvents of the organic and inorganic components are not well found,
and the organic and inorganic components are separately dissolved in two
solvents (the two solvents have a certain mutual solubility). If density
difference is more obvious, the less dense solution is carefully and slowly
added to the liquid layer of the denser solution. Because of the density
difference between the two solutions, the stratification phenomenon is
obvious, and between the two solutions a clear interface occurs, and the
inorganic and organic components diffuse very slowly. After a long period
of time, crystals of larger size can be grown at the interface. D. B. Mitzi et

al. prepared a (CgHsC,HsNH3)PbCl, crystal using a layered solution.

1.2.2. Film preparation technology

Many electronic and optical devices are fabricated and assembled
using thin films, so suitable thin film preparation techniques are important
for obtaining high quality optoelectronic functional devices. There are
many film preparation techniques for hybrid materials, such as spin

coating, vacuum heat source deposition, multilayer film technology, and

17



patterned thin film technology.

1.2.2.1. Spin coating method

Spin coating technology is widely used in the optoelectronic industry.
The thin film device is prepared by this method, and the cost is low,
simple and convenient. The sol (solution) is dropped on the substrate, and
the disk is rotated to cause most of the colloid (solution) to be pulled out
by centrifugal force. And a small amount of the colloid (solution)
remaining on the substrate is under the action of surface tension and
centrifugal force. Gradually develop to form a uniform film. Due to the
dissolution or dispersion of the material into a sol, the choice of solvent is

difficult, which limits the application range of spin coating to some extent.

Due to its excellent film-forming properties, hybrid perovskites can be
spin-coated on different substrates, such as glass, quartz, silicon wafers
and plastics. Generally, it is easy to find a suitable solvent, so spin coating

method is the most common method of hybridizing perovskites.

1.2.2.2. Vacuum heat source deposition
The layered hybrid perovskite can be obtained by vacuum deposition

of a dual heat source, such as first depositing a metal halide on a substrate

18



by vacuum deposition or spin coating, and then placing the substrate in an
organic ammonium salt. In the solution, the evaporation rate and the
pressure ratio are controlled, and the organic-inorganic composite can be
simultaneously deposited on the quartz substrate to obtain a crystallized
perovskite film. This technique is especially suitable for situations where
the organic and inorganic components lack a common solvent. Different
materials have different evaporation rates, and the heating parameters can
be adjusted to obtain different organic-inorganic hybrid systems. Single
heat source ablation (SSTA) technology is a good alternative for dual heat
source deposition. Both the organic and inorganic components are placed
in the same enamel heater in the vacuum chamber. When a large current is
passed through the heater, the organic and inorganic materials are
evaporated and deposited into the lining in a very short time (<1 s) on the
bottom. The perovskite film obtained by this method has high quality and
provides a good process and technical guarantee for preparing
high-performance optoelectronic devices such as field effect transistors
and light-emitting diodes. The shortcoming is that this method has higher

requirements for the vacuum environment.

19



1.2.2.3. Multilayer film technology

Mitzi et al. invented the insertion method (two-step impregnation
method), and the metal halide MI2 was first deposited on the substrate by
vacuum deposition, immersed in the organic ammonium salt solution at
room temperature for a short period of time (1-5 min), and the organic
molecule was inserted. In the inorganic framework, a new single-phase
hybrid perovskite film is formed. Conversely, the organic ammonium salt
is immersed in the metal halide solution, and a layered hybrid perovskite
can also be formed. For example, by inserting an inorganic salt into a
solution of a long-chain alkyl ammonium salt, a double-structured hybrid

perovskite can be formed on the substrate.

Multilayer film self-assembly (LBL) that is, alternately using the
insertion method, the hybrid perovskite is immersed in an organic solution
or a metal halide solution, which can be used for preparing a multi-layered
hybrid perovskite film, and more The method controls the film thickness.
Multi-layer membrane technology is simple and quick, easy to find a
suitable solvent, and can easily control the thickness of the film, but it is
difficult to find a good solvent for organic matter but poorly soluble for
inorganic substances (or easy to dissolve for inorganic substances).

20



1.2.2.4. Patterned film technology

Large-area patterning of organic functional materials is a very
important step in integrated organic optoelectronic devices. In recent years,
etching organic semiconductor materials by photolithography to obtain
micron or submicron size pattern structures has attracted widespread
attention. When organic/inorganic hybrid perovskites are used as channel
layers for field effect transistors (FFTs), luminescent layers for LED
devices, or photovoltaic materials, they require patterning, which is

compatible with solution-based production processes.

The insulating strip pattern of the hybrid perovskite material
(CH3C,H4NHz3),Pbl, can be prepared by capillary micro molding (MIMIC)
method. The grooved polydimethylsiloxane (PDMS) mold is placed on
the Si substrate. The channel and the substrate of the model form capillary
microtubes. Under the driving of capillary force, the precursor solution is
introduced into the channel: the solvent is evaporated, the mold is
removed, and the pattern of (CH3C,HsNHz3),Pbl, remains on the substrate.
A striped green fluorescent pattern of perovskite can be observed under
the microscope (Fig. 1.4a). The anti-wetting technique and polymer
bonding technology can be combined to successfully prepare the

21



insulating tetragonal (CH3C,H4NH3),Pbls. The microstructure was
successfully transferred to a glass substrate. Fluorescence at room

temperature is shown in Fig. 1.4b.

Fig. 1.4(a) Fluorescent optical micrograph of the patterned
(CH3C,H4NH3),Pbl, film on Si substrate. The green stripes correspond to
the luminescence of (CH3C,Hs;NH3),Pbl, excited by Hg lamp and the
black stripes are the bare substrate, (b) The isolated pattern of
luminescence (CH3C;H4NH3).Pbl, under fluorescent microscope prepared

by solvent-assisted de-wetting and polymer-bonding lithography.

1.3. Application of organic/inorganic  hybrid

perovskite materials

1.3.1. Application on light emitting diodes (LEDs)

The unique multi-quantum well structure of the hybrid perovskite

22



material provides outstanding photoelectric properties with good stability
and photoluminescence at room temperature. Hybrid perovskite materials
can be used as luminescent materials in the LED field. For example,
PbBr; and CgH3C,H4NH, can be used to prepare blue (CsHsC,H4NH,)Pbly;
Pbl, and CgH3C,H;NH, can be used to prepare green
(CeHsC,H4NH3)PbBrg; and ChHzn:1NH, and MnCl, Preparation of red
light (CnH2n+:NHs3),MnCl, (n=1-3)174%1,

The IVA group metal halide hybrid material is used in thin film
heterojunction devices due to high carrier mobility, strong
photoluminescence and excellent processing properties, and may have

electroluminescence properties.
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Fig.1.5 The cross section of OILED device structure
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Era et al. prepared high-efficiency organic-inorganic light-emitting
diodes (OILEDS). They prepared (C¢HsC,H4NH)Pbl, thin film materials
by simple spin coating method and used them as light-emitting layers.
Oxadiazole was an electron transport layer, ITO and Mg. -Ag alloy is a
positive and negative electrode, the diode emits green light with a
wavelength of 520 mm, the driving voltage is 24 V, and the illuminance
reaches 10000 cd m™ at a current density of 2 A €m™ and liquid nitrogen
temperature. When it is raised to room temperature, its luminescence
intensity drops rapidly to 1/10 of the liquid chlorine temperature due to
thermal quenching of excitons, etc. Therefore, in order to prevent excitons
from being quenched by heat, the excitons in the compound are stabilized.
To increase the intensity of room temperature electroluminescence, it is
necessary to use an optically active chromophore group with a relatively
complex structure instead of an optically inert alkyl group or a simple

aromatic moiety. 1*- 42!

In order to prepare a more stable hybrid perovskite material with
normal temperature excitons, Mitzi et al. synthesized a novel thiophene
oligomer-containing AEQT molecule and deposited it on ITO-coated

quartz substrate by single source thermal etching ( H,AEQT) PbCL, film,
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they use ( H,AEQT) PbCL,4 film as the light-emitting layer, oxadiazole is
the electron transfer layer, ITO and Mg-Ag alloy are the positive and
negative electrodes, and the organic/inorganic light-emitting diode
(OILER) with better performance is prepared. (Fig. 1.5), yellow-green
light with a wavelength of 530mm can be emitted at room temperature,
the large luminous efficiency is 0.1Im/w, the power conversion efficiency
is 0.11% and (AEQT),(AETH)1 is selected. -nPbBr, is used as an active
layer, wherein n is the molar concentration of AEQT in the organic
mixture component, AETH is an optically inert dye; the smaller the
optically active dye concentration n, the higher the fluorescence quantum
efficiency, and the highest fluorescence when n=2% The quantum
efficiency is 9%.

The organic/inorganic hybrid perovskite material can adjust the energy
band structure of the material through different inorganic components or
organic  components to  achieve  various  color-developing
electroluminescent devices. The excellent film-forming properties of
hybrid perovskite materials have great development prospects in

achieving full-color display and white LED.
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Fig. 1.6 The structure diagram of the FETs by organic/inorganic hybrid

perovskite materials as channel layer

1.3.2. Applications on field effect transistors (FETS)

Since the organic/inorganic hybrid perovskite material has high carrier
mobility, and the carrier transport performance and energy band structure
are adjustable, the film deposition is simple and low-cost, so the
application on the field effect transistor is particularly cited. People pay

attention. !

Mitzi et al. prepared a field effect transistor (FET) of the first
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organic/inorganic hybrid perovskite structure, as shown in Fig. 1.6. The
(CeHsC2H4NH3)Snlsfilm  obtained by spin coating was used as a
transmission layer of a field effect transistor, n-type Si was used as a gate
material, SiO, was used as a gate insulating layer, and Pt (Au) was used as
a source and drain metal material. The field-effect mobility of this
transistor reaches 0.61 cm 2 ¥ s * and the switching ratio reaches 10°.
Its performance is good, comparable to amorphous silicon or the best

organic semiconductor fabricated FETSs.

However, Sn®* is easily hydrolyzed and oxidized. The hybrid
perovskite material (CgHsC,H4sNH3),Snl, is very unstable in air and
completely degraded in a few hours. The film changes from red to
colorless, from material synthesis to device processing and assembly,
operating in an inert atmosphere. Therefore, in order to overcome the
instability of the Sn-like hybrid perovskite material in the air, and improve
stability, Mitzi et al. further improved the (CgHsC,H4NH3),Snl, film by
low-temperature melting method, and The mixture of SiO, and polyimide
is used as the gate insulating layer material, and the film material obtained
by this method has better performance. The stability of the hybrid material

and the mobility of the device are improved, and the polyimide film is
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improved. To a certain extent, it has played a role in packaging. The film
can be stabilized in air for more than 72 h, and the mobility reaches

1.7cm? vt s and the switching ratio is 10°.

In addition, in the layered framework composed of the metal halide of
the hybrid perovskite, an aromatic organic amine having a conjugated
structure is introduced, and the n-n conjugation effect enables the organic
layer to have overlapping electron channels. Participate in electron
transport to improve the electrical properties of materials and improve

carrier mobility.

1.3.3. Applications on photovoltaic devices

Organic/inorganic hybrid perovskite materials are useful as sensitizing
materials for photovoltaic devices. CH3sNH3PbBr; and CH3NH3Pbl; are
used as photo sensitizers, and TiO, (n-type semiconductor) constitutes a
co-excited heterojunction system. First, a dense TiO; is grown on the FTO
conductive glass as a hole blocking layer. A mesoporous TiO; film was
prepared as an electron acceptor and electron transport layer, and then the
p-type hybrid perovskite material was self-assembled onto the

mesoporous TiO, film by spin coating to form an electron donor and a

28



photosensitizing material. The anode of the battery is finally assembled
into a complete photoelectrochemical cell using a cathode of PTO-coated
FTO glass in an I/l-ethylene solution. The electrodes are separated by a 50
um thick separator. The prepared battery is ideal. The effect, as shown in
Table 1.1, the photoelectric conversion rate of CH3NH3PbBr; sensitized

photocell reached 3.8%.

Table 1.1 The solar cells parameters of organic/inorganic hybrid

perovskite

Perovskite sensitizer on TiO; . (mA.fcmz) Ve V) FF (%)

CH;NH;PbBr; .57 096 05 313
CH;NH,Pbl; 11.0 0.61 057 = 3381

The band structure, absorption spectrum range and exciton binding
energy of organic/inorganic hybrid perovskite materials are designed and
artificially adjustable, which provides a new idea for the application of
hybrid perovskite materials. It can be expected that such materials have

great application prospects in photovoltaic solar energy.
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1.3.4. Other applications

Organic/inorganic ~ hybrid  perovskite  materials such  as
(CeHsC2H4NH3),PbBr, and (C3H;NH3),PbBr4 can be used as scintillators
for X-ray synchrotron radiation, nuclear resonance scattering, etc., and
experimental studies have shown that they are in the fields of industry,
medical treatment, etc. There is a wide range of applications. Scintillators
are used to detect ion (proton) radiation, an optical material that converts
radiant energy into visible light. The ideal scintillation material should
have high light conversion efficiency, fast response speed and good
radiation damage resistance. The usual organic scintillation has a fast
response speed, but the quantum conversion efficiency is low, resulting in
a weak fluorescent signal, which reduces the detection test. Accuracy,
while inorganic scintillators have large quantum conversion efficiencies,
their decay times are typically in the microsecond range, much higher than

organic scintillators, thus limiting the use of inorganic scintillators. 44!

Shibuya K. et al. proposed that the organic/inorganic hybrid perovskite
(CsH13NH3)2Pbl, has high exciton radiation efficiency and fast response
time (in the order of picoseconds), and has good resistance to radiation

damage, which will be a very A good scintillating material that meets the
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requirements of many pulsed beam inspections in industrial and medical

applications.

In addition to the above applications, some long-chain alkylamine
series of hybrid perovskite structures, such as (CnHzn+1NH3)2, MX4 (n =12,
14, 16), due to their unique double layer similar to bio phospholipids
Structure, there is a phase change process in the low temperature region,
the solid structure can change from directed order to disorder, and the
latent heat of phase change is large. It can be predicted that they have
certain application prospects in low temperature energy storage materia.in
addition, due to transition metals. [*¢%*) The orbital characteristics of the
electron spins, the magnetic properties of the hybrid perovskite are very
good, and the divalent cations of the transition metal are generally stable.
Therefore, transition metal-based hybrid perovskites have also been
extensively studied in terms of two-dimensional magnetic properties and

diamagnetic properties.

1.4. The purpose and significance of the research

The organic/inorganic hybrid perovskite material has a special

super-element quantum well structure. By selecting suitable organic
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molecules and inorganic molecules, the optical band properties, carrier
mobility and other photoelectric properties of the material can be
controlled in a wide range. Organic/inorganic hybrid perovskite materials
combine all the advantages of organic and inorganic materials to make up
for their respective deficiencies, structural and performance with flexible
design, showing their presence in flat panel displays, nonlinear optics,
field effect transistors wide application prospects for optoelectronic

devices such as light-emitting diodes and solar cells.

Although the preparation technology of organic/inorganic hybrid
perovskite materials has been developed, the research on basic structure
and properties is also very extensive, but it is basically limited to the
hybrid perovskite of single-layer inorganic layer, by changing inorganic
The number of layers (m) or the length of the organic chain (n) to regulate
the energy level and photoelectric properties of the perovskite structure is
relatively small, and its application for excellent structural, optical and
optoelectronic properties is adjustable. Optoelectronic devices with
flexible, stable and efficient structural design still play an important role

in the research of organic/inorganic hybrid perovskite materials. [*8 %]

Based on the existing work, the excellent film-forming properties of
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hybrid perovskite materials were used to synthesize the different organic
components of lead iodide series and the hybrid perovskite materials and
films with different inorganic layers. Analyze the energy level structure,
optical properties, etc. of the material through structural and performance
characterization tests; form a multilayer heterostructure organic/inorganic
hybrid perovskite with TiO,, copper phthalocyanine (CuPc) and other
inorganic or organic semiconductors Guide or photovoltaic devices, and
improve device performance through energy level regulation and
parameter optimization, and further analyze its energy transfer
(photoelectric transfer) mechanism. These studies have improved the
research on the controllability and design of hybrid perovskites. It is of
great significance in the development of high-performance
organic/inorganic photovoltaic functional materials and optoelectronic

devices, and in reducing production costs.
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2. Background: Synthesis and Characterization of
Organic/lnorganic Hybrid Perovskite Materials

Based on Lead lodide

2.1. Introduction

Hybrid perovskites of the Group IVA metal halides have excellent
semiconductor properties, and their intense photoluminescence properties
and high carrier mobility have attracted extensive attention and research.
For organic/inorganic hybrid perovskite materials, the choice of inorganic
components can affect the structure and physical properties of the material.
The choice of organic components can also control the dimensionality of
the inorganic layer and affect the crystal orientation of the inorganic
framework structure. Ultimately affecting the physical properties of the
hybrid material, in addition, the organic component can provide good
self-assembly and processing properties of the material and can also

regulate the performance.

In this chapter, we selected several linear alkylamines of different
alkyl chain lengths and aromatic amines containing monocyclic rings as

organic components to make Pbl, which is stable in air as an inorganic
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component, and to prepare different ones.*>**! An organic composition of
lead iodide-based hybrid perovskite crystal material (wherein the organic
component is a linear alkyl ammonium cation C,Hzn+1NHs" (n=4, 8, 12) or
a phenethyl ammonium salt cation C¢HsC,H4NH3"), and then passed The
corresponding hybrid perovskite film was prepared by spin coating. The
effects of organic composition on the crystal structure and photoelectric
properties of hybrid perovskite materials were systematically studied by
means of ray diffraction, ultraviolet-visible absorption spectroscopy,
fluorescence spectroscopy and other experimental methods. °*° This will
further study the synthesis of perovskite materials. The optimization of its

performance is extremely important.
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2.2. Experimental part

2.2.1. Chemical reagents

Table 2.1 The reagent list

Number Reagent Specification
01 CH3NH; AR
02 C4HoNH; AR
03 CsH17NH; AR
04 Ci2H2sNH; AR
05 CsHsCoH4N> AR
06 HI AR
07 Pbl, AR
08 C,HsOH AR
09 CsH;NO AR
10 CsHgO AR
11 H,SO, AR
12 H,0; AR

2.2.2. Preparation of organic amine salts

C4HgNHsl: Under the condition of ice water solubility, n-butylamine

and ethanol are mixed into a mixed solution, magnetically stirred under
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the protection of chlorine gas, and an excessive amount of concentrated
hydroiodic acid is slowly added thereto. After the reaction is completed,
the crude product is obtained by vacuum distillation under reduced
pressure. (with yellow impurities), rinsed with diethyl ether to give a
white C4H9NHa3I crystal, which was then dried in vacuo at 70 <C for 12
h.The preparation method of other organic salt (CgH17NH3sl, C12H2sNHsl,

and CgHsC,H4NH3Pbl ) is the same as C4HgNHgl.

2.2.3. Preparation of organic/inorganic hybrid calcium

ore materials

2.2.3.1. Preparation of hybrid calcium mineral crystal material
(C4H9gNH3),Pbl, - crystal:  dissolve the (C4H9NH3).Pbl, in a
concentrated hydriodic acid solution with a molar ratio of 1:2, place it in a
75 <C water bath, react for 1 hour, remove, slowly cool, and then filter,
ether. The rinsing was repeated several times, and then recrystallized
twice with absolute ethanol to obtain a golden yellow metallic flaky
crystal, which was dried in a vacuum oven at 70 < C and stored in a
desiccator. A series of hybrid calcium mineral structure crystal materials

such aS(C3H17NH3)2Pb|4, (C12H25NH3)2Pb|4 and(C6H5C2H4NH3)2PbI4, etc.
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are prepared as above.

2.2.3.2. Preparation of hybrid calcium ore film

(@) Cleaning and hydrophilic pretreatment of quartz

plates

The quartz plate was cleaned with water, and then ultrasonically
cleaned in pure solvent of isopropanol, acetone, toluene, acetone and
ethanol for 2 minutes, then ultrasonically shaken for 2 minutes in

deionized water, repeated two or three times until it is washed.

Prepare a mixed solution of concentrated sulfuric acid and hydrogen
peroxide in a volume ratio of 3:1. Carefully put the cleaned quartz plate
into the mixed solution (be careful to prevent the quartz plate from
laminating in the solution), and heat the mixture to maintain the

temperature of the mixture at 75 <C.

(b) Preparation of film

(C4H9NH3),Pbl, film: C4H9NH3l, Pbl; is formulated into a 10 mg/mL
DMF solution at a stoichiometric ratio of 1:2, using a hydrophilic ally
treated quartz glass as a substrate, and a tabletop homemaker (KW-4A

type) at 2000 mm. The coating was spin-coated at a rate of 30 t and dried

38



in a vacuum oven at 70 ©C for 30 min to obtain a yellow film.The
(C8H17NH3)2Pb|4, (C12H25NH3)2Pb|4 and (C6H5C2H4NH3)2Pb|4 films were

prepared in the same manner as (C4HgNH3),PDbl,.

2.2.4. Characterization means

2.2.4.1. X-ray diffraction (XRD)
The experiment used X-ray shot, model Bruker D8 Discover, Cu Ka, A

= 0.154406 nm powder or film samples.

2.2.4.2. UV-visible light absorption (UV-Vis)
Ultraviolet absorption spectrometer, model Hatchet-3900. The sample

is a film spin-coated on a quartz substrate.

2.2.4.3. Fluorescence spectrum (PL)
A fluorescence analyzer, model Hitachi F-7000, was used to sample

the film on the quartz substrate.
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2.3. Spectroscopic measurement

2.3.1. Analysis of the structure of hybrid perovskite

materials

The Fig. 2.1 A, B, C, and D show XRD diffraction patterns of four
hybrid perovskite crystal materials of (C4HgNH3).Pbls, (CgH17NH3),Pbly,
(C12H25NH3),Pbl, and (CgHsCoH4NH3)Pbl,, respectively. As shown in
Figures A, B, C, and D, except for the diffraction peaks of the (00I; | = 2,
4, 6, 8...) series which are perpendicular to the c-axis, there is substantially
no diffraction in other directions peak, which indicates that the purity of
the product is high, the periodicity is good, and its structure has obvious
orientation in the c-axis direction, and has a very regular layered structure.
In addition, the intensity of the diffraction peak of the film is significantly
larger than that of the powder peak strength, which indicates that the film
is more favorable to the crystallization and orientation of the hybrid

perovskite material than the powder.
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Fig. 2.1 Powder X-ray diffraction patterns of (A) (C4HgNH3).Pbls, (B)
(C8H17NH3)2Pb|4, (C) (C12H25NH3)2Pb|4 and (D)(C6H5C2H4NH3)2Pb|4

powder and thin films, respectively.

Since the system hybridized perovskite materials have a
two-dimensional layered orientation, their layer spacing (d) can be
calculated using the Bragg formula:

2dsin 6=niA
This experiment uses monochromatic Cu Ka radiation, A is equal to
1.5406A, and n is the diffraction order (e.g. first-order diffraction peak,

n=1). From the first-order diffraction peaks on the (002) plane of XRD
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(20=6.701 4.941° 3.838° 5.6709, (CaHoNHa),Pbls, (CsH17NH3):Pbl,,
(C12H25NH3),Pbl, and (CgHsC,H4NH3),Pbl, can be calculated. The layer
spacing d values are 11.5 A 17.8 A, 23.4 A and 15.5 A, respectively.
Their corresponding unit cell parameters ¢ are 23.0A,35.7 A, 46.8 A and

31 A respectively.

NV. Venkataraman et al. found that in the C4HgNH3),Pbl, series of
long-chain alkylamine hybrid perovskite crystals, the number of carbon
atoms increases, the structure of the inorganic layer remains unchanged,
and the length of the organic layer The alkylamines are arranged in a
double layer and adopt an all-trans conformation, and calculated by XRD,
the interlayer spacing is increased by 1.36 A for each additional
methylene group. It can be inferred that there is a tilt angle of 57 “between

the organic chain and the inorganic layer.

When the number of carbon atoms of the linear organic amine
increases (C4—C8—C12), the alkyl segment becomes longer, and the
interlayer spacing of the hybrid perovskite increases (11.5 A—17.8
A—23.4 A). This is equivalent to increasing the interlayer spacing by 63
A and 5.6 A for each additional methylene group. It is thus known that for

every 4 methylene groups added, the interlayer spacing increases by an
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average of 5.9 A which is equivalent to an increase in the interlayer
spacing per methylene group. 1.48A. If the long-chain alkylamine is
perpendicular to the inorganic layer, the layer spacing of the hybrid
perovskite crystals of the double-layer organic chain will increase by 2.5
A for each additional methylene unit, and the alkyl chain is not
perpendicular to the inorganic layer, assuming that the tilt angle of the
alkyl chain and the inorganic layer is 0, then the layer spacingd = A + 2.5
cos 0 = A + 1.48. Based on this, the alkyl chain layer and the inorganic
layer can be deduced. The inclination angle 6 between them is about 54°,
which is substantially equivalent to the above theoretical value. Therefore,
it can be seen that the organic layers of the (C,H2n+1NH3),Pbl, series of
perovskite structures are arranged at a certain oblique angle: while the
inorganic framework [Pblg]* plays an important role in maintaining the
orientation and regularity of the structure, the length of the organic chain

is The effect of this two-dimensional inorganic layered structure is small.

[57, 58]
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2.3.2. UV-Vis absorption spectroscopy analysis of hybrid

perovskite films
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Fig. 2.2 The UV-Vis absorption spectra of (A)(C4HgNHz3),Pbls(a),
(C3H17NH3)2Pb|4 (b), and (012H25NH3)2Pb|4(C), (B) (C6H5C2H4NH3)2Pb|4

thin films, respectively.

(CgH17NH3)2Pbly(b), and (C12H2sNH3)2Pbls(c) hybrid perovskite film.
The absorption peaks of the materials are located at 512 nm. 504 nm and
490 nm; Figure 2.2B shows the absorption spectrum of
the(CeHsC,H4NH3),Pbl, hybrid perovskite film with an absorption peak at
518 nm. The absorption peaks of these Pbl,>based hybrid perovskite films
are typical exciton absorption peaks. In the two-dimensional layered

hybrid perovskite, due to the synergistic effect of the quantum
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confinement effect and the dielectric confinement effect, the hybrid
perovskite material has a large exciton binding energy and is prone to
exciton absorption. Meanwhile, since the organic molecules C,Hzn+1NH>
and CgHsC,H4NH; are transparent in the visible light region, absorption
can be considered to be caused by exciton in the [Pblg]* inorganic layer.
The valence band of the [Pblg]* inorganic layer is formed by the
hybridization of Pb?*(6s) orbital and 1°(5p) orbital, and the conduction
band is composed of Pb(6p). When the energy of absorbed light hv>Eg
(Eg is the forbidden band width) , electrons from the price band to the

conduction belt.>%

Organic/inorganic hybrid perovskite materials have different
absorption peak positions due to differences in optical band gaps . As the
forbidden band width of the material increases in turn, the energy required
for the electrons to transition from the valence band guide band increases,
and the absorption peak of the material undergoes a blue shift (moving in
the short-wave direction). As shown in Figure 2.2A, the absorption peak
positions of a, b, and c are blue-shifted (512 nm — 504 nm — 490 mm),

indicating the optical inhibition of hybrid perovskite (C4HgNHS3),Pbly,

(CgH17NH3),Pbls, and (Ci2HzsNH3),Pbls. The bands are added one
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after the other. The absorption peak of (Cg¢HsC,HsNH3).Pbl, is at the
maximum wavelength position compared with the other three hybrid
perovskites (Fig. 2.2B), indicating that the optical forbidden band is the
smallest, which may be due to the introduction of the benzene ring and the
conjugation effect of the large m bond. Electrons have better transport
properties, thus reducing the energy required for electronic transitions.
Adding functional organic molecules, especially organic substances with
chromophores, can control the band structure and optical properties of

hybrid perovskite materials.

2.3.3.  Fluorescence (PL) spectral analysis of hybrid

perovskite films
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Flg 2.3 The PL (A) (C4H9NH3)2Pb|4 (a), (C8H17NH3)2Pb|4 (b), and
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(C12H25NH3)2Pb|4 (C), (B) (CsH5C2H4NH3)2Pb|4 thin films at room

temperature, respectively.

In Fig. 2.3A, a, b and c are the photoluminescence spectra of
(C4H9NH3),Pbly4, (CgH17NH3),Pbls, and (Ci12H2sNH3),Pbl, films at room
temperature, respectively. The peak shape is sharp and the emission peaks
are 522 nm (a) and 520 nm (b) and 498 nm (c); Fig. 2.3B shows the
photoluminescence of (CgHsC,H4sNH3).Pbl, film at room temperature
with an emission peak of 526 mm and a sharper peak shape than a linear
amine salt hybrid perovskite. And the half width is small, which indicates
that the fluorescent color of (CgHsC,H4NH3).Pbl, is higher. Their
excitation wavelengths are all 370m. As can be seen from the figure, these
four hybrid perovskite materials have sharp emission peaks, peak intensity
are quite large, and Stoke between the exciton absorption peak and the
fluorescence emission peak. The displacement is relatively small, which
means that the fluorescence emission peak comes from the free excitons
rather than the self-trapped exciton surface. At room temperature, the
yellow-green (green) emission of such hybrid perovskites can be observed

with the naked eye, and the color High purity. %
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Relative to Pbl,, organic molecules (C,Hzn+1NH; and CgHsC,H4NHy)
have larger band gaps (the difference between HOMO and LUMO), and
the forbidden band of Pbl, will completely fall in the HOMO-LUMO
band of organic molecules, forming type I. Quantum well structure (see
1.2.2) electrons and holes will be confined in the same layer ([Pblg]
layers), excitons are prone to radiation recombination and emit photons,

resulting in photoluminescence.

Since the organic molecules (CnC,Hzn+1NH; and CgHsC,H4NH,) are
optically inert, the strong photoluminescence properties are derived from
the exciton radiation attenuation of the inorganic layer. It is generally
believed that the strong luminescence of such two-dimensional layered
hybrid perovskite materials at room temperature is caused by their large
exciton binding energy. Ordinary undoped inorganic semiconductor
materials have less exciton binding energy (tens of mega-electron volts),
and the exciton binding energy ofPbl,is only 30 meV, and the exciton
binding energy of the composite hybrid perovskite is very Large, usually a
few hundred millielectron volts, is much larger than KT at room
temperature (KT is about 26 meV at 300K). Such hybrid perovskite

materials have large exciton binding energy, which is generally considered
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to be the result of both the dielectric confinement effect and the
two-dimensional quantum confinement effect. In addition, the benzene
ring is compared with the linear alkyl group. The addition enhances the
energy (electron) transfer between the organic layer and the inorganic

layer, and thus has more excellent photoluminescence properties.

Through the above experimental results and analysis, it is known that
the type of hybrid quantum perovskite quantum well is affected by the
relative energy band positions of inorganic components and organic
components, which will affect the luminescence properties of the
materials; more importantly, The synergistic effect of the electric
confinement effect and the two-dimensional quantum confinement effect,
the two-dimensional layered hybrid perovskite material has large exciton
binding energy, which is a necessary condition for photoluminescence.
Therefore, we can adjust the luminescence properties of hybrid
perovskites by varying organic components (chain length, choice of
functional groups) and inorganic components (metal cations, anion
selection). Due to its large exciton binding energy, strong fluorescence and
good color purity, hybrid perovskite materials have unlimited application

potential in luminescent materials and LED display fields.
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3. Sample preparation and Discussions

3.1. Sample preparation
I

Stirring
\A! 74
Precursor salts and ligands in Dropwise additionto  Instantaneous formation
polar solvent nonpolar solvent
PbBr,, PMABr, DMF, HBr Toluene Crystal sheet

Fig. 3.1 Synthesis process of the (PMA),PbBr,.

As shown in the Fig. 3.1, the (PMA),PbCI,Br, precursor solution
was obtained by dissolving stoichiometric of PMABTr, HBr, and PbBr,
in 1ml of N,N-dimethylformamide (DMF) with continuous stirring at 90
°C. Then, the precursor solution was drop wise added to 10 ml of
toluene. The (PMA),PbBr, solution was quenched and the crystal is
obtained. After being filtered and washed with acetone three times, the

white powder was dried at 60 °C in vacuum for 10 h.
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3.2.  Results and discussions
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Fig. 3.2 XRD data of the (PMA).,PbBr, perovskite film on a quartz
substrate

Fig. 3.2 shows the XRD patterns of the (PMA),PbBr, perovskite
film on a quartz substrate along with the calculated standard PDF card.
Diffraction peaks of all the samples are well indexed to the structural

results for (PMA).PbBr, single crystal. No traces of impurities were
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detected suggests that (PMA).PbBr, perovskite film has been prepared

successfully.

Fig. 3.3 Schematic structure of the typical 2D organo-lead halide
perovskite (PMA),PbBr,

Fig.3.2 shows the XRD patterns of the powder sample, all the
experimental peaks are corresponding to the simulated data. It means
that our sample has pure phase. Fig.3.3 shows the schematic structure of
layered perovskite. Alternating layers of organic amine and inorganic
semiconductor are formed in these compounds in a self-organized
manner. This structure exhales exhibit unique optical properties due to

guantum confinement of the wannier excitons in the inorganic layers.
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Fig.3.4 SEM images of the (PMA),PbBr, .
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Fig.3.5 Normalized PL and PLE spectra of the (PMA),PbBr,.
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The 10 K photoluminescence excitation (PLE) and emission (PL)
spectra of the (PMA),PbBr, perovskite are depicted in Fig.3.5. The
excitation spectrum is similar to other isostructural 2D perovskites with
band absorption (around 300 nm) and a sharp peak absorption (around
375 nm). 1. The absorption band can be assigned to the electronic
transitions of the Pb (6s) orbital hybridized with the Br (4p) and CI (3p)
orbital states in the inorganic layers, and the narrow sharp peak
absorption can be attributed to the excitonic absorption caused by the
quantum and dielectric confinement effects. 2. Under the 355 nm laser
excitation, a broad structureless band photoluminescence (PL) range of
365 - 700 nm with a shoulder located at around 425 nm can be detected
by the time-integrated emission technique. According to the reference,
we assigned the band located at around 425 nm as free exciton emission
(FE). The broadband with a large Stokes shift indicates strong
electron-lattice coupling and could be assigned as self-trapped excitons

(STEs) in a deformable lattice.™
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Fig.3.6 (a) Temperature dependent emission spectra of the
(PMA),PbBr; thin film; (b) Calculated temperature dependent
integrated FE emission intensities of (PMA),PbBr, thin film; (c)
Calculated temperature dependent integrated STE emission intensities
of (PMA),PbBr, thin film fitted into the referred equation. (d)
Configuration coordinate diagram demonstrating the coexistence of free

and self-trapping excitons in the 2D perovskite frameworks.

Fig. 3.6 shows the temperature dependent PL spectra, calculated
temperature dependent integrated FE and STE emission intensities in
the range of 10 to 300 K, and the possible mechanism responsible for
the interaction between the FE and STE emissions in (PMA),PbBr,.
With the increasing temperature, the excitons created from the FE states
have more possibility to relax into the STE states (the curved purple
arrow represents the relaxation process in Fig. 3.6(d)); the integrated
intensity of FE shows a complex thermal evolution. The FE intensity
firstly increased from 10 to 150 K, due to energy back transfer, and then
decreased due to thermal quenching, the PL enhancement between 200

and 300 K is due to spectra thermal brooding. The broad STE emission
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with large stokes shift could be fitted by a simple thermal activation

model.

AE\T!
[=Iy | 1+cexp|-— (1)

kT
where |y is the initial emission intensity, I+ is the intensity at different
temperatures, c is a rate constant for the thermally activated escape, and
AE is the activation energy. According to Eq. (1), the activation energy
AE was calculated to be 41.5 meV. And the luminescence quenching
effect is dominated due to the stronger electron-phonon interaction at

high temperature.
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Fig. 3.7 (a) Temperature dependent decay curves of the (PMA),PbBr, thin
film; (b) Calculated temperature dependent integrated STE lifetimes of

(PMA),PbBr, thin film.

To better understand the thermal quenching phenomenon for
(PMA),PbBr,4 thin film and confirm the influence of temperature on the
energy transfer rate, the fluorescence decay curves for (PMA),PbBr, thin
film were measured at 355 nm excitation by monitoring the emission at
600 nm in the temperatures between 10 and 150 K, and the
maximume-intensity-normalized decay curves are shown in Fig. 3.7 (a). It
is obviously seen that the fluorescence decay curves are non-exponential
and these fluorescence decay curves display non-exponential curves can

be fitted to the effective lifetimes defined as the following:!®*®®

[ t()dt
Taverage ™ [1(t)dt (2)

where I(t) represents the luminescence intensity at a time t after the cutoff
of the excitation light. The luminescence lifetimes of the (PMA),PbBr,
thin film calculated as a function of temperature and displayed in Fig. 3.7
(b). Generally, with the increase of temperature, the probabilities of
multiphonon relaxation and energy transfer for quenching the emitting
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levels may be enhanced, which are responsible for the decrease of
luminescence intensity. As calculated, the lifetimes shorten monotonically

from 600 ns (10 K) to 150 ns (150 K).

The thermal activation energy (AE) for the thermal quenching of the
(PMA),PbBr, thin film was also determined by measuring the temperature
dependence of emission lifetime (fitting curve in Fig. 3.7 (b)).°**" The
temperature dependence of the emission lifetime is described by the

equation as follows:

7

T 14[r, /7, ]e(—AE/KT) @)

z(T)

where T and T, are radiative and non-radiative decay times, and k is the
Boltzmann constant (8.6299 10 eV). The thermal activation energy for
thermal quenching (AE) is fitted to be 42.1 meV. This is in agreement with

the calculated value calculated on decay lifetimes according to Eqg. (1).
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4. Conclusions

In summary, we reported a bluish-white-light emitting diode using 2D
mixed halide perovskite (PMA),PbBr,. Temperature dependent emission
spectra and decay curves eveal that the white emission band consists of
free exciton and self-trapped exciton transition. Based on the temperature
dependent emission spectra and decay curves, the thermal activation
energy for thermal quenching (AE) is fitted to be 0.42 meV. This work
provides an approach to achieve enhanced white light emitting diodes

using 2D mixed halide perovskite materials.
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