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Abstract 

 

Over past a few years, organic-inorganic perovskites have received extraordinary 

research community attention since the performance of devices using perovskites 

achieved up to above 20% light harvest efficiency and 10% external quantum efficiency 

for solar cells and light-emitting diodes, respectively. Not only their unique physical 

properties such as direct bandgap, high optical absorption, tunable wavelengths but also 

solution-processed low-cost fabrication led to a new generation of applications in their 

photovoltaic and optoelectronic devices. Conventionally, the spin-coating method has 

been used as a low-cost process to fabricate perovskite thin films. However, on demand 

of high-quality crystalline perovskites, a high-cost method, for example physical vapor 

deposition (PVD) of PbX2 and MAX (where MA = CH3NH3, X = Cl, Br or I), is also 

widely used. Towards further progress hereafter, in particular, for practical device 

applications, there is a demand to improve the growth method which allows a control of 

crystal size and thickness as well as polymorphic stability. In my thesis, a simply 

modified solution process, namely “cast-capping” method, was developed affording to 

grow all kinds of perovskite crystals between various substrates. Consequently, the 

optically pumped lasing and electroluminescence of MAPbX3 were investigated in thin 

large-sized single crystals.  

In Chapter 1, the history of rapid development with improving performances in 

applications using perovskites is introduced. Then, their unconventional electronic 

properties through the structure-properties relationship are discussed.  
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In Chapter 2, the cast-capping method is presented to prepare single crystal 

perovskites. All kind of methylammonium lead halide perovskites MAPbX3 and their 

mixture (MAPbClxBry and MAPbBrxIy, where x + y = 3) were crystallized by this method. 

It was found that the orientation of crystals depended on the substrates: the (100) planes 

of cubic MAPbBr3 were grown when ITO substrates were used in contrast to the (110) 

planes when glass substrates were used. The kind of halogens also affected the growth 

direction. When glass substrates were used, the (100) planes of both cubic MAPbI3 and 

MAPbCl3 crystals grew two-dimensionally between the top and bottom substrates, 

contrastingly to the cubic MAPbBr3 crystal in which the (110) planes grew in contact 

with the substrates. For the mixture perovskites, cubic crystals with color-tunable 

photoluminescence (PL) were obtained depending on the halogen ratio in the precursor 

solution. 

In Chapter 3, both one-dimensional strip-shaped and two-dimensional slab-shaped 

crystals were obtained depending on the growth manner in the cast-capping methods. In 

the former crystal, edge-emitting lasing based on Fabry-Pérot resonation was observed 

under optical pumping with a pulsed excitation. On the other side, the latter crystal grown 

between distributed Bragg reflector (DBR) mirrors exhibited surface-emitting laser. The 

lower lasing threshold (12 μJ/cm2) and higher Q factor (1470) were obtained for the edge-
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emitting laser owing to well-shaped side facets of the strip-shaped crystal whereas the 

inhomogeneous thickness of the slab-shaped crystal resulted in inferior cavity quality.  

In Chapter 4, a simple light-emitting diode with ITO/MAPbBr3/ITO structure was 

fabricated by the cast-capping method. Because there is no effect of transport layers, 

intrinsic electroluminescence (EL) of the single-crystal perovskites could be 

characterized. Under application of bias voltages above 2 V, the device showed blinking 

EL at the crystal edges and its emission peak was red-shifted by 0.02 eV as compared to 

PL. It suggests that the injected carriers are diffused and accumulated at the crystal edges, 

then generate excitons. Subsequently, the excitons may be trapped in the radiative sub-

gap states to emit photons or quenched through non-radiative recombination by carrier 

traps concentrated at crystal edges.  

Chapter 5 summarized this study presenting the cast-capping method to prepare 

large-size and high-quality single-crystal perovskites. The formation of crystals depended 

on the surface properties and halogen compositions. Under optical pumping, edge- and 

surface-emitting lasers were achieved for strip- and slab-shaped crystals, respectively. 

Finally, the simple ITO/MAPbBr3/ITO device exhibited unique blinking EL which leads 

to deeper understanding of emission mechanism in single-crystal perovskites. 
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Chapter 1 

Introduction 
 

Organic-inorganic halide perovskite semiconductors are an emerging class of 

materials that have led to a great performance of low-cost optoelectronic devices, which 

is approaching the theoretical limits and comparable with high-cost inorganic 

semiconductor devices. Their interesting properties such as long diffusion length, solution 

processability and wavelength tunability across near-UV to near-infrared (IR) through its 

halide stoichiometry, have made this material promising in application to solar cells and 

emitting devices. A variety of growth methods and film formation processes have been 

developed to promote the availability of perovskites for photovoltaics, light-emitting 

diodes (LEDs), lasing devices, and host of other major optoelectronic applications. 

In this chapter, first these backgrounds of perovskite researches are introduced, then, 

their crystal structures and thin film preparation methods are described. Finally, the aim 

of this work is stated.  
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1.1 Backgrounds 

Calcium Titanium Oxide mineral (CaTiO3) found in 1839 by Gustav Rose in the Ural 

Mountains, Russia, is named ‘perovskite’ following a Russian mineralogist Lev Perovski. 

Since 2009, organic-inorganic lead halide perovskite compounds MAPbBr3 and MAPbI3 

(where MA = CH3NH3) were initially used as visible-light sensitizers in 

photoelectrochemical cells1. At that time, the efficiency of perovskite-based cells was 

achieved to be 3.81%. After 3 years, Hui-Seon Kim et al. reported exceeding 9% for solar 

cells using MAPbI3
2. The authors has also indicated that the stability is up to 500 hours 

at room temperature without encapsulation. Surprisingly, the efficiency of ~18% was 

achieved with millimeter crystalline grains of MAPbI3 in planar solar cells.3 Beside the 

high efficiency, a study by C. Gerbaldi group indicated a long term stability (tested for 6 

months) for perovskite solar cells with a photocurable fluoropolymer.4 Up to now, there 

are thousands papers have been published to reduce the fabrication cost and improve the 

efficiency of devices.5 The history of solar cells based on perovskites has been 

summarized as shown in Fig. 1.1.1. 
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Fig. 1.1.1: Progress in perovskite solar cell efficiency.1,2,6–13 

Not only applied in harvesting light but also perovskites are interesting in lasing and 

LEDs.5,14 The sharp optical absorption and large carrier mobilities in perovskites suggest 

a valuable applicability to LEDs that can achieve high brightness at low driving voltages. 

Following the increasing efficiency in solar cell, the external quantum efficiency (EQE) 

depends on the improvement of fabrication methods as summarized in Fig. 1.1.2. In 2014, 

the LED using MAPbBr3 as an emitting layer achieved just EQE of 0.1%.15 However, the 

EQE was increased up to 8.53% when T. W. Lee et al. reduced the grain size of MAPbBr3 
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crystal below 100 nm.16 Similar to this architectural fabrication, the EQE of the LED 

approached 9.3% by adding a long chain halide to the precursor solution before spin-

coating perovskite thin films. The authors also indicated very long shelf stability of these 

devices more than 3 months.  

 

 

Fig. 1.1.2: Overview of EQE for lead halide perovskites in LEDs. 
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Fig. 1.1.3: Tunable lasing emission wavelength from mixed lead halide perovskites.17 

Reproduced with permission from H. Zhu et al. Nat. Mater. 14, 636-642 (2015), 

Copyright Springer Nature, Macmillan Publishers Limited. 

 

In addition, the band-gap of perovskites can be easily tuned by simple substitution of 

metal cations, inorganic anions, or organic ligands.18–20 Here, this study just focus on the 

halide-based color-tuning, which is widely used in optoelectronic devices. The 

MAPbClxBr3-x and MAPbBryI3-y with various stoichiometry were successfully 

synthesized by controlling the mixing amount of methylammonium halide in the 

precursor solution.17 H. Zhu at al. observed the tunable lasing emission wavelengths from 

these mixture perovskites at room temperature as shown in Fig. 1.1.3. These unique 

tunable bandgaps were also applied to fabricate multicolored LEDs.15,18 The 
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electroluminescence from near-UV to near-IR was achieved by Y. H. Kim et al. as shown 

in Fig. 1.1.4. 

 

 

Fig. 1.1.4: Electroluminescence of mixed perovskites LEDs.18 Reproduced with 

permission. Copyright 2014, Wiley-VCH.  
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1.2 Crystal structure 

One of most useful perovskite is organic-inorganic hybrid perovskites based on 

ABX3 structure.21,22 It is characterized by [BX6]
4- octahedral which sharing corners in all 

three orthogonal directions to generate an infinite 3-dimentional (3D) [BX3]
- framework 

as shown in Fig. 1.2.1. Typically, the “A” cation is methylammonium (MA), 

formamidinium (FA) etc., while “B” is metal (Pb, Sn, Ge …) and X is halogen (Cl, Br 

and I). The rules that govern the perovskite formation were tackled by Goldschmidt’s 

Tolerance Factor concept: 

t = (𝑟𝐴 + 𝑟𝑋)/√2(𝑟𝐵 + 𝑟𝑋)               (1) 

where 𝑟𝐴, 𝑟𝐵 and 𝑟𝑋 are the ionic radii for the corresponding ions and the t is tolerance 

factor in the ABX3 formula. For most cubic perovskite structures, the tolerance value 

0.8 ≤ t ≤ 0.9.12,14,15 
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Fig. 1.2.1: Crystal structure of organic-inorganic halide perovskites. 

 

Based on these consideration, the most common 3D perovskite crystal structure is 

lead methylammonium trihalide perovskites MAPbX3 (where X = Cl, Br or I). For this 

compound, the cubic lattice constants vary from 5.66 Å (X = Cl), 5.90 Å (X = Br) and 

6.33 Å (X = I). In fact, the methylammonium cation undergoes rapid isotropic 

reorientation. Upon cooling, the structures distort to lower symmetry as the motion of the 

methylammonium cation becomes more restricted (table 1.2.1).23 As a result, the crystal 

system becomes cubic in the case of MAPbCl3 and MAPbBr3, but tetragonal in the case 

of MAPbI3 at room temperature. Noteworthy, in contrast with this theory, the cubic-

structure MAPbI3 crystals can be stable at room temperature in bulk crystals24 or confined 

by TiO2 with the aid of chlorine.25 
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Table 1.2.1: Transition phases of MAPbX3 crystals depending on temperature. 

 

MAPbX3 Temperature (K) Crystal system Space group 

Cl > 178.8 Cubic Pm3m 

172.9 ~ 178.8 Tetragonal P4/mmm 

< 172.9 Orthorhombic P2221 

Br > 236.9 Cubic Pm3m 

155.1 ~ 236.9 Tetragonal I4/mcm 

149.5 ~ 155.1 Tetragonal P4/mmm 

< 149.5 Orthorhombic Pna21 

I > 327.4 Cubic Pm3m 

162.2 ~ 327.4 Tetragonal I4/mcm 

< 162.2 Orthorhombic Pna21 
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1.3 Fabrication method 

1.3.1 Spin-coating method 

One of most interesting properties of perovskites for optoelectronic and optics 

devices is their low-cost fabrication processability. Until now, as a simple and convenient 

process to make thin film perovskites, spin-coating has been widely used.9,11,19,20,21 

Typically, methylammonium halide and lead halide are dissolved in a polar solvent such 

as N, N-dimethylformamide (DMF) and/or dimethyl sulfoxide (DMSO). Then, the 

precursor solution is dropped and spread on the substrate at an appropriate rotation speed 

(Fig. 1.3.1a). Conventionally, the mixture ratio of MAX is higher than the 

stoichiometrical 1:1 of MAX:PbX2 to form MAPbX3 crystalline. These exceed amount 

of methylammonium halide is evaporated by thermal annealing after spin-coating. 

Noteworthy, T. W. Lee et al. indicated that the perovskite crystal size depended on 

MAX:PbX2 ratio.16 In that study, the smallest grain size is below 100 nm when 

MAX:PbX2 = 1.05:1. Another study by B. P. Rand also used addition of long-chain 

ammonium halides in the precursor solution to reduce perovskite grain size.27 To improve 

the uniformity of the thin film, a highly volatile nonpolar solvent such as chloroform or 

toluene was used which induced fast crystallization.9, 20 

Another alternative technique was employed in spin-coating method, namely two-
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step coating.9,29–32 At first, MAX and PbX2 are dissolved in 2-propanol and DMF, 

respectively. Similar to the spin-coating process described above, PbX2 is spin-coated on 

substrate (first step), then MAX is spin-coated on PbX2 thin layer or the PbX2 substrate 

is dipped in the MAX solution. Consequently, the MAPbX3 thin film is formed on the 

substrate (Fig. 1.3.1b). Note that in the present study, MAPbX3 thin film was prepared by 

dipping the spin-coated PbX2 on solution of MAX in 2-propanol. 

 

 

 

Fig. 1.3.1: Schematic of spin-coating method: a) one step and b) two-step spin-coating. 
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1.3.2 Chemical/physical vapor deposition 

The spin-coating method maintains some drawbacks such as limited substrate 

materials and inhomogeneous morphology which result in low performance of LEDs or 

low efficiency in solar cells. As an alternative method, chemical/physical vapor 

deposition has also been widely used to synthesize high-quality crystalline perovskite 

films. Generally, the inorganic and organic sources are vaporized at high temperature in 

a vacuum and perovskites are deposited on the substrates as shown in Fig. 1.3.2. In 2014, 

Q. Xiong et al. successfully fabricated nano-platelets on muscovite mica substrates.33,34 

First, they heat up the inorganic source at high temperature (380oC for PbI2, 350oC for 

PbBr2 and 510oC for PbCl2) in quartz tube flowed with Ar and H2 gas. The lead halide 

platelets is deposited on the muscovite mica substrate. Then, nano-platelet perovskites are 

formed by a gas-solid hetero-phase reaction with methylammonium halide molecules. 
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Fig. 1.3.2: Schematic of vapor deposition method. 

1.3.3 Other methods 

a) Nanowire fabrication 

One dimensional (1D) nanostructured semiconductors have been exhibiting excellent 

performance in nanoelectronics, photoelectronics because of highly localized coherent 

output, and efficient wave-guiding. In 2015, X-Y. Zhu et al. grew high-quality single-

crystal nanowires by low-temperature processing.17 Firstly, they drop-casted 100 mg/mL 

PbAc2∙3H2O aqueous solution on a hot glass substrate in an oven at 65oC and dried for 

30 min. Then, nanowires of MAPbX3 perovskite were surface-initiated grown from 

PbAc2 when the PbAc2 thin film was dipped in high concentration of MAX solution in 2-

propanol (MAX/IPA) at room temperature. 
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As soon as the PbAc2 was placed in MAX/IPA solution, the MAPbX3 film was 

immediately formed on the PbAc2 surface following the reaction: 

 

PbAc2 (solid) + CH3NH3
+ (solution) + X- (solution)  CH3NH3PbX3 (solid) 

 

This MAPbX3 film not only serves as a seed to initiate the crystal growth, but also 

plays a key role in maintaining a relative low supersaturation condition for nanowire 

growth. Noteworthy, the formation of soluble complex ion PbX4
2- in IPA becomes 

thermodynamically favorable due to high concentration of MAX. The unconverted PbAc2 

is slowly dissolved into the solution until PbX4
2- reaches the equilibrium point for 

precipitation with MA+ and finally reaches the supersaturation to be crystallized into 

MAPbX3. The growth mechanism is described by the following two-step reactions: 

 

PbAc2 (solid) + 4X- (solution)  PbX4
2- (solution) + 2Ac- (solution) 

PbX4
2- (solution) + CH3NH3

+ (solution)  CH3NH3PbX3 (solid) + X- (solution) 

 

As a result, high-quality nanowires of MAPbX3 were grown as shown in Fig. 1.3.3. 

In this study, room-temperature nanowire lasing with very low lasing was achieved at low 

excitation threshold (220 nJ/cm2 for MAPbI3 and 300 nJ/cm2 for MAPbBr3) with high Q 
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factor up to 3,600 for MAPbI3 and 2,360 for MAPbBr3. Noteworthy, the wavelength-

tunable lasing was also achieved when they simply mix different amounts of MAI and 

MABr or MABr and MACl in the precursor solution. 

 

 

 

Fig. 1.3.3: SEM images of a) MAPbI3, b) MAPbBr3, and MAPbCl3 nanowires.17 

Reproduced with permission from H. Zhu et al. Nat. Mater. 14, 636-642 (2015), 

Copyright Springer Nature, Macmillan Publishers Limited. 

 

The nanorods were also used for light-emitting devices by P. Yang et al.35 

Surprisingly, they found that MAPbBr3 nanorods were conversed to MAPbI3 through the 

anion exchange by MAI vapor at 140oC. Because the operation voltage of these devices 

is high (around 3.5V) and the external quantum efficiency is not mentioned, it suggests 

that nanorods thin film structure is not suitable for high performance light-emitting 

devices. However, single nanowire is extremely promising for electrically excited lasing 

owing to their high-quality gain medium, low-trap state density and cavity quality with 

well-shaped edge facets of nanowire crystals.14 
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b) Bulk-crystal fabrication 

To apply for optoelectronic devices, low-dimensional perovskites are widely used. 

However, three-dimensional (3D) perovskites are extensively synthesized to investigate 

the fundamental properties of this kind of materials. All of methods such as anti-solvent 

vapor-assisted crystallization, seed solution-growth method, cooling-induced 

crystallization, and inverse temperature crystallization apparatus start from an initial 

MAPbX3. The MAPbX3 is saturated in high concentration perovskites solution to 

precipitate seeds which grow 3-dimensionally to form large size bulk crystals as shown 

in Fig 1.3.4.36 Surprisingly, by using mixed chlorobenzene/γ-butyrolactone to dissolve 

MAI:PbI2 and keeping at 60oC, stable cubic crystals were formed at room temperature. 

By mixing the precursor methylammonium halide, the single-crystal mixed perovskites 

were also obtained. Very low trap-state density and long carrier diffusion length of 

perovskites were confirmed in the bulk crystals, and the narrowband photodectectors with 

single-crystal perovskites was investigated.37 That study prospects new applications of 

perovskites for selected-wavelength imaging and flame detection.38 
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Fig. 1.3.4: a) Tetragonal and b) cubic phases of bulk MAPbI3 crystals prepared by seed 

solution-growth method. Reproduced with permission.24,39 Copyright 2015 & 2016, 

Royal Society of Chemistry. 
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1.4 Aim of this study 

As described above, following the breakthrough performance of perovskites in 

photovoltaic device, there are various fabrication methods to synthesize nanowire (1D), 

thin film (2D) and bulk (3D) perovskite crystals. In particular, the fabrication of large-

size single-crystal thin film (2D) perovskites is a requirement for application to 

optoelectronic devices. In this thesis, a simple modified solution process, namely “cast-

capping” method is developed to grow thin slab-shaped and strip-shaped single-crystal 

perovskites with a size up to few hundreds micrometer. The principle, optimized 

experiment conditions and crystal structure of single-crystal MAPbX3 perovskites 

prepared by the cast-capping method are described in chapter 2. 

In chapter 3, optically pumped lasing properties of single-crystal MAPbBr3 prepared 

by the cast-capping method are investigated. Both vertical-cavity surface-emitting lasing 

using a slab-shaped crystal sandwiched between distributed Bragg reflector (DBR) 

mirrors and Fabry-Pérot lasing between parallel side-facets of a strip-shaped crystal were 

achieved. 

In chapter 4, electroluminescence (EL) from single-crystal MAPbBr3 was 

investigated. Using ITO substrates in the cast-capping method, simple LEDs without any 

charge transport layers were fabricated. This chapter demonstrated edge-emitting and 

blinking EL in the single-crystal MAPbBr3. 

Finally, chapter 5 summarizes this thesis and give some proposal for future research 

following this study. 
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Chapter 2 

Crystal growth by cast-capping 

method 
 

The simple solution fabrication process of perovskites gives opportunities of this 

kind of materials for practical device applications. The performance of photovoltaic 

devices is improved by factor of more than ten just by optimizing fabrication processes. 

This chapter presents a modified solution process, namely “cast-capping” method, which 

affords to grow planar crystals with large single-domain sizes1,2. The formation of 

MAPbX3 (X = Cl, Br or I) and their mixture (MAPbClxBr3-x and MAPbBryI3-y) were 

investigated. Both halogen compounds, substrate surface properties and concentration of 

precursor solution affect dimensional growth of these perovskite crystals. 
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2.1 Introduction 

As we know, most of the perovskite applications are based on polycrystalline thin 

films, which usually contain a large density of trap states at the grain boundary.3 Single-

crystal perovskites are expected that single-crystal-based devices will have much better 

optoelectronic performances because of no grain boundary effects. Chapter 1 already 

discussed about representative methods to fabricate perovskites. Beside the advantages, 

there are each drawback in these methods. This chapter describes the “cast-capping” 

method, to fabricate large-size single crystals of CH3NH3PbX3 perovskites and their mix-

halogen perovskites.1,2,4 This method is a low-cost solution process to fabricate thin planar 

single-crystal perovskites which can widely applied to optoelectronic and photonic 

devices. By controlling the precursor concentration and substrate properties, the 

formation and crystal structure of all kind of methylammonium halide perovskites and 

their mixtures were investigated. 
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2.2 Experimental 

2.2.1 Preparation 

MAX (Wako) and PbX2 (Alfa Aesar) were dissolved in a polar solvent such as DMF 

(Wako) or DMSO (Nakalai tesque). Due to faster evaporation of DMF in comparison with 

DMSO, the DMF was used to dissolved (MAI + PbI2) and (MABr + PbBr2). In the case 

of (MACl + PbCl2), both DMF and DMSO solvents were used to investigate the influence 

of solvents on the crystal formation of the MAPbCl3. In principle, single-crystal 

perovskites are formed according to the following reaction:  

CH3NH3X + PbX2 ⇌ CH3NH3PbX3         (1) 

Moreover, the crystal formation depends on substrate surface properties, MAX:PbX2 

ratio in the precursor solution. The details are described in the next section below. Glass 

slides, mica, distributed Bragg reflector (DBR) and ITO-coated glass were used as 

substrates for single-crystal growth by the cast-capping method. These substrates were 

washed in acetone, methanol and 2-propanol for 15 minutes in an ultrasonic bath then 

dried in an air oven at 80oC for 2 minutes before treated in UV-ozone exposure for 10 

minutes. 

The cast-capping method consists of two simple steps: casting the precursor solution 
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on a substrate surface, then capping with another substrate as shown in Fig. 2.2.1. The 

sample was left to naturally dry at room temperature in ambient condition for few days. 

 

 

Fig. 2.2.1: Schematic of cast-capping method. The perovskite solution is casted 

on a substrate (step 1), then capped with another substrate (step 2). 

 

As schematically shown in Fig. 2.2.2, during the drying process the concentration of 

precursor solution increases and forms crystal nuclei following the reaction (1). Due to 

slow evaporation of used solvents, the lateral growth proceeds keeping the tension 

between the top and bottom substrates. The crystal expansion is completed in the cavity 

between two substrates until the solvent is fully evaporated. 

 

 

Step 1 Step 2
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Fig. 2.2.2: Schematic of crystal growth in the cavity between the substrates. 

 

2.2.2 Characterization 

A transmission optical microscope (Olympus BX-51) was used to study crystal 

morphology of the fabricated perovskites. Their crystallinity was observed under crossed 

nicols polarization by rotating the sample. The crystal formation and orientation were 

examined by X-ray diffraction (XRD) using a X-ray diffractometer (Rigaku RINT-TT 

III/NM). To carry out the XRD measurements, the substrate/perovskite/substrate samples 

were cleaved and the crystal left on either substrate was measured by θ/2θ scan. For 

reference as an isotropic sample, the crystals on the substrate was scratched off into fine 

powders. 
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2.3 Crystal formation 

2.3.1 MAPbBr3 crystals 

To prepare single-crystal MAPbBr3 by the cast-capping method, glass, mica and ITO 

were used as substrate with a stoichiometric molar ratio of MABr:PbBr2 (= 1:1). Fig. 

2.3.1 shows optical micrographs of representative samples denoted as capping substrate 

(top)/MAPbBr3/casting substrate (bottom). In all these samples, two-dimensionally 

spreading planar single crystals grow between the top and bottom substrates. The well-

shaped right-angled corners indicate that the dimension of single-crystal domains is 

approaching up to a millimeter scale. The large rectangle-shaped crystal in all samples 

indicates that the cubic form of MAPbBr3 was grown. It suggests that all substrate 

materials can be used to grow planar perovskite crystals in the cast-capping method. 
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Fig. 2.3.1: Transmission optical micrographs of MAPbBr3 crystals grown in samples of 

glass/MAPbBr3/glass, glass/MAPbBr3/mica, ITO/MAPbBr3/ITO and 

DBR/MAPbBr3/DBR. 

 

The single crystallinity of this sample was confirmed by polarized transmission 

microscopy as shown in Fig. 2.3.2. The micrograph taken under the diagonal position of 

the crossed nicols (right) shows a homogeneous transmission over the whole crystal. 

When the sample was rotated by 45o to the extinction position of the nicols (left), the 

transmission was homogeneously vanishes, indicating that the sample is entirely a single 

crystal. 
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Fig. 2.3.2: Polarized optical micrographs of MAPbBr3 crystal grown between glass/glass 

substrates. The horizontal and vertical arrows in the images indicate the polarizer and 

analyzer directions of the crossed nicols, respectively. 

 

 

The structures of the MAPbBr3 prepared between glass/glass and ITO/ITO substrates 

were examined by X-ray diffraction (XRD) shown in Fig. 2.3.3. The red-dotted and 

green-dash lines show 2θ/θ patterns taken from the single-crystal MAPbBr3 grown 

between ITO/ITO and glass/glass substrates, respectively, after cleaving the sandwiched 

cast-capping samples. The black-solid lines show 2θ/θ patterns taken from the respective 

powder samples prepared by scratching off the crystals from the substrate. By using 

Bragg’s law to convert the peak position to interplanar spacing, the peaks appearing at 

14.95o, 21.15o, 30.15o, 33.75o, 37.15o, 43,10o, and 45.95o can be assigned to (100), (110), 

(200), (210), (211), (220), and (300) planes, respectively. The peaks of the powder 

MAPbBr3 sample is indexed by its cubic structure with a Pm3m unit cell with the lattice 

parameter a = 5.93 Å, in accordance with the previous reports.1,5,6 In the case of 
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glass/glass substrates, there are two intense peaks of (110) and (220) planes indicating 

that the c-axis of the MAPbBr3 crystal orients normal to the glass surface. Noteworthy, 

other weak peaks at 14.95o and 30.15o correspond to the scratched crystals left when the 

glass/glass sample was cleaved. As a result, the (110) face of the single crystals grows 

planar parallel to the surface of glass. In contrast, the XRD pattern of the single-crystal 

MAPbBr3 in the ITO/ITO samples shows 4 intense peaks of (100), (200), (300) and (400). 

This growing planes are different from those (110) and (220) planes in the glass/glass 

sample. It is concluded that the stabilization of growing faces depends on the substrate 

surface properties. It may suggest an energetic preference to grow [110] orientation as an 

initial seeds on glass.7 
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Fig. 2.3.3: XRD patterns of single-crystal MAPbBr3 grown between glass/glass and 

ITO/ITO substrates in comparison with reference powder sample. The bottom schematic 

illustrates the cubic perovskite crystal showing (100) and (110) planes. 
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2.3.2 MAPbCl3 crystals 

The limited solubility of MACl:PbCl2 in DMF resulted in the precipitation from the 

DMF precursor solution into small rectangle-shaped crystals with a size range of 20 – 

100 μm as shown in Fig. 2.3.4. However, MACl:PbCl2 is well dissolved in DMSO and 

the precursor concentration is able to be increased up to 10 wt%. Therefore, the crystal 

growth from the DMSO solution was promoted to yield large-sized single domains over 

several hundreds of μm. 
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Fig. 2.3.4: Transmission optical micrographs of MAPbCl3 when crystallized from 

precursor solutions of DMF (top) and DMSO (bottom) between glass/glass substrate 

(please check). 
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Structure of the MAPbCl3 crystals prepared between the glass/glass substrates with 

MACl:PbCl2 in DMSO solution was examined by XRD with 2θ/θ scan. As shown in Fig. 

2.3.5, the XRD pattern of the powder CH3NH3PbCl3 sample is indexed by its cubic 

structure with a Pm3m space group and a lattice constant a = 5.67 Å.8,9 However, the 

intense peaks at 15.7o and 31.5o, which corresponds to the (100) and (200) planes of the 

cubic form, respectively, indicates that these planes grow planar in contact with the 

substrate surface. This crystal orientation is different from that of CH3NH3PbBr3 prepared 

by the cast-capping method in which the (110) plane grows on the glass surface1 while it 

is same as the (100) plane growth on the ITO surface. It suggests that not only surface 

properties but also the halogen anions affect the stabilization of those growth planes. 
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Fig. 2.3.5: XRD patterns of single-crystal MAPbCl3 in comparison with powder reference 

sample. The bottom schematic shows the cubic perovskite structure of MAPbCl3. 

 



36 

 

2.3.3 MAPbI3 crystals 

In the case of CH3NH3PbI3 perovskite, the CH3NH3I:PbI2 precursor was well 

dissolved in DMF, however, the stoichiometric solution of CH3NH3I:PbI2 (1:1) resulted 

in a mixture of yellow crystals corresponding to CH3NH3PbI3 and transparent strip-

shaped precipitates (Fig. 2.3.6). The latter precipitates is assigned to unreacted PbI2 since 

the cast-capping of a pure PbI2 solution yielded a similar product. In order to improve the 

crystal growth of CH3NH3PbI3, the ratio of CH3NH3I:PbI2 was varied from 2:1 to 4:1. By 

adding an excess of CH3NH3I in the precursor solution, the reverse reaction producing 

PbI2 is suppressed, consequently, a large-size planar domain grew in size up to few 

millimeters. The increased concentration of CH3NH3I:PbI2 also affected the crystal 

growth of CH3NH3PbI3 as shown in Fig. 2.3.7. At low concentration of 5 wt%, single 

crystals were formed. At concentration of 10 wt%, single-crystal MAPbI3 grow larger and 

more homogenously. However, the crystal size is reduced at higher concentration above 

20 wt%. At 30 wt%, CH3NH3PbI3 grows in a fiber form suggesting that the high content 

of PbI2 probably prohibits the single-domain growth even at the CH3NH3I:PbI2 ratio of 

4:1. 
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Fig. 2.3.6: Transmission optical micrographs of MAPbI3 grown between glass/glass 

substrates with the precursor MAI:PbI3 dissolved in DMF at concentration of 10 wt%. 
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Fig. 2.3.7: Transmission optical micrographs of MAPbI3 grown between glass/glass 

substrates from the precursor MAI:PbI3 (4:1) dissolved in DMF at concentration of 5, 10, 

20 and 30 wt%. 

In comparison with other studies of platelets fabricated by vapor deposition10, 11 and 

bulk crystals prepared by inverse temperature crystallization,9 it is remarkable that each 

planar crystals obtained at the above condition consist of a single-crystalline domain. 

Their single crystallinity was confirmed by polarized transmission microscopy presented 

for CH3NH3PbI3 in Fig. 2.3.8. The micrograph under the diagonal position of the crossed 

nicols shows a homogeneous transmission over the larger crystal domain (left). When the 

sample was rotated by 45o to the extinction position, its transmission was completely 
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vanished while the smaller crystal domain recovered a transmission (right) indicating that 

both domains are single crystals. 

 

 

 

Fig. 2.3.8: Polarized transmission optical micrographs of CH3NH3PbI3 crystals. The 

horizontal and vertical arrows indicate the polarizer and analyzer directions of the 

crossed nicols, respectively. The sample in (b) is rotated by 45o with respect to (a). The 

scale bar: 100 μm.2 

 

Structures of the CH3NH3PbI3 crystals prepared at optimized condition of MAI:PbI2 

ratio of 4:1 were examined by XRD as shown in Fig. 2.3.9. Similar to the previous 

experiments of MAPbBr3 and MAPbCl3, the XRD pattern of the CH3NH3PbI3 samples is 

also interpreted by the cubic Pm3m unit cell with a lattice parameter a = 6.39 Å 8,12,13. In 

the case of the planar crystal grown at the CH3NH3I:PbI2 ratio of 4:1 in 10 wt% DMF (see 

Fig. 2.3.7), the highest diffraction peak appearing at 27.9o (red line) corresponds to the 

(200) plane. On the other hand, the highest peak at 19.6o (blue line) in the case of the fiber 

crystals grown at the CH3NH3I:PbI2 ratio of 4:1 in 30 wt% DMF (see Fig. 2.3.7) 

(a) (b)
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corresponds to the (110) plane of the cubic form. It suggests that not only the crystal 

morphology but also the growth plane of the cubic crystals in contact with substrate 

surface is also sensitive to the precursor concentration. 

These observations are in remarkable contrast to other fabrication methods at room 

temperature resulting in tetragonal structure of CH3NH3PbI3 
11,14,15. The previous studies 

have reported that the cubic CH3NH3PbI3 is changed to tetragonal structure at temperature 

lower than 60oC.8 Contrastingly, in 2015, L. Wang et al. found stable cubic MAPbI3 

crystals at room temperature by the aid of chlorine and TiO2 layer for reducing the cubic 

to tetragonal transition temperature. Recently, a bulk cubic crystal was also formed at 

room temperature by combining anti-solvent and temperature conditions.12 In the present 

study, the slow growth rate in the cast-capping method which avoids an exposure of the 

sample to the ambient air probably promotes the growth of cubic phases. Note that, 

however, the XRD pattern of the CH3NH3PbI3 sample shows unknown peaks which are 

not assigned to the tetragonal form nor to unreacted CH3NH3I and PbI2. It might arise 

from decomposed species since the sample color gradually changes from yellow to black 

after cleaving the cast-capping substrates for the XRD measurement in air. 
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Fig. 2.3.9: XRD patterns of single-crystal MAPbI3 in comparison with powder reference 

sample. The bottom schematic shows the cubic crystal structure of MAPbI3. 
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2.3.4 Mixture Perovskites 

A major advantage of lead halide perovskites is their broad wavelength tunability 

based on controllable stoichiometry. By using either mixtures of bromides and iodides or 

chlorides and iodides, the emission is continuously tunable over the entire visible spectral 

range (from ~390 to 790 nm) suggesting their bandgaps depend on the Br/I or Cl/Br ratio 

in the perovskite crystals.16 Surprisingly, X-Y. Zhu et al. successfully fabricated single-

crystal perovskite nanowires with various stoichiometry and indicated exceptional lasing 

performance with color tunability from near-infrared to blue.17 In this section, the cast-

capping method was applied to grow single-crystal mixture perovskites. 

In principle, the mixture perovskites are formed by the following reactions: 

MA+ + Pb2+ + xBr- + (3-x)I- ⇌ MAPbBrxI3-x         (2) 

MA+ + Pb2+ + yBr- + (3-y)Cl- ⇌ MAPbBryCl3-y       (3) 

By simply mixing different amounts of MAI:MABr or MABr:MACl with PbBr2, 

single-crystal perovskites with different mixture ratios can be grown in the cavity between 

the tops/bottom substrates as shown in Fig. 2.3.10. Their luminescence changes from blue 

for MAPbBr2.5Cl0.5 to red for MAPbBr2.5I0.5 in comparison with the green color of the 

MAPbBr3 crystal. 
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Fig. 2.3.10: Photoluminescence micrographs of mixture single-crystal perovskites. 

 

To identify the halide compositions in the single crystals, XRD measurements were 

carried out and the crystal structure of these mixture single-crystal perovskites were 

analyzed. All substrates here used to prepare single-crystal mixture perovskites are glass. 

Their XRD patterns are shown in Fig. 2.3.11. In the case of MAPbBryCl3-y, the diffraction 

peaks shift to the higher angle with increasing Cl- precursor ratio, indicating decreased 

lattice constants due to the smaller ionic radius of Cl-. The growth planes of the mixture 

perovskite crystals are also identified from their XRD patterns.   
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Fig. 2.3.11: XRD patterns of mixture single-crystal MAPbBrxI3-x and MAPbBryCl3-y in 

comparison with single-crystal MAPbX3 (X=Cl, Br, I). 
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All XRD patterns showed a good match with their cubic crystal structures. 

Noteworthy, the addition of iodide and chlorine anions changed the growth plane of (110) 

for MAPbBr3 to (100) plane in parallel to the glass substrates. Using Bragg’s law to 

calculate the lattice constant of these single-crystal perovskites, the lattice constants of 

these crystals are summarized in Table 2. The smallest atomic radius of chlorine resulted 

in the smallest lattice constant of 5.67 Å for MAPbCl3. With increasing larger inions of 

Br-.and I- in the single-crystal perovskite, the lattice constant is increased gradually up to 

6.39 Å for MAPbI3. 

Table 2: Dependence of lattices constants of cubic single-crystal perovskites on halogen 

composition. 
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2.4 Summary 

In summary, the simple solution process, cast-capping method was successfully 

adopted to prepare thin planar single crystals for all kinds of methylammonium lead 

halide perovskites between various substrates. All crystals obtained belonged to the cubic 

structure with Pm3m space group. The lattice constants of these single crystals were 

dependent on the halide compositions as shown in Table 3. This simple cast-capping 

method provides remarkable usefulness to prepare two-dimensionally grown thin planar 

single-crystal perovskites which are in particular demanded for fabrication of not only 

photovoltaic but also light-emitting and other optoelectronic device. 
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Table 3: The single-crystal perovskites grown by cast-capping method. 

 

Substrates 

 

MAPbX3 

Growth planes Lattice 

Constant (Å) 

Glass/glass ITO/ITO 

Cl 100 - 5.67 

ClBr2 100 - 5.86 

Cl0.5Br2.5 100 - 5.91 

Br 110 100 5.93 

Br2.5I0.5 100 - 6.16 

I 100 - 6.39 
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Chapter 3 

Optically pumped lasing from 

single-crystal MAPbBr3 prepared 

by cast-capping method 

In the previous chapter, all kinds of single-crystal methylammonium halide 

perovskites were successfully grown in the planar cavity between various substrate 

materials by the cast-capping method. In this chapter, their optically pumped lasing 

properties were investigated for representative single-crystal cavities of MAPbBr3. The 

edge-emitting lasing was observed based on Fabry-Pérot resonation between parallel side 

facets of a strip-shaped crystal typically with a lateral cavity length of a few tens of μm. 

In order to introduce an external-optical resonance, a vertical-cavity surface-emitting 

laser (VCSEL) was fabricated by using DBR mirrors for the top/bottom substrates in the 

cast-capping method. As a result, simultaneous detection of the edge- and surface-

emitting lasing was observed from the strip-shaped and slab-shaped regions of the single-

crystal MAPbBr3, respectively. It revealed that the thickness gradient in the slab-shaped 

crystal led to a higher threshold excitation fluence in the VCSEL as compared to the edge-

emitting laser based on the Fabry-Pérot resonation by the strip-shaped crystal facets1. 
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3.1 Introduction 

Besides superior light-absorption properties in photovoltaic cells, solid-state 

perovskites have shown great advantages also as light-emitting sources.2–6 The family of 

methylammonium lead halide perovskites, is a hybrid inorganic-organic direct-bandgap 

light emitter, spectrally tunable through halide stoichiometry.7 Their low-cost solution-

process fabrication is also highly compatible with printing technologies8 and integrative 

with silicon-based technologies9. By using simple solution-processed spin-coating 

method to prepare crystalline perovskites thin films, T. C. Sum et al. observed amplified 

spontaneous emitting (ASE) at a low excitation threshold of 12 μJ/cm2 and high 

absorption coefficient up to 5.7 × 104 cm-1 for MAPbI3.
10 In addition, the continuously 

tunable ASE wavelengths in a wide range of 390 ~ 790 nm was realized by mixing 

halogens (X = Cl, Br, I) at various ratios in the precursor solution of MAX and PbX2. 

Another study by Q. Xiong et al. investigated lasing in nanoplatelets of MAPbI3 prepared 

by vapor deposition on mica substrate.11 The whispering-gallery mode (WGM) lasing was 

observed from a triangle nanoplatelet with a cavity-quality factor (Q) factor of ~ 650 at 

an excitation threshold of 37 μJ/cm2. Moreover, very low lasing threshold of 220 nJ/cm2, 

high Q factor of 3,600 and nearly unit photoluminescence quantum yield (PLQY) were 

achieved for nanowire perovskites at room temperature.12 This low lasing threshold for 
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the nanowire perovskite corresponds to a charge carrier density of 1.5×1016 cm-3 which 

is two-order magnitude smaller than that (1.7×1018 cm-3) of crystalline thin films.10,12 

It suggests that the lasing performance of perovskites as optical gain media is 

remarkably governed by the crystal-cavity quality which depends on the fabrication 

techniques. In this study, the single-crystal perovskites with well-shaped low-dimensional 

morphology prepared by the cast-capping method are promising as high-performance 

lasing media. In this chapter, optically pumped lasing properties were investigated for 

representative single-crystal cavities of MAPbBr3.  

 

3.2 Experimental 

Following the fabrication process described in chapter 2, single-crystal MAPbBr3 

cavities were fabricated by the cast-capping method using glass/glass (Fig. 3.2.1a) and 

DBR/DBR (Fig.3.2.1b) substrates. After fully dried, the samples were provided for the 

optical measurements. An excitation source of a Ti:sapphire optical amplifier (λ = 397 nm, 

200 fs duration, and 1 kHz repetition) was used for optical pumping the single-crystal 

MAPbBr3 cavities. The p-polarized excitation beam was focused to a spot size of ~ 25 × 

60 μm2 through the top substrate at an incident angle of 60°. Photoemission (PL) was 

observed from both the edge and surface directions of the sample as schematically shown 
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in Fig. 3.2.1c. The edge emission was collected using an aspherical lens and led to a fiber-

coupled monochromator equipped with a liquid-N2-cooled charge-coupled device (CCD). 

The surface emission was collected from the surface-normal of the top substrate using a 

50× objective lens and led to the same fiber-coupled CCD spectrometer. All 

measurements were conducted at room temperature in ambient air. 
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Fig. 3.2.1: Single-crystal MAPbBr3 prepared by cast-capping method: (a) Stripe-shaped 

crystals grown between glass/glass substrates and (b) crystals grown between DBR/DBR 

substrates. (c) Optical configuration in PL measurement setup. 
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3.3 Results and Discussion 

3.3.1 Characterization of single-crystal MAPbBr3 

Fig. 3.3.1 shows the absorption and PL spectrum taken from single-crystal MAPbBr3 

grown between glass/glass substrates. The PL peak locates around 2.30 eV and the exciton 

absorption peak around 2.35 eV although the latter is not clear compared with the former. 

These excitonic transition peaks indicates a low number of in-gap defect states. According 

to the previous reports,13–15 the exciton absorption decreases as the temperature increases 

and the exciton binding energy accordingly decreases. In comparison with clear band 

cutoff with no excitonic signature of bulk crystal16–18 and strong excitonic peak of 

polycrystalline thin films8,13–15,19 at room temperature, the absorption spectrum here is 

close to the results from low-dimensional crystals such as nanoplatelets20 and nanorods21 

of MAPbBr3. It is suggested that the single-crystal perovskites possess a low exciton 

binding energy, which might be related to the anisotropic characteristics of excitons in 

the crystal. 

In this study, the DBR substrates used in cast-capping method consist of dielectric 

multilayers of SiO2/Ta2O5, and their reflectivities (R) are designed to be >90% and >99% 

by changing the numbers of the multilayers, respectively, at E = 2.1–2.4 eV. As a result, 

the reddish color appears in the DBR/MAPbBr3/DBR samples as shown Fig. 3.2.1b. To 
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characterize the single-crystal MAPbBr3 prepared by the cast-capping method, one of 

DBR/MAPbBr3/DBR samples was cleaved to observe by scanning electron microscopy 

(SEM). The thickness was estimated to be 3.6 μm from the side facet by tilting the sample 

as shown in Fig. 3.3.2. 

 

 

Fig. 3.3.1: Absorption and PL spectra of single-crystal MAPbBr3 grown between 

glass/glass substrates. 
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Fig. 3.3.2: SEM image of MAPbBr3 crystal grown between DBR/DBR substrates. 

 

3.3.2 Edge-emitting Fabry-Pérot Laser 

The excitation-fluence dependence of edge-emitting PL spectra taken from the 

glass/glass sample is shown in Fig. 3.3.3a. At low fluence below 10 μJ/cm2, a broad 

fluorescence band appears at 2.15–2.35 eV which is similar to the case of incoherent 

excitation shown in Fig. 3.3.3b. With increasing fluence, gain-narrowed emission 

emerges at 2.20–2.26 eV. The plot of integrated intensity at this energy region as a 

function of fluence (inset in Fig. 3.3.3a) indicates a nonlinear amplification at a threshold 

fluence of 12 μJ/cm2. This threshold is much lower than (350 μJ/cm2) of ASE taken for 
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the powder layer of MAPbBr3
22 and also lower than that (30 μJ/cm2) of WGM lasing in 

the nanoplatelets of MAPbBr3
23. Noteworthy, a simultaneous another study of 

33.11×31.71×0.31 μm3 MAPbBr3 microdisk reported that the lasing threshold was of 

21μJ/cm2, which is still 2 time higher in comparison with the present result.24  

Fig. 3.3.3b shows high-resolution spectra of edge-emitting PL corresponding to Fig. 

3.3.3a. The oscillating fringes with a constant energy interval (ΔE) remarkably seen at 

E > 2.23 eV indicates that multimode lasing occurs above the threshold. According to the 

relation:  

 
Ln

hc
E

eff2
  (1) 

where h is the Planck constant and c is the speed of light. The resonator length L is 

estimated to be ~34 μm using an average value of the effective refractive index neff = 4.5 

reported for self-assembled MAPbBr3 microdisks.23 This length is almost comparable to 

the width of strip-shaped part growing out of the planar crystal as shown in Fig. 3.2.1a. 

As the results, this observed edge-emitting laser is ascribed to Fabry-Pérot (F-P) 

resonation between parallel side facets of the strip-shaped part in the crystal. A Q factor 

of this F-P resonator is estimated from the linewidth at half maximum (ΔEFWHM) of the 

lasing peak at E = 2.235 eV, resulting in Qexp = E/ΔEFWHM = 1470. This value in the lasing 

regime is similar with that of 1460 in MAPbBr3 microdisk lasing24, but it is noteworthy 
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one order as high as the theoretical value (= 148) in the spontaneous regime calculated 

from the following equation:  

 
)1ln()( 21

0eff

RRLc

n
Q


  (2) 

where 𝜔0 is the peak frequency, R1 and R2 are the reflectivity at the side facets of the 

strip-shaped crystal of MAPbBr3. The R1 and R2 are estimated to be 0.155 following R = 

(𝑛1 −  𝑛0)2/(𝑛1 +  𝑛0)2 where n0 (= 1) is the phase refractive index of air and n1 (= 

2.3) is that reported for MABr:PbBr2.
25 Although the F-P mode peaks are not well 

recognized in the spontaneous regime below the threshold, this increment of the lasing Q 

value clearly demonstrates amplification by the stimulated emission process. 
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Fig. 3.3.3: a) Excitation-fluence dependence of edge-emitting PL spectra taken form 

strip-shaped MAPbBr3 grown between glass/glass subtrates. The inset shows PL intensity 

integrated at E = 2.20 – 2.26 eV as a function of excitation fluence. b) High-resolution 

spectra at E = 2.20 – 2.26 eV corresponding to the edge-emitting PL spectra in (a). 
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3.3.3 Vertical-cavity surface-emitting Laser (VCSEL) 

Next, surface-emitting properties were investigated using the DBR/DBR samples in 

which a large MAPbBr3 crystal grows in a single domain of ~1 mm (see inset image in 

Fig. 3.3.4b). Figure 3.3.4a shows fluence dependence of PL spectra taken from the 

surface-normal of the top DBR substrate. In the stop-band of the DBR (R > 90% at E = 

2.1 - 2.4 eV), an intense emission peak appears at E = 2.237 eV accompanying a weak 

emission at E = 2.289 eV. Assuming that the ΔE between these peaks corresponds to a 

mode interval, the cavity thickness L between the top and bottom DBRs, is estimated 

from equation (1) to be ~2.7 μm. As is shown in the inset of Fig. 3.3.4a, the integrated 

intensity of the former peak nonlinearly increases above an excitation threshold of 26 

μJ/cm2. This threshold for vertical-cavity surface-emitting laser (VCSEL) is remarkably 

larger than that of the edge-emitting laser described in the previous section. 

Furthermore, the linewidth of this VCSEL peak (ΔEFWHM = 4.9 meV) is larger than 

that of the edge-emitting laser peak (ΔEFWHM = 1.5 meV) in Fig. 3.3.3(b). As a result, the 

Q value of this DBR/DBR cavity is estimated to be 454 which is much lower than that 

obtained for the edge-emitting laser (Q = 1470) even though the reflectivity of the DBR 

mirror (R > 90%) is much higher than that of the self-formed side-facets of the strip-
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shaped crystal (R = 15.5%). This Q value estimated for the VCSEL is almost comparable 

to a theoretical value (Q = 375) in the spontaneous regime calculated from equation (2). 
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Fig. 3.3.4: (a) Excitation density dependence of PL spectra taken from planar MAPbBr3 

crystal grown between DBR/DBR substrates. The inset shows integrated PL intensity of 

the emission peak at E = 2.237 eV as a function of excitation density. (b) Spectral change 

in surface-emitting laser taken with shifting excitation positions along the arrow shown 

in the inset micrograph. 
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Such a lower lasing performance of the VCSEL compared to the edge-emitting F-P 

laser is attributed to a slight gradient of the crystal thickness sandwiched between the top 

and bottom DBR substrates. Fig. 3.3.4b shows a spectral change of VCSEL taken from 

the large planar crystal in the DBR/DBR cavity in which the position of excitation spot 

(~ 25 × 60 μm2) is moved from 0 to 900 μm along the arrow in the inset micrograph. As 

the excitation spot is shifted, two prominent lasing modes always appear while their mode 

interval ΔE gradually changes from 32.0 meV (minimum) to 94.7 meV (maximum). This 

mode-interval change corresponds to a gradient of the crystal thickness (i.e. the vertical 

cavity length) in a range of L = 1.46 – 4.31 μm, resulting in a thickness gradient of 

approximately 0.46o (tanθ = ~0.008). This inconstant vertical cavity length deteriorates 

the Q factor of the VCSEL. Therefore, the Q value is considerably reduced as compared 

to that of the edge-emitting laser which is based on the F-A resonation of the strip-shaped 

crystal. It demonstrates that the self-formed side-facets of the strip-shaped crystal 

function as high-quality parallel mirrors owing to the cubic nature of the MAPbBr3 crystal. 

 

3.3.4 Simultaneous observation of edge- and surface-emitting lasers 

Such a better performance of the edge-emitting laser is also confirmed by 

simultaneous detection of both the edge-emitting laser and VCSEL from the MAPbBr3 
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crystal grown between the DBR/DBR substrates. Figure 3.3.5 shows an excitation density 

dependence of PL spectra taken from the surface-normal direction of the planar crystal 

sandwiched between the DBR/DBR substrates shown in Fig. 3.3.1b. At low excitation 

density below 20 μJ/cm2, emission peaks assigned to surface-emitting vertical-cavity 

modes appear at 2.18 and 2.30 eV. With increasing excitation density, multiple peaks 

emerge at E = 2.22 – 2.28 eV.  This multimode emission is ascribed to the edge-emitting 

F-P laser which occurs at a strip-shaped part of the crystal. From the mode interval 

(ΔEFWHM = ~7 meV) between these multimode peaks, the lateral cavity length for this F-

P lasing is estimated to be L = ~20 μm. Such multimode emission was not observed in the 

spontaneous regime since the edge emission cannot be collected in the surface-normal 

direction. However, once the edge emission lases, its scattered signals can be detected 

even in the surface-normal collection. Edge-emitting intensities of the lasing peak at E = 

2.258 eV and integrated intensities of the surface-emitting peaks at E = 2.18 and 2.30 eV 

are plotted as a function of excitation density in the inset of Fig. 3.3.5. The nonlinear 

increase of the edge-emitting intensity indicates its lasing threshold of 24 μJ/cm2. By 

contrast, both surface-emitting intensities linearly increase in the measured excitation 

density range suggesting that the surface emission is still in the spontaneous regime and 

their VCSEL thresholds are higher than that of the edge-emitting laser. 
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The reason for the lower performance in the VCSEL is again attributed to 

inhomogeneous thickness.26 In the present cast-capping method, the top substrate is just 

faced down to the precursor solution and it attaches to the bottom substrate with a surface 

tension of the solution. The crystals growth proceeds upon solvent evaporation from the 

sample edge, therefore the uniformity of crystal thickness depends on the evaporation 

speed as well as the flatness of substrate surface. The estimated thickness gradient (tanθ 

= 0.008) in Fig. 3.3.4b may cause a considerable reduction of the Q value resulting in 

higher VCSEL threshold in comparison to the edge-emitting laser. 
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Fig. 3.3.5: Excitation density dependence of PL spectra taken from surface-normal 

of the planar crystal (the bar = 100 μm). The inset shows integrated PL intensities of the 

edge-emitting multimode peaks at E = 2.258 eV and the surface-emission peaks at 2.18 

and 2.30 eV as a function of excitation density 

 

 

 

 

 

 

 

 



68 

 

3.4 Summary 

In summary, this chapter investigated the lasing from large-size single-domain 

crystals of MAPbBr3 prepared by the cast-capping method. Under optical pumping, edge-

emitting laser was achieved based on F-P resonation in the lateral cavity of strip-shaped 

crystals grown between the glass/glass substrate. When the planar MAPbBr3 crystal was 

grown between the DBR/DBR substrates, VCSEL was successfully observed in the 

surface-normal direction. However, the lasing characteristics of the VCSEL showed 

higher excitation thresholds and lower Q values as compared to those of edge-emitting F-

P laser. The lower lasing performance of VCSEL was ascribed to the thickness gradient 

of the planar crystal between the top and bottom DBRs prepared by the present cast-

capping method. On the other hand, the better performance of the edge-emitting F-P laser 

with lower thresholds and higher Q values resulted from the well-shaped side-facets of 

the strip-shaped crystal acting as self-formed F-P mirrors. In order to improve the VCSEL 

performance, the thickness uniformity must be precisely regulated. For this purpose, it is 

required to use a thin spacer with extremely flat top/bottom substrates in the future 

experiments. 
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Chapter 4 

Electroluminescence of single- 

crystal MAPbBr3 prepared by cast-

capping method 

Perovskites attract much attention in solution-processable flexible optoelectronics 

since their devices have been reaching the highest photovoltaic efficiencies. Their unique 

physical properties also make them promising candidate for applications in light-emitting 

devices. However, the exciton and carrier behaviors in perovskites are still under the 

debate. In this chapter, electroluminescence (EL) properties and its mechanism are 

investigated for single-crystal MAPbBr3 in simple ITO/MAPbBr3/ITO devices prepared 

by the cast-capping method. Although it is very simple structure without charge transport 

layers which are incorporated in conventional OLEDs, the ITO/MAPbBr3/ITO devices 

emitted pure green luminescence with FWHM of ~20 nm at applied bias voltages above 

2 V. Note that EL and its blinking were observed at the edge and corner of single-crystal 

MAPbBr3. These investigations provide a new insight into the recombination processes 

in the perovskite crystals to improving the performance of perovskite light-emitting 

diodes (PeLEDs)1.  
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4.1 Introduction 

Organic LEDs (OLEDs) and inorganic quantum dot LEDs (QLEDs) have been 

extensively investigated in recent years and some of them have been already 

commercialized. However, they have revealed some issues need to improve such as color 

purity and ionization energy (QLEDs). As discussed in Chapter 1, the methylammonium 

lead halide perovskites (MAPbX3) consist of the MA cation and [PbX6]
4- octahedral, 

which share corners in all three orthogonal direction to form the infinite three-

dimensional [PbX3]
- frame work.2–4 Because of the dielectric constant difference between 

organic and inorganic components in the crystals, the exciton was confined in the 

inorganic layer resulting in a high color purity (FWHM ~ 20 nm for MAPbBr3) 

irrespective of the crystal size.3,4 Along with its long carrier diffusion length contributing 

in high-efficiency solar cells, these properties have made perovskites a top candidate 

material for next generation LEDs.5 Recently, a high external quantum efficiency (EQE) 

up to 10% has been achieved.6,7 In these reports, the authors showed that the reduction of 

grain sizes to confine the excitons enhances the radiative recombination. Another study 

has also indicated that the passivation layer can coordinate with the under-coordinated 

lead ions, and the additive material then improves the performance of PeLED.8 

Noteworthy, all of these studies have been carried out by using nanocrystalline thin films 
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prepared by the spin-coating method. 

In this chapter, electroluminescence (EL) properties of perovskites are contrastingly 

investigated for single-crystal MAPbBr3 prepared by the cast-capping method. Very 

simple devices with the ITO/MAPbBr3/ITO structure can show intrinsic excitons and 

carrier behaviors inside the crystals. In addition, the effect of a hole injection interlayer 

of PEDOT:PSS and pre-casting of a MABr layer cast-capping method on the EL 

behaviors are investigated. 
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4.2 Experimental 

In conventional OLEDs, beside top/bottom electrodes and an active organic layer, 

additive layers are used for injection of electrons and holes to the emissive layer where 

the excitons are formed. In this study, the EL behaviors were investigated by eliminating 

those charge transport layers to prevent the effect of interlayer between perovskites and 

those layers by building a simple ITO/MAPbBr3/ITO structure as shown in Fig. 4.2.1. 

Following the experiments presented in chapter 2, the single-crystal MAPbBr3 was 

formed in cavity between ITO substrates as shown in Fig. 4.2.1. 

 

 

Fig. 4.2.1: Schematic of simple ITO/MAPbBr3/ITO device and its energy band diagram. 



75 

 

Some representative samples were cleaved into each ITO substrate then analyzed by 

an X-Ray diffractometer (Rigaku, RINT-TTRIII/NM). A UV/VIS spectrophotometer (V-

530, Jasco) was used to analyze electronic characteristics. To measure EL and PL, a multi-

channel spectrometer (Hamamatsu photonics PMA-12) was connected to a microscope 

system (Olympus BX-51). To measure EL and I-V characteristics of ITO/MAPbBr3/ITO, 

a conductive past (DOTITE D-500, Fujikura Kasei Co., Ltd) was used to contact the ITO 

electrodes with a copper wire before connecting them to a source/measure unit (Agilent 

B2902A). All these measurements were carried out in air at room temperature. 
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4.3 Results and Discussion 

4.3.1 Electroluminescence of single-crystal MAPbBr3 

In this study, a DC power supply was used to electrically inject carriers to single-

crystal MAPbBr3 through ITO electrodes. At a low bias voltage below 2 V, the carriers 

are hardly injected because of high energy barriers between the ITO and perovskite layer, 

consequently EL was not observed. However, when the bias voltage is increased higher 

than 2 V, EL starts to be detected remarkably at the crystal edges and corners. As shown 

in Fig. 4.3.1a-d, the luminescence gradually increases when the bias voltage is increased 

from 2 V to 4 V. In three cycles scan from 0 to 4 V, the forward and backward currents 

gradually decrease while their hysteresis is kept quite small (Fig. 4.3.1e). This current 

decrease may be caused by a damage in the crystal due to Joule heating. When the applied 

voltage was increased higher than 10 V, the MAPbBr3 crystals were visibly destroyed. 
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Fig. 4.3.1: a-d) Pure green luminescence of single-crystal MAPbBr3 in the PeLED with 

increasing bias voltages from 2 to 4 V. e) Forward and backward I-V curves measured in 

3 cycles. f) Absorption (black, dashed), PL (orange, dashed) and EL (green, solid) spectra 

of the PeLED device. 
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In the present study, different from the previously reported PeLEDs, intrinsic EL, PL 

and absorption spectra of MAPbBr3 can be investigated in the crystal cavity between the 

transparent ITO substrates without any other layers as shown in Fig. 4.3.1f. The weak 

peak in the absorption spectrum near the bandgap corresponds to excitonic transition in 

single-crystal MAPbBr3as discussed in Chapter 2, indicating that there are a low number 

of in-gap defects in the MAPbBr3 crystals. This excitonic band gap, ~2.25 eV, is 

comparable with those in the bulk crystal (2.21 eV)9 and crystalline thin films (2.30 eV)10 

in other reports. The PL spectrum shows a peak at ~ 540 nm with FWHM of ~ 19 nm. 

Note that there is no hole and electron transport layer in the present device. Therefore, the 

interfaces between the perovskite and these layers are eliminated. As a result, these 

characteristic come from intrinsic properties of the single-crystal MAPbBr3 in the devices. 

Z. K. Tan et al. reported the blue-shifted EL in comparison with PL arising from 

interaction between the transport layers and perovskite thin film.11 On the contrary, Fig. 

4.3.1f indicates slightly red-shifted EL peak about 0.02 eV in comparison with PL. In 

agreement with the study by D. S. Ginger et al, the red-shifted EL might come from the 

shallow trapping level formed at the crystal edges and corners.12 The large carrier 

diffusion length in single-crystal perovskite resulting from low defect density reduces 

non-radiative trapping paths.9,11,13 However, some of previous studies indicate that the 
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radiative recombination is enhanced when the grain size is reduced although the number 

of defects in the perovskite thin films is increased.6,7 Furthermore, the PL quantum yields 

of perovskite is efficiently improved when the film surface is passivated with a ligand.12,14 

As a result, it suggest that the carriers are diffused and accumulated at the grain 

boundaries and surfaces, subsequently, excitons are generated there at high probability. 

Therefore, the edges and corners of single-crystal MAPbBr3 might become dominant sites 

of radiative recombination. 

 

Fig. 4.3.2: Proposed emission mechanism of single-crystal MAPbBr3 in PeLED. 

The proposed LED operation mechanisms can be represented as show in Fig. 4.3.2. 

Under application of bias voltages, there is a sub-gap states existing at the crystal edge, 

which are attributed to the red-shifted EL observed in Fig. 4.3.1f. Note that the carrier 
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trap states might be also concentrated at the edge and corner of the single crystal where 

chemical defects such as uncoordinated Pb atoms, ion vacancies and mobile Br ions may 

predominantly exist. The excitons are trapped in the radiative sub-gap states to emit 

photons or quenched by non-radiative recombination paths by carrier traps. As a results, 

the EL blinking was observed in the single crystals as shown in Fig. 4.3.3. Similarly, PL 

blinking15–18 as well as EL blinking8,19 were observed in nanocrystal perovskites and their 

blinking mechanisms are proposed: 

a) The non-radiative Auger recombination of excitons by trapped electrons or holes. 

b) The intermittent quenching of excitons by the traps with the chemical defects in 

the nanocrystals. 

In the present devices, PL was observed in the crystal surface in contact with ITO 

substrates and there was no PL blinking. Therefore, the excitons quenching by Auger 

effect might be negligible due to low surface trap states. In the case of EL when the 

carriers are injected under application of bias voltages to ITO electrodes, the interface 

between the MAPbBr3 and ITO surfaces is not capable for radiative recombination. As a 

result, the intermittent quenching of excitons by non-radiative carrier traps at the crystal 

edges and corners of single-crystal MAPbBr3 is a more plausible reason for the EL 

blinking. 
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Fig. 4.3.3: Optical micrograph of single-crystal MAPbBr3 indicating “on” and “off” of 

emission at bias voltage of 4 V and time profile showing EL blinking measured at λ = 

549.4 nm. 
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4.3.2 Enhanced optical properties of single-crystal MAPbBr3 by 

passivating materials 

As well known, PEDOT:PSS is widely used as hole injection layer in OLEDs, which 

is also commonly used in PeLEDs. Here, the effect of this layer on luminescence by PL 

measurements, to further investigate the performance of the present devices. The cast-

capping method was employed to fabricate 

ITO/PEDOT:PSS/MAPbBr3/PEDOT:PSS/ITO devices. Firstly, PEDOT:PSS was spin-

coated on ITO substrates. After dried at 120oC in a glove box purged with nitrogen, these 

substrates were provided to the cast-capping method with the same precursor solution as 

used in the fabrication of the ITO/MAPbBr3/ITO devices. Furthermore, the MABr was 

also used as a passive layer between single-crystal MAPbBr3 and ITO surface to improve 

the performance of PeLEDs. MABr dissolved in DMF was spin-coated on the ITO 

substrates and dried in vacuum at room temperature for 24 hours. These substrates were 

used in the cast-capping method to prepare single-crystal MAPbBr3. 
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Fig 4.3.4: Optical micrographs of a) ITO/MABr/MAPbBr3/MABr/ITO and b) 

ITO/PEDOT:PSS/MAPbBr3/PEDOT:PSS/ITO prepared by the cast-capping method. 

Their PL and absorption spectra are shown in (c)and (d), respectively. 
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Figures 4.3.4a-b show optical micrographs of ITO/MABr/MAPbBr3/MABr/ITO and 

ITO/PEDOT:PSS/MAPbBr3/PEDOT:PSS/ITO devices, respectively, under white (left) 

illumination, and their fluorescence micrographs under UV excitation (right) . Note that 

MABr and PEDOT:PSS can be dissolved into perovskite precursor solution during crystal 

formation in the cast-capping method. As shown in Fig. 4.3.4a, bright emission was 

observed homogeneously in the whole crystal area in the MABr/MAPbBr3 sample. On 

the other hand, in the MAPbBr3/PEDOT:PSS sample, PL was localized remarkable at the 

crystal edges and corners as well as defects probably existing inside the crystal. It suggests 

that the excitons are trapped there, then emit light by radiative recombination via the 

radiative sub-gap states or quenched by the non-radiative carrier traps at defect site. 

Noteworthy, the latter quenching at the interface between the MAPbBr3 crystal surface 

and ITO electrodes are remarkably reduced by pretreating the ITO surface with MABr in 

the ITO/MABr/MAPbBr3/MABr/ITO device. 

PL and absorption measurements were carried out to compare their exciton 

generation and recombination properties in the MAPbBr3 crystals. As shown in Fig. 

4.3.4c, the PL intensity in the MAPbBr3/PEDOT:PSS sample (yellow) is very weak in 

comparison with the MABr/MAPbBr3 sample (gray). Both these samples show clear band 

edge cutoff with excitonic signatures (Fig. 4.3.4d), suggesting a minimal number of in-
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gap defect states in the PEDOT:PSS/MAPbBr3 and MABr/MAPbBr3 interlayers. 

Although time-resolved PL measurements were not carried out in this study, the previous 

studies reported that “bright” and “dark” regions were ascribed correspondingly to the 

fast and slow decay, respectively.12,14,16,20,21 As a result, the PEDOT:PSS/MAPbBr3 

interlayer dominates the non-radiative pathways and the MABr passivation layer can 

enhance the radiative recombination in LED devices. These findings are very interesting 

in comparison with the previous studies introducing a passive layer such as pyridine, 

long-chain halide, polyethylenimine and ethylenediamine to remediate the non-radiative 

defects in the polycrystalline perovskite thin films,8,12 to further elucidate the emission 

mechanism and to improve the device performance. 

 

  



86 

 

4.4 Summary 

In this chapter, EL behaviors were characterized for the simple LED with single-

crystal MAPbBr3. The edge and blinking EL suggests that the carriers are diffused and 

considerably accumulated at the crystal edges and corners then generate excitons there. 

These excitons are probably trapped by chemical defects consisting of uncoordinated Pb 

atoms and mobile Br ions. Some of them surviving from non-radiative quenching 

contribute to radiative emission through the sub-gap states. Noteworthy, the non-radiative 

quenching occurring at the interface between the MAPbBr3 crystal surface and ITO 

substrate can be suppressed by passivating effect of pre-depositing MABr layer. It 

suggests that the EL can be obtained from the entire surface of the single-crystal 

perovskites and the EL blinking could be avoided by using this passivation technique. 

The present successful fabrication of those simple PeLEDs demonstrates that the cast-

capping method can be widely applied to other optoelectronic devices with perovskites. 
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Chapter 5 

Conclusion and Future Work 

5. 1 Conclusion 

The cast-capping method was successfully developed with high potential to be 

applied in optoelectronics devices. Single-crystal growth for all kind of 

methylammonium halide perovskites was investigated. 

Two-dimensionally growth of single-crystal MAPbBr3 was achieved between 

glass/glass, glass/mica, DBR/DBR and ITO/ITO substrates. In the glass/glass samples, 

the (110) face of the single crystals grew two-dimensionally parallel to the substrate 

surfaces in comparison with the (100) growing plane in the ITO/ITO samples. Being 

different from MAPbBr3, the limited solubility of MACl:PbCl2 in DMF resulted in small 

size of single-crystal MAPbCl3 . Therefore, DMSO was used instead of DMF, to increase 

the solubility up to 10% concentration. As a result, the crystals size was increased over 

several hundreds of μm. In the case of MAPbI3, the cubic single crystals were formed 

stably at room temperature. With an excess of MAI in the precursor solution, the reverse 

reaction producing PbI2 was suppressed, therefore, the crystals size was increased. In 

addition, the PbI2 suppressed the single-domain growth even at the MAI:PbI2 ratio up to 
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4:1. Finally, single-crystal perovskites with mixture halogens were investigated. The 

crystal lattice constants determined by XRD measurements indicated that the atomic 

resulted in the lattice constant of mixture-halogen perovskites increased in the order of 

dMAPbCl3 < dMAPbBr(x)Cl(3-x) < dMAPbBr3 < dMAPbBr(y)I(3-y) < dMAPbI3) in accordance with the 

increase of ionic radii of halogens (Cl < Br < I). 

Subsequently, optically pumped lasing was investigated for single-crystal MAPbBr3 

prepared by the cast-capping method. Edge-emitting Fabry-Pérot lasing was observed in 

the glass/glass samples. This lasing threshold fluence of 12 μJ/cm2 was much lower than 

those of ASE reported for the powder layer (350 μJ/cm2),1 the WGM for nanoplatelets 

(30 μJ/cm2)2 and the microdisk MAPbBr3 (21 μJ/cm2)3 in the previous studies. The Q 

factor of this F-P resonator was estimated to be 1470, similar with that of 1460 for the 

MAPbBr3 microdisk lasing.3 Furthermore, by using DBR/DBR substrates as the casting 

and capping substrates, vertical-cavity surface emitting lasing was successfully observed 

in the surface-normal direction. However, their lasing threshold (26 μJ/cm2) was higher 

and the Q factor (454) was lower in comparison to those of the edge-emitting F-P laser. 

Moreover, the edge- and surface-emitting lasers was simultaneously observed in the 

DBR/DBR samples. The edge-emitting F-P laser was obtained at the threshold of 24 

μJ/cm2 at which the surface emission was still in the spontaneous regime.  
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Finally, EL was investigated for single-crystal MAPbBr3 in the simple device 

structure of with ITO/MAPbBr3/ITO prepared by the cast-capping method. Even though 

without the charge transport layers, EL was observed at very low operation voltage of 2 

V.  Note that the blinking EL was observed at the crystal edges and corners. Under the 

applied bias voltages, the injected carriers probably diffused and accumulated at the edges 

and corners of single-crystal MAPbBr3 where the radiative excitons were predominantly 

generated. Those excitons contributed to radiative emission through the sub-gap states 

which was assumed from the red-shifted EL. However, it was considered that chemical 

defects including uncoordinated Pb atoms and mobile Br ions also allocated at the crystal 

edges and corners where the excitons were trapped. Therefore, the excitonic emission was 

quenched by non-radiative recombination at high probability there resulting in the EL 

blinking. 
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5. 2 Future work 

Improvement of the PeLED performance is still remaining to be addressed in the 

future work. In PeLEDs, PEDOT:PSS is commonly used as a hole transport layer, 

however, it causes a non-radiative pathway in perovskite layer.4,5 On the other side, it is 

reported that the EQE of PeLED is increased by using long-chain ammonium halides, an 

excess methylammonium halide and amine passive layer.6,7 It suggests that those passive 

layers can coordinate with the Pb atoms resulting in the reduction of non-radiative 

recombination. As a preliminary investigation in the present study, enhanced PL was 

observed by pre-coating a MABr layer before cast-capping growth of MAPbBr3 crystals. 

This pre-coating MABr could passivate the ionic defects, therefore, reduce the non-

radiative quenching occurring at the interface between the MAPbBr3 crystal and ITO 

surface. This passivation technique will lead to improve the performance of PeLEDs 

prepared by the simple cast-capping method in the future.  

After investigating the effects of MABr and PEDOT:PSS on single-crystal MAPbBr3, 

it is proposed to fabricate ITO/PEDOT:PSS/MABr/MAPbBr3/MABr/TPBi/ITO devices 

by the cast-capping method as shown in Fig. 5.1. Firstly, PEDOT:PSS and TPBi (as an 

electron transport layer) are spin-coated on top and bottom ITO substrates, then dried in 
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vacuum. Then, MABr is spin-coated on these substrates. Finally, the 

ITO/PEDOT:PSS/MABr and ITO/TPBi/MABr are used as casting and capping substrates 

to grow single-crystal MAPbBr3 between them. By using TPBi and PEDOT:PSS as 

electron and hole transport layer, respectively, together with MABr as a passive layer, it 

is expected to avoid the EL blinking and improve PeLED performance. 

 

Fig. 5.1: Schematic of ITO/PEDOT:PSS/MABr/MAPbBr3/MABr/TPBi/ITO device. 

 

As is well known, one-dimensional (1D) gain media can lase more efficiently than 

planar (2D) gain media because of low-dimensional confinement of excitons and emitted 

light. In this sense, a potential device structure is proposed in Fig. 5.2 towards electrically 
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pumped lasing with single-crystal perovskites in the future. The 1D crystal cavity, for 

example with a size of 500x10x2 μm3, can be fabricated by photolithography or laser-

etching processing from a large-size single-crystal MAPbBr3 grown by the cast-capping 

method. 

 

Fig. 5.2: Schematic of lasing from 1D single-crystal perovskite. 
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