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Abstract 
 

Organic-inorganic hybrid perovskite materials have been extensively researched because of their 

amenability to solution based-processing; their superior electrical properties, including high carrier 

mobility, long carrier lifetime; and the ability to tune their optical bandgaps through the substitution of 

halides. Moreover, these materials exhibited good light emitting in near-infrared and visible range with 

narrow band emission and high photoluminescence quantum efficiency (PLQY). For this reason, 

perovskite materials have attracted much attention as the next-generation optoelectronic devices. 

One of the most critical issues for perovskite optoelectronic devices is the morphological control of 

the perovskite films. The electrical and optical properties, such as the charge recombination, light 

harvesting property, diffusion length, and PLQE can be significantly influenced by the morphology of 

perovskite film. Therefore, the ability to achieve a perovskite layer with a uniform morphology, high 

crystallinity is critical for the preparation of highly efficient perovskite optoelectronic devices. 

Here, I present variety morphological control of perovskite film strategies employing the addition of 

acid, the addition of polymer matrix, solvent dropping engineering, annealing time and temperature 

control of perovskite film, and surface modified titanium oxide (TiO2) as an electron transport layer 

(ETL) using amine-based polar solvents in perovskite solar cells (PeSCs) and perovskite light-emitting 

diodes (PeLEDs). 

A uniform and dense perovskite film with full surface coverage was realized using adequate solvent, 

optimized annealing time and temperature, and the polymer matrix, resulting in enhancing the device 

performance of perovskite optoelectronic devices. Moreover, the PeLEDs exhibited the full coverage 

of the green electroluminescence (EL) emission at turn on and operation voltage due to the high quality 

of the uniform perovskite film. In addition, such a polar solvent treatment between the TiO2 and 

perovskite films enhances electron injection and extraction and reduces the recombination of photo-

generated charges at the interface in PeSCs and PeLEDs.  

These morphology control strategies are a promising way for high-efficiency perovskite 

optoelectronic devices such as perovskite solar cells (PeSCs), perovskite light-emitting diodes 

(PeLEDs), and perovskite laser. 

 

 

Keywords: perovskite solar cells (PeSCs), perovskite light-emitting diodes (PeLEDs), morphology 

control, passivation, defect sites, long-term stability, polar solvent
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Chapter 1. Introduction  
1.1 Perovskite Optoelectronic Devices 
1.1.1 History of perovskite optoelectronic devices 

 

 
Figure 1.1. History of perovskite optoelectronic devices. 

 

Perovskite is one of the crystal structures having the ABX3 structure (A and B are cations, and X 

represents an anion), which was first found in the Ural Mountains and is named after Russian 

mineralogist Lev Perovski. In the 1950s, perovskite crystal structures and ferroelectric behavior were 

initially studied.1-2 In the earlier reports of perovskite materials, many studies were focused on their 

magnetic properties.3 After then, investigation of the fundamental optoelectronic properties of organic-

inorganic hybrid perovskite was started by Weber in 1978.4-5 In the 1990s, Mitzi group first reported 

the conductive property and the electricity-to-light conversion ability of organic-inorganic hybrid 

perovskite and began study to apply it as optoelectronic devices.6-8 

In 2009, the first perovskite solar cell with efficiency of 3.8% was developed by Miyasaka.9 Recently, 

perovskite materials have attracted great interest after Miyasaka reported perovskite solar cells because 

the efficiency of perovskite solar cells achieved over 22% certified in just 7 years of study from a 

starting efficiency of 3.8%.9-15 Moreover, in 2014, Friend group first reported perovskite light-emitting 

diodes (PeLEDs) operating at room temperature.16 After the successful implementation of PeLEDs at 

room temperature, the perovskite materials are also being actively studied for application to high-

efficient light-emitting applications such as LEDs and lasers.17-21 
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1.1.2 Structure of perovskite optoelectronic devices 

 

 
 

Figure 1.2. Structure type of perovskite devices. 

 
The structures of perovskite optoelectronic devices are mainly divided into two categories: 

conventional (n-i-p type) and inverted (p-i-n type). For the conventional type, perovskite optoelectronic 

devices are again divided into two types, planar heterojunction and mesoporous structure, which 

demonstrate the original idea of dye sensitized solar cells (DSSCs). In Figure 1. 2, schematic 

illustrations of the historical development of perovskite optoelectronic device structure are shown. 

The first perovskite solar cell was reported by Miyasaka et al. in 2009, adopting perovskite as a 

photosensitizer of DSSC structure.9 However, this device showed a very low efficiency and stability 

because it contains a liquid electrolyte that can degrade the perovskite. After then, the breakthrough of 

perovskite solar cells occurred in 2012 when Park and Grätzel’s groups first used a solid hole 

conductor.22 In these devices, a conventional mesoporous n-type titanium oxide TiO2 electrode and 

solid-state hole transport material (spiro-OMeTAD) were employed. At the same time, Miyasaka and 

Snaith groups reported similar work using Al2O3 mesoporous layer and spiro-OMeTAD as electron 

transport layer (ETL) and hole transport layer (HTL), respectively.23 Since then, this kind of device has 

been called a conventional structure, and if the perovskite layer was sandwiched between a mesoporous 

layer and HTL, it is said to be mesoporous perovskite optoelectronic device. The current mesoporous 

perovskite optoelectronic devices have been modified in the previous structure, which uses a thin 

mesoporous layer to allow the perovskite to fill the pores and a dense layer to be formed on the 

mesoporous TiO2.24 In this structure, it has been shown that the perovskite can both act as a light 

absorber and as a hole transport material. In addition, the highest efficiency of currently certified 

perovskite solar cells is the mesoporous device structure.15  

During the mesoporous perovskite optoelectronic devices developments, another device structure, a 

planar heterojunction perovskite optoelectronic device, was also suggested.11 The perovskite film has a 

bipolar property and long charge diffusion length, which indicates that the mesoporous layer is 
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unnecessary in the device.25 A schematic representation of a planar heterojunction perovskite 

optoelectronic device is given in Figure 1.2. This kind of device structure excludes the use of a 

mesoporous layer and simplifies device processing, thereby reducing process costs. However, the 

quality of perovskite film plays a critical role in the device performance because the morphology of 

perovskite film can be influenced by the substrate, perovskite annealing temperature, annealing time, 

and deposition method in planar perovskite optoelectronic device structure.26 These problems will be 

discussed in more detail at the beginning of Chapter 2. 

In 2013, Jeng et al. firstly reported a device structure of ITO/poly (3,4-ethylenedioxythiophene) 

polystyrene sulfonate (PEDOT:PSS)/perovskite/C60/bathocuproine (BCP)/Al.27 This device structure is 

a planar heterojunction structure and the position of HTL and ETL is opposite to that of the conventional 

structure, so it is called an inverted structure. After this investigation, several researches were reported 

with [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) as the ETL and PEDOT:PSS as the HTL. 

Moreover, inverted structure was suitable for flexible perovskite optoelectronic devices because of low 

processing temperature (<150 oC).28 However, the device performance of the inverted structure is lower 

than conventional structure because it was difficult to obtain a uniform PCBM layer and PEDOT:PSS 

has a low work function. Therefore, several other inorganic materials as charge transport layer have 

been suggested as efficient alternatives, including V2O5
29, NiOx

30, ZnO31, and CuSCN.32 Especially, 

ZnO and NiOx have shown the greatest promise due to its superior stability, low cost, and appropriate 

energy levels. Recently, the power conversion efficiency of inverted perovskite devices has also 

achieved over 21%, which is similar to the mesoporous device structure, but there are still problems to 

be solved including stability, and chemical composition engineering.33 
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1.1.3 The importance of perovskite film in devices 
1.1.3.1 Deposition method of perovskite film 

 
 

Figure 1.3. Deposition method of perovskite film. 

 

One of the most important issues in perovskite optoelectronic devices is morphological control of 

perovskite film because the optical, electrical properties and device performance have been significantly 

influenced by the morphology and quality of perovskite film. For highly efficient optoelectronic devices 

from perovskite films, smooth morphology and high surface coverage are prerequisites to prevent shunt 

path. 

To fabricate perovskite film on a substrate, several methods are available, that is, spin-coating, dip-

coating, vacuum process and spray-coating methods. The schematic of perovskite deposition methods 

is illustrated in Figure 1.3. A one-step spin coating method was first suggested as a method for 

fabrication of perovskite film. However, the perovskite film fabricated in one-step spin coating 

exhibited non-uniform surface coverage with many pinholes. These problems will be discussed in more 

detail at the beginning of Chapter 3 and Chapter 4. The pinholes of the perovskite film create shunt 

pathways between the charge transport layers, which leads to a decrease of the device performance. The 

two-step spin-coating, dipping and vacuum deposition method have been suggested to prepare the high-

quality perovskite film without the pinholes.10-11, 34 Especially, the uniformity of the perovskite film 

prepared by vacuum deposition method was much better than that of the perovskite film prepared by 

spin-coating or dipping method, as shown in Figure 1.4.11 However, the vacuum deposition method 

requires high vacuum, which restricts mass production and cost effectiveness.  
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Figure 1.4. Cross-sectional SEM images of perovskite device. 

 

Recently, solvent engineering method has been suggested to prepare the uniform perovskite film 

using spin-coating comparable with the vacuum deposition method.12 This method uses a dimethyl 

sulfoxide (DMSO) solvent, which can retard the growth of perovskite crystals because perovskite-

DMSO intermediates are formed. The excess DMSO can be quickly removed by dropping toluene on 

the perovskite-DMSO intermediate, which can lead to uniform and dense perovskite layer. This method 

allowed the reproducible fabrication of uniform and dense perovskite film and is currently the most 

popular method for preparing the perovskite films. The scheme of solvent engineering process is 

illustrated in Figure 1.5. Moreover, solvent engineering methods will be discussed in more detail at the 

beginning of Chapter 5. 

 

 
Figure 1.5. Schematic of solvent engineering method. 

 

The polymer-assisted perovskite deposition methods have also been suggested to obtain the high-

quality and uniform perovskite film. This method facilitates to obtain shiny smooth perovskite film by 

adding a polymer to the perovskite precursor to form perovskite within the polymer matrix.35 The 

properties of the perovskite film depend on the characteristics of the polymer; thus the type of polymer 
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plays an important role in implementing a high efficiency perovskite optoelectronic devices. 

The vacuum deposition and spin-coating method is not suitable for manufacturing on a large scale. 

Therefore, several perovskite deposition methods have been suggested such as ink-jet printing36, slot-

die,37 and spray-coating38 to the application for large-scale perovskite optoelectronic devices, but these 

methods still need optimization to improve the device performance.  

 

1.1.3.1 Chemical composition engineering 

As mentioned above, perovskite has an ABX3 structure, and the chemical composition optimization 

is also very important in the optoelectronic devices because the optical and electrical properties of the 

perovskite material change as each ABX component is changed. The structure of ABX3 perovskite can 

be evaluated by a tolerance factor. The tolerance factor is defined as:39 

 = ( 	 )/	 √2	x	( 	 )  (1.1) 

 

Where rA, rB and rX are the ionic radii for ions in the A, B and X sites, respectively. Therefore, 

tolerance factor of cubic perovskite is between 0.8 and 1.0, so it should be replaced by a size of ion that 

does not exceed this factor. 

 
Figure 1.6. The basic perovskite structure ABX3. 

 

In general, changing the A site and X site to change the properties of perovskite crystal because it is 

difficult to replace the B site. In the perovskite crystal, the X site is a halogen element, so it is possible 

to substitute with elements of Cl, Br, I. The valence band maximum is mainly constructed from the p 

states of halide, mixed with a certain percentage of the 6s states of Pb, while the conduction band 

minimum originates primarily from the 6p states of Pb, hybridized with a small amount of the p states 

of halide.40 Therefore, Figure 1.7 shows the bandgap of perovskite crystals depending on the halide 

composition. Moreover, the X site can be replaced with pseudohalide, such as SCN-, which exhibited 

excellent humidity-resistance characteristics. This improved the moisture stability of the device.41  

The size of A site can be responsible for lattice expansion, resulting in bandgap modification, as 
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shown in Figure 1.8. When A site of the perovskite lattice replace the larger-sized formamidinium (FA), 

the bandgap can be decreased from 1.57 eV (methylammonium (MA)-based perovskite) to 1.48 eV, 

which is close to the theoretically optimal bandgap for photovoltaics.42 However, the polymorph of the 

non-perovskite phase for FA-based perovskite crystal, which reversibly changed on the perovskite phase, 

restricted the application of FA-based perovskite crystal in the optoelectronic devices. Therefore, it was 

necessary to stabilize the perovskite crystal phase. Therefore, the cation mixed perovskite crystal has 

been suggested such as FA1-xMAxPbI3. However, lattice mismatch occurred after mixing the cations and 

a trigonal perovskite phase was formed. To solve this problem, cation and anion mixed perovskite 

crystal have been suggested such as (FAMAPbI3)1-x(MAPbBr3)x and (CsRbMAFAPb(I/Br)3); which 

exhibited complete and stable perovskite phase without non-perovskite phase or secondary phase.13, 43 

Thus, the chemical composition engineering of perovskite crystals makes it possible to fabricate highly 

efficient perovskite optoelectronic devices with better stability. 

 
 

 
Figure 1.7. Schematic of the energy band diagram. 
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Figure 1.8. Schematic of the lattice expansion with the organic cation size. 
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1.2 Perovskite Solar cells (PeSCs) 
1.2.1 Historical development of PeSCs 

 

 
Figure 1.9. Historical development of PeSCs. 

 
Solar cells (photovoltaic) work by converting photons of sunlight into an electric current that moves 

between two electrodes. Modern research on solar cell devices started in the 1950s as an invention of 

crystalline silicon solar cell,44 and crystalline silicon cells are dominating the current photovoltaic 

market (about 90% market share). However, silicon solar cells still have a problem which is the 

processing cost is high, and it is difficult to apply to flexible devices due to rigid property. One solution 

has been suggested of solar cells made from cheap and flexible materials, also called next-generation 

solar cells such as organic solar cells (OSCs), dye-sensitized solar cells (DSSCs), quantum dot (QD) 

and perovskite solar cells.9, 45-48 These next-generation solar cells can be made more cheaply and easily 

than silicon and can be fabricated on flexible substrates. However, next-generation solar cells still have 

low device performance, and many studies are being conducted to catch up with the crystalline silicon. 

In 2009, Kojima et al. first used perovskite materials as visible-light sensitizers for DSSCs and 

achieved efficiencies of 3.8%.9 However, the device performance and stability was significantly 

decreased by the liquid electrolytes contained in the DSSCs that dissolve the perovskite materials. To 

solve the problem of perovskite degradation caused by liquid electrolytes, in 2012, Park and Grätzel et 

al. replaced the liquid electrolytes with solid-state hole conductor (spiro-MeOTAD) and obtained 9.7% 

efficiency, resulting in the improvement of device stability and performance compared liquid 

electrolytes in perovskite solar cells.22 After the use of solid-state hole conductor, research on perovskite 

solar cells has attracted much attention, and several device architectures and high-quality perovskite 
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film manufacturing methods have been suggested.10-12, 23, 27 As a result, the certified power conversion 

efficiency (PCE) of perovskite solar cells have jumped from 3% to over 22% in just 7 years of starting 

from academic research.9, 15 These excellent efficiencies of perovskite solar cells might eventually lead 

to a challenge to the crystalline silicon solar cells. 

The long-term stability and high efficiency are key parameters for the commercialization of 

photovoltaics. However, device stability of PeSCs has still become a serious obstacle to commercial 

application. The instability of devices comes mainly from the degradation of charge transport and 

perovskite materials. As mentioned, PEDOT:PSS, spiro-OMeTAD, and PCBM are the most commonly 

used in perovskite solar cells as charge transport materials. However, these organic charge transport 

materials are easily damaged under ambient air condition through the adsorption of water or oxygen. 

Thus, metal oxides such as ZrO2, NiOx, SnO2, and ZnO are suggested to increased stability, which 

showed excellent stability in high humidity and high temperature.31, 49-50 Chemical composition 

engineering has been considered one of the most promising strategies to improve the long-term stability 

of perovskite materials. A detailed description of chemical composition engineering method is given in 

Chapter 1.1.3.1. In order to solve the problem of stability of organic-inorganic perovskite material, all-

inorganic perovskite material such as CsPbX3 have been suggested,51 but it is still low efficiency due to 

difficulty in fabricating high-quality perovskite film. Therefore, the FA1-xCsxPbI3 alloy is being used to 

improve the stability of perovskite devices under high temperature and high humidity condition.52 
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1.2.2 Characteristics of PeSCs 
1.2.2.1 Operational Mechanism of PeSCs 

Mainly, perovskite solar cells are composed of three main layers (electrode, charge transport layer, 

perovskite). The working principle of perovskite solar cell are divided by the following three steps. 

First, the carriers (holes and electrons) are generated after absorbing the incident sunlight in the 

perovskite materials. Second, generated electrons and holes are separated by each charge transport layer 

(it is called the electron transport layer (ETL) and the hole transport layer (HTL)), respectively. Finally, 

both holes and electrons are collected at the electrode (anode and cathode), respectively. The operational 

mechanism of PeSCs is shown in Figure 1.10.  

 

 
Figure 1.10. Working mechanism of PeSCs. 
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1.2.2.2 Standard Solar spectral irradiance 

 
 

Figure 1.11. Standard solar spectral irradiance for space (ASTM E-490, AM 0) and terrestrial (ASTM 

G-173-03, AM 1.5G) use. 

 
One of the most important factors in the solar cell characterization is the solar spectrum used to 

evaluate the solar cell performance of the device. Generally, solar cell performance measurements are 

based on the AM 1.5 spectra standardized by the American Society for Testing and Materials (ASTM), 

as shown in Figure 1.11. The unit ‘Air Mass (AM)’ defines that the relative path length of the direct 

solar beam through Earth’s atmosphere, as shown in Figure 1.12. The Air Mass defined as: 

 AM = 	 	( )  with the zenith angle θ (1.2) 

 

The AM 0 refers to the extraterrestrial irradiance because it passes through no air mass. Two common 

standard terrestrial spectra (the global (AM 1.5G) and direct (AM 1.5D)) have been defined to facilitate 

direct comparison of photovoltaic performance with the variability of the solar spectrum on Earth.53 

AM 1.5D spectrum represents the direct solar component, which the angle direction of the sun from the 

zenith is 48.2°. For AM 1.5G, the standard spectrum is defined as the irradiance arriving on a flat plate 

tilted at 37° from horizontal toward the sun.54 AM 1.5G spectrum is 10% higher than the AM 1.5D, 

which calculations give approximately 970 W/m2. However, the standard AM 1.5G spectrum has been 

normalized to give 1000 W/m2 because of all the radiation that reaches the ground passes through the 

atmosphere, which modifies the spectrum by absorption and scattering (see Figure 1.13).55  
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Figure 1.12. The path length change with the zenith angle in the air mass condition. 

 

 

 

 

 
Figure 1.13. The total global radiation on the ground has several components. 
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1.2.2.3 Characterization of PeSCs 

The device performance of the PeSCs is evaluated by the current density-voltage (J-V) measurement. 

The typical J-V curve is measured under dark and illumination (1 kW/m2) conditions, as shown in 

Figure 1.14.  

 
Figure 1.14. J-V curves of PeSCs measured under (a) dark and (b) illumination conditions. (c) J-V 

curves of PeSCs measured under illumination and the corresponding parameters. 

 

From J-V curves of PeSCs measured under illumination, short circuit current density (Jsc), open 

circuit voltage (Voc) and fill factor (FF) can be obtained. The PCE of PeSCs is defined by the following 

Equation: 

 = 	 = 	 	X	100 = 	 	X	100 (1.3) 

 =	  (1.4) 

 =	 	X	100 (1.5) 

 

Moreover, a series resistance (Rs) and shunt resistance (Rsh) can be added to the equivalent circuit of 

the solar cell to account for the resistive loss. The equivalent circuit with the parasitic resistance Rs and 

Rsh is shown in Figure 1.15. The J-V characteristics can be described in as Equation 1.6,56  

 = exp ( ) 1 	 	 	 (1.6) 

 

Where Jph is photogenerated current density, J0 is reverse saturation current density, n is ideality 

factor of the diode, k is Boltzmann’s constant, T is temperature and q is elementary charge. Therefore, 

the PCE of PeSCs is mainly depending on the J0, Rs and Rsh.  
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Figure 1.15. Equivalent circuit of solar cell. 

 

Furthermore, an important measure of solar cell efficiency is quantum efficiency, which provides 

information about a measure of how efficiently the device converts the incident light into electrical 

energy at a given wavelength. Two types of quantum efficiencies exist: the internal quantum efficiency 

(IQE) and the external quantum efficiency (EQE). 

EQE is the ratio between the number of collected carriers and the number of all the incident photons 

on the device active area at a given wavelength. 

 EQE = 	 	/		/	 = 	 	/	( 	 	 	 )( 	 	 	 )/	( 	 	 	 ) (1.7) 

 

IQE is the ratio between the number of collected carriers and the number of all the absorbed photons 

by only the active absorbed at as given wavelength. 

 IQE = 	 	/		 	/	 = 	  (1.8) 

 

The EQE is always lower than the IQE because the absorbed light is typically less than the total 

incident light (as there will always be loss of light due to reflections). The difference between IQE and 

EQE is important to distinguish the loss mechanism between the light absorption properties of the whole 

device and the light conversion properties of the absorbing materials. EQE also referred to as incident 

photon to charge carrier efficiency (IPCE), and IPCE is obtained from a chronoamperometry 
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(potentiostatic) measurement. The IPCE can be described in equation 1.9,57 

 IPCE(λ) = EQE(λ) = 		 / // / 	= 	 ( / ) 	 	 . 	( 	 	 )	( / )	 	 ( )  (1.9) 

 

Where 1239.8 V x nm represents a multiplication of h (Planck’s constant) and c (the speed of light), 

Pmono is the calibrated and monochromated illumination power intensity in mW/cm2, and λ (nm) is the 

wavelength at which this illumination power is measured. Therefore, the integration of an IPCE spectra 

is proportional to the Jsc in solar cell devices.58 
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1.3 Perovskite Light-Emitting Diodes (PeLEDs) 
1.3.1 Perovskite emitters  

 

 

Figure 1.16. The crystal structures of (a) 2D, (b) quasi-2D, and (c) 3D perovskites. 

 
Next-generation LEDs will be required by their high color quality, tunability, efficiency, and lower 

energetic costs and the economics of manufacturing. Compared with the expensive, vacuum-based 

processes of currently used solid-state light-emitting devices, perovskite materials have become an 

attractive alternative to light-emitting diodes because of their low temperature and low-cost processes. 

Moreover, the photoluminescence quantum efficiency (PLQE) close to 100 % and PeLEDs with 

external quantum efficiencies (EQE) of 10.4% have been achieved.59-60 The perovskite emitters are 

divided into three types as three-dimensional (3D), quasi-two-dimensional (quasi-2D) and quantum 

dots (QD).  

In the 1990s, the reports on light emission from perovskite materials were first published.61-63 

However, electroluminescence (EL) from the device was only observed at liquid nitrogen temperatures, 

making them difficult for most applications. In 2014, Friend group first reported that the PeLEDs 

consisting of the 3D-based perovskites operate at room temperature.16 The first demonstrated PeLEDs 

used a thin 3D-based perovskite emission layer, which showed poor surface coverage and morphology, 

as non-radiative losses originating from the shunt path, thereby reducing the efficiency. To improve the 

morphology of perovskite emissive layer, embedding the perovskite materials in polymer or organic 

matrix have been suggested.19, 64 After these methods have been suggested, the non-radiative pathways 

within perovskite emissive layer can be reduced, thus posing a possibility for high luminescence 

efficiency in PeLEDs. Although the device efficiency is improved more than the prior stage, the 3D 

perovskite materials have a lower binding energy (~ 84 meV) and stability, which limits its application 
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to high-efficiency PeLEDs.65  

2D perovskite materials have been suggested as one means to solve the problem of 3D perovskite 

materials because it has the largest binding energy, the highest stability, and the most superior 

photoluminescence properties. As illustrated in the Figure 1.16, the 2D perovskite materials generally 

have the formula of A2BX4, which reduces the conductivity of the perovskite material by limiting the 

charge transport between the inorganic framework due to the large spacing between the individual layers. 

In this sense, the use of mixed 2D and 3D perovskite material also referred to as quasi-2D perovskite, 

has been suggested as a useful strategy to increase the efficiency and stability of PeLEDs.20 If the A-

site cations are too large, the large A-site cations will intercalate between the 3D perovskites to form 

multi-layered quasi-2D perovskites, as shown in Figure 1.16. Recently, the highly efficient infrared and 

green quasi-2D PeLEDs based on methylammonium-phenylethyl ammonium (MA-PEA) mixed cations 

were reported. The quasi-2D perovskite led to the improved quality and uniformity of perovskite film 

and the decrease to the trap density, resulted in high-efficiency infrared and green PeLEDs with EQE 

of 8.8% and 7.4%, repectively.20, 66 

The quantum dots have various band gaps depending on the size due to the quantum confinement 

effect, as shown in Figure 1.17. Therefore, to further improve the device performance and color gamut 

of PeLEDs, the perovskite quantum dots (PeQDs) with high PLQE and good color purity have also 

been proposed as promising alternative strategies.67 The first PeQDs were fabricated by perovskite 

precursor into the Al2O3 nanoporous scaffold, but it could not be applied to devices because of the need 

for the fabrication of hard template based-nanoporous film.68 Thereafter, the PeQDs using long-chain 

alkyl ammonium halide as a ligand were synthesized for application to the devices.69 Especially, 

Kovalenko group reported all-inorganic PeQDs (CsPbX3) using the hot-injection synthesis method, 

which showed a PLQE as high as 90%, high color purity (narrow full width at half maximum (FWHM)), 

and wide color tunability of 400-700 nm.67 Then, Song et al. first reported all-inorganic perovskite 

quantum dots lighting-emitting diodes (PeQLEDs).70 After those pioneering researches, the efficiency 

of PeQLEDs have significantly increased from 0.12% to 8.73% in just 2 years.70-71 These increases in 

efficiencies of PeQLEDs are much faster than the enhancement of efficiencies in quantum dot light-

emitting diodes (QLEDs). Although the efficiency of PeQLEDs is rising rapidly, it is still lower than 

that of quasi-2D perovskite films. Therefore, many groups are investigating the developing of high-

efficiency PeQLEDs by the optimization of charge transport layer and PeQDs film. 
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Figure 1.17. Splitting of energy level in quantum dots. 
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1.3.2 Working mechanism of PeLEDs  
In the most basic PeLED structure, a perovskite emitter layer is sandwiched between an anode and 

cathode. PeLEDs generate light from the radiative recombination of a hole and an electron by the 

following 4-steps: 

 

Step 1. Charge injection 

Step 2. Charge transport 

Step 3. Recombination 

Step 4. Light emission 

 

First, electrons and holes are injected from the ohmic cathode and anode, respectively, into the 

perovskite device, when a voltage is applied across the PeLED (step 1). The injected carriers, driven by 

the electric field, transport toward the opposite electrode (step 2). Then, transported carriers are 

recombined at perovskite layer, leading to form a coulombically bound neutral exciton (step 3). Finally, 

the excitons then decay radiatively to give photons and hence generate light emission (step 4). 

 

 
Figure 1.18. Working mechanism of PeLEDs. 
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1.3.3 Characteristics of PeLEDs  
Key parameters including luminance, current efficiency, external quantum efficiency (EQE), power 

efficiency, turn-on voltage, and FWHM are used to evaluate the efficiency of LEDs. Theoretically, these 

parameters relate to the properties of the emitters or the device structure. Not all the generated photons 

can be emitted from the device due to internal reflections and reabsorption. Therefore, the most 

important parameter of PeLED, EQE, is determined by the following formula: 

 EQE = 		IQE	x	  (1.10) 

 

Where IQE is defined as the ratio of the number of electrons in an external circuit to the number of 

photons generated in the device. IQE can be described as follows: 

 IQE = 	 	x	 = 	 / 	= ( 	x	| |)/( 	x	ℎ ) (1.11) 

 

Where ηI is the injection efficiency, which is the fraction of the electrons passing through the device 

that are injected into the active region; ηR is radiative efficiency, which is the fraction of radiative 

recombination and is related to the defect sites in the device. IQE can also be calculated as the fraction 

between the photons generated in the emissive layer per second (ng) and the electrons injected into the 

device per second (ni). The PEL is the emitted power from the emissive layer. In Equation 1.12, the ηo is 

the light extraction efficiency, which is defined as the fraction of emitted photons in the emissive layer 

that can be extracted out from the LED to the free space. ηo can be described as follows: 

 =	 / 	= 	 /  (1.12) 

 

Where ne is the number of photons emitted into free space per second, P is emitted power into free 

space. Moreover, the power efficiency (PE) is then defined according to Equation 1.13. 

 PE = 	 /  (1.13) 

 

If the current is constant, a higher PE can be obtained at lower voltages, which means a lower charge 

injection barrier for the light-emitting diodes. The current efficiency (CE) can be described as follows: 

 CE = 	 /  (1.14) 

 

Where L is the luminance of the light-emitting diodes, and J is the current density. 
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Therefore, to maximize the EQE, it is necessary to increase the proportion of radiative recombination 

and reduce the leakage current in the device. Thus, morphological control of perovskite is very 

important to obtain high-quality perovskite film because the leakage current and radiative 

recombination are related to the defect site of the perovskite film. 
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1.4 Research Overview and Objective 
 Perovskite optoelectronic devices have been extensively investigated a few years for commercial 

application because of their excellent merits, which included superior electrical properties, a tunable 

optical bandgap, a narrow emission spectrum, high charge carrier mobility, and solution processability. 

However, there are several problems to be solved for commercialization. One issue is related to high-

quality perovskite film with uniform morphology for highly efficient and stable perovskite 

optoelectronic devices. The pinholes and voids of perovskite film create shunt pathways between the 

charge transport layer, which limits the device performance and long-term stability. 

The studies presented in this thesis aimed at helping to solve the above-described problems. In 

general, I followed five different strategies: 

 

In Chapter 2, I present a new strategy to control the morphology of perovskite film and surface 

modified electron transport layer (ETL) for highly efficient conventional planar perovskite 

optoelectronic devices. The surface modified TiO2 as ETL using ethanolamine showed enhancing 

electron transport properties by reducing the energy barrier between ETL and the perovskite layer and 

reduces the defect sites in the TiO2. Therefore, enhancements in charge transport property, passivation 

of the TiO2 defect sites, and a significant reduction of bimolecular recombination were achieved, which 

resulted in enabling the realization of high-efficiency perovskite optoelectronic devices. 

Chapter 3 describes the morphological control of perovskite films addition of HBr in perovskite 

precursor through a 1-step spin-coating method. The addition of optimized concentration of HBr in 

perovskite precursor enables the formation of a dense and uniform perovskite film with full surface 

coverage, which facilitates full coverage electroluminescence emission and reduces leakage current in 

perovskite light emitting diodes, resulting in an enhancing the device performance. Moreover, the 

electroluminescence emission spectra of perovskite/polymer sandwiched light-emitting diodes were 

tuned by controlling the thickness of the perovskite and polymer layers. This approach provided a 

potentially useful approach to applying to wide-band light-emitting diodes. 

Chapter 4 describes the effect of thermal annealing time and temperature on the crystallinity and 

morphology of perovskite films as well as the long-term stability and performance of perovskite light-

emitting diodes. A continuous perovskite film with high crystallinity was obtained using an optimized 

thermal annealing conditions. In addition, the encapsulated perovskite light-emitting diodes with the 

perovskite film prepared under the optimized thermal annealing conditions showed superior long-term 

stability under ambient conditions. 

Chapter 5 is based on the effect of the type of solvent on the device performance of perovskite light-

emitting diodes fabricated using a solvent engineering method. Uniform and dense perovskite films 

with full coverage were fabricated using optimized solvent dropping due to their higher solvent polarity 
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index. In addition, it is demonstrated that the CB dropping method can passivate the vacancy sites of 

halide atoms in perovskite crystals through the action of the chlorine in the solvent. This result indicates 

that the role of the solvent in the solvent engineering is to fabricate dense and uniform perovskite layers 

and to passivate the defect sites of the perovskite crystal. 

Chapter 6 describes the formation of uniform perovskite quantum dot film using polymer matrix and 

drop-casting method. The optimized perovskite quantum dot LED fabricated via drop-casting method 

with PMMA matrix in a perovskite quantum dot dispersion solution exhibited higher than that of the 

perovskite quantum dot LED without treatment. This device also exhibited high-coverage 

electroluminescence emission and less electroluminescence blinking. Moreover, unencapsulated 

perovskite quantum dot LED with PMMA composite film showed higher stability levels under ambient 

atmospheric conditions.  

I believe that my morphology control of perovskite film strategies provides high efficiency and good 

long-term stability in perovskite optoelectronic devices, thus suggesting the potential for commercial 

applications and the need for further scientific study. 
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Chapter 2. High-Performance Planar Perovskite Optoelectronic Devices: A 
Morphological and Interfacial Control by Polar Solvent Treatment 
 

2.1 Research background 
The architectures of perovskite-based optoelectronic devices are categorized into planar 

heterojunction and meso-superstructured structures.10-11, 23 The advantages of planar perovskite based 

devices include their simple fabrication process and simplicity of application in flexible devices and 

tandem-structured solar cells compared with meso-superstructured solar cells.  

The extraction of electrons between the TiO2 and the perovskite layer strongly depends on the 

existence of defects on the surface of the TiO2 crystal, and these defects, which are known to be oxygen 

vacancy regions in the TiO2 crystal, are created during the thermal annealing process.72-73 In addition, 

an energy-barrier mismatch between the TiO2 and perovskite layers leads to inefficient electron 

extraction towards the ITO cathode. Several methods have been suggested to solve the problems of 

defects in the metal oxide and the energy-barrier mismatch by introducing surface modifiers such as a 

conjugated polyelectrolyte (CPE),74 ionic liquid molecules (ILMs),75 a self-assembled monolayer 

(SAM),76 polar solvents,77 or alcohol/water-soluble conjugated polymers on the metal-oxide layer in 

organic solar cells.78 For highly efficient perovskite-based solar cells, the energy barrier between the 

metal-oxide and perovskite layers can be controlled by applying such interfacial dipole layers to 

enhance electron extraction while suppressing undesired bimolecular recombination. 

Previous reports have shown that perovskite materials exhibit strong PL with a narrow full width at 

half maximum (FWHM),79 which suggests potential applications in LED and laser applications. 

Therefore, many groups have attempted to fabricate LEDs using perovskite materials, even though 

electroluminescence (EL) has only been produced at liquid-nitrogen temperatures.62-63 Recently, Friend 

et al. reported the first observation of infrared electroluminescence from a conventional structured 

perovskite LED (PeLED) at room temperature; however, green emission from the conventional 

structured PeLED was not demonstrated because of the larger bandgap of the perovskite material for 

green emission.16 The device efficiency of a green PeLED can be improved by producing a perovskite 

emitter with a uniform morphology and without defects or pinholes and by matching the work function 

between the conduction band (CB) of the TiO2 and the lowest unoccupied molecular orbital (LUMO) 

of the perovskite to enhance electron injection and hole-blocking behavior by introducing a surface 

modifier on top of the TiO2. 

In this study, we obtain highly efficient, conventional planar perovskite LEDs and solar cells via the 

morphological control of the perovskite films and the application of a surface treatment between the 

TiO2 and perovskite layers using an amine-based solvent treatment on compact TiO2 (c-TiO2). The 
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application of an ethanolamine (EA)-based solvent treatment to a c-TiO2 layer enhances electron 

transport to the cathode by reducing the energy barrier between the c-TiO2 and the perovskite layer and 

reduces defects in the metal oxide. Therefore, improvements in electron extraction and injection, 

passivation of the TiO2 surface, and a remarkable reduction of bimolecular recombination were 

achieved, thereby enabling the realization of highly efficient perovskite optoelectronic devices. In 

addition, time-dependent EL images of the completed devices with different solvent-treated perovskite 

layers were investigated using an inverted microscope at constant voltages to elucidate upon the 

correlation between the morphology of the perovskite films and the EL behavior of the complete 

PeLEDs. 

 

2.2 Experimental 
Fabrication of PeSCs and PeLEDs. The ITO substrates were sequentially washed with acetone, 

ethanol and distilled water. A hole-blocking layer of TiO2 (approximately 50 nm) was spin coated (at 

2,000 rpm for 45 s) using a mildly acidic solution of 99.999 % titanium isopropoxide in absolute ethanol 

after oxygen plasma treatment and was annealed at 500 °C for 30 min. To fabricate EA-treated PeSCs, 

mixture solutions with EA weight ratios from 0.35 to 3.35 wt.% in 2-methoxyethanol were spin coated 

on top of TiO2 layers at 3,000 rpm for 45 s and annealed at 130 °C for 10 min. For the PeSCs, the 

perovskite precursor (40 wt.% MAI and PbCl2 3:1 molar ratio in N,N-dimethylformamide) solution was 

spin coated at 2,000 rpm for 45 s onto TiO2 layers with and without EA treatment. After drying under 
ambient conditions for 20 min, the perovskite-coated substrates were slowly heated on a hot plate (ND-

1, As one) from 25 to 100 °C at a ramp rate of 1 °C/min and were then maintained at 100 °C for 45 

min.80 The hole transport layer was made by coating 72.3 mg spiro-MeOTAD in 1 ml chlorobenzene 

solution with 28.8 μl tert-butylpyridine and 17.5 μl Li-TFSI solution (520 mg Li-TFSI in 1 ml 

acetonitrile) or poly(3-hexylthiophene-2,5-diyl) (P3HT, EM index) solution dispersed in chlorobenzene 

(1.5 wt.%). Finally, 70-nm-thick gold contact electrodes were thermally evaporated onto the devices. 

For the fabrication of PeLEDs, the perovskite precursor (28.5 wt.% MABr and PbBr2 1:1 molar ratio in 

r-butylrolactone (GBL):dimethylsulfoxide (DMSO) (7:3 v/v) co-solvent) was coated onto c-TiO2 

substrates with or without EA treatment via a consecutive two-step spin-coating process at 1,000 and 

5,000 rpm for 10 and 20 s, respectively. During the spin coating at 5,000 rpm, the substrates were treated 

with drop-cast toluene (approximately 50 μl) and then annealed at 100 °C for 10 min to yield a MAPbBr3 

thickness of 140 nm.12 An SPB-02T solution dispersed in chlorobenzene (0.8 wt.%) was spin coated 

onto the MAPbBr3 emissive layer at 2,000 rpm for 45 s. Thereafter, MoOx (10 nm) and Au (70 nm) 

were successively deposited via the vacuum thermal evaporation method. 

 

Device characterization. The power conversion efficiencies of the PeSCs were measured via J-V 
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curve measurements using an Ivium-n-Stat source meter (Ivium Technologies Co.) under an AM 1.5G 

100 mW cm-2 spectrum produced by a solar simulator (Portable Solar Simulator PEC-L01, Pecell 

Technologies Co.). IPCE spectra were measured in air using a PV measurement system under the 

application of monochromatic light from a xenon lamp. Measurements of the PeLEDs were performed 

using a Keithley 2400 source measurement unit and a Konica Minolta spectroradiometer (CS-2000, 

Minolta Co.). J-V curves for all PeSCs were measured by using a black mask with s aperture of 0.135 

cm2 to hide non-active area. The details of the methods used for X-ray photoelectron spectroscopy (XPS) 

and ultraviolet photoelectron spectroscopy (UPS) characterisation are provided in Ref. 20. X-ray 

diffraction patterns were obtained from samples of MAPbI3-xClx deposited onto FTO/c-TiO2 (with or 

without EA treatment) substrates using an X-ray diffractometer (D8 Advance, Bruker) with Cu-Kα 
adiation (λ = 1.5405 Å). EL microscope images were obtained from samples of PeLEDs using an 

inverted microscope (IX81, Olympus). 

 

Impedance spectroscopy. Non-modulated impedance spectroscopy was performed using an 

impedance analyser (IVIUM Tech., IviumStat) at various forward biases. A 30 mV voltage perturbation 

was applied over a constant forward applied bias between 0 and 1.5 V at the frequency range from 0.1 

Hz to 1.0 MHz. In the IMVS measurements, AC and DC components of the illumination were supplied 

using a red-emitting LED (λ=635 nm). The modulation depth of the AC component overlaid on the DC 

component was 10%. The light intensity was 1.00 mW/cm2. The IMVS measurements were acquired 

under open-circuit conditions. The mean recombination time (τr) of photo-generated charges was 

calculated from the frequency minimum in the Nyquist plot of the IMVS results using following 

equation: τr= (2πfmin (IMVS))-1.  

 
2.3 Results and discussion 

 
Figures 2.1a and c present cross-sectional scanning electron microscopy (SEM) images of a 

conventional planar PeLED and a PeSC, respectively, which consisted of ITO and fluorine-doped tin 

oxide (FTO) as transparent cathodes; TiO2 as an electron transport layer; EA as a surface modifier, 

which induced an interfacial dipole layer simply to reduce the energy barrier between the TiO2 and the 

active layer;81 MAPbBr3 and MAPbI3-xClx as the perovskite active layers; SPB-02T (blue copolymer, 

Merck Co.) and lithium-doped spiro-OMeTAD as the hole transport layers; and MoO3/Au and Au as 

the cathodes. The MAPbI3-xClx absorber is deposited by spin coating the 40 wt% perovskite precursors, 

preceded by time-temperature-dependent (TTD) annealing step and experimental details in the 

literature.80, 82 The TTD annealed film to ensure complete phase transformation for the full-coverage 

and without pin-hole of the perovskite film compared to the annealing at a low temperature of 90 oC (1-
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step), as shown in Figure 2.2. 

Figures 2.1b and d show the energy-level diagrams of the fabricated PeLEDs and PeSCs, 

respectively. The energy barrier at the interface between the MAPbBr3 emissive layer or the MAPbI3-

xClx absorber layer and the TiO2 layer prevents efficient electron injection/extraction and thus results in 

lower device efficiency. To reduce this contact barrier, various interfacial modifiers, such as 

polyethylenimine (PEI), ethanolamine (EA), and ionic liquid molecules (ILMs), were spin coated onto 

TiO2 layers, and the morphology of the perovskite films grown on the surface-modified TiO2 layers was 

then observed via SEM. The MAPbI3-xClx layer grown on EA-treated TiO2 exhibited full coverage and 

a smooth surface, similar to the MAPbI3-xClx layer without surface treatment, whereas the other 

MAPbI3-xClx layers grown on the PEI- and ILM-treated TiO2 layers exhibited unfavorable surface 

coverage and included many pinholes, as shown in Figure 2.3. The lower surface coverage of the 

MAPbI3-xClx films using the ILM and PEI interlayers may have originated from the relative 

hydrophobicity of the surfaces of these interlayers after they were spin coated onto the TiO2. 

 
Figure 2.1. SEM cross-sectional image of (a) PeLED and (c) PeSC. (b), (d) Energy levels of the 

various device components of the PeLED and PeSC, respectively. 
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Figure 2.2. SEM image of MAPbI3-xClx films. 

 

 
Figure 2.3. SEM image of MAPbI3-xClx films formed on (a) TiO2, (b) EA, (c) ILMs and (d) PEI, 

respectively. 

 

To achieve highly efficient conventional PeLEDs, a uniform surface of high-crystallinity MAPbBr3, 

the reduction of the energy barrier between the TiO2 and the MAPbBr3 emitter, and the choice of the 

hole transport layer (HTL) are critical production parameters. Initially, SEM images of MAPbBr3 film 

surfaces prepared using DMF and GBL+DMSO solutions on TiO2 with and without EA treatment were 
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observed, as shown in Figure 2.4. The DMF-solution-based MAPbBr3 layers grown on EA-treated and 

non-EA-treated TiO2 exhibited an island-like morphology with a large crystal size of approximately 3.5 

μm, resulting in incomplete surface coverage of the MAPbBr3 (Figure 2.4a-c). In the case of the 

DMSO+GBL co-solvent, the MAPbBr3 film that was prepared by dropping in toluene solvent during 

the spin coating of the perovskite solution using the GBL+DMSO solvent was uniform and dense, with 

full coverage of the MAPbBr3 surface (Figure 2.4d),12 and a substantially denser MAPbBr3 film surface 

with fewer pinholes was obtained on the EA-treated TiO2 layer (Figure 2.4e). The enhanced 

crystallinity of the MAPbBr3 on the EA-treated TiO2 layer was confirmed by comparing the intensities 

of the XRD spectra, as shown in Figure 2.5a. The intensities of the two peaks diffracted by the (100) 

and (200) planes in the XRD spectra of the MAPbBr3 on the EA-treated TiO2 layer were improved by 

120 % compared with those of the MAPbBr3 on the non-EA-treated TiO2 layer.83 It was confirmed that 

the XRD data obtained for our MAPbBr3 films yielded the same results as those in the literature based 

on a comparison of the XRD spectral results.23 The EA treatment on TiO2 would facilitate uniform 

growth of perovskite crystal on TiO2 layer by reducing the defect sites of TiO2. 

 

 
Figure 2.4. SEM image of MAPbBr3 films formed on TiO2 by the different solution. 
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Figure 2.5. (a) XRD pattern of MAPbBr3 with and without EA treatment of TiO2 film. (b) XPS 

spectral characteristics of TiO2 with and without EA treatment. (c) UPS measurement of TiO2 and 

TiO2 with EA treatment. (d) Schematic energy diagrams for flat-band conditions at the TiO2/MAPbBr3 

layer without and with EA treatment. 

 

To observe the correlation between the morphology of the MAPbI3-xClx films and the device 

performance, PeSCs (FTO/TiO2/interfacial layer/MAPbI3-xClx/P3HT/Au) prepared on TiO2, ILM-

treated TiO2, and EA-treated TiO2 were fabricated. The device fabricated with MAPbI3-xClx prepared 

on EA-treated TiO2 exhibited a higher PCE of 11.10 %, with a higher JSC of 19.21 mA cm-2, a higher 

VOC of 0.92 V and a higher FF of 62.8 %. In contrast, the solar cell devices fabricated with a MAPbI3-

xClx film prepared on ILM- treated TiO2 demonstrated lower device performances because of the lower 

surface coverage of the pinhole-containing MAPbI3-xClx layers, as shown in Figure 2.6. The detailed 

device performance results are presented in Table 2.1. 

We have previously demonstrated that the charge-selective surface modification achieved via EA 

treatment reduces the contact barrier between ZnO and an active layer, thereby resulting in enhanced 

electron injection/extraction, suppressed bimolecular recombination of photo-induced charges and a 

reduced series resistance (Rs).84 In this study, the work functions of TiO2 with and without an EA 

interlayer were measured via ultraviolet photoelectron spectroscopy (UPS) to investigate the influence 

of EA on the work function of TiO2. Figure 2.5c shows that the work function of TiO2 with a EA 

interlayer was changed from its original value of 4.0 eV to 3.7 eV; this change is attributed to the 

formation of a surface dipole, as was observed in the case of the interfacial modification of ZnO layers 
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using EA.84 The energy level diagrams of the planar perovskite devices with and without an EA layer 

under flat-band conditions are illustrated in Figure 2.5d. The modified work function of the TiO2 could 

be well matched to that of the MAPbBr3 emissive layer, thereby facilitating efficient electron injection 

at the interface and reducing the defects in the TiO2 layer. The adsorption of the NH2 groups of EA on 

the Ti metal of the TiO2 layer was confirmed via XPS measurements by tracking the position and shape 

of the N 1s peaks at 399.5 eV (N-Ti-O, cyan line) and at 401.0 eV (N-O, magenta line), as shown in 

Figure 2.5b.85-86 

 

 

Figure 2.6. J-V curves measured under AM 1.5G (100 mW/cm2) equivalent irradiance for planar 

architecture devices with P3HT as HTL. 

 

Table 2.1. Summarized device performance of planar perovskite solar cells for FTO/TiO2/without and 

with EA or ILMs/MAPbI3-xClx/P3HT/Au. 

Devices configuration 
J SC 

[mA/cm] 
V OC [V] FF [%] η[%] 

FTO/TiO2/MAPbI3-xClx/P3HT/Au 18.1 0.87 59.0 9.29 

FTO/TiO2/ILMs/MAPbI3-xClx/P3HT/Au 18.14 0.88 53.2 8.49 

FTO/TiO2/EA/MAPbI3-xClx/P3HT/Au 19.21 0.92 62.8 11.10 
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The optimal concentration of EA in 2-methoxyethanol for FTO/TiO2/EA (approximately 

wt.%)/MAPbI3-xClx/spiro-OMeTAD/Au was determined (see Figure 2.7 and Table 2.2). The device 

that was treated with an excessive concentration of EA did not demonstrate a higher PCE value because 

of its significantly lower JSC and FF, despite exhibiting the highest VOC of all of the PeSCs. The device 

treated with 0.35 wt.% EA exhibited the highest PCE of 13.69 %, with a higher JSC and FF, because of 

the reduction of the contact barrier and the suppression of bimolecular recombination at the interface of 

the MAPbI3-xClx absorber and the TiO2 layer. 

 
Figure 2.7. J-V curves measured under AM 1.5G (100 mW/cm2) equivalent irradiance for different 

weight percent EA solution with spiro-OMeTAD. 

 

Table 2.2. Summarized device performance parameter of MAPbI3-xClx solar cells with EA treatment at 

different concentration. 

Devices configuration 
J SC 

[mA/cm] 
V OC [V] FF [%] η[%] 

FTO/TiO2/MAPbI3-xClx/spiro-OMeTAD/Au (Ref) 20.76 0.92 59.1 11.29 

FTO/TiO2/EA(0.35 wt.%)/MAPbI3-xClx /Spiro-OMeTAD/Au 21.11 1.01 64.2 13.69 

FTO/TiO2/EA(1.05 wt.%)/MAPbI3-xClx /spiro-OMeTAD/Au 21.30 1.01 61.2 13.17 

FTO/TiO2/EA(1.75 wt.%)/MAPbI3-xClx /spiro-OMeTAD/Au 20.08 1 53.5 12.15 

FTO/TiO2/EA(3.35 wt.%)/MAPbI3-xClx /Spiro-OMeTAD/Au 19.91 1 53.2 10.59 
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The effect of the EA treatment of the TiO2 on the transfer of electrons towards the TiO2 and the FTO 

anode was observed via time-correlated single photon counting (TCSPC). The exciton life times of 

MAPbI3-xClx on TiO2 with and without an EA interlayer were compared, and that of MAPbI3-xClx on 

EA-treated TiO2 exhibited a remarkable decrease (32.18 → 27.32 ns) at 770 nm, thus supporting the 

hypothesis of improved electron extraction towards the TiO2 as a result of the EA treatment of the TiO2 

(Figure 2.8 and Table 2.3). 

 
Figure 2.8. Time-resolved PL signal of MAPbI3-xClx films with or without EA treatment on TiO2, 

measured by TCSPC. 

 

Table 2.3. Table detailed exciton lifetime of TiO2/MAPbI3-xClx and TiO2/EA/MAPbI3-xClx films with a 

PMMA as encapsulation layer. 

sample τ1(f1)(ns) τ2(f2)(ns) χ2 τavr(ns) 

Glass/TiO2/perovskite/PMMA 57.66(0.19) 26.27(0.81) 1.142 32.18 

Glass/TiO2/EA/perovskite/PMMA 34.08(0.57) 18.41(0.43) 1.472 27.32 

 

The J-V curves of the PeSCs with and without an EA-treated TiO2 layer were measured under dark 

conditions, as shown in Figure 2.9. The current density of the PeSC with EA treatment under reverse 

bias was approximately one order of magnitude lower than that of the PeSC without EA treatment. This 

finding supports the hypothesis of the suppression of bimolecular recombination in the PeSC with EA 
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treatment.87 

 
Figure 2.9. J-V characteristic of MAPbI3-xClx solar cells with and without EA treatment TiO2 layer as 

an ETL in the dark. 

 

To analyze the interfacial recombination at the interface between the TiO2 and the MAPbI3-xClx, 

impedance spectroscopy measurements were performed in the dark under various forward biases. 

Figure 2.10 presents the Nyquist plots of MAPbI3-xClx heterojunction solar cells with and without EA 

treatment. In both devices with and without EA treatment, no distinct transmission line (TL) behavior 

is observed. In general, the TL is represented by a straight line followed by an arc at lower frequency, 

and it is associated to the carrier transport (electron transport resistance), which is due to a coupling of 

capacitance with recombination.88 In our case, the absence of TL behavior is likely due to the very thin 

TiO2 films employed. The absence of such behavior, which arises from electron transport resistance, 

can likely be attributed to the use of very thin TiO2 films. For the solar cell without EA treatment, two 

circles were identified at low forward bias, the lower frequency one being related to the charge 

recombination at each TiO2/MAPbI3-xClx/spiro-OMeTAD interface and the higher frequency one being 

related to charge transfer through the TiO2/MAPbI3-xClx/spiro-OMeTAD contact. This feature of the 

measured impedance spectra is not different from previous reports of two arcs in the Nyquist plots of 

perovskite solar cells with spiro-MeOTAD.89 For the solar cell with EA treatment, however, only one 

semicircle was observed. The absence of the semicircle in the high-frequency region can likely be 

attributed to the reduction in the contact resistance caused by the EA treatment. The presence of a single 

semicircle indicates that the interface contacts between the MAPbI3-xClx and TiO2 are quasi-ohmic 

contacts rather than rectifying contacts. 
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Figure 2.10c shows the recombination resistance, Rrec, deduced from the equivalent circuit fitting. 

The device with EA treatment exhibited a higher Rrec (lower recombination rate) than did the device 

without EA treatment. Because all device fabrication parameters were identical for both solar cells, with 

the exception of the EA treatment, the difference in recombination rate could have originated only from 

the interface modification induced by the EA treatment. This difference in recombination rate between 

the devices with and without EA treatment was confirmed via intensity-modulated photovoltage 

spectroscopy (IMVS) measurements, as shown in Figure 2.10d. The IMVS results were obtained under 

illumination with a narrow-band red LED (635 nm). For the PeSCs without EA treatment, the calculated 

recombination time (τr) was 5.64×10-3 μs, whereas the calculated recombination time (τr) for the PeSCs 

with EA treatment was 7.88×10-3 μs. The recombination rate (1/τr) was 177.3 for solar cells without EA 

treatment and 126.9 for solar cells with EA treatment. These results are consistent with the results 

obtained via nonmodulated impedance spectroscopy (Figures. 2.10a and b). Consequently, the 

enhanced charge collection efficiency in the solar cells with EA treatment can be explained as being a 

result of the additional EA treatment effectively modifying the interface between the TiO2 and MAPbI3 

layers and allowing less recombination of photo-generated charges at the interface. 

 
Figure 2.10. (a), (b) Nyquist plots of MAPbI3-xClx solar cells without and with EA treatment of the 

TiO2, respectively. (c) Calculated recombination resistance vs. voltage. (d) Nyquist plots of the IMVS 

results. 
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It was confirmed that the EA treatment of the TiO2 layer led to the reduction in the recombination 

rate at the interface between the MAPbI3-xClx and the TiO2. It is well known that TiO2 exhibits surface 

defects that serve as deep electron-donating sites with an energy level located at approximately 5.0 eV, 

which will eventually recombine with the holes in the MAPbI3-xClx (5.3 eV) because of energy level 

matching.90 However, the presence of an EA interlayer at the interface likely helps to reduce the 

recombination rate at the interface, and the increase in VOC observed in devices with EA treatment can 

be attributed to the passivation of defect sites on the TiO2 surface and a reduction in the electron-hole 

recombination rate.91 

 

Table 2.4. Impedance spectroscopy parameters for MAPbI3-xClx solar cells prepared without and with 

EA treatment. 

Devices configuration 
Input 

Flux [V] 

fmin  

[Hz] 

τr 

[µs] 

Rrate (1/ τr) 

[1/µs] 

FTO/TiO
2
/MAPbI3-xClx/spiro-OMeTAD/Au 3 28.2 5.64*10-3 177.3 

FTO/TiO
2
/EA/MAPbI3-xClx /spiro-OMeTAD/Au 3 20.2 7.88*10-3 126.9 

 

Figures 2.11a and b show the J-V and luminance versus voltage (L-V) characteristics of a PeLED, 

and the inset shows the electroluminescence (EL) spectra of the PeLED. The maximum emission peak 

of the PeLED was located at 530 nm, and the FWHM of the emission was approximately 41 nm. Friend 

et al. demonstrated that electron injection from TiO2 into the conduction band of MAPbBr3 is poor 

because of the large energy barrier between the MAPbBr3 emitter and TiO2 in the conventional PeLED 

structure (FTO/TiO2/MAPbBr3/F8/Ag).81 The PeLED without EA treatment exhibited a maximum 

luminance of 118.08 cd m-2 (at 5.8 V), a luminous efficiency of 0.11 cd A-1 (at 5.8 V), and a maximum 

external quantum efficiency of 0.026 % (at 5.8 V). By contrast, the PeLED device with EA treatment, 

in which the contact barrier was reduced and the electron injection was enhanced, exhibited a 

remarkably improved maximum luminance of 544.65 cdm-2 (at 5.8 V), a maximum luminous efficiency 

of 0.22 cd A-1 (at 5.8 V), and a maximum external quantum efficiency of 0.051 % (at 5.8 V). These 

values represent improvements of approximately 460, 200, and 200 %, respectively, compared with the 

properties of the device without EA treatment. This study represents the first demonstration of highly 

efficient conventional green-emissive PeLEDs; the detailed device performances of two PeLEDs with 

and without EA treatment are summarized in Table 2.5. To confirm the reduction of the energy barrier 

between the MAPbBr3 emissive layer and the TiO2 layer induced by the EA treatment, the current 

densities of electron-only devices (ITO/TiO2 with and without EA treatment/MAPbBr3/LiF/Ag) were 
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measured, as shown in Figure 2.12. The current density of the electron-only device with EA treatment 

was much larger than that of the electron-only device without EA treatment. This result clearly confirms 

that the electron injection in the PeLED with EA treatment was enhanced because of the reduction of 

the energy barrier at the MAPbBr3/TiO2 interface.92 Figures 2.11c and d present images of the large-

area green emission (0.9 cm2) from the PeLED devices without and with EA treatment, respectively, at 

a 5.6 V bias; the PeLED with EA treatment produced brighter green light than did the device without 

EA treatment. 

 
Figure 2.11. (a) J-V and (b) L-V characteristics of MAPbBr3 without and with EA treatment in 

PeLEDs. (c), (d) Uniform large-area green EL (0.9 cm2) from PeLEDs without and with EA treatment, 

respectively. (e) J-V curves of the best performing MAPbI3-xClx solar cells without and with EA 

treatment on the TiO2. (f) The EQE spectra of the best-performing MAPbI3-xClx solar cells. 
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Table 2.5. Device parameters for MAPbI3-xClx solar cells and MAPbBr3 PeLEDs prepared 

without and with EA treatment. 

Devices configuration 
L max [cd/m2] 

@ bias 

LE max [cd/A]

@ bias 

PE max [lm/W] 

@ bias 

EQE max [%]

@ bias 

ITO/TiO2/CH3NH3PbBr3/SPB-02T/MoO3/Au 118.08 @ 5.8 0.11 @ 5.8 0.06 @ 5.8 0.026 @ 5.8

ITO/TiO2/EA/CH3NH3PbBr3/SPB-02T/MoO3/Au 544.65 @ 5.8 0.22 @ 5.8 0.11 @ 5.8 0.051 @ 5.8

Devices configuration J 
SC 

[mA/cm]
V 

OC 

[V] 

FF 

[%] 

Η 

[%] 

J
SC 

(calc.) 

[mA/cm]

FTO/TiO
2
/CH3NH3PbI3-xClx/spiro-OMeTAD/Au 21.15 0.94 64.4 12.8 19.20 

FTO/TiO
2
/EA/ CH3NH3PbI3-xClx /spiro-OMeTAD/Au 22.12 1.04 70.9 16.3 20.17 

 

 

Figure 2.12. J-V characteristics of electron-only devices without and with EA treatment. 

 

The best achieved performance of a PeSC with EA treatment corresponded to a JSC of 22.12 mA cm-

2, a VOC of 1.04 V, an FF of 0.709 and a PCE of 16.3 %, whereas the best achieved performance of a 
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PeSC without EA treatment corresponded to a JSC of 21.25 mA cm-2, a VOC of 0.94 V, an FF of 0.644 

and a PCE of 12.8 %, as shown in Figure 2.11e. The improvement in JSC caused by the EA treatment 

of the TiO2 was confirmed by the EQE spectrum between 300 to 800 nm, which revealed a photocurrent 

of 20.17 mA cm-2 for the EA-treated device, which was higher than that of the non-EA-treated device 

(19.20 mA cm-2). A summary of the performance parameters for the best-performing solar cells is 

presented in Table 2.5.  

To increase the reliability of the PeSC efficiency, 20 samples of FTO/TiO2 with and without EA 

treatment/MAPbI3-xClx/spiro-OMeTAD/Au were measured; histograms for JSC, FF, VOC and PCE are 

presented in Figure 2.13. The PeSCs with EA treatment exhibited higher average efficiencies (14.2 % 

PCE for FTO/TiO2/EA/MAPbI3-xClx/spiro-OMeTAD/Au) and higher values of JSC, FF and VOC 

compared with those without EA treatment (11.7 % PCE for FTO/TiO2/MAPbI3-xClx/spiro-

OMeTAD/Au). 
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Figure 2.13. A histogram for each value of (a) Jsc, (b) FF, (c) Voc and (d) PCE of 20 samples from 

PeSCs without and with EA treatment. 
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2.4 Conclusion 
 In summary, we obtained highly efficient conventional planar PeLEDs and PeSCs via the 

morphological control of the perovskite layers and the surface modification of TiO2 using an EA solvent 

to tune the contact barrier at the interface of the TiO2 and the perovskite absorber or emissive layer. The 

conventional structures of PeLEDs and PeSCs with EA surface modification demonstrated a maximum 

luminance of 544.65 cd m2 (at 5.8 V) for green-based PeLEDs and a maximum PCE value of 16.3 % 

for PeSCs. The high efficiencies of the PeLEDs and PeSCs originated from the EA interfacial dipole 

layer, which reduced the contact barrier, thus improving electron injection and extraction, and 

passivated the defect sites on the TiO2 surface to suppress the recombination of photo-generated charges 

at the interface. To the best of our knowledge, this study represents the first report of the realization of 

highly efficient PeLEDs and PeSCs through the direct growth of perovskite films on solvent-treated 

metal-oxide layers. A significant correlation between the morphology of the MAPbBr3 films and the EL 

images of the complete PeLEDs prepared using various solvents was observed using an inverted 

microscope, and the much greater emission coverage achieved as a result of the highly uniform 

morphology of the perovskite layer produced using a GBL+DMSO co-solvent treatment was 

investigated. We believe that interfacial engineering using an amine-based polar solvent and the 

morphological control of perovskite films using an adequate solvent are simple and effective routes to 

achieving high performance, perovskite-based optoelectronic devices. 
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Chapter 3. High-Performance Perovskite Light-Emitting Diodes via 
Morphological Control of Perovskite Films 
 

3.1 Research background 
Organic-inorganic hybrid semiconductors such as quantum dots and perovskite materials16, 93 have 

attracted interest because of their excellent properties; these properties include superior charge carrier 

mobility compared to that of organic materials, a tunable optical bandgap, and easy solution processing, 

which raises the possibility of large-area displays and flexible device applications.94 Recently, solution-

processable perovskite films with a photoluminescence quantum efficiency (PLQE) as high as 70% 

have been reported; the high PLQE of these films makes them promising semiconductor candidates for 

LED applications.79 Moreover, perovskite materials used in solar cells have also demonstrated excellent 

photovoltaic (PV) performance, with efficiencies ranging from 4 to 19.3%.9, 81 

The Cambridge group first reported green and infrared emissive PeLEDs whose bandgaps could be 

varied through changes in their chemical composition. These PeLEDs achieved a luminescence of 364 

cd m-2 and a radiance of 6.8 W sr-1 m-2.16 Moreover, Kim et al. demonstrated highly efficient PeLEDs 

with a luminescence of 417 cd m-2 by modifying the workfunction of PEDOT:PSS using a self-

organized buffer hole-injection layer (Buf-HIL), which reduced the hole-injection barrier between the 

PEDOT:PSS and the perovskite emissive layer.17 Recently, the Cambridge group also demonstrated a 

conventional structured PeLED fabricated using spatial atmospheric atomic layer-deposited (SAALD) 

Zn1-xMgxO as an electron transport layer (ETL).95 Their PeLED with an F8 layer exhibited a maximum 

luminescence efficiency of 364 cd m-2, whereas their PeLED with an SAALD layer exhibited a 

significantly improved maximum luminescence of 550 cd m-2 and enhanced air stability. One of the 

most important criteria for highly efficient perovskite optoelectronic devices is the uniform morphology 

of the perovskite crystal.10-11, 26 However, previous papers regarding PeLEDs have not demonstrated a 

correlation between the perovskite morphology and the electroluminescence (EL) image in PeLEDs. 

Here, we report the fabrication of a highly efficient perovskite-based green LED via the 

morphological control of perovskite films using a dimethylformamide (DMF)/hydrobromic acid (HBr) 

cosolvent through a 1-step spin-coat method. The optimized PeLED fabricated using the DMF/HBr 

cosolvent method exhibited a maximum luminance of 3,490 cd m-2 (at 4.3 V) and a maximum luminous 

efficiency of 0.43 cd A-1 (at 4.3 V). The high efficiency of the planar PeLED is due to both the uniform 

morphology of perovskite film with full surface coverage and the optimized thicknesses of the 

perovskite and ETL polymer layers. The deposition of a uniform and dense perovskite layer with full 

surface coverage was achieved by adding an optimum amount of HBr to the perovskite precursor, and 
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the full coverage of the green EL due to the highly uniform morphology of the perovskite layer was 

confirmed by optical microscopy. 

 

3.2 Experimental 
 

Device Fabrication. For the fabrication of PeLEDs (ITO/PEDOT:PSS/MAPbBr3/SPB-02T/LiF/Ag), 

PEDOT:PSS was spin-coated onto a cleaned ITO/glass substrate at 5,000 rpm for 45 s and subsequently 

annealed at 140 °C for 10 min. The MAPbBr3 precursor (37.8 wt.% MABr and PbBr2 1:1 molar ratio 

in N,N-dimethylformamide) solution with an HBr (48 wt.%) aqueous solution volume ratio from 0 to 

10 vol.% were spin-coated onto the PEDOT:PSS-coated ITO/glass substrates at 3,000 rpm for 60 s and 

annealed at 100 °C for 5 min under inert conditions. The electron transport layer was fabricated by 

coating SPB-02T (blue copolymer) solution dispersed in chlorobenzene (0.45–0.72 wt.%). Finally, LiF 

(1 nm) and silver (80 nm) were deposited by the vacuum thermal evaporation method using a 5-pixel 

mask. The active area of the device was 13.5 mm2. The devices were encapsulated and legged before 

testing. 

 

Characterization of perovskite films and PeLEDs. The PeLED measurements were performed 

using a Keithley 2400 source measurement unit and a Konica Minolta spectroradiometer (CS-2000, 

Minolta Co.).18 Scanning electron microscopy (Nanonova 230, FEI) was used to observe the 

morphology of the MAPbBr3 films. XRD patterns were obtained from samples of MAPbBr3 with the 

HBr (0–10 vol.%) cosolvent deposited onto the PEDOT:PSS substrate; the patterns were recorded using 

an X-ray diffractometer (D8 Advance, Bruker) equipped with a Cu-Kα radiation source (λ = 1.5405 Å). 

A step size of 0.01° was chosen with an acquisition time as high as 5 min deg-1. EL microscope images 

were obtained from samples of PeLEDs using an optical microscope (IX81, Olympus). 

 

3.3 Results and discussion 
Figure 3.1a shows a schematic of the device used in the PeLED, and Figure 3.1b shows a cross-

sectional image of the complete PeLED, which is composed of indium tin oxide (ITO) as the anode, 

PEDOT:PSS as the transport layer (HTL), perovskite (methylammonium lead tribromide, MAPbBr3) 

with the DMF/HBr cosolvent as the perovskite emissive layer, SPB-02T (blue copolymer, Merck Co.) 

as the ETL, and LiF/Al as the cathode. The fabrication of the PeLEDs with the DMF/HBr cosolvent is 

described in detail in the experimental section. 

Morphological control of perovskite films is important in improving device performance.15 Thus, 

slow crystallization rates lead to the formation of a thinner perovskite film with full surface coverage 
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because of the retarded nucleation time. The addition of an acid in the perovskite precursor solution is 

well known to slow the crystallization rate and improve the solubility of the solution through the 

enhanced solubility of the inorganic component.42, 92 Thus, HBr was added to the perovskite precursor 

solution to obtain a perovskite film with full surface coverage. In addition, the viscosity was measured 

to support the slow crystallization rate, which increased linearly with increasing HBr concentration, as 

shown in Figure 3.2. As a result, the crystallization rate of the perovskite film was reduced upon spin-

coating; thus, a dense perovskite film with greater surface coverage was fabricated on a PEDOT:PSS-

coated ITO/glass substrate.  

 
Figure 3.1. (a) Schematic of the PeLED. (b) Cross-sectional SEM image of the complete device. 
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Figure 3.2. Average viscosity data gathered by rheometer; the concentration of HBr in the perovskite 

precursor solution ranged from 0 to 100 µl. 

 

To confirm the dense and full coverage of the perovskite film, the morphology of the perovskite 

films, which were deposited on PEDOT:PSS-coated ITO/glass substrates by spin-coating using 

different concentrations of HBr (0–10 vol.%) in the DMF/HBr cosolvent, was observed using a 

scanning electron microscopy (SEM); the resulting micrographs are shown in Figure 3.3. The 

MAPbBr3 films prepared using 0–4 vol.% of HBr in the DMF/HBr cosolvent appeared to partially cover 

the substrate with islands and voids with submicron distances between them, as shown in Figure 3.3a-

c. In contrast, the perovskite film prepared using 6 vol.% of HBr in the DMF/HBr cosolvent exhibited 

full coverage and a much smoother surface. However, the perovskite film surfaces prepared using 8–

10 vol.% of HBr in the DMF/HBr cosolvent exhibited unwanted cubic-shaped crystals on top of the 

perovskite films, as shown in Figure 3.3e-f. The reason for the formation of these unwanted crystals 

may be the growth of larger perovskite crystals at the expense of smaller perovskite crystals because of 

their reduced surface energy. In fact, this phenomenon of crystal growth is well-known as Ostwald 

ripening and can be easily observed in the case of quantum dots.96 In addition, the thickness of the 



47 

 

perovskite film decreased as the concentration of HBr in the DMF/HBr cosolvent increased, as shown 

in Figure 3.4.  

 

Figure 3.3. SEM images of the top surfaces of the perovskite films deposited using 0-10 vol.% of 

HBr in the DMF/HBr co-solvent. 

 

 

Figure 3.4. Cross-sectional SEM images of the perovskite films with different volume ratios of HBr 

in the DMF/HBr co-solvent. 
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As previously mentioned, a greater viscosity yields a thinner perovskite layer because of the retarded 

evaporation rate of the solvent; as a result, the crystallization rate will be delayed. As the concentration 

of HBr in the DMF/HBr cosolvent was increased to 8–10 vol.%, unwanted cubic-shaped crystals were 

created; consequently, the overall thickness and roughness increased due to Ostwald ripening. Therefore, 

the concentration of HBr in the DMF/HBr cosolvent used to spin-coat perovskite was confirmed to 

strongly influence the final film morphology and thickness of the perovskite layers. 

 

Figure 3.5. SEM images showing the top-view of the perovskite films; the films were deposited onto 

a PEDOT:PSS substrate at 100 oC and at different annealing times. 

 

To observe other factors that affect the crystallization process, perovskite films with different 

annealing times and different spin-speeds used to spin-coat the perovskite precursor solution using 6 

vol.% of HBr in the DMF/HBr cosolvent were prepared and their SEM images were compared. The 

perovskite films maintained their original morphology, and the Ostwald ripening phenomenon was not 

observed in the top-view SEM images in Figure 3.5 and Figure 3.6, despite the annealing time and 
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spin-coating speeds being different. Moreover, the crystal size decreased from 1.5 µm to 500 nm, and 

the film thickness of an perovskite single layer with 6 vol.% of HBr in the DMF/HBr cosolvent 

decreased when the spin-coating speed was increased from 1000 rpm to 7000 rpm. These results 

demonstrate that the main factor that influences the morphology of perovskite films is the concentration 

of HBr in the DMF/HBr cosolvent. This simple technique should prove extremely useful as a general 

method to control the perovskite crystal size and film thickness with full surface coverage. 

 

Figure 3.6. SEM images showing the top-view of the perovskite films; the films were deposited onto 

a PEDOT:PSS substrate using different spin speeds. 

 

Figure 3.7a-e shows the EL images of complete PeLED devices with perovskite films prepared at 

constant voltage using different concentrations of HBr in the DMF/HBr cosolvent; a significant 

correlation between the morphology of the perovskite films and the EL behavior of complete PeLEDs 

was observed in the optical microscope images. The PeLED devices with an inhomogeneous surface of 

perovskite films with an island-like morphology (0–4 vol.% of HBr in DMF/HBr cosolvent) showed 

island-like emission (Figure 3.7a-c), whereas the PeLED device with a homogeneous surface of the 

perovskite films (6 vol.% of HBr in the DMF/HBr cosolvent) showed full coverage of the green 

emission through the full coverage of the uniform perovskite film (Figure 3.7d). However, the PeLED 

device with perovskite films deposited using 8 vol.% of HBr in the DMF/HBr cosolvent showed 

minimum island-like light emission even at higher applied voltage as 5.4 V in Figure 3.7e because 

unwanted perovskite parts were fabricated on top of thinner perovskite layer in Figure 3.4. Figure 3.7f-
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g presents images of 1 cm2 emission areas from the PeLED devices without and with using 6 vol.% of 

HBr in the DMF/HBr cosolvent at 3.3 V and 3.1 V biases, respectively; the PeLED prepared using 6 

vol.% of HBr in the DMF/HBr cosolvent exhibited brighter and more uniform green emission than that 

without using 6 vol.% of HBr in the DMF/HBr cosolvent. 

 

Figure 3.7. (a-e) Optical microscope images of EL from PeLEDs with the perovskite films deposited 

at a constant voltage using different concentrations of HBr in the DMF/HBr co-solvent. (f-g) 1-cm2-

area green EL from PeLEDs without and with 6 vol.% of HBr in the DMF/HBr co-solvent, 

respectively. 

 

To confirm the unwanted layer of perovskite when 8–10 vol.% of HBr was used in the DMF/HBr 

cosolvent, as previously mentioned, the XRD patterns of the resulting films were collected, as shown 

in Figure 3.8a. The PbBr2 peak and MAPbBr3 peak coexisted in the pattern of the perovskite film when 
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HBr was not added to the DMF/HBr cosolvent, whereas the intensity of the PbBr2 peak decreased upon 

the addition of HBr and almost disappeared when the DMF/HBr cosolvent contained 6 vol.% of HBr, 

which is the similar result as previous literature.92 However, the PbBr2 peak was clearly observed in the 

pattern of perovskite films when the DMF/HBr cosolvent contained 8–10 vol.% of HBr; these peaks 

were a consequence of the unwanted MAPbBr3 crystals that resulted from Ostwald ripening during film 

growth of the perovskite layers. The remnant PbBr2 acts as a defect site in perovskite, resulting in 

increased rate of non-radiative recombintation and reduced device performance.97 

 
Figure 3.8. (a) XRD data of perovskite films with different volume ratios of HBr in the DMF/HBr co-

solvent. Light-emitting characteristics of PeLEDs with perovskite prepared using 6 vol.% of HBr in 

the DMF/HBr co-solvent were presented in terms of (b) current density vs. the applied voltage (J-V), 

(c) luminance vs. the applied voltage (L-V), and (d) luminous efficiency vs. the applied voltage (LE-

V). 

 

The voids and pinholes of the perovskite film create shunt pathways between the HTL and the ETL, 

which limits the device performance.98 As the voltage bias increases, such pinholes would cause 

dielectric breakdown; thus, the devices with the non-optimized perovskite layers were observed to 

easily short-circuit. Figure 3.9 shows (a) the current-density vs. voltage (J-V), (b) the luminance vs. 

voltage (L-V), and (c) the luminous efficiency vs. voltage (LE-V)    characteristices and (d) 
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electroluminescence (EL) sperctra of PeLEDs with the perovskite layers deposited using different 

concentrations of HBr in the DMF/HBr cosolvent. As the concentration of HBr increased up to 6 vol.% 

in the DMF/HBr cosolvent, the current densities were reduced and the luminance values were enhanced 

due to the formation of uniform and thinner perovskite film. In the other hands, the current desity and 

the luminance value of the PeLED using 8 vol.% of HBr in the DMF/HBr cosolvent dramatically 

decreased and both 480 nm and 540 nm emission spectra from SPB-02T and MAPbBr3 were observed 

due to the creation of unwanted and ununiform perovskite layers. The detailed device performances of 

the PeLEDs are summarized in Table 3.1. Figure 3.8 shows (b) J-V, (c) L-V, and (d) the external 

quantum efficiency vs. voltage (EQE-V) characteristics of the optimized PeLED prepared using 6 vol.% 

of HBr in the DMF/HBr cosolvent. The inset image shows the EL spectra of the PeLED. The PeLED 

with the perovskite deposited using 6 vol.% of HBr in the DMF/HBr cosolvent exhibited a maximum 

luminance of 3,490 cd m-2 (at 4.3 V) and a luminous efficiency of 0.43 cd A-1 (at 4.3 V). The detailed 

device performance of the optimized PeLED prepared using 6 vol.% of HBr in the DMF/HBr cosolvent 

is summarized in Table 3.2.  

 
Figure 3.9. (a) J-V, (b) L-V, and (c) LE-V characteristic and (d) EL spectra of PeLEDs with the 

perovskite films deposited using different concentrations of HBr in the DMF/HBr co-solvent. 
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Table 3.1. Summary of the device performances of PeLEDs with perovskite film prepared using 

different concentration of HBr in the DMF/HBr cosolvent. 

Devices configuration 
ITO/PEDOT:PSS/MAPbBr3 (adding HBr)/SPB-02T/LiF/Ag 

L max [cd/m2] 
@ bias 

LE max [cd/A] 
@ bias 

HBr 2 vol.% 820 @ 5.0 0.06 @ 3.4 

HBr 4 vol.% 1575 @ 4.6 0.14 @ 4.6 

HBr 6 vol.% 3490 @ 4.3 0.43 @ 4.3 

HBr 8 vol.% 422 @ 4.0 0.14 @ 4.0 

 

Table 3.2. Summary of the device performances of PeLEDs with MAPbBr3 prepared using 6 vol.% of 

HBr in the DMF/HBr cosolvent. 

Devices configuration 
L max [cd/m2]

@ bias 

LE max [cd/A]

@ bias 

PE max [lm/W] 

@ bias 

EQE max

[%] 

@ bias 

ITO/PEDOT:PSS/MAPbBr3 (HBr 6 vol.% in DMF/HBr 
cosolvent)/SPB-02T/LiF/Ag 

3,490 @ 4.3 0.43 @ 4.3 0.31 @ 4.3 0.10 @ 4.3 

 

The multilayered structure of polymer LEDs can be challenging to fabricate by a solution process 

because of the non-orthogonal nature of the solvents used to deposit subsequent layers. In contrast, the 

multilayered structure of a PeLED with perovskite and emissive ETL polymers fabricated via a solution 

process can be easily fabricated because the solvents used to deposit the perovskite (DMF/HBr) and 

SPB-02T layers (chlorobenzene) are orthogonal. Such hybrid devices have the advantage of a broad 

emission, as demonstrated in nanocrystal-polymer hybrid LEDs by changing the thickness of the 

polymer or nanocrystal.99-100 PeLED devices (ITO/PEDOT:PSS/perovskite (250–800 nm)/SPB-02T (55 

nm)/LiF/ Ag) with different thicknesses of perovskite were fabricated, as shown in Figure 3.10a. Two 

mixed EL emissions from perovskite and SPB-02T observed in the PeLEDs with less than 400-nm-

thick perovskite layers. As the thickness of the perovskite layers was increased in PeLEDs with a fixed 

thickness of SPB-02T (55 nm), the EL spectra from SPB-02T disappeared, and the 540-nm EL spectra 

for the PeLEDs with a perovskite thickness between 400 and 800 nm appeared dominant because of the 

shift of the recombination by charge carriers. Moreover, both 480 nm and 540 nm emission spectra 

were observed as the thickness of the SPB-02T layer was increased in the PeLED 

(ITO/PEDOT:PSS/perovskite (280 nm)/SPB-02T (15–55 nm)/LiF/Ag), as shown in Figure 3.10b.  
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Figure 3.10. (a) EL spectra of PeLEDs prepared with different spin speeds of perovskite precursor 

solution and with 55 nm-thick SPB-02T. (b) EL spectra of the PeLEDs prepared with 6 vol.% of HBr 

in the DMF/HBr co-solvent; the films were deposited at a spin speed of 6,000 rpm (280 nm thickness 

of perovskite) and with different thicknesses of SPB-02T (15-55 nm) as an ETLs. 

 

 
Figure 3.11. EL spectra of the device with (a) 400 nm-thick perovskite and 30 nm-thick SPB-02T and 

(b) 280 nm-thick perovskite and 55 nm-thick SPB-02T under applied voltage. 

 

Thus, different colors of the EL emission were realized by controlling the recombination zone, which 

tuned the thicknesses of the perovskite and SPB-02T layers in the organic-inorganic hybrid PeLEDs. 

Figure 3.11 shows the EL spectra of two PeLEDs with a different thickness sets of perovskites and 

SPB-02T layer under applied voltages. The clear single mode emission (λmax=540 nm) with narrow full 

width half maximum (FWHM) was observed in our optimized PeLED (ITO/PEDOT:PSS/perovskite 

(400 nm)/SPB-02T (30 nm)/LiF/Ag) and it didn’t change under applied voltages, which represents that 

the recombination occurs within perovskite layer. Whereas the two mixed emissions of the PeLED 

(ITO/PEDOT:PSS/perovskite (280 nm)/SPB-02T (55 nm)/LiF/Ag) were observed and they changed 

under applied voltages. The change of the emission under applied voltages indicates that the electron-
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hole recombination zone in the PeLED (ITO/PEDOT:PSS/green emissive perovskite (280 nm)/blue 

emissive SPB-02T (55 nm) /LiF/Ag) is close to perovskite/SPB-02T interface and change spatially with 

the applied electric field. These results are in agreement with the behaviour of emission reported in the 

literature.101 

 

3.4 Conclusion 
In summary, we successfully fabricated highly efficient PeLEDs via a uniform and dense 

perovskite film with full surface coverage on a PEDOT:PSS-coated ITO/glass substrate by using 

the optimal concentration of HBr in the DMF/HBr solution. The PeLED with 6 vol.% of HBr in 

the DMF/HBr cosolvent exhibited a maximum luminance of 3,490 cd m-2 (at 4.3 V) and 

maximum luminous efficiency levels as high as 0.43 cd A-1 (at 4.3 V). The addition of a small 

amount of HBr to the DMF solvent enables the formation of a dense and uniform perovskite 

film with full surface coverage, which facilitates full-coverage EL emission of the fabricated 

PeLED, resulting in a highly efficient PeLED. By incorporating an electron-transport layer that 

is itself a luminescent conjugated polymer, uniform green emission from the 

perovskite/polymer-based PeLED was realized by controlling the recombination region between 

the perovskite layer and the luminescent polymer layer by changing the thickness of the SPB-

02T layer used as the ETL. In addition, the EL emission spectra of the perovskite/polymer-based 

PeLEDs were tuned by controlling the thickness of the perovskite and polymer layers. This 

approach provides a powerful tool to understand the electroluminescent recombination zone 

from emission spectra and a potentially useful approach to apply to broad-band LEDs. Moreover, 

the prospect of optimizing the processing of perovskite crystallization and the availability of a 

variety of light-emitting polymers provide a promising future for tailor-made, efficient PeLEDs 

with desired emission profiles. 
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Chapter 4. Improving the Performance and Stability of Perovskite Light-
Emitting Diodes by Thermal Annealing Treatment 

 
4.1 Research background 
Organic-inorganic hybrid perovskite materials have attracted the attention of many researchers 

involved in the field of photovoltaics because of their excellent merits, which include high charge carrier 

mobility, long-range balanced hole-electron transport, a tuneable optical bandgap, and solution 

processability.21, 25, 83, 102 The power conversion efficiencies (PCEs) of perovskite solar cells have 

increased from 3 % to more than 20 % in just a few years, approaching the state-of-the-art performance 

of thin-film crystalline silicon solar cells.9-11, 15 Recently, a few reports on perovskite films have 

demonstrated that they exhibit a narrow-band emission (full-width at half-maximum, FWHM, of 

approximately 20 nm), a photoluminescence quantum efficiency (PLQE) as high as 70 % at low 

temperatures, and a higher optical gain for lasing.16, 79, 103 Thus, perovskite materials are regarded as a 

next-generation candidate for applications in lasers, photodetectors and light-emitting diodes (LEDs).79, 

104-106 In addition, caesium lead halide-based perovskite quantum dots have been intensively studied 

because of their unique properties, which include a PLQE as high as 95 %, a narrow emission spectrum, 

and a size-dependent emission wavelength determined by the quantum confinement effect.67, 107 

Recently, quantum dot LEDs based on cesium lead halide perovskite (CsPbX3) were firstly reported 

with a maximum external quantum efficiency (EQE) of 0.12 % for green emission.70 

PeLEDs were first reported with a radiance of 6.8 W sr-1 m-2 and a maximum EQE of 0.76 % for 

infrared emission and with a luminance of 364 cd m-2 and a maximum EQE of 0.1 % for green 

emission.16 Recently, improved efficiencies for PeLEDs have been achieved through modification of 

the hole-transport layer (HTL) and the electron-transport layer (ETL), which reduces the charge-

transport barrier between the charge transport layer and the perovskite emissive layer.17, 95 Moreover, 

the use of composites of a perovskite and a polymer as the emission layer has been demonstrated to 

result in perovskite films with a uniform morphology and, consequently, in PeLEDs with increased 

efficiency.108-109 

So far, the importance of morphology and the quality of perovskite films in the performance of 

PeLEDs has not yet been systematically studied, even though high crystallinity, excellent morphology 

and balanced stoichiometry of the perovskite film have been reported to substantially influence the 

photovoltaic performance of perovskite solar cells.10-11, 18, 110 Recently, our group has demonstrated that 

enhanced performance of PeLEDs prepared using a DMF/HBr co-solvent is achieved through the 

fabrication of uniform methylammonium lead tribromide (MAPbBr3) films with complete surface 

coverage.111 Moreover, Cho et al. have reported a highly efficient PeLED with an 8.53 % EQE, using 
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nanograin engineering and a stoichiometric modification of methylammonium bromide (MABr) and 

lead dibromide (PbBr2).19 However, the long-term stability of PeLEDs has not been much reported.  

Here, we investigated the effect of thermal annealing on the morphology and crystallinity of 

MAPbBr3 films as well as the performance and long-term stability of PeLEDs. A continuous perovskite 

film with high crystallinity was fabricated using a thermal annealing treatment. The PeLED with a 

MAPbBr3 film fabricated under optimized thermal annealing conditions exhibited improved device 

performance and full coverage of the green electroluminescence (EL) at the turn-on voltage because of 

the high quality of the continuous perovskite layer, as confirmed by scanning electron microscopy (SEM) 

and inverted optical microscopy. Moreover, the encapsulated PeLED with the MAPbBr3 film prepared 

under the optimized thermal annealing conditions exhibited excellent long-term stability under ambient 

conditions.  

 

4.2 Experimental  
Device fabrication. For the fabrication of the inverted-structured PeLEDs, PEDOT:PSS was spin-

coated onto a clean ITO-coated glass substrate at 5,000 rpm for 40 s and then annealed at 130 °C for 10 

mins. The MAPbBr3 precursor (37.8 wt. % MABr and PbBr2, 1:1 molar ratio in DMF) solution with 6 

vol. % HBr aqueous solution was spin-coated onto the PEDOT:PSS-coated electrodes at 3,000 rpm for 

60 s and treated at various temperatures (ambient temperature, 60, 80, and 100 °C) for various times 

(10 mins to 4 hrs) in N2-filled glovebox. The ETL was coated using SPW-111 dispersed in 

chlorobenzene (0.55 wt. %). Finally, LiF (1 nm) and silver (80 nm) were deposited successively by the 

thermal evaporation method. The active area of the device was 13.5 mm2. The devices were 

encapsulated before testing.111 

Characterization of MAPbBr3 films and PeLEDs. SEM (Nanonova 230, FEI) was used to observe 

the morphology and determine the elemental composition of the MAPbBr3 films. EDS analyses were 

performed on a Nanonova 230 microscope operated at 10 kV. XRD patterns were obtained from 

samples of MAPbBr3 films treated at various temperatures (ambient temperature to 100 °C) for 2 hrs 

after being deposited onto a PEDOT:PSS-coated glass substrate; the patterns were recorded using an 

XRD (D8 Advance, Bruker) equipped with a Cu Kα radiation source (λ = 1.5405 Å). A step size of 

0.01° was chosen, with an acquisition time as high as 5 min deg-1. EL microscope images were obtained 

from samples of the PeLEDs under a constant applied voltage using an inverted optical microscope (OE, 

IX81, Olympus). The measurements of encapsulated PeLEDs were performed using a Keithley 2400 

source measurement unit and a Konica Minolta spectroradiometer (CS-2000, Minolta Co.) under 

ambient air conditions. 
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4.3 Results and discussion 
Figure 4.1a shows a schematic of the inverted-structured PeLED 

(ITO/PEDOT:PSS/perovskite/SPW-111/LiF/Ag), which uses PEDOT:PSS as a HTL, the perovskite as 

a green emitter layer, SPW-111 (“White Polymer”, Merck Co.) as an ETL, indium tin oxide (ITO) as 

an anode, and LiF/Al as a cathode. To obtain uniform and dense perovskite films, the perovskite layer 

used as the emissive layer was deposited onto a PEDOT:PSS-coated ITO/glass substrate by spin-casting 

a 1:1 molar ratio solution of PbBr2 and MABr in a DMF/HBr co-solvent.111 Details of the fabrication 

of the PeLEDs are described in the experimental section. The energy-level diagrams of the fabricated 

PeLED are described in Figure 4.1b, and the uniform EL from our optimized PeLED with the 

perovskite film annealed at 60 °C for 2 hr is shown in Figure 4.1c.  

 

 
Figure 4.1. (a) The device structure of the PeLED; (b) the green EL from the PeLED with a 

perovskite film annealed at 60 oC for 2 hrs; and (c) energy levels of the various device components in 

the PeLED. 

 

We have observed that perovskite films stored in an N2-filled glove box showed an evolu
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tion of its morphology over time scales of a week or more. We speculate that the result of 

Figure 4.2 arises from a reduction in the energy of the perovskite crystal surface, as shown i

n Figure 4.3. If the MAPbBr3 crystals are assumed to consist of a [PbBr6]4- octahedral unit c

ell, the bromide (Br) atoms are dominant at the MAPbBr3 crystal surface. However, a sponta

neously connected MAPbBr3 film is expected to reduce the overall surface energy at the MA

PbBr3 crystal surface after being stored for several days. We used energy-dispersive spectrome

try (EDS) to determine the molar ratio between Pb and Br in the MAPbBr3 films stored for 

different times in the N2-filled glove box; the results support the hypothesis of a connected p

erovskite film. As expected, the molar ratio of Pb to Br in the MAPbBr3 films approaches 1/

3 after storage in the N2-filled glove box for 7 days (see Table 4.1), which agrees well with

 the reduction of the Br-rich surface area in the perovskite crystal. 

 

Figure 4.2. Cross-sectional SEM images of (a-d) the perovskite films with different storage times in 

N2-filled glovebox (0 ~ 12 days) 

 

Annealing is an important process in the formation of the perovskite layer, as it promotes the 

formation of a perovskite crystal and removes any excess solvent remaining in the film.110 Here, we 

explore how a controlled thermal annealing process would enable the MAPbBr3 to become a continuous 

perovskite film much more quickly from a kinetics viewpoint. We report below accelerated morphology 

evolution obtained by annealing at temperatures up to 100 °C.  
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Figure 4.3. Schematic diagram of connection of perovskite film during storage in glovebox. 

 

Table 4.1. Bromide and lead molar ratio of perovskite films with different storage times in N2- filled 

glove box determined by applying EDS characterization. 

After day Br (%) Pb (%) 

0 78.7 21.3 

3 77.5 22.5 

7 76.5 23.5 

12 76.7 23.3 

 

The influence of thermal annealing on the morphology and composition of the perovskite films that 

formed on the PEDOT:PSS-coated ITO/glass substrates was characterized by SEM and energy 

dispersive spectrometer (EDS), as shown in Figure 4.4 and Table S3, respectively. The perovskite 

films stored at room temperature (RT) for 2 hrs and annealed at 60 °C for 2 hrs showed good coverage 

of the MAPbBr3 crystals in the top-view SEM images, as shown in Figure 4.4a-b. By contrast, some 

vertical cracks in the perovskite film stored at RT for 2 hrs were observed in the cross-sectional SEM 

image, as shown in Figure 4.4e. However, a homogeneous and continuous perovskite film was obtained 

after annealing at 60 °C for 2 hrs as observed in the cross-sectional SEM image in Figure 4.4f, because 

of the induced recrystallization and grain growth in the formed perovskite film subjected to the thermal 

annealing process.112-113 However, melted perovskite crystals without the original cubic shape were 
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observed in the top-view SEM image of the perovskite films annealed at 100 °C for 2 hrs, as show in 

Figure 4.4d.  

 

Figure 4.4. (a-d) The top-surface and (e-h) the cross section of the perovskite films treated at various 

temperatures (RT, 60 oC, 80 oC and 100 oC) for 2 hrs. 
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Moreover, the perovskite films annealed at 80 and 100 °C for 2 hrs showed vertical cracks in the 

cross-sectional SEM images (Figure 4.4g-h), whereas the cross-sectional SEM image the perovskite 

film annealed at 60 °C for 2 hrs showed a densely connected morphology (Figure 4.4f). The cracks in 

the perovskite films (Figure 4.4g, h) may originate from the sublimation of MABr. To explain this 

hypothesis, EDS was used to quantitatively analyse the perovskite films prepared under different 

thermal annealing conditions. The concentrations of Br and C in the MAPbBr3 film annealed at 100 °C 

for 2 hrs decreased by 150 % compared with those of the perovskite film annealed at 60 °C for 2 hrs. 

The detailed concentrations of the components are summarized in Table 4.2. This observation is in 

good agreement with the top-view and cross-sectional SEM images of the perovskite films annealed at 

60 and 100 °C for 2 hrs (Figure 4.4). Consequently, Figure 4.4 and Table 4.2 show that the thermal 

annealing conditions substantially influence the morphology of the perovskite films.  

 

Table 4.2. Carbon, bromide and lead weigh percent of MAPbBr3 films annealed at 60 oC and 100 oC 

for 2hrs determined by applying EDS characterization. 

Annealing Time, Temp. Carbon (wt. %) Bromide (wt. %) Lead (wt. %) 

60
o
C, 2 hrs 6.34 12.01 6.43 

100
o
C, 2 hrs 4.08 7.95 6.40 

 
To confirm the enhanced crystallinity of perovskite layer, we used XRD to characterize the films 

treated under various thermal annealing conditions (Figure 4.5a). Two distinct diffraction peaks were 

observed for the (100) (14.95°) and (200) (30.15°) planes, which correspond to MAPbBr3 crystalline 

peaks. The intensities of the two peaks in the XRD patterns of the MAPbBr3 film annealed at 60 °C for 

2 hrs increased by 135 % compared with those of the MAPbBr3 film stored at RT for 2 hrs. This is not 

surprising: in fact, the method of thermal annealing has been broadly applied in both inorganic and 

organic films to enhance crystallization and grain growth.112 As the annealing temperature was 

increased to 100 °C for 2 hrs, the peak intensities dramatically decreased because of the decomposition 

of MaPbBr3 by sublimation of MABr.  

To establish a clear correlation between the annealing conditions of the MAPbBr3 films and the 

device performance of the PeLEDs, we investigated the current-density vs. voltage (J-V), the luminance 

vs. voltage (L-V) and the luminous efficiency vs. luminance (LE-L) characteristics of the PeLEDs with 

MAPbBr3 treated at various annealing temperatures for 2 hrs (Figure 4.5b-d). The figure inset shows 

the EL spectra of the PeLEDs with MAPbBr3 treated under various annealing conditions, showing 
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approximately the same emission spectra with a FWHM of ~20 nm. The MAPbBr3-based PeLED stored 

at RT for 2 hrs exhibited a maximum luminance of 2,350 cd m-2 (at 4.5 V) and a luminous efficiency 

of 0.23 cd A-1 (at 4.5 V). By contrast, the optimized PeLED with an MAPbBr3 film annealed at 60 °C 

for 2 hrs exhibited a remarkably enhanced maximum luminance at 7,850 cd m-2 (at 5.1 V) and a 

maximum luminous efficiency of 0.92 cd A-1 (at 5.1 V), which represent enhancements of 

approximately 330 % and 400 %, respectively. However, when the annealing temperature was increased 

to 80 and 100 °C for 2 hrs, the performance of the PeLEDs decreased, correlating with the formation of 

vertical cracks in the perovskite films caused by the sublimation of Br and C and the decrease in the 

crystallinity of the perovskite films. The detailed device performance values of the PeLEDs with an 

MAPbBr3 film treated under different annealing conditions are summarized in Table 4.3. 

 

Figure 4.5. (a) XRD patterns of the perovskite films treated at different temperatures (RT, 60 oC, 80 
oC and 100 oC) for 2 hrs. Light-emitting characterization of PeLEDs with a perovskite film treated at 

different temperature (RT, 60 oC, 80 oC and 100 oC) for 2 hrs in terms of (b) J-V, (c) L-V, and (d) LE-

L. The figure inset shows the EL spectra from the PeLED.  

 

 

 

 



64 

 

Table 4.3. Summary of the device performance of PeLEDs with perovskite film treated at 

different temperature for 2 hrs. 

Devices configuration 
(ITO/PEDOT:PSS/perovskite/SPB-02T/LiF/Ag) 

L max 

[cd/m2] 

@ bias 

LE max 

[cd/A] 

@ bias 

PE max 

[lm/W] 

@ bias 

EQE max 

[%] 

@ bias 

Storage time (2 hrs, RT) 2,350 @ 4.5 0.23 @ 4.5 0.16 @ 4.5 0.05 @ 4.5

Annealing time (2 hrs, 60 °C) 7,850 @ 5.1 0.92 @ 5.1 0.57 @ 5.1 0.20 @ 5.1

Annealing time (2 hrs, 80 °C) 5,250 @ 4.8 0.51 @ 4.8 0.34 @ 4.8 0.12 @ 4.8

Annealing time (2 hrs, 100 °C) 550 @ 3.6 0.19 @ 3.0 0.20 @ 3.0 0.04 @ 3.0

 

Furthermore, PeLEDs with a perovskite film treated for different annealing times and at different 

temperatures were fabricated to confirm the detailed correlation between the annealing conditions and 

the device performance, as shown in Figures 4.6-8. The parameters of the corresponding PeLEDs are 

summarized in Tables 4.4-6. The overall performance of the PeLEDs with an annealed perovskite film 

increased with increasing annealing time until 30 mins. However, the efficiencies of the PeLEDs with 

a perovskite film annealed at 80 °C and 100 °C for more than 1 hr decreased substantially. These results 

are in good agreement with the EDS quantitative analysis, which showed a substantial decrease in the 

number of components that contain Br and C, which ultimately degrade the PeLED performance. In the 

case of thermal annealing for longer than 1 hr, an increase in leakage currents was observed in the J-V 

curves, as shown in Figure 4.8a, which may be due to the discontinuous morphology of the perovskite 

films with vertical cracks that formed by the more rapid sublimation rate of the perovskite component 

in the perovskite film annealed at a higher temperature for a long time. 
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Figure 4.6. Light-emitting characterization of PeLEDs with perovskite films annealed at 60 oC for 

different annealing times in terms of (a) J-V, (b) L-V, (c) LE-L, and (d) EL spectra. 

 

Table 4.4. Summary of the device performances of PeLEDs with perovskite film annealed at 60 oC 

for different annealing times. 

Devices configuration 
(ITO/PEDOT:PSS/MAPbBr3/SPB-02T/LiF/Ag) 

L max [cd/m2]

@ bias 

LE max [cd/A]

@ bias 

PE max 

[lm/W] 

@ bias 

EQE max  

[%] 

@ bias 

Annealing time (10 mins, 60
o
C) 3,310 @ 5.1 0.26 @ 4.8 0.17 @ 4.8 0.06 @ 4.8 

30 mins 4,450 @ 5.1 0.39 @ 4.8 0.26 @ 4.8 0.09 @ 4.8 

1 hr 5,740 @ 5.0 0.51 @ 5.0 0.32 @ 5.0 0.12 @ 5.0 

2 hrs 7,850 @ 5.1 0.92 @ 5.1 0.57 @ 5.1 0.20 @ 5.1 

3 hrs 7,740 @ 5.1 0.77 @ 5.1 0.47 @ 5.1 0.17 @ 5.1 

4 hrs 7,610 @ 5.0 0.55 @ 5.0 0.35 @ 5.0 0.12 @ 5.0 
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Figure 4.7. Light-emitting characterization of PeLEDs with perovskite films annealed at 80 oC for 

different annealing times in terms of (a) J-V, (b) L-V, (c) LE-L, and (d) EL spectra. 

 

Table 4.5. Summary of the device performances of PeLEDs with MAPbBr3 annealed at 80 oC for 

different annealing times. 

Devices configuration 
(ITO/PEDOT:PSS/MAPbBr3/SPB-02T/LiF/Ag) 

L max [cd/m2]

@ bias 

LE max [cd/A]

@ bias 

PE max 

[lm/W] 

@ bias 

EQE max  

[%] 

@ bias 

Annealing time (10 mins, 80
o
C) 3,160 @ 5.1 0.21 @ 5.1 0.13 @ 4.8 0.05 @ 5.1 

30 mins 5,000 @ 5.1 0.38 @ 5.1 0.24 @ 5.1  0.08 @ 5.1 

1 hr 5,080 @ 5.1 0.33 @ 5.1 0.20 @ 5.1 0.07 @ 5.1 

2 hrs 3,800 @ 4.8 0.36 @ 4.8 0.26 @ 4.8 0.08 @ 4.8 

3 hrs 1,530 @ 4.2 0.23 @ 4.2 0.17 @ 4.2 0.05 @ 4.2 

4 hrs 950 @ 4.2 0.07 @ 3.9 0.06 @ 3.9 0.02 @ 3.9 
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Figure 4.8. Light-emitting characterization of PeLEDs with perovskite films annealed at 100 oC for 

different annealing times in terms of (a) J-V, (b) L-V, (c) LE-L, and (d) EL spectra. 

 

Table 4.6. Summary of the device performances of PeLEDs with perovskite film annealed at 100 oC 

for different annealing times. 

Devices configuration 
(ITO/PEDOT:PSS/MAPbBr3/SPB-02T/LiF/Ag) 

L max [cd/m2]

@ bias 

LE max 

[cd/A] 

@ bias 

PE max 

[lm/W] 

@ bias 

EQE max  

[%] 

@ bias 

Annealing time (10 mins, 100
o
C) 2,790 @ 5.1 0.25 @ 5.1 0.15 @ 5.1 0.05 @ 5.1 

30 mins 3,660 @ 5.1 0.32 @ 5.1 0.20 @ 5.1 0.07 @ 5.1 

1 hr 1,380 @ 5.4 0.13 @ 5.4 0.07 @ 5.4 0.03 @ 5.4 

2 hrs 550 @ 3.6 0.19 @ 3.0 0.20 @ 3.0 0.04 @ 3.0 
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We further investigated the effect of thermal annealing on the uniformity of the EL emission in 

complete PeLEDs with perovskite film annealed at various annealing temperatures for 2 hrs using an 

optical microscope, as shown in Figure 4.9. Non-uniform EL images of PeLEDs with an MAPbBr3 

film annealed at 100 °C and stored at RT for 2 hrs were observed at both 2.5 and 3.7 V, whereas very 

good coverages in the EL images of the PeLED with a perovskite film annealed at 60 °C for 2 hrs were 

observed at both 2.5 and 3.7 V because of the continuous perovskite film with high crystallinity. In 

general, the full coverage emission at turn-on and operating voltages is absolutely necessary for 

commercial display applications. However, the PeLED with a perovskite film annealed at 100 °C and 

for 2 hrs showed significantly reduced EL spots, which were attributed to the melted morphology of the 

perovskite layer with inhomogeneous compositions caused by the decomposition of Br and C, as shown 

in Figure 4.9d-h. Consequently, the condition of higher annealing temperatures leads to a remarkable 

decrease in the performance of devices fabricated with MAPbBr3 films with a non-uniform morphology. 

 

 

Figure 4.9. Optical microscope images of EL from PeLEDs with perovskite films annealed at 

different temperature for 2 hrs under turn-on voltage (at 2.5 V) and operation voltage (at 3.7 V). 

 

One of the most critical concerns regarding PeLEDs is their long-term stability. For the long-term 

stability tests, the performance of encapsulated PeLEDs with a perovskite film treated at various 

temperatures for 2 hrs was measured at 3.8 V under ambient air conditions, as shown in Figure 4.10a. 

The long-term stability of the encapsulated PeLEDs was measured at 4 hr intervals; the luminance of 

the encapsulated PeLEDs was first measured 30 times, and the average value was determined for each 

device; the tested PeLEDs were then stored in a glovebox for about 4 hrs, representing a single cycle. 

The measurement procedure was then repeated.  
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Figure 4.10. (a) The long-term stability of encapsulated PeLEDs with an perovskite film treated at 

different temperatures (RT, 60 °C, 80 °C and 100 °C) for 2 hrs were evaluated in terms of normalized 

luminance under ambient atmospheric conditions. The procedure for long-term stability 

measurements is given as follows: the luminance of the encapsulated PeLEDs was measured, and the 

tested PeLEDs were stored in a glovebox for 4 hrs, representing a single cycle. (b) J-V and (c) L-V of 

the PeLED with an perovskite film annealed at RT and 60 °C for 2 hrs before and after operation. (d)-

(f) Cross-sectional SEM images of the complete PeLEDs with a perovskite film treated at different 

temperatures (RT, 60 °C, and 100 °C) for 2 hrs before and after operation (37 (150 hrs), 67 (250 hrs), 

and 162 cycles (650 hrs)). 

 

Interestingly, the PeLED with a perovskite film annealed at 60 °C for 2 hrs showed not only better 

device performance but also a significantly enhanced long-term stability. However, a dramatic decrease 

in the luminance values of the PeLEDs with perovskite films treated at RT and at 100 °C for 2 hrs was 
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observed after 25 cycles (100 hrs) and 47 cycles (150 hrs), respectively; we interpret this behaviour as 

originating from substantial joule heating due to a large current flow through the crack sites. To confirm 

the reproducibility of the long-term stability, 15 samples of PeLEDs with perovskite films prepared 

under different annealing conditions were measured. In particular, more than 70 % of the PeLED 

samples with a perovskite film annealed at 60 °C for 2 hrs maintained their initial luminance values 

even after 162 cycles (650 hrs) of operation. Figure 4.10b-c shows the J-V and L-V characteristics of 

the PeLEDs with perovskite films stored at RT and annealed at 60 °C for 2 hrs before and after 47 

cycles (150 hrs) and 162 cycles (650 hrs) of operation. The PeLED with a perovskite film stored at RT 

for 2 hrs showed an increase in the leakage current density and no luminance after 47 cycles (150 hrs) 

of operation, whereas the PeLED with an perovskite film annealed at 60 °C for 2 hrs showed the same 

J-V and L-V behaviour even after 162 cycles (650 hrs) of operation. The increase in leakage current 

supports our interpretation of the degradation being driven by current flowing through the crack sites: 

this current generates joule heating and accelerates the sublimation of MABr. 

To clarify the influence of morphology on the perovskite films after long-term device operation, we 

used SEM to observe cross sections of the complete devices before and after operation (Figure 4.10d-

f). Disrupted perovskite films with cracks caused by the joule heating effect are clearly observed after 

47 (150 hrs) and 62 cycles (250 hrs) of operation in the case of the PeLEDs with perovskite films stored 

at RT and annealed at 100 °C for 2 hrs, respectively. However, no change in the morphology of the 

perovskite film was observed after 162 cycles (650 hrs) of operation in the case of the PeLED with a 

perovskite film annealed at 60 °C for 2 hrs. These results clearly demonstrate that the device long-term 

stability increased because of the enhanced thermal stability of the continuous and connected perovskite 

film that formed after annealing at 60 °C for 2 hrs. In particular, we were surprised that the PeLEDs 

with a perovskite film annealed at 100 °C for 2 hrs exhibited more stable operation than devices with a 

perovskite film stored at RT for 2 hrs. This more stable operation may be due to the better connection 

in the perovskite film after thermal annealing despite of the presence of vertical cracks in the perovskite 

film.  

Figure 4.11 shows optical micrographs of the electroluminescence from operating PeLEDs under a 

continuous DC bias. Emission is localised on length scales of a few µm, consistent with variations in 

emission from different crystallites (arising from differences in electron and hole currents reaching each 

crystallite, or differences in luminescence yield from each crystallite). Under continuous drive, the 

emission was found to ‘blink’, with individual regions switching between bright and dark reversibly 

with time. It is likely that this behaviour is associated with ion migration that causes changes in the 

electrical connectivity between crystallites. However, the detailed mechanism behind the luminance 

recovery should be studied further; such investigations are currently underway.  
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Figure 4.11. Time-dependent of the EL behavior of the PeLED with perovskite film annealed at 60 oC 

under constant 3.4 V. The microscope images were taken total 100 frames for 10 s. The selected 

frames are shown with selected red circles to illustrate the changing pattern of emission with time. 

 

4.4 Conclusion 
In this work, we investigated the influence of thermal annealing on the morphology of perovskite 

films, leading to the improved performance and long-term stability of PeLEDs. In particular, the thermal 

annealing conditions substantially influenced the morphology and quality of the perovskite films. The 

perovskite film annealed at 60 °C for 2 hrs, which were found to be the optimum thermal annealing 

conditions, exhibited a highly crystalline and continuous morphology without vertical cracks, which 
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was confirmed by SEM, EDS and XRD measurements. The PeLED fabricated using a perovskite film 

treated under the optimum thermal annealing conditions also exhibited improved device performance, 

with a maximum luminance of 7,850 cd m-2 (at 5.1 V), a maximum luminous efficiency of 0.92 cd A-1 

(at 5.1 V) and a maximum external quantum efficiency (EQE) of 0.2 %, as well as good coverage of a 

green EL at the turn-on voltage (at 2.5 V) and the operation voltage (at 3.7 V). Moreover, the 

encapsulated PeLEDs with a continuous perovskite film treated under the optimum thermal annealing 

conditions showed excellent long-term stability, maintaining their initial luminance values even after 

162 cycles (650 hrs) of operation under ambient conditions because of the continuous and highly 

crystalline morphology of the crack-free perovskite layer. To the best of our knowledge, this study 

presents the best long-term stability observed in an inverted-structured PeLED. The thermal annealing 

of the perovskite films in PeLEDs clearly shows a correlation between the morphology of the perovskite 

layer and the stability of the PeLED, and we believe that it furthers the scientific study of the long-term 

stability and commercialization of PeLEDs. We also observed the phenomenon of emission blinking 

from the PeLED in the optical microscope, which indicates that the emission spots change reversibly 

with time, and it seems to be related to the migration of ions under a continuous bias. 
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Chapter 5. Effect of the Solvent Used for Fabrication of Perovskite Films by 
Solvent Dropping on Performance of Perovskite Light-Emitting Diodes 
 

5.1 Research Background 
The excellent properties of the organic-inorganic perovskite materials, such as a high charge carrier 

mobility, long charge diffusion length, solution processability, and low production cost, have led to the 

rapid development of optoelectronic devices.9, 21, 25, 102 In particular, the high photoluminescence 

quantum efficiency (PLQE) and narrow band emission of perovskites make them attractive as a next-

generation candidate for light-emitting diode (LED) and laser applications,16, 21, 79, 103 PeLEDs have 

displayed impressive progress in just a few years, with the maximum external quantum efficiency (EQE) 

increasing from 0.1 % in 2014 to 8.8 % in 2016.16-20, 114 Recently, a new type of quasi-2D layered 

perovskite has received interest as a next-generation perovskite-based light-emitting material because 

of its high moisture resistance and excellent radiative recombination with higher exciton binding 

energy.20, 115-116 Moreover, cesium lead halide perovskite nanocrystals (CsPbX3) have been 

demonstrated to have potential for future display applications because of their excellent properties, 

which include exhibiting high stability, a quantum confinement effect, high carrier mobility, low lasing 

thresholds, and a PLQE as high as 95 %.67, 107, 117-118 However, there is still room to enhance the device 

efficiency and stability.70, 119-121 

One of the most crucial issues for high performance of perovskite LEDs and solar cells is the 

morphological control of the perovskite layers. The optical and electrical properties, such as the PLQE, 

charge carrier mobility and transport, charge recombination, diffusion length, and light harvesting, can 

be strongly influenced by the uniformity of perovskite film.122 However, one-step solution-processed 

perovskite films have an inhomogeneous morphology with pinholes and poor crystallinity.18 To solve 

this problem, several methods, such as vacuum thermal evaporation, the addition of small molecule, 

vapor-assisted deposition, two-step deposition, solvent dropping and the addition of acid, have been 

employed.10-12, 92, 123 Among them, the solvent dropping method is widely used to fabricate dense and 

uniform perovskite films in photovoltaics, resulting in improved performance and efficiency.12 The 

morphological control of a perovskite film prepared using solvent dropping has been widely reported, 

but it is still necessary to carry out a systematic study to understand the role of the solvent in the 

perovskite film preparation using the solvent dropping method. 

Here, we have observed the influence of the type of solvent on the performance of PeLEDs fabricated 

using a solvent dropping method. Dense and uniform perovskite films with full coverage were 

fabricated using benzene and chlorobenzene dropping due to their higher solvent polarity index. 

Moreover, it is investigated that the chlorobenzene dropping method can passivate the vacancy sites of 
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bromide atoms in methylammonium lead tribromide (MAPbBr3) crystals through the action of the 

chlorine in the solvent, as was confirmed by X-ray photoelectron spectroscopy (XPS), energy-

dispersive X-ray spectroscopy (EDS), and time-correlated single photon counting (TCSPC) 

measurements. This study indicates that the role of the solvent in the solvent dropping method is to 

fabricate uniform and dense perovskite films and to passivate the defect sites of the perovskite crystal 

films. Moreover, this work suggests to the perovskite research community a potential method for the 

passivation of the defect sites in perovskite films through solvent treatment. 

 

5.2 Experimental 
Materials. The synthesis of methylammonium bromide has been described elsewhere. The TPBi 

was purchased from 1-Materials and used without further purification.  

 

Device fabrication. Each layer without an ETL was fabricated according to a previous method. In 

the preparation of the MAPbBr3 precursor solution, MABr and PbBr2 were mixed in a 1:1 molar ratio 

and dissolved in DMF/DMSO (7:3 v/v) co-solvent at 38 wt. % at 60 °C for 1 h. The MAPbBr3 in 

DMF/DMSO co-solvent was spin coated at 3000 rpm for 50 s, and 50 μl of solvent (cyclohexane, 

benzene, toluene and chlorobenzene) was dropped on the substrates after a delay of 30 s following the 

spin-coating step. Then, 6 mg of TPBi was dissolved in 1 ml of chlorobenzene and spin coated at 2,000 

rpm for 45 s. The thikness of TPBi layer is approximately 10 nm. LiF and Ag were sequentially 

thermally evaporated to thicknesses of 1 nm and 70 nm, respectively, at 10-7 torr for the formation of 

the metal cathode. The substrates were glass-encapsulated using epoxy; the active area of the device 

was 0.135 cm2. 

 

Characterization of MAPbBr3 films and PeLEDs. SEM images and EDS data were obtained by 

field-emission a SEM (nova nanoSEM 230, FEI Co.) operated at 10 kV. XRD patterns were obtained 

from samples of perovskite films prepared using different solvents dropped on a glass substrate using 

an X-ray diffractometer (D8 Advance, Bruker) with a Cu Kα radiation source (λ = 1.5405 Å). Scans 

were taken with a step size of 0.02° and with X-ray generator settings of 40 kV and 20 mA. XPS spectra 

of perovskite films on a Si substrate were obtained by irradiating a perovskite film with a beam of 

aluminum (ESCALAB 250XI). The PeLED measurements were conducted using a spectroradiometer 

(CS-2000, Minolta Co.) and a Keithley 2400 source measurement unit under ambient air conditions (25 
oC, 50% humidity). The exciton lifetimes of the MAPbBr3 films prepared using various solvents were 

measured by the TCSPC technique. Samples were excited using a pulsed diode-laser (LDH-D-C-375, 
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PicoQuant) with a pulse width of < 70 ps and a repetition rate of 0.2 MHz. The excitation wavelength 

was 375 nm. 

 

5.3 Results and Discussion 
Figure 5.1a shows the scheme for the formation process of the MAPbBr3 crystal. This process is 

primarily composed of three steps: (i) MABr and PbBr2 are dissolved in a dimethylformamide (DMF) 

and dimethyl sulfoxide (DMSO) mixed co-solvent, and then spin-cast on PEDOT:PSS layer at 3,000 

rpm; (ii) after spinning for 30 s, one drop of a selected solvent is released to wash the DMSO solution 

from the perovskite film; (iii) the final MAPbBr3 crystal film is formed after solvent dropping. In 

general, a mixed co-solvent of DMSO and ɤ-butyrolactone (GBL) was utilized to dissolve the 

perovskite precursor for the fabrication of the MAPbI3 solar cells, and then solution dropping was 

performed.12 However, a DMSO and DMF co-solvent was used to dissolve the CH3NH3PbBr3 precursor 

in this study because the solubility of MAPbBr3 in GBL is very low.124 Figure 5.1b presents schematic 

and cross-sectional scanning electron microscope (SEM) images of a complete PeLED, and Figure 5.1c 

shows the energy-level diagram of the fabricated PeLED. 

 
Figure 5.1. (a) Scheme of the perovskite film formation process. (b) Cross-sectional SEM image of 

the PeLED. (c) Energy levels of the various device components in PeLED. 
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Top-view SEM images of MAPbBr3 layers prepared by solvent dropping using various solvents 

(cyclohexane, benzene, toluene, and chlorobenzene) are shown in Figure 5.2. The MAPbBr3 film 

without solvent dropping displays an inhomogeneous surface with island-cubic shaped crystals, as was 

previously reported,111 as shown in Figure 5.2a. In the case of cyclohexane dropping, the MAPbBr3 

film exhibits an island-like morphology with inhomogeneous smaller crystals, which is similar to the 

MAPbBr3 film without solvent dropping. The lower surface coverage of the MAPbBr3 film using 

cyclohexane dropping may originate from the low polarity of the solvent that prevents it from efficiently 

washing the DMSO solution from the perovskite film. The MAPbBr3 films showed good surface 

coverage with continuous and homogeneous MAPbBr3 crystals when benzene or chlorobenzene 

dropping was introduced. However, the MAPbBr3 film prepared using toluene dropping exhibited a 

worse surface morphology with voids and pinholes because of the lower polarity of toluene than those 

of chlorobenzene and benzene, as shown in Figure 5.2d. Consequently, Figure 5.2 indicates that the 

polarity of the solvent used in the solvent dropping method to fabricate the perovskite films substantially 

influences the morphology of the MAPbBr3 films. In fact, chloroform may be suitable as a solvent when 

using the solvent dropping method because it has a high polarity of 4.3.19 However, we investigated the 

effect of the functional group on the 6-membered ring of carbon-based solvents on the performance of 

PeLED and the morphology of the perovskite film produced using the solvent dropping method; as a 

result, chloroform was excluded from the experiment. The detailed chemical structure and polarity 

index are presented in Figure 5.3 and Table 5.1, respectively. 

 
Figure 5.2. Top surface of the perovskite films prepared (a) without solvent dropping (SD), (b-e) with 
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solvent dropping using cyclohexane, benzene, toluene, and chlorobenzene. 

 

 

Figure 5.3. Chemical structures of (a) cyclohexane, (b) benzene, (c) toluene and (d) chlorobenzene. 

 

Table 5.1. Summary of the solvent polarity indexes. 

Solvent Polarity index 

Cyclohexane 0.004 

Benzene 3.0 

Toluene 2.3 

Chlorobenzene 2.7 

 

Figure 5.4 presents the X-ray diffraction (XRD) patterns of perovskite films prepared using different 

solvents. The three intense diffraction lines of the perovskite films prepared using benzene, toluene, 

and chlorobenzene dropping can be assigned to the (100), (200), and (300) planes of the cubic MAPbBr3 

crystal phase, as shown in Figure 5.4b.18 However, extra XRD peaks can clearly be observed in the 

pattern of the MAPbBr3 films without solvent dropping and with cyclohexane dropping; these peaks 

were a consequence of the non-uniform MAPbBr3 films, similar to the results previously reported in 

the journal.111 
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Figure 5.4. XRD patterns of perovskite films prepared using various solvents. 

 

The effect of the time of solvent dropping on the morphology of the perovskite films was observed 

by SEM, as shown in Figure 5.5. Chlorobenzene was dropped onto the perovskite precursor surface 

following delays of 0 s (i.e., without solvent dropping), 15 s, 30 s and 45 s after the spin-casting step 

started at 3,000 rpm. The detailed solvent drop-points during the spin-coating are presented in Figure 
5.5a. The MAPbBr3 film prepared without dropping and with a delay of 15 s showed a non-uniform 

surface morphology, whereas the MAPbBr3 film prepared by dropping the chlorobenzene with a delay 

of 30 s showed a much more uniform surface with almost full coverage. However, the MAPbBr3 film 

prepared by dropping the chlorobenzene with a delay of 45 s showed the original cube-shaped crystals 

within the MAPbBr3 film. 

 

Figure 5.5. (a) Speed-time profile of spin-coating process for the solvent dropping method. (b-e) 

SEM images of perovskite films prepared using CB dropping after delays of 0 s, 15 s, 30 s and 45 s 

after beginning the spin-coating step at 3,000 rpm. 

 

To investigate the influence of the morphology of the perovskite film on the device performance, 

PeLEDs were fabricated with perovskite films using different delay times following the spin-coating 
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process. Figure 5.6 shows (a) J-V, (b) L-V, (c) LE-V, and (d) EQE-V characteristics of the PeLEDs. The 

PeLED with a perovskite film prepared by chlorobenzene dropping with a delay of 30 s showed a 

maximum luminance of 12,330 cdm-2 (at 3.4 V), a luminous efficiency of 3.12 cdA-1 (at 2.6 V) and an 

EQE of 0.67 % (at 2.6 V). However, PeLEDs with a perovskite film prepared without solvent dropping 

and with chlorobenzene dropping with a delay of 45 s exhibited no luminance, with large leakage 

current. The pinholes and voids of the perovskite film create shunt pathways that increase the leakage 

current of the devices.114 This result clearly presents that the morphology of the MPbBr3 strongly affects 

the device performance. Table 5.2 shows the detailed device characteristics of the PeLEDs with 

MAPbBr3 films produced with different delay times during the solvent drop casting process. 

 

 

Figure 5.6. Light-emitting characterization of the PeLEDs with MAPbBr3 films prepared using CB 

dropping after delays of 0 s, 15 s, 30 s and 45 s after beginning the spin-coating step in terms of the 

(a) J-V, (b) L-V, (c) LE-V, and (d) EQE-V. 

 

Table 5.2. Summary of the device performances of PeLEDs with CH3NH3PbBr3 films prepared using 

chlorobenzene dropping after various delay times after beginning the spin-coating step at 3,000 rpm. 
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Device configuration 
(ITO/PEDOT:PSS/perovskite (Chlorobenzene
dropping)/TPBi/LiF/Ag) 

L max [cd/m2] 

@ bias 

LE max [cd/A] 

@ bias 

EQE max  

[%] 

@ bias 

Dropping Time 0 s - - - 

Dropping Time 15 s 8,490 @ 3.6 1.24 @ 3.4 0.27 @ 3.4 

Dropping Time 30 s 12,330 @ 3.4 3.12 @ 2.6 0.67 @ 2.6 

Dropping Time 45 s - - - 

 
 

PeLEDs prepared with MAPbBr3 films using different solvents were also fabricated to investigate 

the effect of the type of solvent on the performance of the PeLED with a perovskite layer, as shown in 

Figure 5.7. The PeLED with a perovskite film using chlorobenzene dropping exhibited the highest 

device performance, with a maximum luminance of 14,460 (at 3.8 V), a luminous efficiency of 3.31 (at 

2.8 V), and a maximum EQE of 0.71 % (at 2.8 V). As expected, the PeLED fabricated with a perovskite 

film using toluene dropping showed lower device performances because of the non-uniformity of the 

perovskite film with pinholes and voids. However, the device performance of the PeLED with a 

perovskite film produced using benzene dropping was also lower than that of the PeLED with a 

perovskite film produced using chlorobenzene dropping, despite the similar morphologies of the 

perovskite films. Table 5.3 shows the detailed device characteristics of the PeLEDs with perovskite 

using different solvents. 
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Figure 5.7. Light-emitting characterization of the PeLEDs with perovskite films prepared using 

various solvents in terms of (a) J-V, (b) L-V, (c) LE-V, and (d) EQE-V. The figure inset shows the EL 

spectra from the PeLEDs. 

 
 

Table 5.3. Summary of the device performances of PeLEDs with perovskite films prepared using 

various solvents. 

Device configuration 
(ITO/PEDOT:PSS/perovskite/ 
TPBi/LiF/Ag) 

L max [cd/m2] 

@ bias 

LE max [cd/A] 

@ bias 

EQE max 

[%] 

@ bias 

Without solvent dropping  - - - 

Cyclohexane dropping - - - 

Benzene dropping 12,350 @ 3.8 2.29 @ 3.8 0.49 @ 3.8 

Toluene dropping 13,650 @ 3.8 2.04 @ 3.6 0.44 @ 3.6 
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Here, it is expected that the existence of another factor in addition to the morphological control of 

the perovskite film affects the device performance. The solvent in the solvent dropping method may not 

only wash out the DMSO from the perovskite precursor but also passivate the defect sites in the 

perovskite crystals. If the obtained perovskite films are assumed to contain excess metallic Pb atoms, 

then the Pb atoms act as exciton quenching sites in the perovskite crystals, resulting in the decrease of 

the radiative decay and device performance. To investigate the passivation of the defect sites in the 

perovskite crystals by the solvent dropping, a TCSPC measurement was conducted, as shown in Figure 
5.8a. The recombination lifetime of the perovskite film produced by benzene dropping increased to 64.2 

ns, leading to the reduction of the exciton quenching due to the dense and uniform perovskite film. 

Interestingly, the recombination lifetime of the perovskite film prepared with cyclohexane dropping 

was lower than that of the film prepared without solvent dropping. This finding indicates that the use 

of a non-polar solvent such as cyclohexane has a negative effect on the formation of the film. The 

recombination lifetimes of the perovskite films prepared with benzene and chlorobenzene dropping 

were compared, despite their similar surface morphologies. The recombination lifetime of the 

perovskite film prepared with chlorobenzene dropping increased considerably, to 1,026 ns. The increase 

in the exciton lifetime observed in the perovskite film prepared using chlorobenzene dropping is 

attributed to the passivation of the defect sites in the perovskite crystal by chlorine atoms filling the 

bromide vacancies and the suppression of the non-radiative decay. A recent report showed that excess 

MABr in the perovskite films could passivate the quenching sites of the perovskite film and lead to 

longer recombination.19 Therefore, the improvement of the recombination lifetime supports the 

hypothesis of the passivation of defect sites in the MAPbBr3 crystal by chlorobenzene dropping. The 

detailed results of the recombination lifetimes are presented in Table 5.4. 
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Figure 5.8. Time-resolved PL signal of perovskite films prepared using various solvents. (b) XPS 

spectral characteristics of perovskite films prepared using benzene and CB. The inset shows the 

chlorine core-level peak. 

 

Table 5.4. Summary of the recombination life times of perovskite films prepared using various solvents. 

Sample 
(Quartz/perovskite/PMMA) 

Τ1(f1)(ns) Τ2(f2)(ns) χ2 τavr(ns) 

Without solvent dropping 70.37 (27.4) 20.8 (72.6) 1.376 21.4 

Cyclohexane dropping 23.9 (46.9) 10 (53.1) 1.417 13.5 

Benzene dropping 131.2 (42.8) 55.0 (57.2) 1.151 64.2 

Toluene dropping 104.6 (22.2) 28.7 (77.8) 1.353 45.5 

 

Figure 5.9 presents the photoluminescence (PL) spectra of the perovskite films prepared using 

various solvents on a quartz substrate. The enhanced PL intensity of the perovskite films prepared using 

polar solvents indicates that the film has a uniform morphology. In addition, a greater intensity of PL 

is observed for the film prepared using chlorobenzene due to the non-radiative recombination being 

significantly suppressed by the reduction of the defect sites in the perovskite crystal. This result matches 

well with the above analysis data such as the SEM and TCSPC measurements. Moreover, the presence 
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of Cl in the perovskite film prepared by chlorobenzene dropping was confirmed via XPS measurement 

by tracking the position of the Cl 2p core-level peak at 198.6 eV, as shown in Figure 5.8b.125-126 In 

addition, it was verified that the chlorine was within the perovskite film by cross-sectional SEM with 

EDS measurement, as shown in Figure 5.10. The perovskite film prepared using benzene dropping did 

not display Cl atoms, whereas the film prepared using chlorobenzene dropping did show the existence 

of Cl atoms in the overall cross section of the perovskite film. These results of TCSPC, XPS and EDS 

support the hypothesis of the presence of chlorine in the bromide vacancy sites, which induced the 

suppression of the exciton quenching by the passivation of defects in the perovskite crystal.  

 

Figure 5.9. Time-resolved PL signal of perovskite films prepared using various solvents. (b) XPS 

spectral characteristics of perovskite films prepared using benzene and CB. The inset shows the 

chlorine core-level peak. 

 

To determine the reproducibility of the performance of PeLEDs, 25 samples of devices with a 

MAPbBr3 film prepared using chlorobenzene dropping were measured; the histograms for the 

luminance, luminous efficiency, and EQE are presented in Figure 5.11. The histograms show that 

reproducible perovskite films were obtained using chlorobenzene dropping. 
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Figure 5.10. Cross-sectional SEM images of perovskite films prepared using (a) benzene and (b) CB 

dropping and elemental mappings of bromine and chlorine within perovskite films by EDS. 

 

 

Figure 5.11. Cross-sectional SEM images of perovskite films prepared using (a) benzene and (b) CB 

dropping and elemental mappings of bromine and chlorine within perovskite films by EDS. 

 

5.4 Conclusion 
We investigated the role of the solvent in the solvent dropping method for the formation of 

perovskite layers. The use of chlorobenzene enables the formation of a uniform and dense 

perovskite film with fewer voids and pinholes and the passivation of the vacancy sites of 

bromide atoms in the perovskite crystals by the chlorine in the solvent, resulting in a highly 

efficient PeLED with a maximum luminance of 14,460 cdm-2 (at 3.8 V), a maximum luminous 

efficiency of 3.31 cdA-1 (at 2.8 V), and a maximum EQE of 0.71 % (at 2.8 V). These results 

show that it is necessary to consider the solvent used in the dropping method to achieve highly 

efficient perovskite optoelectronic devices. Moreover, this work opens an avenue for the 

passivation of defect sites in perovskite films using solvent.  
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Chapter 6. Enhancing the Stability and Performance of Perovskite Quantum 
dot Light-Emitting Diodes with a Polymer Matrix  
 

6.1 Research Background 
The superior optoelectronic properties of all perovskite nanocrystals have recently been in the 

spotlight with regard to lighting and display technology because they exhibit greater stability and better 

optical properties than those of bulk film-based perovskite layers.67, 107, 118, 127-128 MAPbBr3 nanocrystals 

exhibit photoluminescence quantum yields (PLQYs) as high as 80 %,129 and cesium lead bromide 

(CsPbBr3) exhibit PLQYs as high as 95 % with a tunable wavelength and narrow emission spectra. In 

addition, researchers have recently reported that the shape of the perovskite nanocrystal can be 

controlled according to the synthesis method used, such as zero-dimensional nanocrystals (quantum 

dots), one-dimensional nanorods or wires, and two-dimensional nanoplatelets.130-132 These types of 

perovskite nanocrystals have been utilized extensively in light-emitting diodes (LEDs), and the external 

quantum efficiency (EQE) values of the devices have increased from 0.12 % to 3.8 % for green emission 

and to 5.7 % for red emission.70, 119, 133-136 Recently, bulk film-based perovskite LEDs have been reported 

to reach high EQEs of 8.53 % for green emission and 11.7 % for near-infrared emission; however, the 

issues of long-term device stability and photoluminescence (PL)/electroluminescence (EL) blinking 

emission should be resolved before the commercial application of these materials can be realized.16, 19, 

137 Fortunately, CsPbX3 perovskite nanocrystals exhibit lower levels of PL blinking and greater device 

stability compared to bulk film-based perovskite. For these reasons, they hold great potential in LED 

applications despite their low device efficiency.138-139 

In previous reports related to colloidal nanocrystal quantum dots (QDs), the use of non-uniform CdSe 

(ZnS) nanocrystal QD film has led to imbalanced charge injections and low luminance efficiency of 

QD-based LEDs.140 Stan et al. dispersed nanocrystal QDs within a polymer matrix of polystyrene (PS) 

or poly(methyl methacrylate) (PMMA),141 with the nanocrystal QD:polymer composite film showing a 

uniform morphology with excellent properties, such as good electrical and optical properties, robust 

chemical resistance, good thermal stability and easy processability, leading to improved stability and 

performance of devices.142-144 Much effort has been made to obtain uniform nanocrystal QD film using 

an adequate deposition method, such as drop-casting, dip- or spray-coating, the Langmuir-Blodgett 

method and the doctor-blade method. These deposition methods can be used to obtain highly uniform 

nanocrystal film, thus increasing device performance levels.145-146  

 Recently, Pan et al. reported a high efficiency CsPbBr3-based PeQLED with an EQE of 3.0 % for 

green emission using a ligand exchange process to passivate CsPbBr3 nanocrystals.147 The passivation 

of the CsPbBr3 nanocrystals through the ligand exchange also exhibited stable amplified spontaneous 
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emission (ASE).148 These reports demonstrate that the ligand exchange method in nanocrystals can 

enhance the performance and stability of perovskite nanocrystal-based optoelectronic devices through 

the passivation of the perovskite nanocrystals. 

Here, we successfully fabricate efficient CsPbBr3-based PeQLEDs using a monolayered CsPbBr3 

quantum dots (QDs) film with high surface coverage fabricated via the drop-casting method with a 

poly(methyl methacrylate) (PMMA) matrix in a CsPbBr3 QD dispersion solution. The optimized 

CsPbBr3-based PeQLED fabricated with the drop-casting method using an optimized thickness of 

poly(9-vinylcarbazole) (PVK) exhibited maximum luminance of 637 cd m-2 (at 6.4 V) and a maximum 

EQE of 0.25 % (at 5.0 V). We also observed that the CsPbBr3-based PeQLED with the PMMA matrix 

exhibited high-coverage green electroluminescence (EL) emission and less EL blinking, as confirmed 

by an optical microscope. To the best of our knowledge, this paper is the first report to compare the EL 

blinking of LEDs prepared using bulk-based perovskite and QD-based perovskite film. In addition, 

unencapsulated CsPbBr3 based-PeQLEDs with PMMA composite film exhibited higher stability levels 

under ambient air conditions. 

 

6.2 Experimental 
Materials: Lead bromide (PbBr2, 99.999 %) was purchased from Alfa Aesar. 1,3,5-tris(N-

phenylbenzimidazole-2-yl) benzene (TPBI) was purchased from 1-Materials. 1-octadecene (ODE), 

oleylamine, oleic acid, cesium carbonate, and toluene were purchased from Sigma-Aldrich. 

Synthesis of CsPbBr3 QDs: The Cs-oleate used here was synthesized as described previously.67 For 

the synthesis of the CsPbBr3 QDs, ODE (10 ml), PbBr2 (0.366 mmol), oleylamine (1 ml), and oleic acid 

(1 ml) were loaded into a 50 ml flask and degassed at 120 oC for 1 hr, after which the temperature was 

raised to 180 oC under an N2 flow. 0.8 ml of a Cs-oleate solution (0.125 M in ODE) was quickly injected 

and, 5s later, the reaction mixture was cooled using an ice-water bath. The crude solution was directly 

centrifuged at 11,000 rpm for 5 min, the supernatant was discarded, and the precipitate was redispersed 

in toluene. 

Device fabrication: For the fabrication of the CsPbBr3 PeQLEDs, PEDOT:PSS solutions were spin-

coated onto an ITO-coated glass substrate at 5,000 rpm for 45 s and then annealed at 140 °C for 10 min. 

The electron-blocking layers were prepared by spin-coating a PVK solution (10-60 mg/ml in 

chlorobenzene) at 4,000 rpm for 45 s. The CsPbBr3 dispersions (20 mg/ml in toluene) without and with 

PMMA (10 mg/ml in toleuene) (CsPbBr3 disperson:PMMA solution (1:0.1 volume ratio))  were 

deposited by means of spin-coating or drop-casting at 2,000 rpm for 45 s in air. Regarding the drop-

casting method, the PVK-coated substrate was spin-coated at 2,000 rpm for 45 s, after which 50 μl of 

the CsPbBr3 QD dispersion solution was dropped onto the substrate after a delay of 15 s following the 

spin-coating step. TPBI, LiF and Al were sequentially thermally evaporated to thicknesses of 45 nm, 1 
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nm and 100 nm, respectively. The active area of the device was 0.135 cm2. 

Characterization of the CsPbBr3 QD films and PeLEDs: A transmission electron microscopy (TEM) 

analysis was carried out with a JEM-2100 (JEOL) device operating at a beam energy level of 200 kV. 

SEM images were obtained by a field-emission SEM (Nova nanoSEM 230, FEI Co.) operated at 15 kV. 

Electroluminescence microscope images were obtained from PeQLED samples under a constant 

applied bias using an OM (IX81, Olympus). XRD patterns were obtained from samples of CsPbBr3 QD 

film according to the previous method.67 The PL lifetimes of the CsPbBr3 QD films as prepared using 

various deposition methods without and with PMMA were measured by the TCSPC technique. In this 

case, CsPbBr3 QD films were excited using a pulsed-diode laser (LDH-D-C-375, PicoQuant) with a 

pulse width of < 70 ps and a repetition rate of 7 MHz. The excitation wavelength was 375 nm. The 

CsPbBr3 PeQLED measurements were conducted using a spectroradiometer (CS-2000, Minolta Co.) 

and a Keithley 2400 source measurement unit. 
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6.3 Results and Discussion 

 
Figure 6.1. (a) TEM image and (b) XRD patterns of CsPbBr3 quantum dots. (c) Schematic of a 

multilayer CsPbBr3 PeQLED; and (d) energy levels of the various device components in the PeQLED. 

 
Figure 6.1a shows a transmission electron microscope (TEM) image of CsPbBr3 quantum dots, 

showing the cubic phase with an average diameter of 10 nm. The X-ray diffraction (XRD) spectra of 

the CsPbBr3 QD film indicated only the (100) and (200) planes without other orientations, confirming 

that the CsPbBr3 QDs had excellent crystallinity with a cubic shape, as shown in Figure 6.1b. A 

schematic of the PeQLED and an energy-level diagram are shown in Figures 6.1c and d, respectively.  

Many studies have demonstrated that device performance levels strongly depend on the morphology 

of the perovskite film in perovskite-based solar cells and LEDs,11, 111 indicating that a uniform 

morphology of the CsPbBr3 QD film is critical to improve device performance capabilities. The 

CsPbBr3 QD film prepared by the spin-casting of the QD dispersion solution showed a significantly 

aggregated morphology with large cubic crystals, as depicted in Figure 6.2b. The aggregated QDs 

induced fluorescence quenching and ultimately decreased the device performance.149-150 Thus, several 

methods have been suggested to obtain a single QD monolayer, such as dip-coating, spray-coating, the 
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doctor-blade method, the Langmuir-Blodgett approach and the drop-casting method.151  

 
Figure 6.2. SEM images of the top surfaces of (a) PVK, and (b-c) CsPbBr3 QD film prepared by 

different deposition methods without PMMA and (d) with PMMA. (e-f) OM images of EL from 

PeQLEDs. 
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For fabrication here, the drop-casting method was selected to prepare the CsPbBr3 QD film, as it is 

easier than the other methods. However, the CsPbBr3 QD film without PMMA presented a scant QD 

monolayer, whereas the CsPbBr3 QD film with PMMA (CsPbBr3:PMMA composite) showed high 

surface coverage of a single CsPbBr3 QD monolayer after the drop-casting of the CsPbBr3 QD 

dispersion. The dispersion of QDs into a polymer matrix is a well-known method by which to obtain 

uniform QD films.108 Nonetheless, the overall surface coverage of CsPbBr3 QDs on the PVK-coated 

glass substrate was quite low, at 50 %. A method by which to obtain 100 % surface coverage of 

perovskite QD film using a solution process should be developed, and such investigations are currently 

underway. The correlation between the surface coverage of the QDs in the film and the green EL 

emission coverage of the CsPbBr3 PeQLED was investigated using an optical microscope (OM), as 

shown in Figures 6.2e and f, respectively. The green EL emission image of the PeQLED with the 

CsPbBr3 QD film shows significantly localized emission, whereas that of the PeQLED with the 

CsPbBr3:PMMA composite QD film showed greater emission coverage given the high surface coverage 

of the single monolayer of the CsPbBr3 QD emissive layer. 

To confirm the correlation between the surface morphology of the CsPbBr3 QDs and the device 

performance, PeQLEDs prepared using different coating methods with and without PMMA in a 

CsPbBr3 dispersion solution were fabricated. The CsPbBr3-based PeQLED without PMMA prepared 

using the spin-casting method showed a significant leakage current and poor device performance with 

maximum luminance of 240 cd m-2 (at 6.0 V), and a maximum EQE of 0.03 % (at 5.6 V). In the 

CsPbBr3-based PeNLED without PMMA prepared using the drop-casting method, the leakage current 

was significantly reduced, and the device performance was enhanced due to the formation of single QD 

layers without aggregation in the CsPbBr3 films. However, the maximum luminance value of the 

PeQLED without PMMA (87 cd m-2 at 7.4 V) was nevertheless low due to the poor surface coverage 

of the CsPbBr3 QDs. In contrast, the CsPbBr3-based PeQLED with PMMA prepared using the drop-

casting method exhibited a significant improvement of the device efficiency due to the greater coverage 

of the CsPbBr3 QD film with the monolayer, with maximum luminance of 637 cd m-2 (at 6.4 V), 

luminance efficiency of 0.96 cdA-1 (at 5.0 V), and an EQE of 0.25 % (at 5.0 V). These results are in 

good agreement with the SEM studies and consequently, the device performance of PeQLEDs is shown 

to be significantly dependent on the morphology of the CsPbBr3 QD films.  

To observe the correlation between the concentration of PMMA and device performance, we check 

the device performance when using various concentration ratio of PMMA in perovskite QD dispersion, 

as shown in Figure 6.3 and Table 6.1. As the concentration of PMMA increased, the luminance values 

were enhanced due to the formation of uniform perovskite QD film. However, the use of an excessive 

volume ratio of PMMA in perovskite QD dispersion decreases the luminance value because of 

insulating property of PMMA, resulting in reduction device efficiency. Therefore, the optimal amount 
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of PMMA in the perovskite QD dispersion is necessary to obtain the highly efficient device. 

 
Figure 6.3. Light-emitting characteristics of PeQLEDs with a CsPbBr3 QD film prepared by drop-

casting method with various concentration of PMMA in terms of (a) J-V, (b) L-V, (c) LE-V, and (d) 

EQE-V. 

 

Table 6.1. Summary of the device performance of PeQLEDs with CsPbBr3 QD film prepared by 

drop-casting method with various concentration of PMMA. 

Devices configuration 
(ITO/PEDOT:PSS/PVK/CsPbBr3/TPBi/LiF/Al) 

L max [cd/m
2
] 

@ bias 

LE max [cd/A] 

@ bias 

EQE max [%] 

@ bias 

w/o PMMA 87 @ 7.4 0.30 @ 6.0 0.08 @ 6.0 

with PMMA (0.57 wt%) 368 @ 6.8 0.70 @ 5.2 0.18 @ 5.2 

with PMMA (1.14 wt%) 637 @ 6.4 0.96 @ 5.0 0.25 @ 5.0 

with PMMA (2.26 wt%) 169 @ 7.4 0.35 @ 5.4 0.09 @ 5.4 
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Song et al. were the first to report a CsPbX3-based PeQLED using PVK as the electron-blocking 

layer (EBL) and a HTL.70 For a further investigation of PVK as an EBL in a PeQLED, we fabricated 

PeQLED devices with different thicknesses of the PVK layer, as shown in Figure 6.4. As the thickness 

of the PVK layers increased in the CsPbBr3-based PeQLEDs, the device performance increased and the 

leakage current decreased. However, the CsPbBr3-based PeQLED with an 80-nm-thick PVK layer 

showed two mixed EL emissions and lower device performance, indicating a shift of the recombination 

zone within the PeQLED due to the use of a thicker PVK layer, as shown in Figure 6.4d. Therefore, 

optimization of the EBL thickness is necessary to obtain higher device efficiency. The detailed device 

performance is summarized in Table 6.2 and in Table 6.3. 

 

 
Figure 6.4. Light-emitting characteristics of PeQLEDs with a CsPbBr3 QD film prepared by drop-

casting method with PMMA and with different thickness of PVK as EBLs in terms of (a) J-V, (b) L-V, 

(c) EQE-V, and (d) EL spectra. 
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Table 6.2. Summary of the device performance of PeQLEDs with CsPbBr3 QD film prepared by 

different deposition method without and with PMMA. 

Devices configuration 
(ITO/PEDOT:PSS/PVK/CsPbBr3/TPBi/LiF/Al) 

L max [cd/m
2
] 

@ bias 

LE max [cd/A] 

@ bias 

EQE max [%] 

@ bias 

w/o PMMA (spin-coating) 240 @ 6.0 0.10 @ 5.4 0.03 @ 5.6 

with PMMA (spin-coating) 251 @ 6.2 0.32 @ 5.8 0.08 @ 5.8 

w/o PMMA (dropping) 87 @ 7.4 0.30 @ 6.0 0.08 @ 6.0 

with PMMA (dropping) 637 @ 6.4 0.96 @ 5.0 0.25 @ 5.0 

 

Table 6.3. Summary of the device performance of PeQLEDs with CsPbBr3:PMMA composite films 

and with different thickness of PVK layers as EBL. 

Devices configuration 
(ITO/PEDOT:PSS/PVK/CsPbBr3/TPBi/LiF/Al) 

L max [cd/m
2
] 

@ bias 

LE max [cd/A] 

@ bias 

EQE max [%] 

@ bias 

PVK 20 nm 764 @ 5.6 0.24 @ 5.0 0.07 @ 5.0 

PVK 40 nm 693 @ 6.0 0.48 @ 5.0 0.13 @ 5.0 

PVK 60 nm 637 @ 6.4 0.96 @ 5.0 0.25 @ 5.0 

PVK 80 nm 368 @ 6.8 0.43 @ 5.0 0.18 @ 5.2 

 

To analyze the carrier recombination dynamics of the CsPbBr3 QDs, time-correlated single-photon 

counting (TCSPC) measurements were taken, as shown in Figure 6.5. The recombination lifetimes of 

the CsPbBr3 QD films prepared using the spin-coating and drop-casting methods without PMMA were 

compared, and that of the CsPbBr3 QD film prepared using the drop-casting method was found to be 

longer (1.12 → 4.50 ns). As previously mentioned, an aggregation of CsPbBr3 QDs showed the 

fluorescence quenching phenomenon and the carrier recombination lifetime was significantly decreased 

by photobleaching.150 Interestingly, the recombination lifetime of the CsPbBr3:PMMA composite film 

(8.24 ns) was longer than that of the CsPbBr3 film without PMMA (4.50 ns) due to the efficient 

passivation using the PMMA matrix in spite of the use of an identical drop-casting method. The results 

of the corresponding carrier recombination lifetimes are summarized in Table 6.4. 



95 

 

 

Figure 6.5. Time-resolved PL signal of CsPbBr3 QD films prepared using different deposition method 

with and without PMMA. 

 

Table 6.4. Table detailed exciton lifetime of CsPbBr3 QD films prepared by different deposition method 

without and with PMMA. 

sample τ1(f1)(ns) τ2(f2)(ns) χ
2 τavr(ns) 

QD Spin-casting 2.97 (21.6) 0.62 (78.4)  1.280 1.12 

QD Dropping 10.34 (27.3) 2.31 (72.7)  1.039 4.50 

QD Dropping with PMMA 17.31 (32.3) 3.92 (67.7)  1.469 8.24 
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Figure 6.6. (a) The long-term stability levels of unencapsulated PeQLEDs with CsPbBr3 QD films 

prepared by different deposition methods without and with PMMA were evaluated in terms of 

normalized luminance under ambient air atmospheric conditions (25 oC, 55% humidity, with 

continuous operation). XRD patterns of CsPbBr3 QD films prepared by the drop-casting method (b) 

without and (c) with PMMA after storage under a high-humidity condition (25 oC, 80% humidity). 

The star corresponds to the peak of the CsPbBr3 QD.  

 

Long-term stability is a challenging issue for those who develop perovskite solar cells and LEDs. To 

clarify the long-term stability of the CsPbBr3-based PeQLEDs studied here, we monitored the decay of 

the luminance values of unencapsulated devices under an ambient air condition (25 oC, 55% humidity) 

at a constant current density of 40.7 mA cm-2, as shown in Figure 6.6a. The luminance values of the 

unencapsulated PeNLED with the CsPbBr3:PMMA composite QD film decreased by ~50 % after 50 

min of continuous operation, while the CsPbBr3 PeQLED without PMMA prepared using spin-casting 

and drop-casting method showed poor stability. The stability of the PeQLED with the CsPbBr3:PMMA 

composite film was improved due to certain unique PMMA properties, such as high heat resistant and 

low moisture absorption. It was reported that the use of a PMMA/carbon nanotube matrix in conjunction 

with perovskite solar cells improves device stability levels.152 The PeQLED prepared by the drop-

casting method was more stable than that prepared using the spin-coating method with CsPbBr3 and 

without the PMMA solution. The CsPbBr3 QD film prepared by the spin-coating method showed an 

aggregated morphology with different thicknesses, causing an increase in the leakage current of the 

device and leading to reduced long-term stability of the PeQLED. To investigate the long-term stability 

of the PeNLED further, we measured the changes of the XRD patterns of the CsPbBr3 films prepared 

by the drop-casting method without and with PMMA when stored in an air condition, as shown in 

Figures 6.6b and c, respectively. The CsPbBr3 QD film without PMMA after six days in storage 

exhibited other peaks unrelated to the CsPbBr3 crystal in its XRD pattern, whereas the CsPbBr3 QD 

film with PMMA after six days in storage exhibited only CsPbBr3 crystal peaks in its XRD pattern. The 

samples were then stored in a highly humid condition (25 oC, 80 % humidity). The CsPbBr3 QD films 

prepared by the drop-casting method without and with PMMA were stored at a high humidity level to 

confirm the water resistance capabilities of PMMA. This result confirmed that the decomposition of the 
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CsPbBr3 QD due to water was suppressed by the presence of PMMA in the CsPbBr3 film. 

Our previous research demonstrated the phenomenon of EL blinking in an inverted optical 

microscopy (OM) experiment.114 A perovskite light-emitting diode (PeLED) with a MAPbBr3 film 

showed vigorous emission blinking, whereas a CsPbBr3–based PeQLED showed significantly reduced 

emission blinking under continuous bias, as shown in Figure 6.7 In our previous report, we assumed 

that the ion migration between the crystallites in the perovskite film had caused the phenomenon of 

blinking EL emission under continuous bias. However, the surfaces of the CsPbBr3 QDs were capped 

by organic ligands, which suppressed ion migration from crystal to crystal, thus greatly lowering the 

phenomenon of EL blinking from the PeQLED. To the best of our knowledge, this study represents the 

first report of the EL blinking phenomena from PeQLEDs with CsPbBr3 QDs under continuous bias 

through an OM. 

 

Figure 6.7. Time-dependent EL behavior of (a-c) the PeQLED with CsPbBr3 QD film and (d-f) the 

PeLED with MAPbBr3 bulk film under constant 4 V. The microscope images were taken total 100 

frames for 10 s. The selected frames are shown with selected red spots to illustrate the changing 

pattern of emission with time.  

 

 

6.4 Conclusion 
In summary, we demonstrated an efficient PeQLED with improved long-term stability through 
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optimized CsPbBr3 QD composite films. The PeQLED with the CsPbBr3:PMMA composite film 

prepared by drop-casting deposition exhibited maximum luminance of 637 cdm-2 (at 6.4 V) and an EQE 

of 0.25 % (at 5.0 V) with a low turn-on voltage. The drop-casting deposition method enables the 

formation of a monolayer of CsPbBr3 QD film without the aggregation of QDs. Moreover, the use of 

the PMMA matrix with the CsPbBr3 QD film ensures a uniform morphology, longer charge carrier 

recombination lifetimes, and excellent air stability, leading to highly efficient and stable PeQLEDs. We 

also observed much less EL blinking from the CsPbBr3-based PeQLED than that from the MAPbBr3 

bulk-based PeLED according to an OM assessment under a continuous bias condition. We believe that 

our simple and efficient method provides high efficiency and good stability in PeQLEDs, thus 

suggesting the potential for commercial applications and the need for further scientific study. 
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Chapter 7. Summary 
 

This thesis has introduced various morphological control methods of perovskite film for highly 

efficient perovskite optoelectronic devices. The perovskite materials have been regarded as promising 

next-generation optoelectronic materials because of their excellent electrical and optical properties, low 

cost, and simple solution processing. For fabricating the high-performance perovskite devices, to 

understand the role of perovskite film quality in device is quite important. In addition, the electrical and 

optical properties of perovskite materials, as well as the performance and long-term stability of 

perovskite optoelectronic devices can be significantly affected by the quality of the perovskite film.  

In chapter 1, the background including history, principle, mechanism and concept of the perovskite 

optoelectronic devices, as well as their electrical and optical properties were introduced briefly. 

Furthermore, various methods, trends and concepts were introduced with reviewing several researches 

for highly efficient performance of perovskite optoelectronic devices. In particular, this chapter focused 

on importance of perovskite film in perovskite optoelectronic devices.  

In chapter 2, improvement of performance of perovskite optoelectronic devices introducing a surface 

modifier on the top of the TiO2 was investigated. The ability to achieve a perovskite layer with a uniform 

morphology, high crystallinity and charge-selective behavior through interfacial engineering is critical 

for the preparation of highly efficient perovskite optoelectronic devices. Such a polar solvent treatment 

between the TiO2 and the perovskite layers enhances electron injection and extraction and reduces the 

recombination of photo-generated charges at the interface. Moreover, a uniform and dense perovskite 

layer with full surface coverage was realized using adequate solvent, and nearly full coverage of green 

electroluminescence through the highly uniform morphology of the perovskite layer was observed in 

conventional planar perovskite LEDs. 

In chapter 3, enhancement of device performance of PeLEDs by introduction of HBr into the 

perovskite precursor was studied. The introduction of HBr into the perovskite precursor results in a 

perovskite film with uniform, continuous morphology because the HBr increases the solubility of the 

inorganic component in the perovskite precursor and reduces the crystallization rate of the perovskite 

thin film upon spin-coating. Moreover, PeLEDs fabricated using perovskite films with a uniform, 

continuous morphology, which were deposited using 6 vol.% HBr in a DMF/HBr co-solvent, exhibited 

full coverage of the green EL emission. Finally, the optimized PeLEDs fabricated with perovskite films 

deposited using the DMF/HBr co-solvent exhibited a maximum luminance of 3490 cd/m2 (at 4.3 V) 

and a luminous efficiency of 0.43 cd/A (at 4.3 V) 

 In chapter 4, the role of the annealing for formation of perovskite film and the correlation of device 

performance was studied. I find that optimizing the annealing temperature enables an improvement in 

device performance and prevents degradation of the device after 650 hrs of operation. PeLEDs 
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fabricated using the perovskite film annealed at 60 oC for 2 hrs, exhibited a maximum luminance of 

7,850 cd/m2 (at 5.1 V) and a maximum luminous efficiency of 0.92 cd/A (at 5.1 V). Moreover, this 

device exhibited the full coverage of the green electroluminescence emission at turn on and operation 

voltage due to the high quality of the continuous perovskite film. Thus, high efficiency and good 

stability of PeLEDs, promises the application in the display. 

In chapter 5, a highly uniform perovskite film with a significantly reduced number of defect sites in 

a perovskite crystal using chlorobenzene dropping was demonstrated. This effort leads to the enhanced 

performance of PeLEDs with a perovskite film using chlorobenzene dropping with a maximum 

luminance of 14460 cd/m2 (at 3.8 V) and a maximum external quantum efficiency (EQE) of 0.71% (at 

2.8 V). This research confirms that the role of the solvent in the solvent dropping method is to fabricate 

a dense and uniform perovskite film and to passivate the defect sits of the perovskite crystal films.  

In chapter 6, a novel method was studied to obtain uniform and stable CsPbBr3 quantum dot film 

through a drop-casting method with a PMMA matrix. The introduction of CsPbBr3 QD:PMMA 

composite film into a PeQLED brings enhanced device performance with good coverage of green 

electroluminescence (EL) emission. Moreover, the long-term stability of the PeQLED is improved by 

the presence of the PMMA due to the resulting considerable water resistance and good thermal stability. 

Much less EL blinking is also observed from PeQLEDs with the CsPbBr3 QD:PMMA composite film 

as compared to the amount with perovskite bulk film under a continuous bias condition. Therefore, it is 

emphasized that the enhanced efficiency and stability of PeQLEDs by the CsPbBr3 QD:PMMA 

composite film can further promote their usage in displays and in lighting applications. 
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