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Abstract

The dramatic increase in power conversion efficiencies (PCEs) of 

organometallic halide perovskites solar cells (PSCs) solidifies their position 

as a promising next-generation energy harvesting device. In the line with 

this trend, demand for flexible-substrate based PSCs (f-PSCs) has also 

increased enormously due to their extensive potential applications. 

Expectedly, the demand for research on commercializing these high-

performance solar cells has increased with the foremost priority lying on 

the development of continuous and scalable fabrication techniques.

Therefore, first, we developed a novel electrospray coating system which 

can systemically control the size of CH3NH3PbI3 precursor droplets by 
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modulating the applied electrical potential. As a result, we have obtained 

pinhole-free, uniform and large grain-sized perovskite films, yielding the 

best PCE of 13.27% with little photocurrent hysteresis in the inverted 

planar PSCs. Furthermore, the average PCE through the continuous coating 

process was 11.56±0.52%, which confirms the high reproducibility of our 

system. This work demonstrates that our electrospray coating system 

presents a new way to commercialize high-quality PSCs through 

continuous and droplet-controllable manufacturing system. Second, we 

have developed Film-Growth-Megasonic-Spray-Coating (FGMSC) system

that can uniformly grow perovskite film on the flexible substrates through

ultrafine perovskite precursor droplets (< 10 μm) and appropriate coating 

mechanism. With complete automation, the FGMSC system has 

successfully fabricated f-PSCs with impressive PCEs of 18.24% with high 

reproducibility. We have also confirmed scalability of our system by 

fabricating large-area (100 cm2) f-PSCs. The results have proved that the 

FGMSC system which can conduct continuous and scalable process has 

high potential to realize commercialization of f-PSCs.

Keywords: perovskite solar cells, scalable process, electrospray, 

megasonic-spray, flexible device

Student Number: 2015-30164
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Chapter 1. Introduction

1.1. Research Background

Hybrid organic-inorganic perovskites as light absorber materials in solar 

cells have recently received considerable attention due to their outstanding 

properties such as high absorption coefficient,[1] long-range carrier 

lifetime,[2] and appropriate bandgap.[3] Only in a few years, the power 

conversion efficiency (PCE) of perovskite solar cell has been remarkably 

improved from 3.8% to 25.2%,[4-9] thereby strengthening its position as 

the next-generation solar cell. Expectedly, the demand for research on 

commercializing these high-performance solar cells has increased with the 

foremost priority lying on the development of continuous and scalable 

fabrication techniques. In the line with this trend, demand for flexible-

substrate based PSCs (f-PSCs) has also increased enormously due to their 

extensive potential applications, such as wearable electronics, portable 

chargers, flying objects, etc.[10-14] Furthermore, for commercialization of 

the f-PSCs, lots of researchers have focused on developing automated and 

effective manufacturing technologies that enable continuous and scalable 

coating of perovskite thin-film on flexible substrates.[15-18]
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1.1.1. Demand for the Droplet-Controllable Electrospray-Coating 

System

To date, this demand has been explored by spray-coating based 

fabrication techniques such as ultrasonic spray coating,[19-23] hand spray 

coating,[24-27] and electric-field-assisted spray coating.[28-30] These 

methods, however, have technical issues to overcome such as excessive 

complexity and challenging controllability in the system. (Table 1.1) In 

addition, the need of fundamental studies on droplets generated by the 

spray has been emphasized in previous research because droplet conditions 

play an important role in determining the quality of thin films and device 

performance.[31,32] Unfortunately, this demand has not been dealt with or 

fulfilled, owing to the droplet controllability problem of existing spray-

coating methods. 

The electrospray coating system could be an alternative method to the 

conventional spin-coating and spray-coating methods for commercializing 

the perovskite solar cells. It can consistently generate monodisperse 

droplets, which allows reproducible and uniform fabrication of high-quality 

thin films through simple setup and process. With this advantage, the 

electrospray coating process has been widely utilized to fabricate light 

absorbing layers of organic photovoltaics,[33-35] charge transport 

layers[36-38] and transparent conducting layers[39,40] of photovoltaics. 
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Moreover, this low-cost system has the capability of controlling the droplet 

conditions, and can further be extended to the continuous and scalable 

fabrication technique by combining with roll-to-roll and multi-nozzle 

processing for the potential use in mass production.[41,42] This 

electrospray coating system, however, has never been attempted for 

continuous fabrication of perovskite solar cells. 
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Methods Strength Weakness

Ultrasonic spray
Large-area fabrication

Continuous fabrication

Expensive experimental equipment

Complicated setup

Hand spray
Simple setup

Low cost

Difficulty in systematic 

manufacturing

Electric field 

assisted spray

Simple setup

Low cost

Need for post-processing

Difficulty in continuous 

manufacturing

Table 1.1. Strengths and weaknesses of existing spray-coating methods
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1.1.2. Demand for the Film-Growth-Megasonic-Spray Coating 

System

In the automated scalable coating techniques, meniscus-assisted-coating 

(MAC) methods (e.g. slot-die-coating, bar-coating, etc.) exhibits 

remarkable coating performance on glass-based substrates with high PCEs 

of over 20%.[43-45] However, the methods have not shown significant 

improvement in the f-PSC production compared to the glass-based PSCs, 

due to fundamental limitation of their coating principle.[46-48] As shown 

in Figure 1.1a, the main principle of the MAC techniques is to maintain 

uniform perovskite wet-film during crystallization by balancing surface 

tension of perovskite precursor solution and wettability between substrate 

and the solution.[49,50] Unfortunately, conventional flexible-electrode-

substrates, such as indium tin oxide (ITO) coated polyethylene naphthalate 

(PEN) and polyethylene terephthalate (PET) films, exhibit much higher 

contact-angles than commercial ITO coated glass (glass/ITO) substrates, 

even with additional coating of hole transporting layer (poly(triaryl amine), 

PTAA), as shown in Figure 1.2. Therefore, when the MAC methods are 

applied to the scalable coating on the flexible substrates, it would be much 

challenging task to maintain the wet-film during crystallization, making it 

difficult to fabricate high-quality f-PSCs (Figure 1.1a).[49-51] 

Spray-coating process, theoretically, could be an appropriate technique 
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for scalable fabrication of high performance f-PSCs. As shown in Figure 

1.1a-2, the wet-film of the MAC methods causes significant coverage 

reduction on the flexible substrates due to high contact-angle which 

indicates poor wettability of the substrates. Interestingly, the spray-coating 

methods usually generate micro-sized perovskite precursor droplets. The 

droplets lead to much faster crystallization of perovskite crystals on the 

substrates compared to the wet-film of MAC methods due to extremely

small volume of the droplets.[52-54] Therefore, there is little coverage 

difference of the deposited droplets during crystallization, which facilitates 

scalable fabrication of high-quality perovskite film even on the unfavorable 

substrates with low wettability (Figure 1.1b-3). 

This spray-coating technique, however, has rarely been attempted for 

continuous fabrication of f-PSCs owing to technical difficulties to supply 

sufficiently fine droplets in abundance as represented in Table 1.2. The 

ultrasonic-spray-coating technique, which is most commonly used for 

large-area PSCs in the spray-coating methods, can generate abundant

droplets to allow scalable process.[55-57] However, the size of the droplets 

is relatively large compared to other spray-coating methods such as 

electrospray-coating and megasonic-spray-coating techniques,[52,53,58] 

which also has high possibility to cause nonuniform perovskite film on the 

unfavorable substrates, as shown in Figure 1.1b-2. In the case of 

electrospray-coating system, the amount of the droplets is too low to scale 
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up the coating area with rapid coating speed, although the system can 

precisely control the diameter of droplets under 10 μm.[52,59]
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Table 1.2. Strengths and weaknesses of spray-coating techniques



9

Figure 1.1. Schematic illustrations of coating mechanisms; (a) 

meniscus-assisted-coating and (b) spray-coating.
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Figure 1.2. Contact angles of perovskite solution dropped on (a) 

glass/ITO, (b) PEN/ITO, (c) glass/ITO/PTAA and (d) PEN/ITO/PTAA 

substrates.
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1.2. Research Objectives

This dissertation aims to develop a scalable electrospray-coating system 

for continuous fabrication of large-area and high performance perovskite 

solar cells. Furthermore, we aim to realize a fully automated Film-Growth-

Megasonic-Spray-Coating (FGMSC) system which can continuously 

fabricate high performance and large-area f-PSCs with excellent 

reproducibility.

First, we developed a continuous and droplet-controllable electrospray 

coating system for fabricating perovskite solar cells. With a simple setup, 

this system can consistently provide stable electrospray conditions and a 

uniform coating process, which leads to the fabrication of pinhole-free and 

large-grain-sized perovskite films. Furthermore, the perovskite precursor 

droplets can be precisely and easily produced in the desired size by 

adjusting the applied electrical potential. We have also investigated the 

effect of the droplet size on morphology and crystallinity of the perovskite 

films as well as device performance. This holds significance of our study, 

as there has been no experimental analysis of perovskite precursor droplet 

size, despite the fact that it is one of the crucial factors to determine the 

device performance. The continuous process system of the electrospray has 

also been verified by consecutively producing perovskite solar cells.
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Second, we developed fully automated Film-Growth-Megasonic-Spray-

Coating (FGMSC) system which can continuously fabricate high 

performance and large-area f-PSCs with excellent reproducibility. Our 

system can grow perovskite film gradually and uniformly through

repetition coating with precise control of coating speed as well as

consistently generate ultra-fine and homogeneous perovskite precursor 

droplets (< 10 μm) with high quantity, which allows pinhole-free and high 

quality perovskite films coated on the unfavorable flexible substrate such as 

PEN/ITO substrate. Therefore, the FGMSC system has achieved 

remarkable PCEs of 18.24% for best PCE and 17.51% for average PCE 

with very small standard deviation of 0.26% (over 50 f-PSCs), which is the 

world’s best for all automated spray-coating processes on both rigid and 

flexible substrates as well as scalable coating processes on flexible 

substrates.[14,18,60] We also verified bending durability of the f-PSCs by 

bending test with 1000 bending cycles at bending radius of 10, 8, 6, 4 mm. 

Furthermore, the scalable feature of the FGMSC system has been 

confirmed by fabricating large-area (coating area of 100 cm2) f-PSCs with 

the average PCE of 17.47 ± 0.22% using an active area of 0.078 cm2 (64 

sub-cells). Our FGMSC system is therefore expected to be a highly suitable 

automated-scalable-coating system for the commercialization of f-PSCs.
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1.3. Thesis Outline

This thesis is organized into four chapters. Following this Chapter 1 on 

Introduction, Chapter 2 deals with the electrospray-coating system which 

can continuously fabricate perovskite solar cells as well as precisely control 

droplet size of perovskite precursor solution. Especially, we have 

investigated the effect of the droplet size on morphology and crystallinity 

of the perovskite films as well as device performance. This holds 

significance of our study, as there has been no experimental analysis of 

perovskite precursor droplet size, despite the fact that it is one of the crucial 

factors to determine the device performance. 

Chapter 3 proposes a continuous and automated FGMSC system for 

scalable fabrication of high-performance f-PSCs. With ultrafine perovskite 

droplets (< 10 μm) and appropriate coating technique, we have successfully 

coated pinhole-free and uniform perovskite films with large grains on the 

flexible substrates, which is confirmed by the FIB, SEM, XRD and TRPL 

analysis. Therefore, we have achieved f-PSCs with superb PCEs of 18.24% 

for the best, which is the best PCE among all f-PSCs fabricated by scalable 

processes as well as all PSCs produced by automated spray-coating 

techniques.[14,18,60] Our FGMSC system, therefore, is a unique technique 

for large-area and highly efficient f-PSCs and has high potential to be 
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applied for large-area solar modules, which will be studied in our following 

project.

Finally, in Chapter 4, the work presented in this dissertation is 

summarized and their future work is suggested.
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Chapter 2.

Continuous Fabrication of Perovskite Solar 

Cells Using Droplet-Controllable Electro-

spray-Coating System

2.1. Introduction

Hybrid organic-inorganic perovskites as light absorber materials in solar 

cells have recently received considerable attention due to their outstanding 

properties such as high absorption coefficient,[1] long-range carrier 

lifetime,[2] and appropriate bandgap.[3] Only in a few years, the power 

conversion efficiency (PCE) of perovskite solar cell has been remarkably 

improved from 3.8% to 22.1%,[4-9] thereby strengthening its position as 

the next-generation solar cell. Expectedly, the demand for research on 

commercializing these high-performance solar cells has increased with the 

foremost priority lying on the development of continuous and scalable 

fabrication techniques. To date, this demand has been explored by spray-

coating based fabrication techniques such as ultrasonic-spray-coating,[10-
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14] hand-spray-coating,[15-18] and electric-field-assisted-spray-

coating.[19-21] These methods, however, have technical issues to 

overcome such as excessive complexity and challenging controllability in 

the system. (Table 2.1) In addition, the need of fundamental studies on 

droplets generated by the spray has been emphasized in previous research 

because droplet conditions play an important role in determining the quality 

of thin films and device performance.[22,23] Unfortunately, this demand 

has not been dealt with or fulfilled, owing to the droplet controllability 

problem of existing spray-coating methods. 

The electrospray-coating system could be an alternative method to the 

conventional spin-coating and spray-coating methods for commercializing 

the perovskite solar cells. It can consistently generate monodisperse 

droplets, which allows reproducible and uniform fabrication of high-quality 

thin films through simple setup and process. With this advantage, the 

electrospray-coating process has been widely utilized to fabricate light 

absorbing layers of organic photovoltaics,[24-26] charge transport 

layers[27-29] and transparent conducting layers[30,31] of photovoltaics. 

Moreover, this low-cost system has the capability of controlling the droplet 

conditions, and can further be extended to the continuous and scalable 

fabrication technique by combining with roll-to-roll and multi-nozzle 

processing[32,33] for the potential use in mass production. This 
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electrospray-coating system, however, has never been attempted for 

continuous fabrication of perovskite solar cells. 

In this study, we developed a continuous and droplet-controllable 

electrospray-coating system for fabricating perovskite solar cells. With a 

simple setup, this system can consistently provide stable electrospray 

conditions and a uniform coating process, which leads to the fabrication of 

pinhole-free and large-grain-sized perovskite films. Furthermore, the 

perovskite precursor droplets can be precisely and easily produced in the 

desired size by adjusting the applied electrical potential. We have also 

investigated the effect of the droplet size on morphology and crystallinity 

of the perovskite films as well as device performance. This holds 

significance of our study, as there has been no experimental analysis of 

perovskite precursor droplet size, despite the fact that it is one of the crucial 

factors to determine the device performance. Through systematic 

optimizations, we have successfully fabricated inverted planar perovskite 

solar cells that show the best PCE of 13.27% with little photocurrent 

hysteresis. Furthermore, the reproducible feature of the electrospray-

coating technique has been confirmed by fabricating the perovskite solar 

cells with the average PCE of 11.71±0.81%. The continuous process 

system of the electrospray has also been verified by consecutively 

producing perovskite solar cells with the average PCE of 11.56% with a 

small standard deviation of 0.52%.
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Methods Strength Weakness

Ultrasonic spray
Large-area fabrication

Continuous fabrication

Expensive experimental equipment

Complicated setup

Hand spray
Simple setup

Low cost

Difficulty in systematic 

manufacturing

Electric field 

assisted spray

Simple setup

Low cost

Need for post-processing

Difficulty in continuous 

manufacturing

Table 2.1. Strengths and weaknesses of existing spray-coating methods
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2.2. Result and Discussion

2.2.1. Electrospray-Coating System

We have simply configured an electrospray system of which schematic 

diagram is presented in Figure 2.1a. The setup consists of a nozzle, a 

programmable fluid pumping system, a power supply and a hot-plate. 

Contrary to the conventional electrospray systems, we have optimized the 

inner diameter of the nozzle to solve issues of instability and 

uncontrollability of electrospray that arise from high conductivity of 

perovskite solutions. According to the previous studies, the formation of a 

stable cone jet in electrospray system is determined by the balance between 

two characteristic times: the dielectric relaxation time (τe), which indicates 

the response time of the fluid when voltage is applied, and the characteristic 

time of Taylor cone formation (τh).[34,35]

�� =
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�
                    (1)

where ε is the relative permittivity, K is the electrical conductivity, η is the 

viscosity, γ is the surface tension of the solvent, ε0 is the permittivity of free 

space, and R is the inner radius of the nozzle. When electrical potential is 

applied, if the τe is much shorter than the τh, the fluid tends to be ejected 

before the Taylor cone is formed on the nozzle tip, which consequently 
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induces unstable and uncontrollable electrospray. Therefore, for high

conductivity fluids such as perovskite precursor solution, τh should be 

shortened by reducing the inner diameter of the nozzle to form a stable 

Taylor cone.[34,35] Thus, we have used a micro-sized silica nozzle with 

the inner diameter of 15 µm (Nano NC, Korea) which is not commonly 

used in the conventional methods. The nozzle is connected to a metal 

holder to which high voltage is applied by a DC high-power supplier (Nano 

NC, Korea). To generate a stable electrical gradient between the nozzle and 

the substrate, we have used an electrically grounded hot-plate which was 

placed 60 mm under the nozzle. The flow rate of CH3NH3PbI3 (MAPbI3)

perovskite solution is precisely controlled by using a digital syringe pump 

(LEGATO 100, KdScientific) which supplies the fluid to the silica nozzle 

through a polytetrafluoroethylene (PTFE) tube. In addition to this basic 

setup, we have installed a CCD camera (SCC-B2331, Samsung Electronics) 

and lighting equipment between the nozzle and the hot-plate to closely 

observe the electro-spraying of perovskite solutions in real-time. 

The formation process of a perovskite thin film by using the 

electrospray coating system is presented in Figure 2.1b. First of all, 

poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) was 

spin-coated on an ITO/Glass substrate which was placed on the hot-plate 

with temperature of 65 °C. Highly unipolar-charged, micro-sized droplets 

were generated on the tip of the Taylor cone when the high electrical 
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potential was applied to the nozzle.[36,37] The generated droplets were 

dispersed due to the Coulomb repulsive force and densely deposited 

without any rebound effect with the help of the electrical gradient between 

the nozzle and the substrate.[25,26,38,39] The perovskite precursor 

droplets deposited on the substrate were immediately heated and vaporized. 

As a result of the solvent vaporization, the perovskite crystals were 

simultaneously formed in the droplets. At the initial stage of the perovskite 

layer coating, the perovskite crystals were sparsely formed on the substrate 

due to the insufficient amount of the perovskite precursor droplets. 

However, the coverage and thickness of the perovskite film were gradually 

increased through the continuous electrospray. Finally, the substrate was 

fully covered with the perovskite film after 2 min. After it was coated with 

the perovskite layer, the substrate was annealed under 100 °C for 5 min.
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Figure 2.1. Schematic illustrations of (a) a new electrospray system and 

(b) the formation process of perovskite films through the electrospray 

system. The inset photographs show the electro-spraying of perovskite 

solutions and fabricated perovskite film through the system. The setup 

consists of a nozzle, a syringe pump, a high-voltage power supply, a hot 

plate and a visualization system (CCD camera).
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2.2.2. Morphology Control of Perovskite Films 

The temperature of the substrate during the electrospray-coating plays 

an important role in fabricating a uniform and dense perovskite film 

because the temperature determines the rates of solvent vaporization and 

perovskite crystallization in the droplets. In the case of a low-temperature 

substrate (45 °C), lots of pinholes were generated in the perovskite film due 

to the coffee ring effect induced by slow solvent vaporization as can be 

seen in Figure 2.2a. On the other hand, when the temperature of the 

substrate was as high as 85 °C, there was little time to be sufficiently 

wetted due to fast vaporization, which resulted in the formation of particle-

shaped perovskite crystals and low uniformity of the perovskite film 

(Figure 2.2c). Therefore, we chose the temperature of 65 °C to vaporize 

the solvent in an appropriate rate, which produced a highly dense and 

uniform perovskite film shown in Figure 2.2b.

To identify the effect of the droplet size on the morphology of 

perovskite films, we firstly investigated the droplet features that affect the 

evaporation rate. The droplet size can be controlled by adjusting the 

electrical potential applied to the nozzle. Figure 2.3 shows the droplet 

diameters and Taylor cone images of electrospray as a function of applied 

voltage. (See the detailed method in the experimental section.) The 

initiating value of the applied electrical potential for the cone-jet mode was 
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9.5 kV, generating droplets with over 9 µm in diameter at the tip of the 

Taylor cone. As the applied electrical potential increased, the cone became 

thinner and sharper by the reinforced electrical force along the downward 

direction. As a result of the increase in the applied electrical potential from 

9.5 kV to 11.5 kV, the average droplet sizes were gradually declined from 

9.3 µm to 4.5 µm in diameter, which is in accordance with the previous 

report.[40,41] However, when the value of the applied electrical potential

was over 12.5 kV, more than two Taylor cones (multi-jet mode) were 

formed by strong electrical force which can lead to jet instability.[41-43]

Therefore, the droplet size decreased from 3.1 µm in diameter at 12.5 kV to 

2.3 µm in diameter at 13.5 kV. From these results, we have demonstrated 

that the droplet size could be controlled from 9.3 µm to 2.3 µm by 

adjusting the electrical potential. 

Based on the above results, we analyzed the relationship between the 

droplet size and the morphology of perovskite films. Figure 2.4 shows the 

growth mechanism of perovskite films with respect to the droplet size. If it

is too large, solvent vaporization and perovskite crystallization proceed 

slowly, which eventually results in the coffee ring effect. That is, uneven 

perovskite films with pinholes and insufficiently grown grains are formed. 

In contrast, if it is too small, the solution is rapidly vaporized before the 

perovskite is sufficiently crystallized. This leads to porous and highly rough 

films with many pinholes and small grains. Through the combined focused 
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ion beam/scanning electron microscopy (FIB/SEM) system, we confirmed 

the morphologies of the perovskite films that had been fabricated with the 

different droplet sizes controlled by adjusting the potentials (10.5 kV, 11.5 

kV, and 12.5 kV). The three different films have a similar thickness of 350 

nm (see Figure 2.5), although there was a striking contrast in their 

morphologies as shown in Figure 2.6a-f. These results reveal that the 

perovskite film fabricated at 11.5 kV (Figure 2.6b and 2.6e) has the best 

quality in terms of surface coverage, uniformity and crystallinity. This 

means that the droplets generated at 11.5 kV are most appropriate for 

producing uniform, pinhole-free and large grain size perovskite films due to 

their well-adjusted balance between evaporation and crystallization rates. 

On the other hand, in the case of 10.5 kV (Figure 2.6a and 2.6d), 

perovskite films with pinholes and small grains were formed due to their 

droplets that were too large. In 12.5 kV condition (Figure 2.6c and 2.6f), 

the droplets were too small to crystallize perovskite sufficiently, resulting 

in porous and rough perovskite films with particle-shaped perovskite 

crystals.

Furthermore, X-ray diffraction (XRD) patterns of the perovskite films 

obtained under three different applied voltages were measured to compare 

their crystallinity (Figure 2.6g). The peaks of these XRD patterns 

correspond to those of spin-coated MAPbI3 films shown in Figure 2.7, 

which means that the pure MAPbI3 films were formed through our 
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electrospray system. Especially, the (110) and (220) peak intensities in the 

case of 11.5 kV are much stronger than those of the other cases, indicating 

that the 11.5 kV film has the highest crystallinity among three cases.[44]

Moreover, the 11.5 kV film shows the largest grain size compared to the 

other films as can be clearly seen in Figure 2.6d-f, which also corresponds 

to the highest crystallinity in the XRD analysis.



38

Figure 2.2. (a) SEM images of the perovskite films fabricated by 

heating the substrates at (a) 45 °C, (b) 65 °C, and (c) 85 °C
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Figure 2.3. Correlation between the electrical potential applied to the 

nozzle and the size of generated droplets. Grayscale images show the 

Taylor cone and generated droplets depending on the applied electrical 

potential.
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Figure 2.4. Schematic description of the growth mechanism of 

perovskite films with respect to the droplet size of the perovskite 

precursor.
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Figure 2.5. Cross-sectional SEM images of perovskite solar cells under 

(a) 10.5 kV, (b) 11.5 kV and (c) 12.5 kV conditions.



42

Figure 2.6. SEM images of the perovskite films depending on three 

different applied electrical potentials of 10.5 kV, 11.5 kV and 12.5 kV 

(a-c) and their magnified images (d-f). (g) XRD patterns of the 

perovskite films in each cases.
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Figure 2.7. XRD patterns of a perovskite film prepared by spin-coating.
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2.2.3. Performance of Perovskite Solar Cells

We prepared inverted planar perovskite solar cells with the structure of 

ITO/PEDOT:PSS/MAPbI3 perovskite/fullerene (C60)/bathocuproine 

(BCP)/LiF/Al (Figure 2.8a). Current density-voltage (J-V) curves of three 

types of devices made with different applied electrical potentials were 

measured under one-sun illumination as shown in Figure 2.8b. The 

detailed photovoltaic properties of devices are shown in Table 2.2, and 

PCE histograms of all devices are shown in Figure 2.9. As a result of 

measurement, the 11.5 kV devices(a device fabricated by applying X kV of 

electrical potential in the electrospray system is referred to as the X kV 

device) show the highest average PCE, short-circuit current density (Jsc), 

open-circuit voltage (Voc) and fill factor (FF) as compared with the 10.5 kV 

and 12.5 kV devices. It is in accordance with the case of perovskite film; 

the quality of the perovskite film (Figure 2.6) determines the performance

of the perovskite solar cells (Figure 2.8). Especially, in the 11.5 kV device, 

the highest PCE of 13.3% was achieved with negligible photo-current 

hysteresis, Jsc of 18.55 mA/cm2, Voc of 0.96 V and FF of 0.75 (Figure 

2.10a). We also measured the stabilized current density at maximum power 

point and external quantum efficiency (EQE) spectra as can be seen in 

Figure 2.10b. The stabilized power conversion efficiency is 13.0% and the 

integrated Jsc is 15.8 mA/cm2 (Figure 2.11), which are well consistent with 
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measured results from J-V curves. Moreover, the average PCE for the 11.5 

kV devices were 11.71±0.81% with a small standard deviation, which is 

indicative of reliable reproducibility of our electrospray system (Figure

2.8c). 

It is notable that all photovoltaic parameters were dramatically 

improved in the case of 11.5 kV devices, compared with the other two 

cases. We additionally performed electrochemical impedance spectroscopy 

(EIS) measurements in order to deeply understand why all the parameters 

increased in the 11.5 kV devices based on the equivalent circuit analysis. 

We obtained EIS spectra of the three types of devices (10.5 kV, 11.5 kV, 

and 12.5 kV device) in the frequency range from 1 MHz to 0.05 Hz at five 

bias voltage points (0 V, 0.2 V, 0.4 V, 0.6 V and 0.8 V) under one-sun 

illumination and fitted the measured data with the simplified circuit model 

(Figure 2.12). The semicircles of the high and low frequency regions are 

commonly associated with charge transfer resistance (R1) and charge 

transport-recombination resistance (Rrec), respectively.[45-47] Since the 

second semicircles are obviously distinguishable in all cases, we can easily 

compare Rrec from Nyquist plots. Figure 2.13a shows Nyquist plots of the 

10.5 kV, 11.5 kV and 12.5 kV devices measured under the bias voltage of 

0.6 V. The second semicircle of the 11.5 kV device is larger than those of 

other devices, which is attributable to decreased recombination loss. Figure 

2.13b shows the extracted Rrec values from Nyquist plots as a function of 
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the applied bias voltage. Regardless of the applied bias voltage, the Rrec

value of the 11.5 kV device is higher than those of the other devices. 

Generally, the pinholes of the perovskite film cause the carrier 

recombination due to direct contact between the hole and electron transport 

layers, and the grain boundaries provide carrier trap centers.[47] As 

previously mentioned (Figure 2.6), the 11.5 kV devices have pinhole-free 

and large grain-sized perovskite films, which results in the decreased 

recombination loss. Consequently, the EIS characterization explains why 

the 11.5 kV devices have improved photovoltaic parameters as powerful 

evidence with respect to recombination loss.
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Electrical 

potential

V
OC

[V]

J
SC

[mA/cm
2
]

FF
PCE

[%]

Best PCE

[%]

10.5 kV 0.95 ± 0.01
14.96 ± 

1.06

66.94 ± 

1.42

9.53 ± 

0.64
10.86

11.5 kV 0.97 ± 0.01
16.87 ± 

0.92

71.82 ± 

2.83

11.71 ± 

0.81
13.27

12.5 kV 0.88 ± 0.05
14.57 ± 

1.48

60.28 ± 

2.33

7.72 ± 

0.62
9.05

Table 2.2. Photovoltaic parameters of the perovskite solar cells 

depending on the different applied electrical potentials. The average 

values were calculated from 25 devices for each cases.
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Figure 2.8. (a) Schematic illustration of an inverted planar MAPbI3 

perovskite solar cell fabricated by the electrospray coating system and 

a cross-sectional SEM Image of perovskite solar cells fabricated under 

the condition of 11.5 kV. (b) J-V curves of best performing perovskite 

solar cells in each cases (10.5 kV, 11.5 kV, and 12.5 kV). (c) A PCE 

histogram of 25 cells fabricated under the applied electrical potential 

of 11.5 kV.
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Figure 2.9. Histograms of PCE of 25 devices depending on the applied 

electrical potentials.
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Figure 2.10. (a) Current-voltage curves of the best performing 

perovskite solar cell measured in reverse and forward scans. (b) EQE 

spectra (black) and the integrated Jsc (blue)
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Figure 2.11. Steady-state photocurrent density (black) and power 

conversion efficiency (blue) measured at the maximum power voltage 

of 0.82 V for 200 sec.
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Figure 2.12. Nyquist plots for the (a) 10.5 kV, (b) 11.5kV and (c) 12.5 

kV devices. (d) The equivalent circuit used for data fitting.
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Figure 2.13. (a) Nyquist plots of three types of device measured under 

0.6 V bias voltage. (b) A graph for Rrec as a function of the applied 

voltage. The values of Rrec were fitted from EIS data.
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2.2.4. Continuous Fabrication of Perovskite Solar Cells

To prove the feasibility of continuous and reproducible features of our 

electrospray system, we have demonstrated continuous fabrication of 

perovskite solar cells through stop-and-go as well as non-stop movements. 

All experiments have been performed by using the droplets generated at the 

potential of 11.5 kV in order to produce the highest quality perovskite films 

as aforementioned. In the case of the stop-and-go movement, substrates of 

2.5 cm × 2.5 cm were sequentially coated by perovskite films. In the case 

of the non-stop movement, perovskite films were continuously coated on 

substrates of 2.5 cm × 10 cm with a moving speed of 1.25 cm/min. Figure 

2.14 and Figure 2.15 show the coating process, the locations and the device 

performance of manufactured cells for the both cases. The average PCEs 

were 11.56±0.52% and 11.06±0.55% with small standard deviations for the 

stop-and-go and the non-stop cases, respectively. (See the detailed 

photovoltaic parameters in Table 2.3 and Figure 2.15) Moreover, the 

device performance of the both cases is comparable with that of the 

individually fabricated devices in Table 2.2, which indicates the possibility 

of realization of mass production when using our electrospray system. Thus, 

our electrospray systems can be considered as a promising manufacturing 

process as it can continuously produce high-quality perovskite films with 

high reproducibility.
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Table 2.3. Photovoltaic parameters of the six complete devices 

corresponding to the areas shown in Figure 2.14b.

Area
V

OC

[V]

J
SC

[mA/cm
2
]

FF
PCE

[%]

(1) 0.94 16.24 69.98 10.64

(2) 0.97 16.24 73.86 11.65

(3) 0.97 16.45 74.13 11.80

(4) 0.95 16.06 74.81 11.38

(5) 0.96 17.12 72.98 12.00

(6) 0.96 16.74 75.19 12.04
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Figure 2.14. (a) Photograph of the continuous electrospray coating 

system and perovskite films being produced by the system. (b) 

Photograph of fabricated perovskite films with six different areas 

marked. (c) J-V curves of perovskite solar cells in each marked areas.
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Figure 2.15. (a) Photograph of the continuous electrospray coating 

system with perovskite films being produced. (Substrate size: 2.5 x 10 

cm, Moving speed of the stage: 1.25 cm/min) (b) Photograph of 

fabricated perovskite films with eight different areas marked. (c) 

Current-voltage curves of perovskite solar cells in each marked area.
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2.3. Conclusion

We have developed a continuous electrospray coating system with a

simple setup for rapid, continuous and scalable fabrication of perovskite 

solar cells. Since the evaporation rate of electro-sprayed droplets plays a 

critical role in fabricating dense and uniform perovskite films, we have 

optimized the substrate temperature and the size of droplets to find the 

optimal condition for the fabrication. The droplet size can be controlled by 

adjusting the applied electrical potential in our electrospray system, which 

leads to the dramatic quality improvement of the perovskite films. We have 

analyzed the correlation between the applied electrical potential and the 

droplet size, and obtained pinhole-free and uniform perovskite films with 

large grains, which are supported by SEM and XRD analysis. As a result of 

optimization, the best PCE of 13.27% has been achieved with no 

photocurrent hysteresis while the average PCE of 25 cells has been 11.71% 

with a small standard deviation of 0.81%. The EIS measurement clearly 

explains the enhancement of the device performance in terms of carrier 

recombination loss. Furthermore, we have demonstrated the continuous 

coating system, which results in the average PCE of 11.56% with a small 

standard deviation. Our electrospray system is a low-cost continuous 
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technique for highly efficient perovskite solar cells through precise droplet-

size management due to its reproducibility and scalability.
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2.4. Experimental Methods

2.4.1. Visualization of Electrospray

In order to obtain electrospray images, we used a system introduced by 

Park et al.[38,40] The system was configured with a CMOS camera 

(M3,IDT Inc.) and a Nd:TAG pulsed laser operated at 532 nm (Helios 532-

1.5-50; Coherent) with power of 1.5 W and pulse duration of < 1ns for 

capturing and illuminating. To measure the size of droplets, we used an 

image processing software (ImageJ, imagej.nih.gov/ij, USA) and a method 

introduced by Abramoff et al., Schneider et al. and Park.[40,48,49] In order 

to secure the reliability of the method, we included droplets which were 

clearly seen as a black dot and over 0.66 of circularity (4πAP/P
2

, AP is the 

area of particle and P is the perimeter of particle).
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2.4.2. Fabrication of Perovskite Solar Cells

ITO-coated glass substrates of 2.5 cm × 2.5 cm and 2.5 cm × 10 cm 

were cleaned with isopropyl alcohol, acetone and deionized water for 15 

min, dried with nitrogen gas and stored in a vacuum oven. The substrates 

were treated with UV-ozone for 30 min to remove any remaining solvent 

and lower the surface energy.

The PEDOT:PSS (Clevios PVP Al 4083, Heraeus) solution was spin-

coated on the UV-ozone treated ITO-glass substrates at 5000 rpm for 40 sec

and dried at 150 °C for 20 min. Then, the MAPbI3 perovskite solution was 

deposited on the substrates through the electrospray system. The perovskite 

solution was prepared by dissolving PbI2 (Alfa Aesar)/MAI (synthesized 

via reported method)[50] (0.8:1 molar ratio) into DMSO (Sigma Aldrich) at 

30 wt%. The substrates were located on the electrically grounded hot-plate 

which was 60 mm below the nozzle. Temperature of the substrate was 

65 °C during the electro-spraying for 2 min and the flow rate of the solution 

was fixed at 50 μL/hr with the different applied electrical potentials. The 

deposited substrates were transferred to another hot-plate and post-annealed 

at 100 °C for 5 min. All electrospray coating and annealing processes were 

carried out in ambient conditions. After that, the C60 (20 nm), BCP (10 nm), 

LiF (0.5 nm), and Al (150 nm) were sequentially deposited by the thermal 

evaporator.



62

2.4.3. Characterization

The J-V characteristics were measured by using a source meter 

(Keithley 2400, Tektronix) under AM 1.5G illumination condition at an 

intensity of 100 mW/cm2 with an Oriel S013 ATM solar simulator, 

calibrated by a KG5 filtered monocrystalline silicon reference solar cell 

(91150-KG5, Newport). Our devices were measured in room temperature 

(25 °C) glove box. The forward and reverse scan rates were set to 200 ms 

per 20 mV. The devices were covered with a metal mask of 1.33 mm2 to set 

the active area to 1.77 mm2. EQE spectra was measured with a Newport 

IQE200 system equipped with a 300 mW Xenon lamp and a lock-in 

amplifier. The SEM images of plane-view were obtained by using a field-

emission scanning electron microscopy (MERLIN, Carl Zeiss) while the

cross-sectional images were obtained with the focused-ion-beam (FIB) 

system (AURIGA, Carl Zeiss). The XRD analysis was implemented to 

characterize the crystal structure by using New D8 Advance (Bruker). The 

EIS measurements of the devices were carried out in one-sun illumination 

by using an electrochemical potentiostat (CHI 600D, CH Instruments).
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Chapter 3.

Scalable Production of High Performance 

Flexible Perovskite Solar Cells via Fully 

Automated Film-Growth-Megasonic-Spray

-Coating System

3.1. Introduction

The dramatic increase in power conversion efficiencies (PCEs) of 

organometallic halide perovskites solar cells (PSCs) solidifies their position 

as a promising next-generation energy harvesting device.[1-5] Only in a 

few years, the PCEs of state-of-the-art devices have surpassed 25%, which 

is much higher than the record efficiencies of thin film silicon and organic 

semiconductor photovoltaics.[6] In the line with this trend, demand for 

flexible-substrate based PSCs (f-PSCs) has also increased enormously due 

to their extensive potential applications, such as wearable electronics, 

portable chargers, flying objects, etc.[7-11] Furthermore, for commercializ-
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etion of the f-PSCs, lots of researchers have focused on developing 

automated and effective manufacturing technologies that enable continuous 

and scalable coating of perovskite thin-film on flexible substrates.[12-15]

In the automated scalable coating techniques, meniscus-assisted-coating 

(MAC) methods (e.g. slot-die-coating, bar-coating, etc.) exhibits remarkab-

le coating performance on glass-based substrates with high PCEs of over 

20%.[16-18] However, the methods have not shown significant improve-

ment in the f-PSC production compared to the glass-based PSCs, due to 

fundamental limitation of their coating principle.[19-21] As suggested in 

Figure 3.1a, the main principle of the MAC techniques is to maintain 

uniform perovskite wet-film during crystallization by balancing surface 

tension of perovskite precursor solution and wettability between substrate 

and the solution.[22,23] Unfortunately, conventional flexible-electrode-

substrates, such as indium tin oxide (ITO) coated polyethylene naphthalate 

(PEN) and polyethylene terephthalate (PET) films, exhibit much higher 

contact-angles than commercial ITO coated glass (glass/ITO) substrates, 

even with additional coating of hole transporting layer (poly(triaryl amine), 

PTAA), as shown in Figure 3.2. Therefore, when the MAC methods are 

applied to the scalable coating on the flexible substrates, it would be much 

challenging task to maintain the wet-film during crystallization, making it 

difficult to fabricate high-quality f-PSCs (Figure 3.1a).[22-24] 
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Spray-coating process, theoretically, could be an appropriate technique 

for scalable fabrication of high performance f-PSCs. As presented in 

Figure 3.1a-2, the wet-film of the MAC methods causes significant 

coverage reduction on the flexible substrates due to high contact-angle 

which indicates poor wettability of the substrates. Interestingly, the spray-

coating methods usually generate micro-sized perovskite precursor droplets. 

The droplets lead to much faster crystallization of perovskite crystals on the 

substrates compared to the wet-film of MAC methods due to extremely

small volume of the droplets.[25-27] Therefore, there is little coverage 

difference of the deposited droplets during crystallization, which facilitates 

scalable fabrication of high-quality perovskite film even on the unfavorable 

substrates with low wettability (Figure 3.1b-3). 

This spray-coating technique, however, has rarely been attempted for 

continuous fabrication of f-PSCs owing to technical difficulties to supply 

sufficiently fine droplets in abundance. The ultrasonic-spray-coating 

technique, which is most commonly used for large-area PSCs in the spray-

coating methods, can generate abundant droplets to allow scalable 

process.[28-30] However, the size of the droplets is relatively large 

compared to other spray-coating methods such as electrospray-coating and 

megasonic-spray-coating techniques,[25,26,31] which also has high 

possibility to cause nonuniform perovskite film on the unfavorable 

substrates, as suggested in Figure 3.1b-2. In the case of electrospray-



75

coating system, the amount of the droplets is too low to scale up the coating 

area with rapid coating speed, although the system can precisely control the 

diameter of droplets under 10 μm.[25,32] 

Herein, we have developed fully automated Film-Growth-Megasonic-

Spray-Coating (FGMSC) system which can continuously fabricate high 

performance and large-area f-PSCs with excellent reproducibility. Our 

system can grow perovskite film gradually and uniformly through

repetition coating with precise control of coating speed as well as

consistently generate ultra-fine and homogeneous perovskite precursor 

droplets (< 10 μm) with high quantity, which allows pinhole-free and high 

quality perovskite films coated on the unfavorable flexible substrate such as

PEN/ITO substrate. Therefore, the FGMSC system has achieved 

remarkable PCEs of 18.24% for best PCE and 17.51% for average PCE 

with very small standard deviation of 0.26% (over 50 f-PSCs), which is the 

world’s best for all automated spray-coating processes on both rigid and 

flexible substrates as well as scalable coating processes on flexible 

substrates.[11,15,33] We also verified bending durability of the f-PSCs by 

bending test with 1000 bending cycles at bending radius of 10, 8, 6, 4 mm. 

Furthermore, the scalable feature of the FGMSC system has been 

confirmed by fabricating large-area (coating area of 100 cm2) f-PSCs with 

the average PCE of 17.47 ± 0.22% using an active area of 0.078 cm2 (64 
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sub-cells). Our FGMSC system is therefore expected to be a highly suitable 

automated-scalable-coating system for the commercialization of f-PSCs.
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Figure 3.1. Schematic illustrations of coating mechanisms; (a) 

meniscus-assisted-coating and (b) spray-coating.
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Figure 3.2. Contact angles of perovskite solution dropped on (a) 

glass/ITO, (b) PEN/ITO, (c) glass/ITO/PTAA and (d) PEN/ITO/PTAA 

substrates.
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3.2. Results and Discussion

3.2.1. Consistent Generation of Ultrafine Perovskite Precursor 

Droplets

For spray-coatings, as already demonstrated in previous studies, the size 

and size uniformity of the perovskite precursor droplets deposited on the 

substrate have a direct effect on the quality of perovskite film.[25,26] 

Especially, unnecessarily large droplets could cause the coffee-ring effect 

on the substrate due to the slow evaporation of the droplets even with a 

small number of them. The effect makes many pinholes and irregular film 

thickness, resulting in poor photovoltaic performance when adopting the 

film to PSCs. For high quality PSCs, therefore, the size of the droplets 

should be controlled to prevent generation of the large droplets.[25,26,31,

32]

Generally, the mean droplet size produced by a vibrating aerosol 

nebulizer is expressed by Lang’s equation:

�� = 0.34 �
���

���
�
�/�

  (1)

where γ, ρ, and f are the surface tension of precursor (γ, Ns/m2), density of 

precursor (ρ, kg/m3) and frequency of vibrator (f, Hz), respectively.[34] 

Using the 1.7 MHz megasonic nebulizer which has much higher frequency 
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compared to conventional ultrasonic nebulizer (< 0.5 MHz),[28-30,35] our 

FGMSC system (Figure 3.3) generates ultrafine droplets (< 10 µm) with 

the geometric mean diameter of (GMD) of 3.622 µm and geometric 

standard deviation (GSD) of 1.564, as shown in Figure 3.4. In addition, we 

consistently supply perovskite solution to the system using a digital syringe 

pump for continuous long-term coating (Figure 3.3). The droplets are 

constantly generated without any change of the GMD and GSD as well as 

the size distribution over 30 min (Figure 3.5). Detailed information and 

operation conditions about the FGMSC system are represented in 

experimental section.
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Figure 3.3. Schematics of Film-Growth-Megasonic-Spray-Coating 

(FGMSC) system. The system is functionally composed of two main 

parts: megasonic aerosol generation part (right) and spray motion 

control part (left).
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Figure 3.4. Size distribution of the perovskite precursor droplets 

generated by the FGMSC system. The geometric standard deviation 

(GSD) is given by �����∑��(���� − ����)
�/(� − �)� , where dj is 

the diameter of an individual particle, nj is the number of particles in 

the jth group, N is the total number of particles, and lndg is the natural 

logarithm of the geometric mean diameter (GMD) of the particles, 

defined as ∑������/�.
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Figure 3.5. Changes in (a) size distribution, (b) geometric mean 

diameter (GMD, red) and geometric standard deviation (GSD, blue) of 

the perovskite droplets over 30 min.



84

3.2.2. Relation among Film Coverage, Crystal Growth and Supply 

Rate of Droplets

In spray-coating technique, coverage of perovskite film and growth of 

perovskite crystals (grain size) are closely related to supply rate of 

perovskite droplets on a substrate, which can be controlled by nozzle 

moving speed.[25-30] To establish relationship among the coverage, grain 

size and nozzle speed in our system, we analyzed morphologies of 

perovskite films coated on PEN/ITO/PTAA substrates at the speed from 50 

to 500 mm/s using scanning electron microscopy (SEM) analysis. Figure 

3.6a presents the relationship and SEM images of the films, which shows 

reverse S-shape curve. At the speed from 500 to 300, the substrates were 

coated in the form of residues of the droplets, which means that droplets 

deposited on the substrates had little effect on each other during coating 

due to too low supply rate (equivalent to too fast nozzle speed). Therefore, 

the coverage rarely increased and remained under 50% despite decreasing 

the speed (29.5 and 45.7% at 500 and 300 mm/s, respectively). We named 

this region “Droplet coating (DC)” region. In the contrast, the substrates 

were coated in the form of film at the speed from 250 to 50 mm/s, 

designated as “Film coating (FC)” region. The coverage not only 

dramatically increased compared to DC region (from 45.7 to 78.6% at the 

speed from 300 to 250 mm/s), but also exceeded 99% as decreasing the 
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speed (99.4% at 50 mm/s). The results indicated that, due to slow nozzle 

speed, the substrates were sufficiently supplied the droplets before they 

were evaporated during coating, resulting in wet-film form on the 

substrates. Unfortunately, there still remained pinholes in the films, which 

is the task we should overcome. 

Figure 3.6b suggests relation between the grain size and nozzle speed 

and SEM images of the grains in the film. We fitted the experimentally 

measured average grain size by nozzle speed with an exponential equation:

�� − ��,��� = ��,���(�
��

��� ) (2)

where dg is the grain size, dg,max and dg,min is the maximum and minimum 

grain size, respectively, v is the nozzle speed and v0 is the characteristic 

nozzle speed. Interestingly, the slope (α) of the fitted equation, defined as –

1/v0, is clearly distinguished in the FC and DC regions (-0.011 and -0.001, 

respectively). In the DC region, because most of the deposited droplets 

were independently evaporated and crystallized on the substrates during 

coating, the grain sizes were not only as small as ~100 nm, but also similar 

regardless of the speed. On the other hand, in the FC region, the droplets 

were coagulated each other and developed wet-film form due to sufficient 

supply of them, which delayed evaporation of them and promoted the 

growth of perovskite crystals. Therefore, the grain size exponentially 

increased as decreasing the speed (from 147 to 1011 nm at the speed from 
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250 to 50 mm/s), which is 10 times rapid enlargement compared to the DC

region. All fitted parameters are presented in Table 3.1.
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Table 3.1. Fitted parameters obtained from experimentally measured 

average grain size as a function of the nozzle speed. The data were 

fitted using an exponential decay equation.
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Figure 3.6. (a) Coverage and (b) grain size and surface SEM images 

(insert) of perovskite films according to nozzle moving speed from 50 

to 500 mm/s.
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3.2.3. Film-Growth-Megasonic-Spray-Coating Technique and Film 

Characteristics

For coating high quality perovskite films with no pinholes on the 

flexible substrates, we have developed a novel coating technique, named by 

FGMSC, through precise control of nozzle moving speed and number of 

coating repetitions. In our system, low coverage of the film can be easily 

overcome by repeating the coating cycle which can also induce gradual 

growth of perovskite crystals. To investigate relationship among four 

factors (coverage, crystal growth, nozzle speed and coating repetition), we 

analyzed SEM images of coated perovskite films at the nozzle speed from 

75 (FC region) to 450 mm/s (DC region) and coating cycle from 1 to 6, as 

presented in Figure 3.7a. At the 450 mm/s (DC region), we successfully 

obtained the film with no pinholes as repeating the coating (Figure 3.7b,

coverage of 100% at 5 cycles), whereas, the perovskite grain sizes of the 

film remained ~200 nm during the cycles (Figure 3.7c). This means that 

deposited droplets on the perovskite film could not wet and recrystallize the 

existed perovskite grains during repetition of the coating, since the droplets 

were not sufficiently supplied on the film at each repeated-coating cycle 

due to too fast nozzle speed. However, at the 75 and 225 mm/s (FC region), 

not only we achieved fully covered perovskite films with a few cycles 

(Figure 3.7b, 100% at 2 cycles) but also the grain sizes were dramatically 
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increased as repeating the coating from 1 to 3 cycles; from 800 to 1000 nm 

at the 75 mm/s and from 200 to 650 nm at the 225 mm/s (Figure 3.7c). Due 

to higher supply rate of the droplets compared to the 450 mm/s case, the 

existed grains were sufficiently wetted and gradually grown during the 

coating. Therefore both perovskite film and perovskite grains in the film 

were gradually and uniformly grown as coating repetition, which is shown 

as film-growth-coating.

For deeper analysis of the roughness and grain formation of the films 

under the three coating conditions, we analyzed the cross-sectional images 

of the films using the focused ion beam (FIB) system. (For accurate 

analysis, we selected three locations (A-C) on the coated films (Figure 

3.8a).) To achieve equivalent and appropriate film thickness in all coating 

conditions, we fixed total spraying time by controlling the coating cycle of 

1 (single coating), 3 and 6 at the nozzle speed of 75 mm/s, 225 and 450 

mm/s, respectively. (Therefore, the film-growth-coating technique was only 

applied to the case of 225 mm/s with 3 cycles.) Although, all films had a 

similar average thickness of ~800 nm due to equal coating time, there were 

remarkable differences in their roughness and grain formation, as presented 

in Figure 3.8b and Table 3.2. At the 75 mm/s, although the thickness of 

the grains directly determined the thickness of the film due to their large 

sizes, the film had the largest standard deviation of the average thickness 

with 273.6 nm owing to pinholes in the films (top of Figure 3.8b). In the 
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case of 450 mm/s, the film exhibited the lowest standard deviation of 15.5 

nm, whereas small grains were piled up in layers (bottom of Figure 3.8b). 

At the 225 mm/s, the grains in the film were well growth as those of 75 

mm/s as well as the roughness of the film was as uniform as the film of 450 

mm/s (middle of Figure 3.8b). The results clearly demonstrate that the 

FGMSC technique can achieve uniform perovskite films with large grains 

on the flexible substrate.

Moreover, we conducted time-resolved photoluminescence (TRPL) 

analysis to characterize carrier recombination of the perovskite films 

(coated on bare PEN substrates) as shown in Figure 3.8c. As listed in Table 

3.3, average PL lifetime (τavg) for the 225 mm/s film (375.88 ns) was 

similar to the 75 mm/s film (368.40 ns) as well as longer than that of the 

450 mm/s film (307.28 ns). This means that the recombination of electrons 

in the 225 mm/s film was effectively suppressed compared to the 450 mm/s 

film, which corresponds with the results of SEM images; lots of grain 

boundaries in the 450 mm/s film.[36-38] Furthermore, the results indicate 

that the perovskite film fabricated with the film-growth technique (225 

mm/s) has high electron transport rate and low carrier recombination rate, 

which is comparable to the single-coated film (75 mm/s). The results of the 

optical absorption also exhibited similar tendency to the results of the 

TRPL (Figure 3.9), which is also attributed to the grain size of the 

perovskite films.
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To evaluate the influence of the coating conditions on crystal quality of 

perovskite films, we also analyzed x-ray diffraction (XRD) patterns of the 

perovskite films coated on the PEN/ITO substrates. As shown in Figure 

3.8d, the XRD patterns clearly indicate that all films were composed of 

excellent perovskite crystals with little impurities, such as PbI2 (at 2θ = 

12.6°) and yellow phase hexagonal crystal (at 2θ = 11.6°).[39] Especially, 

full width at half maximum (FWHM) of the peak corresponding to the 

black phase perovskite crystal plane of (110) (at 2θ = 14.1°) was the 

narrowest at the nozzle speed of 225 mm/s (inserted graph of Figure 3.8d, 

0.1397, 0.1140 and 0.2813° at 75, 225 and 450 mm/s, respectively), 

indicating that the FGMSC film (225 mm/s) had the highest crystallinity 

among three cases.[2,40]
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Table 3.2. Thickness information of perovskite films at selected 

locations (A-C) under the various coating speeds.
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Table 3.3. Fitted parameters obtained from TRPL spectra of perovskite 

films as a function of the nozzle speed. The perovskite films were 

coated on bare PEN substrates using the FGMSC system. The data 

were fitted using a tri-exponential decay function. Average lifetime 

(����) was calculated by ���� = ∑ ����
�

� ∑ �����⁄ , where �� and ��

are amplitude ratio and lifetime of each time-component, respectively.
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Figure 3.7. (a) The SEM images of perovskite films with repeated 

coatings from 1 to 6 cycles under nozzle speed from 75 to 450 mm/s. (b) 

Coverage and (c) grain size of the perovskite films according to coating 

repetition from 1 to 6 cycles and nozzle moving speed from 75 to 450 

mm/s.
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Figure 3.8. (a) Photograph of perovskite film coated on PEN/ITO 

substrate. (b) FIB-cross-section SEM images of perovskite films under 

the coating speed of 75, 225 and 450 mm/s. For accurate analysis, we 

selected three locations (A-C) on the coated films. (c) XRD patterns of 

PEN/ITO substrate and the perovskite films (75, 225 and 450 mm/s). (d) 

TRPL spectra of the perovskite films (75, 225 and 450 mm/s). The 

perovskite films were coated on bare PEN substrates.
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Figure 3.9. Optical absorption spectra of perovskite films under three 

coating speeds coated on bare PEN substrates.
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3.2.4. Fabrication of F-PSCs and Device Characteristics

To investigate the photovoltaic performance of devices developing the 

films coated by our system, we prepared inverted structure f-PSCs 

(PEN/ITO/PTAA/perovskite/fullerene (C60)/bathocuproine (BCP)/Cu) usin-

g the triple cation perovskite composed of (CsPbI3)0.02(FA0.8MA0.2Pb(I2.8Br0.

2))0.98. Figure 3.10a and Table 3.4 present photovoltaic performances of 

the devices obtained by setting the nozzle speed to 75, 225 and 450 mm/s, 

respectively, under one-sun illumination. The 225 mm/s devices (coated by 

the film-growth technique) exhibited excellent performances among three 

cases, which showed best PCE of 18.14% and average PCE of 17.51 ± 0.25% 

with open-circuit voltage (Voc) of 1.05 ± 0.01 V, short-circuit current 

density (Jsc) of 22.33 ± 0.50 mA/cm2 and fill factor (FF) of 74.42 ± 1.56%. 

The 450 mm/s devices showed slightly inferior performance with best PCE 

of 17.43% and average PCE of 16.84 ± 0.27% due to small grains and lots 

of grain boundaries (bottom of Figure 3.8b).  Interestingly, the devices 

under 75 mm/s exhibited worst cell performances with best PCE of 15.86% 

and average PCE of 14.79 ± 0.79%, although the film crystallinity was 

superior to that of other conditions (Figure 3.8c). The average Voc and FF 

of the 75 mm/s devices dramatically decreased over 10% compared to 

others owing to lots of pinholes and poor uniformity of the perovskite film 
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as shown in Figure 3.6 and 3.8b.  The results are also well consistent with 

the TRPL data (Figure 3.8d).

In order to figure out the electrical properties of the devices 

under three coating conditions, we additionally performed electroche-

mical impedance spectroscopy (EIS) measurements based on the 

equivalent circuit analysis, as shown in Figure 3.10b, 3.11 and 3.12. 

The semicircles of the high and low frequency regions are commonly 

associated with selective contact resistance (Rsc) and perovskite-

interlayer-recombination resistance (Rrec), respectively.[41-43] Since 

the second semicircles are obviously distinguishable in all cases, we 

can easily compare Rrec from the Nyquist plots. The 225 mm/s device 

showed the highest Rrec values (Figure 3.10b and Figure 3.11) under 

the applied voltage of 0.8 V which is similar value to the voltage of

maximum power point. (Figure 3.12 shows the Nyquist plots of all 

cases with the voltage from 0 to 0.8 V.) The results explicitly confirm 

that the device fabricated by the film-growth technique (225 mm/s) 

have electrochemically excellent perovskite films with little 

recombination sites (e.g. pinholes and grain boundaries), which 

results in effective suppression of the recombination loss. The results 

also explain why the 225 mm/s devices achieved highest Voc and FF.

To ensure the reproducibility of our FGMSC system, we produced 

additional f-PSCs (50 devices) under the nozzle speed of 225 mm/s. The 
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highest PCE of 18.24% was achieved with a little photocurrent hysteresis 

with Jsc of 22.37 mA/cm2, Voc of 1.06 V, and FF of 77.14% (Table 3.5 and 

Figure 3.13). This result is the highest efficiency among the f-PSCs 

fabricated by scalable coating processes.[11,15] As shown in Figure 3.14, 

the integrated current density measured by the external quantum efficiency 

(EQE) spectra was 21.77 mA/cm2 and the stabilized current density and 

PCE at maximum power point of 0.87 V for 600s are 19.04 mA/cm2 and 

16.56%, respectively, which are well consistent with the result measured on 

the current density-voltage (J-V) curve. Average PCE of the devices was 

17.51% with a small standard deviation of 0.26%, which demonstrates a 

reliable reproducibility of our FGMSC system (Table 3.5 and Figure 

3.10c).

In order to verify the flexibility of the f-PSCs fabricated by the FGMSC 

system, we conducted bending durability tests under various bending radius 

(Rb = 10, 8, 6, 4 mm), as presented in Figure 3.10d. The performances of 

the devices under Rb = 10 and 8 mm were well maintained their original 

PCEs after 1000 bending cycles (~100 and 80% of the values, respectively). 

However, the devices under Rb = 6 and 4 mm showed significant 

deterioration of their performances (~60 and 30%, respectively) due to 

cracking of the ITO electrodes.[7,44] (Figure 3.15 exhibits the normalized 

PCEs of all devices according to the bending cycles.) Our results are 

conformable to previous studies of f-PSCs fabricated on PEN/ITO 



101

substrates with similar cell structure, which proves high bending durability 

of the devices produced by our system.[7,44]
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Table 3.4. Best and average photovoltaic parameters of f-PSCs (30 

devices) at different coating speeds. The active area was 0.078 cm2.
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Table 3.5. Best and average photovoltaic parameters of f-PSCs at 

different coating areas (50 devices and 64 sub-cells with coating area of 

6.25 and 100 cm2, respectively. Active area of the cells is 0.078 cm2).
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Figure 3.10. (a) Schematic illustration of the inverted f-PSC fabricated 

via the FGMSC system and J-V characteristics of the best performing 

devices with three coating speeds. (b) EIS Nyquist plots of the f-PSCs 

with three coating speeds measured under bias voltage of 0.8 V, which 

is fitted using the equivalent model circuit shown in the inset of (b). (c) 

Photovoltaic performance distribution of 50 devices under a coating 

speed of 225 mm/s. (d) Normalized PCEs of f-PSCs after 1000 bending 

cycles under various bending radius (Rb = ∞, 10, 8, 6, 4 mm).
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Figure 3.11. Resistance of the perovskite layer of the f-PSCs, measured 

under various bias voltages. The plotted values were obtained from EIS 

measurements under 100 mW/cm2 of white LED with voltages in the 

range 0-0.8 V.
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Figure 3.12. EIS Nyquist plots with fitted plots under coating speed of 

(a) 75, (b) 225 and (c) 450 mm/s for voltages in the range 0-0.8 V.
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Figure 3.13. Reverse and forward J-V curves of the best f-PSC 

fabricated by the FGMSC system with a coating speed of 225 mm/s 

(active area of 0.078 cm2).
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Figure 3.14. (a) IPCE and integrated Jsc of the 225 mm/s device with an 

active area of 0.078 cm2. (b) Stabilized photocurrent density (red) and 

PCE (blue) measured at maximum power voltage of 0.87 V for 600 

seconds of the 225 mm/s device with an active area of 0.078 cm2.
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Figure 3.15. Normalized PCEs of the f-PSCs coated by the FGMSC 

system with a coating speed of 225 mm/s according to the bending 

cycles under various bending radius.
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3.2.5. Large-area (100 cm2) F-PSCs

For actual power source application, it is essential to fabricate large-

scale devices with high quality. In order to confirm the scalable coating 

performance of the FGMSC system, we firstly evaluated the quality of 

large-area perovskite film by coating 100 cm2 (10 cm x 10 cm) flexible 

substrates with the same coating conditions (Figure 3.16a). As shown in 

Movie 3.1, the large substrate was coated for 3-cycles with the nozzle 

speed of 225 mm/s. To identify the uniformity of the coated film, we 

selected eight locations diagonally in the coated substrate and measured the 

film thickness and roughness using FIB cross-sectional images, as 

presented in Figure 3.17. The large-area coated film had the maximum 

thickness of 916.2 ± 40.1 nm, minimum of 795.4 ± 29.5 nm and average of 

855.7 ± 51.2 nm, indicating that the thickness of the film was very uniform 

as well as similar to the results of the small-area coating (Detailed in Table 

3.6).

For evaluating the photovoltaic performance of the large-area f-PSCs, 

we fabricated 64 sub-cells in the large-area coated perovskite film. (Active 

area of each cell is 0.078 cm2.) As exhibited in Figure 3.16b and Table 3.5, 

we achieved the highest PCE of 18.04% with Voc of 1.06 V, Jsc of 22.40

mA/cm2 and FF of 75.76%, indicating that there was little performance 

degradation of our FGMSC system under the large-area coating compared 



111

to small-area coating. Figure 3.16c shows photovoltaic performance 

distribution of the sub-cells and Figure 3.16d shows the average PCEs of 

the sub-cells at each location. (There are four sub-cells in each location.) 

The PCEs were very uniform regardless of the location; maximum was 

17.71 ± 0.17%, minimum was 17.30 ± 0.12% and average of total sub-cells

was 17.47 ± 0.22%, which ensures that our FGMSC system is highly 

suitable for the scalable production of f-PSCs. Our FGMSC system also has 

high possibility to be applied in the manufacture of large-scale flexible 

perovskite solar modules.
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Table 3.6. Thickness information of large-area (100 cm2) perovskite 

film at selected positions (A-H) under the coating speed of 225 mm/s.
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Figure 3.16. (a) Photographs of large-area (100 cm2) perovskite film 

coated by the FGMSC system with a coating speed of 225 mm/s. (b) J-

V curve of the best performing sub-cell and (c) photovoltaic 

performance distribution of the sub-cells (64 sub-cells with active area 

of 0.078 cm2). (d) Average PCEs of sub-cells at each location. There are 

four sub-cells in each location.
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Figure 3.17. (a) Photograph of large-area (100 cm2) perovskite film 

coated by the FGMSC system. We selected eight locations diagonally in 

the coated substrate to identify uniformity of the film. (b) FIB-cross-

sectional images of the perovskite film obtained from the selected 

locations.
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3.3. Conclusion

In summary, we have developed a continuous and automated FGMSC 

system for scalable fabrication of high-performance f-PSCs. With ultrafine 

perovskite droplets (< 10 μm) and appropriate coating technique, we have 

successfully coated pinhole-free and uniform perovskite films with large 

grains on the flexible substrates, which is confirmed by the FIB, SEM, 

XRD and TRPL analysis. Therefore, we have achieved f-PSCs with superb 

PCEs of 18.24% for the best and 17.51% for the average of 50 devices with 

a small standard deviation of 0.26%, which is the best PCE among all f-

PSCs fabricated by scalable processes as well as all PSCs produced by 

automated spray-coating techniques.[11,15,33] We also verified low carrier 

recombination loss and great bending durability of the f-PSCs through the 

EIS analysis and bending test with various bending radius, respectively. 

The outstanding scalability of the FGMSC system is clearly demonstrated 

by fabrication of large-area (100cm2) f-PSCs which exhibited average PCE 

of 17.47 ± 0.22% under 64 sub-cells with active area of 0.078 cm2. Our 

FGMSC system, therefore, is a unique technique for large-area and highly 

efficient f-PSCs and has high potential to be applied for large-area solar 

modules, which will be studied in our following project.
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3.4. Experimental Methods

3.4.1. Design of the FGMSC System

Figure 3.3a shows a schematic diagram of the FGMSC system. The 

system is functionally composed of two main parts: (1) megasonic aerosol 

generation part and (2) spray motion control part. The megasonic aerosol 

generation part generates micro-sized aerosol droplets (< 10 μm, Figure 

3.4) with a narrow size distribution using the megasonic nebulizer (1.7 

MHz, Janniferoom). For continuous and consistent generation of the 

droplets, the perovskite solution is supplied to the nebulizer using a digital 

syringe pump (LEGATO 100, KdScientific) with the flow rate of 8 mL/h. 

The droplets are transferred to the spray part by the carrier gas (high purity 

N2, > 90%), where the flow rate of the gas (15 L/min) is controlled by the 

mass flow controller (MFC, Bronkhorst High-Tech). The spray motion 

control part is composed of the rectangular metal nozzle (2 x 25 mm2) and 

the X, Y-axis motion control system with hot-plate (DST Robot). The 

nozzle can be moved along the Y-axis. The substrates are mounted on the 

X-axis motion stage, and the temperature of the plate can be precisely 

controlled. As the setup is fully automated, the spray operation can be 
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accurately controlled, to obtain consistent and reliable coating on multiple 

devices and in different regions of the same device.
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3.4.2. Fabrication of F-PSCs using the FGMSC System

PEN/ITO substrates were attached on polydimethylsiloxane (PDMS, 

Dow Corning, Sylgard 184) thin-film coated glass and treated with 150W 

O2 plasma for 8 min to remove any remaining solvent and lower the surface 

energy. The PTAA (MS solution) solution was spin-coated on the 

substrates at 6000 rpm for 30 s and dried at 100 °C for 10 min. The 

(CsPbI3)0.02(FA0.8MA0.2Pb(I2.8Br0.2))0.98 perovskite precursor solution was 

then deposited on the substrates using the FGMSC system. The perovskite 

solution was prepared by dissolving PbI2 (Alfa Aesar)/FAI (GreatCell 

Solar)/MABr (GreatCell Solar) (1:0.8:0.2 molar ratio) into γ-Butyrolactone 

(GBL, Junsei) at 30 wt%. The substrates were deposited on a hot-plate, 

located 1 mm under the nozzle. Usually, we coated four substrates (2.5 x 10 

cm2) at one time. Temperature of the hot-plate was 60 °C during the 

spraying. After the spraying, the substrates were post-annealed at 115 °C 

for 45 min in air. In the case of the large-area (10 × 10 cm2) perovskite 

layer coating, sixteen substrates of 2.5 × 2.5 cm2 were located on the 

hotplate. The system does not need any other optimization for scaling-up 

process. All FGMSC and annealing processes were carried out in a 

chemical hood under ambient conditions. After the annealing processes, C60

(20 nm), BCP (6 nm), and Cu (50 nm) were sequentially deposited using 

thermal evaporator (Ultech).
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3.4.3. Characteristics and Measurements

The J-V characteristics were measured using a source meter (Keithley 

2400, Tektronix) under AM 1.5G illumination conditions with an intensity 

of 100 mW/cm2 using an Oriel S013 ATM solar simulator, calibrated by a 

KG5 filtered monocrystalline silicon reference solar cell (91150-KG5, 

Newport). Our devices were tested at room temperature (25 °C) in a glove 

box. The scan rates were set to 50 ms per 20 mV. The devices were covered 

with a metal shadow mask of 0.078 cm2 for the small active area cells and 

1.2 cm2 for the large cells, to restrict the size of the active area. The EQE 

spectra were measured with a Newport IQE200 system equipped with a 300 

mW Xenon lamp and a lock-in amplifier. A sympatec HELOS laser 

diffraction droplet sizing system (Sympatec Inc., Clausthal, Germany) was 

used to measure size distribution of the perovskite aerosol particles. SEM 

images of the surfaces were obtained using a field-emission scanning 

electron microscope (MERLIN, Carl Zeiss), whereas cross-sectional 

images were obtained with a FIB system (AURIGA, Carl Zeiss). XRD 

analysis was carried out to characterize the crystal structure, using New D8 

Advance (Bruker). EIS analysis was carried out with an electrochemical 

workstation (Autolab, 320N, Metrohm) equipped with an Autolab LED 

driver kit. EIS measurements were carried out at various bias voltages with 

an intensity of 100 mW/cm2 using a white LED (LDCNW, Autolab) light 
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with frequency of 0.01-1 MHz. The EIS spectra were fitted using the Z-

View software (Scribner Associates) with an equivalent circuit. The 

absorbance was recorded using an ultraviolet-visible/near-infrared (NIR) 

spectrophotometer (Cary 5000, Agilent Technologies). TRPL 

measurements were conducted using a FluoroMax-4 spectrofluorometer 

(Horiba). A 463-nm laser diode (DeltaDiode-470L, Horiba), pulsed at a 

frequency of 100 MHz, was used as a light source for photoexcitation. The 

resulting PL was measured using a high-sensitivity photon counting NIR 

detector.



121

3.5. References

[1] Green, M. A.; Ho-Baillie, A.; Snaith, H. J., The emergence of 

perovskite solar cells. Nat. Photonics 2014, 8, 506-514

[2] Yang, W. S.; Noh, J. H.; Jeon, N. J.; Kim, Y. C.; Ryu, S.; Seo, J.; 

Seok, S. I., High-performance photovoltaic perovskite layers 

fabricated through intramolecular exchange. Science 2015, 348, 

1234-1237.

[3] Yang, W. S.; Park, B.-W.; Jung, E. H.; Jeon, N. J.; Kim, Y. C.; Lee, 

D. U.; Shin, S. S.; Seo, J.; Kim, E. K.; Noh, J. H.; Seok, S. I., 

Iodide management in formamidinium-lead-halide-based

perovskite layers for efficient solar cells. Science 2017, 356, 1376-

1379.

[4] Jung, E. H.; Jeon, N. J.; Park, E. Y.; Moon, C. S.; Shin, T.-J.; Yang, 

T. Y.; Noh, J. H.; Seo, J., Efficient, stable and scalable perovskite 

solar cells using poly(3-hexylthiophene). Nature 2019, 567, 511-

515.

[5] Jiang, Q.; Zhao, Y.; Zhang, X.; Yang, X.; Chen, Y.; Chu, Z.; Ye, Q.; 

Li, X.; Yin, Z.; You, J., Surface passivation of perovskite film for 

efficient solar cells. Nat. Photonics 2019, 13, 460-466.

[6] NREL Solar Cell Efficiency Chart 2019. https://www.nrel.gov/pv/



122

cell-efficiency.html (accessed : September, 2019).

[7] Yoon, J.; Sung, H.; Lee, G.; Cho, W.; Ahn, N.; Jung, H. S.; Choi, 

M., Superflexible, high-efficiency perovskite solar cells utilizing 

graphene electrodes: towards future foldable power sources. Energy 

Environ. Sci. 2017, 10, 337-345.

[8] Feng, J.; Zhu, X.; Yang, Z.; Zhang, X.; Niu, J.; Wang, Z.; Zuo, S.; 

Priya, S.; Liu, S.; Yang, D., Record Efficiency Stable Flexible 

Perovskite Solar Cell Using Effective Additive Assistant Strategy. 

Adv. Mater. 2018, 30, 1801418.

[9] Wu, C.; Wang, D.; Zhang, Y.; Gu, F.; Liu, G.; Zhu, N.; Luo, W.; 

Han, D.; Guo, X.; Qu, B.; Wang, S.; Bian, Z.; Chen, Z.; Xiao, L., 

FAPbI3 Flexible Solar Cells with a Record Efficiency of 19.38% 

Fabricated in Air via Ligand and Additive Synergetic Process. Adv, 

Funct. Mater. 2019, 29, 1902974.

[10] Lee, G.; Kim, M.; Choi, Y. W.; Ahn, N.; Jang, J.; Yoon, J.; Kim, S. 

M.; Lee, J.-G.; Kang, D.; Jung, H. S.; Choi, M., Ultra-flexible 

perovskite solar cells with crumpling durability: toward a wearable 

power source. Energy Environ. Sci. 2019, 12, 3182-3191.

[11] Jung, H. S.; Han, G. S.; Park, N.-G.; Ko, M. J., Flexible Perovskite 

Solar Cells. Joule 2019, 3, 1850-1880.

[12] Yang, Z.; Chueh, C.-C.; Zuo, F.; Kim, J. H.; Liang, P.-W.; Jen, A. 

K.-Y., High-Performance Fully Printable Perovskite Solar Cells via



123

Blade-Coating Technique under the Ambient Condition. Adv. Enegt 

Mater. 2015, 5, 1500328.

[13] Galagan, Y.; Giacomo, F. D.; Gorter, H.; Kirchner, G.; Vries I. d.; 

Andriessen, R.; Groen, P., Roll-to-Roll Slot Die Coated Perovskite 

for Efficient Flexible Solar Cells. Adv. Energy Mater. 2018, 8, 

1801935.

[14] Kim, Y. Y.; Yang, T.-Y.; Suhonen, R.; Valimaki, M.; Maaninen, T.; 

Kemppainen, A.; Jeon, N. J.; Seo, J., Gravure-Printed Flexible 

Perovskite Solar Cells: Toward Roll-to-Roll Manufacturing. Adv. 

Sci. 2019, 6, 1802094.

[15] Lee, J.-W.; Lee, D.-K.; Jeong, D.-N.; Park, N.-G., Control of 

Crystal Growth toward Scalable Fabrication of Perovskite Solar 

Cells. Adv. Funct. Mater. 2018, 1807047.

[16] He, M.; Li, B.; Cui, X.; Jiang, B.; He, Y.; Chen, Y.; O’Neil, D.; 

Szymanski, P.; El-Sayed, M. A.; Huang, J.; Lin, Z., Meniscus-

assisted solution printing of largegrained perovskite films for high-

efficiency solar cells. Nat. Commun. 2017, 8, 16045.

[17] Wu, W.-Q.; Yang, Z.; Rudd, P. N.; Shao, Y.; Dai, X.; Wei, H.; Zhao, 

J.; Fang, Y.; Wang, Q.; Liu, Y.; Deng, Y.; Xiao, X.; Feng, Y.; Huang, 

J., Bilateral alkylamine for suppressing charge recombination and 

improving stability in blade-coated perovskite solar cells. Sci. Adv.

2019, 5, eaav8925.



124

[18] Li, Z.; Klein, T. R.; Kim, D. H.; Yang, M. Berry, J. J.; Hest, M. F. A. 

M. v.; Zhu, K., Scalable fabrication of perovskite solar cells. Nat. 

Rev. Mater. 2018, 3, 18017.

[19] Schmidt, T. M.; Larsen-Olsen, T. T.; Carle, J. E.; Angmo, D.; Krebs, 

F. C., Upscaling of Perovskite Solar Cells: Fully Ambient Roll

Processing of Flexible Perovskite Solar Cells with Printed Back 

Electrodes. Adv. Energy Mater. 2015, 5, 1500569.

[20] Dou, B.; Whitaker, J. B.; Bruening, K.; Moore, D. T.; Wheeler, L. 

M.; Ryter, J.; Breslin, N. J.; Berry, J. J.; Garner, S. M.; Barnes, F. S.; 

Shaheen, S. E.; Tassone, C. J.; Zhu, K.; Hest, M. F. A. M. v., Roll-

to-Roll Printing of Perovskite Solar Cells. ACS Energy Lett. 2018,

3, 2558-2565.

[21] Kim, J.-E.; Kim, S.-S.; Zuo, C.; Gao, M.; Vak, D.; Kim, D.-Y., 

Humidity-Tolerant Roll-to-Roll Fabrication of Perovskite Solar 

Cells via Polymer-Additive-Assisted Hot Slot Die Deposition. Adv. 

Funct. Mater. 2019, 29, 1809194.

[22] Deng, Y.; Zheng, X.; Bai, Y.; Wang, Q.; Zhao, J.; Huang, J., 

Surfactant-controlled ink drying enables high-speed deposition of 

perovskite films for efficient photovoltaic modules. Nat. Energy

2018, 3, 560-566. 

[23] Dai, X.; Deng, Y.; Brackle, C. H. V.; Huang, J., Meniscus 

fabrication of halide perovskite thin films at high throughput for 



125

large area and low-cost solar panels. Int. J. Extrem. Manuf. 2019, 1, 

022004.

[24] Remeika, M.; Ono, L. K.; Maeda, M.; Hu, Z.; Qi, Y., High-

throughput surface preparation for flexible slot die coated 

perovskite solar cells. Org. Electron. 2018, 54, 72-79.

[25] Hong, S. C.; Lee, G.; Ha, K.; Yoon, J.; Ahn, N.; Cho, W.; Park, M.; 

Choi, M., Precise Morphology Control and Continuous Fabrication 

of Perovskite Solar Cells Using Droplet-Controllable Electrospray

Coating System. ACS Appl. Mater. Interfaces 2017, 9, 7879-7884.

[26] Park. M.; Cho, W.; Lee, G.; Hong, S. C.; Kim, M.; Yoon, J.; Ahn, 

N.; Choi, M., Highly Reproducible Large-Area Perovskite Solar 

Cell Fabrication via Continuous Megasonic Spray Coating of 

CH3NH3PbI3. Small 2019, 15, 1804005. 

[27] Bag, S.; Deneault, J. R.; Durstock, M. F., Aerosol-Jet-Assisted 

Thin-Film Growth of CH3NH3PbI3 Perovskites—A Means to 

Achieve High Quality, Defect-Free Films for Efficient Solar Cells. 

Adv. Energy Mater. 2017, 7, 1701151. 

[28] Barrows, A. T.; Pearson, A. J.; Kwak, C. K.; Dunbar, A. D. F.; 

Buckley, A. R.; Lidzey, D. G., Efficient planar heterojunction 

mixed-halide perovskite solar cells deposited via spray-deposition. 

Energy Environ. Sci. 2014, 7, 2944.

[29] Huang, H.; Shi, J.; Zhu, L.; Li, D.; Luo, Y.; Meng, Q., Two-step 



126

ultrasonic spray deposition of CH3NH3PbI3 for efficient and large-

area perovskite solar cell. Nano Energy 2016, 27, 352-358.

[30] Ulicna, S.; Dou, B.; Kim, D. H.; Zhu, K.; Walls, J. M.; Bowers, J. 

W.; Hest, M. F. A. M. v., Scalable Deposition of High-Efficiency 

Perovskite Solar Cells by Spray-Coating. ACS Appl. Energy Mater.

2018, 1, 1853-1857.

[31] Han, S.; Kim, H.; Lee, S.; Kim, C., Efficient Planar-Heterojunction 

Perovskite Solar Cells Fabricated by High-Throughput Sheath-Gas-

Assisted Electrospray. ACS Appl. Mater. Interfaces 2018, 10, 7281-

7288.

[32] Jiang, Y.; Wu, C.; Li, L.; Wang, K.; Tao, Z.; Gao, F.; Cheng, W.; 

Cheng, J.; Zhao, X.-Y.; Priya, S.; Deng, W., All electrospray printed 

perovskite solar cells. Nano Energy 2018, 53, 440-448.

[33] Huang, F.; Li, M.; Siffalovic, P.; Cao, G.; Tian, J., From scalable 

solution fabrication of perovskite films towards commercialization 

of solar cells. Energy Environ. Sci. 2019, 12, 518-549.

[34] Wang, W.-N.; Purwanto, A.; Lenggoro, I. W.; Okuyama, K.; Chang, 

H.; Jang. H. D., Investigation on the Correlations between Droplet 

and Particle Size Distribution in Ultrasonic Spray Pyrolysis. Ind.

Eng. Chem. Res. 2008, 47, 1650-1659.

[35] Tsai, S. C.; Song, Y. L.; Tsai, C. S.; Yang, C. C.; Chiu, W. Y.; Lin, H. 

M., Ultrasonic spray pyrolysis for nanoparticles synthesis. J. Mater. 



127

Sci. 2004, 39, 3647-3657.

[36] Zhou, H.; Chen, Q.; Li, G.; Luo, S.; Song, T.; Duan, H.-S.; Hong, 

Z.; You, J.; Liu, Y.; Yang, Y., Interface engineering of highly

efficient perovskite solar cells. Science 2014, 345, 542-546.

[37] Park, B.; Philippe, B.; Jain, S. M.; Zhang, X.; Edvinsson, T.; 

Rensmo, H.; Zietz, B.; Boschloo, G., Chemical engineering of 

methylammonium lead iodide/bromide perovskites: tuning of 

optoelectronic properties and photovoltaic performance. J. Mater. 

Chem. A 2015, 3, 21760-21771. 

[38] Kim, M.; Kim, B. J.; Son, D.-Y.; Park, N.-G.; Jung, H. S.; Choi, M., 

Observation of Enhanced Hole Extraction in Br Concentration

Gradient Perovskite Materials. Nano Lett. 2016, 16, 5756-5763.

[39] Saliba, M.; Matsui, T.; Seo, J.-Y.; Domanski, K.; Correa-Baena, J.-

P.; Nazeeruddin, M. K.; Zakeeruddin, S. M.; Tress, W.; Abate, A.; 

Hagfeldt, A.; Gratzel, M., Cesium-containing triple cation 

perovskite solar cells: improved stability, reproducibility and high

efficiency. Energy Environ. Sci. 2016, 9, 1989-1997. 

[40] Sung, H.; Ahn, N.; Jang, M. S.; Lee, J.-K.; Yoon, H.; Park, N.-G.; 

Choi, M., Transparent Conductive Oxide-Free Graphene-Based

Perovskite Solar Cells with over 17% Efficiency. Adv. Energy 

Mater. 2016, 6, 1501873.

[41] Gonzalez-Pedro, V.; Juarez-Perez, E. J.; Arsyad, W.-S.; Barea, E. 



128

M.; Fabregat-Santiago, F.; Mora-Sero, I.; Bisquert, J., General 

Working Principles of CH3NH3PbX3 Perovskite Solar Cells. Nano 

Lett. 2014, 14, 888-893.

[42] Christians, J. A.; Fung, R. C.; Kamat, P. V., An inorganic hole 

conductor for organo-lead halide perovskite solar cells. Improved 

hole conductivity with copper iodide. J. Am. Chem. Soc. 2014, 136, 

758-64.

[43] Tai, Q.; You, P.; Sang, H.; Liu, Z.; Hu, C.; Chan, H. L.; Yan, F., 

Efficient and stable perovskite solar cells prepared in ambient air 

irrespective of the humidity. Nat. commun. 2016, 7, 11105.

[44] Kim, B. J.; Kim, D. H.; Lee, Y.-Y.; Shin, H.-W.; Han, G. S.; Hong, 

J. S.; Mahmood, K.; Ahn, T. K.; Joo, Y.-C.; Hong, K. S.; Park, N.-

G.; Lee, S.; Jung, H. S., Highly efficient and bending durable 

perovskite solar cells: toward a wearable power source. Energy 

Environ. Sci. 2015, 8, 916-921.



129

Chapter 4. Concluding Remarks

In this dissertation, scalable spray-coating systems were developed and 

optimized to realize continuous fabrication of large-area perovskite solar 

cells (PSCs) and flexible PSCs (f-PSCs) with high power conversion 

efficiencies (PCEs). 

First, we have developed a continuous electrospray-coating system with 

a simple setup for rapid, continuous and scalable fabrication of PSCs. Since 

the evaporation rate of electro-sprayed droplets plays a critical role in 

fabricating dense and uniform perovskite films, we have optimized the 

substrate temperature and the size of droplets to find the optimal condition 

for the fabrication. The droplet size can be controlled by adjusting the 

applied electrical potential in our electrospray system, which leads to the 

dramatic quality improvement of the perovskite films. We have analyzed 

the correlation between the applied electrical potential and the droplet size, 

and obtained pinhole-free and uniform perovskite films with large grains, 

which are supported by scanning electron microscopy (SEM) and X-ray 

diffraction (XRD) analysis. As a result of optimization, the best PCE of 

13.27% has been achieved with no photocurrent hysteresis while the 

average PCE of 25 cells has been 11.71% with a small standard deviation 
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of 0.81%. The electrochemical impedance spectroscopy (EIS) measurement 

clearly explains the enhancement of the device performance in terms of 

carrier recombination loss. Furthermore, we have demonstrated the 

continuous coating system, which results in the average PCE of 11.56% 

with a small standard deviation. This work demonstrates that our 

electrospray coating system presents a new way to commercialize high-

quality perovskite solar cells through continuous and droplet-controllable 

manufacturing system.

Second, we have developed a continuous and automated Film-Growth-

Megasonic-Spray-Coating (FGMSC) system for scalable fabrication of 

high-performance f-PSCs. With ultrafine perovskite droplets (< 10 μm) and 

appropriate coating technique, we have successfully coated pinhole-free 

and uniform perovskite films with large grains on the flexible substrates, 

which is confirmed by the focused ion beam (FIB), SEM, XRD and time-

resolved photoluminescence (TRPL) analysis. Therefore, we have achieved 

f-PSCs with superb PCEs of 18.24% for the best and 17.51% for the 

average of 50 devices with a small standard deviation of 0.26%, which is 

the best PCE among all f-PSCs fabricated by scalable processes as well as 

all PSCs produced by automated spray-coating techniques. We also verified 

low carrier recombination loss and great bending durability of the f-PSCs 

through the EIS analysis and bending test with various bending radius, 

respectively. The outstanding scalability of the FGMSC system is clearly 
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demonstrated by fabrication of large-area (100cm2) f-PSCs which exhibited 

average PCE of 17.47 ± 0.22% under 64 sub-cells with active area of 0.078. 

Our FGMSC system, therefore, is a unique technique for large-area and 

highly efficient f-PSCs and has high potential to be applied for large-area 

modules, which will be studied in our following project.
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에어로졸 기술을 이용한 고성능 페로브

스카이트 태양전지의 연속 제작

Abstract (in Korean)

서울대학교 대학원 기계항공공학부

홍 승 찬

요약

유기 금속 할라이드 페로브스카이트 태양전지의 전력 변환 효율

의 급격한 증가는 유망한 차세대 에너지 수확 장치로서의 위치를

확고히 하고 있다. 이러한 추세에 발 맞춰 광범위한 응용 분야에

적용 가능한 유연 페로브스카이트 태양전지에 대한 수요도 크게

증가하고 있다. 이러한 고성능 페로브스카이트 태양전지의 상용화에

대한 요구는 대면적 페로브스카이트 태양전지의 연속적인 제조 기술

개발에 대한 열망을 더욱 증폭시키고 있다. 먼저, 우리는 고성능의

페로브스카이트 태양전지를 지속적으로 제조 할 수 있는 새로운

정전분무 기반 페로브스카이트 박막 코팅 시스템을 개발했다. 본

정전분무 시스템은 인가전압의 세기를 조절하여 CH3NH3PbI3 전구체

액적의 크기를 체계적으로 제어 할 수 있다. 그 결과, 핀홀 없이

균일하고 그래인의 크기가 큰 페로브 스카이트 필름을 얻었으며, 

이를 바탕으로 광전류 히스테리시스가 거의 없으며 광효율이

13.27%인 역구조 페로브스카이트 태양전지 제작에 성공하였다. 또한, 

본 시스템의 연속 공정을 통해 제작한 대면적 페로브스카이트

태양전지의 평균 광효율이 11.56 ± 0.52%임을 확인함으로써, 본
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정전분무 코팅 시스템의 대면적 연속 공정 성능 및 본 시스템의

높은 재현성을 입증하였다. 본 연구는, 액적 제어 및 연속 공정이

가능한 우리의 정전분무 코팅 시스템을 통해 고품질 페로브스카이트

태양전지를 상업화하는 새로운 방법을 제시하였다. 둘째, 우리는

초미세 페로브스카이트 전구체 액적 (<10 μm) 과 적합한 코팅

메커니즘을 통해 유연한 기판에서 페로브스카이트 필름을

효율적으로 성장시킬 수 있는 필름성장 메가소닉 스프레이 코팅

(Film-Growth-Megasonic-Spray-Coating, FGMSC) 시스템을 개발 하였다. 

완벽한 자동화를 기반으로, 우리의 FGMSC 시스템은 18.24%의

놀라운 전력 변환 효율과 높은 재현성이 확보된 고효율 유연

페로브스카이트 태양전지 제조에 성공하였다. 또한 우리는 FGMSC 

시스템을 이용하여 대면적 (100cm2) 유연 페로브스카이트 태양전지를

제조함으로써 본 시스템의 우수한 대면적 코팅 성능을 입증하였다.

본 연구 결과는, 대면적 연속 공정을 수행 할 수 있는 우리의

FGMSC 시스템이 유연 페로브스카이트 태양전지의 상용화를

실현시켜줄 가능성이 높다는 것을 증명하였다.

주요어: 페로브스카이트 태양전지, 대면적 공정, 연속 공정, 정전분무, 

메가소닉 스프레이, 유연 소자

학번: 2015-30164
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