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Abstract 

Considerable effort to develop renewable energy sources has been expended over the last several 

decades, leading to the demonstration of several new classes of highly efficient photovoltaic cells. 

organic, inorganic and hybrid light absorbers such as organic bulk heterojunctions, colloidal quantum-

dots and dye-sensitized metal oxide devices have been demonstrated as next generation photovoltaic 

materials. Among them, hybrid organic-inorganic perovskite materials have attracted substantial 

attention as photovoltaic light absorbers due to their outstanding electrical and optical properties. Since 

the processing for obtaining compact and uniform perovskite photoactive layer has intensively studied 

last few years to achieve high PCEs in solar cells, recent PCEs of perovskite solar cells(PeSCs) have 

exceeded 23% which is approaching those of commercialized PVs. These achievements have been 

marked by a constant improvement of deposition techniques by understanding of the crystallization 

processes. In this perspective, here, we demonstrate several deposition techniques which has a great 

influence on the crystallization kinetics. 

First, p-i-n structure PeSCs by optimizing the morphology of perovskite films via solvent mixtures 

in which all layers are deposited with solution processing at low temperature. we employ a simple 

device configuration of indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):polystyrene sulfonic 

acid (PEDOT:PSS)/CH3NH3PbI3 perovskite/PCBM/aluminum (Al). Improved morphology is obtained 

in the perovskite film deposited from mixed solvents, leading to improved exciton dissociation 

efficiency and reduced recombination losses at the interface between perovskite and PCBM and 

improvements in device efficiency to over 6%. 

Second, we employed cesium-doped methylammonium lead iodide perovskites (CsXMA1-XPbI3) 

photoactive layer to improve the performance of planar heterojunction PeSCs. The CsXMA1-XPbI3 

perovskite with optimized 10% Cs doping concentration remarkably improves device efficiency from 

5.51% to 7.68% due to increases in short-circuit current density and open-circuit voltage by improving 

light absorption at optimum device thickness and morphology of perovskite film, and widening the 

energy difference between energy difference between the valence band of the perovskite and low 

unoccupied molecular orbital level of PCBM 

Third suggestion is a bridged ternary halide approach to process materials with the formula MAPbI3-

y-xBryClx which yields high PCEs in planar, p-i-n type heterojunction PeSCs. This ternary halide 

perovskite system improves device performance from 12% to 16% when an optimal concentration of 

10% Br is incorporated into the binary Cl – I systems, via increases in short-circuit current density (JSC), 

open-circuit voltage(VOC) and fill factor(FF) which arise from the formation of homogeneous crystal 



 

 

domains and a subtle widening of the optical band gap. Remarkably, the ternary halide perovskite 

devices exhibited approximately 100% internal quantum efficiency (IQE) throughout their entire 

absorption range (400~800 nm). 

Furthermore, high quality crystal growth of perovskite layer is critical point to enhance device 

performance. An easy and effective new process for high efficiency p-i-n planar heterojunction structure 

of PeSCs by handling the compact seed perovskite layer (CSPL). The CSPL assists vertical growth of 

perovskite crystal and obtains the high crystalline perovksite photoactive layer which leads to the 

reduction in the charge transfer resistance and longer photoluminescence lifetime. PeSC device with 

CSPL shows the remarkably improved PCEs from 15.07% to 19.25% with VOC of 1.16 V in p-i-n 

structure with pure crystal perovskite and negligible current density-voltage hysteresis. And 20.37% 

was achieved with CSPL assisted n-i-p structure PeSCs 

Finally, Lightweight and flexible photovoltaic devices have attracted great interest for specific 

potential applications, such as miniaturized drones, blimps, and aerospace electronics. This study aims 

to demonstrate ultralight and flexible perovskite solar cells (PSCs) with orthogonal silver nanowire 

(AgNW) transparent electrodes fabricated on 1.3-µm-thick polyethylene naphthalate foils. The smooth 

surface morphologies of the orthogonal AgNW transparent electrodes help prevent nonconducting 

silver halide formation generated by chemical reaction between the AgNWs and iodine in the active 

layer. The resultant PSCs with orthogonal AgNW transparent electrodes exhibit substantially improved 

device performance, achieving a power conversion efficiency (PCE) of 15.18%, over PSCs with random 

AgNW network electrodes (10.3% PCE). Moreover, ultralight and flexible PSCs with the orthogonal 

AgNW electrodes exhibit an excellent power-per-weight of 29.4 W·g−1, which is the highest value 

reported for a lightweight solar cell device. These lightweight energy harvesting platforms can be 

further expanded for various wearable optoelectronic devices. 
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CHAPTER 1.  Introduction 

 

Figure 1. 1. Solar cells convert light energy into electrical energy by photovoltaic effect. 

 

emand of renewable energy have been increased for last several decades, there are a lot of 

resource candidates are nominated for a source of energy. Among them, solar energy is one of 

the most promising resource due to permanently available and environmentally friendly. If land-based 

system covered only 2% of the available area and convert energy with 12% efficiency among the huge 

amount of energy reaching the Earth’s surface from the Sun, that energy is more than twice than global 

energy demand of 30 TW in 2050. After the discovery of photovoltaic effect which occurs when light 

is absorbed in a material and creates electrical voltage by Edmond Becquerel in 1839, the first solar 

cells which convent light energy into electrical energy was created by coating selenium with a thin layer 

of gold with 1-2% energy conversion rate in 1883. The photoelectric effect, leading to Einstein’s Nobel 

Prize, and other fundamental phenomena observed in the semiconductor propagated through modern 

technology and science such as sensor, photocopy machine, rectifiers and other technologies. From that 

time on, photovoltaic industry has begun with silicon(Si) which has high quality material with a band 

gap more suitable for single junction solar cells and PVs based inorganic semiconductors (Si, gallium 

arsenide(GaAs) and copper indium gallium selenide(CIGS)) have all achieved power conversion 

efficiencies (PCEs) of over 20%, which is able to commercialize of solar cell technologies. However, 

inorganic semiconductor based solar cells continue to approach the practical limits for single junction 

D 
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even though improved material quality and device structure have enabled increased conversion 

efficiency. In addition, high production cost and module prices are constantly mentioned as a problem. 

This is the motivation for developing PV technologies with low cost.1  

 

 

Figure 1. 2. 12% conversion efficiency arrived in land from the sun cover the demand of energy in 2050 

 

In the early of 1990s, Dye sensitized solar cells (DSSCs) have been discovered to potentially meet 

the requirement of reduction production cost and easy-fabrication. After decade of the efforts, PCEs of 

DSSC have obtained 10%.2 Another attempt is quantum dot solar cells (QDSC) which use quantum 

dots(QDs) as the light absorbing materials. QDs have band gaps which tunable across a wide range of 

energy level by changing of QD’s size and this material property is attractive for multi-junction solar 

cells. The other alternative is organic solar cells (OSC) which uses organic electronics with conductive 

organic polymer materials and small organic molecules. It has widely investigated owing to lightweight, 

potentially inexpensive to fabricate, flexible and customizable on the molecular level. However, these 

alternative PVs have inefficiency and stability problems compared to Si based solar cells. 

The emerging class of hybrid organic-inorganic perovskite materials based on lead halides have 

attracted substantial attention due to their outstanding physical properties such as high absorption 

coefficients, excellent carrier transport with long electron-hole diffusion lengths, low exciton binding 

energies and easily tunable energy band gaps.3-5 These superb physical characteristics have led to high 

power conversion efficiencies (PCE) since the first research in the area of solution processing perovskite 

solar cells (PeSCs) was reported in 2009.6 To achieve highly efficient PeSCs, the perovskite layer must 

be deposited with a uniform, highly-crystalline and dense morphology, which completely covers the 
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underlying surface. Diverse methods such as vapor-assisted deposition, solvent engineering and 

intermolecular exchange have been introduced to produce uniform perovskite films with large crystal 

domains and complete surface coverage.7-9 Diverse approaches to improve device performance via 

control of the film morphology have been introduced, such as via interface engineering, induced 

crystallization with non-solvents, incorporation of processing additives, nuclei growth and so on. 

Although, these procedures are excellent guideline for improving film morphology, there have been 

some drawbacks for each other. 

 

Figure 1. 3. Research object 

 

In this perspective, this thesis is investigated about morphology control of photoactive layer for high 

efficiency perovskite solar cells. Chapter 2 begins with introducing background theory to understand 

basic properties of perovskite materials, working principle of perovskite solar cells and recent efforts to 

increase perovskite morphology. And then following chapters demonstrate several attempts to control 

perovskite photoactive layer via newly studied procedures. 

In chapter 3, mixed solvent effect is applied to change film morphology. The use of mixed solvents 

can either take advantage of the difference in solubility of the two solvents and more simply modify the 

drying kinetics of the system by using higher or lower boiling point solvents. These two main factors 

lead morphology changes in BHJ polymer solar cells and improved device performance as previously 

reported study.10 In this experiment, we used GBL as additive and DMF as main solvent which are 

widely used in perovskite precursor solvent. 

Chapter 4 and 5 is about chemical deposition methods. Perovskites are a class of materials with the 

same type of crystal structure as ABX3. Perovskite materials properties can be easily tuned by exchange 
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the component composition. In order to modulate film morphology, we tried to exchange components 

and composition ratio of perovskite photoactive layer. In chapter 4, the A site cation MA is replaced 

with Cs cation, leading to enhancement in device efficiency via improvement in light absorption and 

morphology as well an increased energy difference between the valance band of perovskite and LUMO 

level of PCBM. In chapter 5, we have investigated the influence of structural composition on the opto-

electronic properties of the materials in order to achieve high-quality, dense perovskite films by 

fractional substitution of PbCl2 with PbBr2 in the precursor solution. Film compositions with Br content 

ranging from 0 to 1 in the MAPbI3-xClx/DMA system were investigated in order to improve morphology 

and surface coverage of the perovskite layer. 

In chapter 6, easy and effective new process for high efficiency p-i-n planar heterojunction structure 

of perovskite solar cells (PeSCs) by handling the compact seed perovskite layer (CSPL) in chapter 6. 

The CSPL assists vertical growth of perovskite crystal and obtains the high crystalline perovskite 

photoactive layer which leads to the reduction in the charge transfer resistance and longer 

photoluminescence lifetime. 

Finally, I have demonstrated lightweight and flexible perovskite solar cells via compact seed 

perovskite layer which is mentioned above. This study aim to apply ultrathin and flexible photovoltaic 

devices with orthogonal silver nanowire (AgNW) transparent electrodes fabricated on 1.3 µm-thick 

polyethylene naphthalate foils. The well aligned orthogonal AgNW transparent electrodes help prevent 

nonconducting silver halide formation generated by chemical reaction between the AgNWs and iodine 

in the perovskite layer. The resultant PSCs with orthogonal AgNW transparent electrodes exhibit 

substantially improved device performance, achieving a power conversion efficiency. 

The conclusion and outlook of the studies are summarized in the last chapter.   
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CHAPTER 2.  Background theory and device physics for perovskite Solar 

Cells 

This chapter provides theoretical background of device physics on which there is little discussion in 

each chapter. It covers from operating mechanism of thin film electronics (here, transistors and solar 

cells) and figures of merit of each thin film device to get a thorough understanding of device application. 

 

2.1 Properties of perovskite materials 

In this section, we are going to review the recent studies in understanding the structure property 

relationships in hybrid perovskite materials. Basically, perovskites are a type of compounds which share 

the same chemical formula ABX3. A as a monovalent cation, B as a divalent cation and a monovalent 

anion X.11 The choice of component is tunes the optoelectronic properties of the resultant perovskites 

as well as determines the crystal unit structure. To form a stabilized three-dimensional structure, the 

choice of component ions can be predicted by the Gold-Schmidt tolerance factor, τ: 

 

 τ =
𝑅𝑋+𝑅𝐴

√2(𝑅𝑋+𝑅𝐵)
 (Eq. 2-1) 

     

where RA, RB and RX are the radius of A,B and X ions. It has been known that cubic perovskite is formed 

when 0.9 ≤ τ ≤ 1, while an rhombohedral and orthorhombic structure is formed with 0.71 ≤ τ ≤ 0.9 and 

a tetragonal and hexagonal structure is formed with τ >1.12, 13 

 

 

Figure 2. 1. Materials properties of perovskite 

 

 Perovskite materials can be easily tuned their optoelectronic properties by changing the composition 

of the each component. The use of this materials properties, composition modification for bandgap 
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tuning is a significantly critical component of the construction of performance perovskite devices. In 

the early of perovskite solar cells, for instance, most common A site organic cation perovskite materials 

were methylammonium(MA). However, a bandgap of 1.55 eV (MAPbI3) is not enough because of 

relatively short absorption range limited to 800 nm. Therefore, the replacement of MA with 

formamidinium(FA) lead to reduce the bandgap by 0.07 eV, giving risen to an enhancement of the 

absorption range up to 850 nm.14 

Strong optical absorption is the main factor to the outstanding performance of these perovskite solar 

cells The absorption coefficient value of CH3NH3PbI3 was estimated to be 1.5 x 104 cm-1 at 550 nm, 

indication that most incoming light can be absorbed by the perovskite within a thin layer of about 2 mm, 

which is suitable as a high efficiency solar cells.15 

In addition, perovskite materials exhibit impressive electronic characteristic considering their 

solution-processed fabrication. By recent reports, the diffusion length of perovskite increased form 

values below 1 μm to exceeding 10 μm, reflecting the progress that has been obtained with better 

structural order and morphology.4, 5 In particular, the diffusion length has a dependence on the grain size 

of the perovskite film. The carrier mobility of perovskite has been improved over the years and tend to 

exhibits dependence on film morphology. In perovskite single crystals, the mobility is measured from 

exceeding 10 Cm2V-1s-1 to above 100 Cm2V-1s-1 with different measuring method.9, 16, 17 The mobility 

does not exhibits a dependence on the material composition.  
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2.2 Working principle of perovskite solar cells 

 

p-i-n structure: In general, the planar structures can be classified with n-i-p structure and p-i-n structure. 

The n-i-p planar structure using TiO2, ZnO and SnO2 as electron transport layer(ETL) usually show high 

performance under reverse scan. However, the forward scan usually showed lower efficiency, making 

it difficult to achieve a reliable power conversion efficiency. In contrast, most studies have reported 

negligible hysteresis in the planar p-i-n perovskite solar cells with fullerene as ETL. Many groups have 

reported the reason as follows: first, fullerenes could passivate the trap states to form a fullerene halide 

radical, which may block the ion migration. Next, fullerenes could diffuse into the perovskite layer via 

pinhole and grain boundaries, expanding the contact region of perovskite/fullerene interface and 

reduced the hysteresis. Finally, fullerenes could extract the electrons more efficiently, leading to 

forestall charge accumulation at the interface removing the hysteresis. Additionally, n-i-p perovskite 

devices require over 400 ℃ temperatures to prepare the TiO2 layer, which currently poses a barrier to 

economical processing and flexible devices. One more, the n-i-p structure needs a p-type hole conductor 

which is heavily doped by atmospheric oxygen via incorporation of tert-butyl prydine(tBP) or Li-

bis(trifluoromethanesulfonyl)imide (Li-TFSI), which leads to devices with poor chemical stability and 

sensitivity to moisture. To surmount these obstacle, in this study, the p-i-n architecture is mainly 

employed. 

 

 

Figure 2. 2. Basic device structure of perovskite solar cells 

 

Working principle of p-i-n structure perovskite solar cells: As mentioned in introduction chapter, solar 

cells are energy-harvesting devices that directly convert photons to electrons by photovoltaic effect. 

Photovoltaic is that electrons in ground state are excited to higher energy states when the device is 
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exposed to irradiation. These excited electrons make potential difference in a material, resulting in the 

device extracts electrons out of the device generating photocurrent. In this studies. I am concentrating 

on the p-i-n structure perovskite solar cells, simple working process as followed. Schematic device 

working mechanism is shown in Figure 2. 3. The charge dynamic of p-i-n structure perovskite is 

happened at the interface including charge extraction, charge transfer and charge recombination. 

 

 

Figure 2. 3. Working principle of p-i-n structure perovskite solar cells 

 

The charge extraction process is a very quick. It is known that within hundreds of ps, the generated 

electrons and holes could be extracted to the electron transport layer(ETL) and hole transport 

layer(HTL). Compared with free carrier lifetime that is at the timescale of nanoseconds, the extraction 

process is ultrafast. However, many literatures demonstrated that the remaining PbI2 at interface can 

slow the charge extraction process. The surface modification was investigated to promote the ultrafast 

interfacial charge extraction. In some works, they used carbon quantum dots acted as superfast electron 

tunnel, to optimize the interface between ETL and perovskite layer, leading an accelerated charge 

extraction process which increased the extraction rate from ≈300 ps to around 100 ps.  

Compared with the charge extraction process, charge transfer and recombination process at the 

interface have a much more intensive impact on the cell performance like VOC and JSC. Mismatches of 

interfacial structural and electronic mostly act as the energy barriers for charge transport and 

recombination, implying that interface engineering is required to eliminate this effect. In the study of 
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Ogomi et al., they employed HOCO-R-NH3
+I- group between ETL and perovskite interface, which 

highly suppressed the charge recombination from ps to tens of microsecond.   
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2.3 Crystallization process of perovskite films 

 

In order to modify the morphology of perovskite films and thus the resulting in high performance 

solar cells, understanding the crystallization is a key factor. Diverse studies showed that it is important 

to increase the crystalline domains in perovskite solar cells by introducing various crystallization 

strategies. In this chapter, I will elaborate the various strategies employed so far as summarized figure 

x. In general, there are a lot of different pathways for crystallization in solution process such as one step 

method with solvent engineering, two step method like sequential deposition and post processing. 

 

 

Figure 2. 4. Various perovskite deposition method 

 

One step method: In one-step methods, the perovskite precursor solution consisting of metal halide 

and organohalide in proper solvent is deposited onto the substrate directly. Since the ionic interaction 

in the crystallization process is quite complicated, the morphology control for the perovskite film based 

on “one step” method is always a challenge. The final film often shows shiny-gray appearance, 

indicating a rough surface with lots of pinholes and the poor film quality. Several approaches have been 



11 

 

proposed to overcome the challenge of morphology control in the “one step” method.  

Retarding the crystal growth has been proved to be effective to optimize the perovskite quality. By 

slowing down the crystal growth rate, the perovskite film morphology can be well controlled with 

higher film coverage and fewer pinholes, leading to the optimized film quality Chlorine (Cl) additive 

can effectively retard the crystallization of MAPbI3 by forming the intermediate species, PbCl2. Ding et 

al. demonstrated that chloride based additives could help to improve the perovskite film surface 

uniformity and coverage in the inverted Perovskite solar cells. Similarly, using PbCl2 as one of the 

perovskite precursors for “one step” method also gave a uniform perovskite film in the same way.  

Solvent engineering is an approach to retard the crystallization, which involved the immediate phase 

during the film growing. For instance, dimethyl sulfoxide (DMSO) was used as both the solvent and 

the additive in the “one step” precursor solution. A complex immediate phase, MAI-PbI2-DMSO, could 

form a compact and uniform film, which was the key point of this method. The extra DMSO gradually 

left the film during the followed thermal annealing, retarding the crystallization of the perovskite  

Another example of accelerating the crystal growth was reported by Mohite et al. They have proposed 

the solution based hot-casting technique. The hot precursor solution was dropped onto a substrate 

maintained at 180℃ and spin-coated. Driven by the high temperature of the substrate, the solvent 

evaporation was accelerated and the crystal growth could be finished during spinning. 

 

Two-step method: Two step methods offer the possibility of controlling the growth of two precursor 

materials separately. It’s easier to control the growth of a single precursor material than the mixture of 

two or more materials. The two step methods have been intensively studied in the regular Pero-SCs. In 

the traditional sequential deposition method developed by Gratzel et al., PbI2 is firstly deposited onto a 

mesoporous TiO2 scaffold. Then the PbI2 covered substrate is dipped into the MAI solution. MAI 

penetrates through the channels in the porous TiO2 scaffold to react with PbI2 and produce CH3NH3PbI3 

within seconds. However, in the inverted Pero-SCs, the devices generally consist of planar films without 

mesoporous scaffolds. On the planar substrate, PbI2 tends to form a compact film due to the lack of the 

mesoporous scaffold. When dipped into the MAI solution, only the PbI2 on the surface could contact 

and react with MAI, resulting in the residue of PbI2 in the final perovskite film. Although the unreacted 

PbI2 may have positive effect of reducing interfacial charge recombination in regular Pero-SCs, the 

residual PbI2 in inverted Pero-SCs can only result in the reduced light harvesting and larger charge 

transport resistance. Therefore, the main challenge of using “two-step” method in inverted Pero-SCs is 

achieving the full conversion of PbI2 to the perovskite.  

As a modified “two-step” method, Huang et al. have developed the inter diffusion method to prepare 

perovskite for inverted Pero-SCs. Basically, MAI was spin-coated on the top of PbI2 layer to form 

stacked films. Driven by the thermal annealing, PbI2 and MAI diffused into and reacted with each other 

to produce MAPbI3. Full conversion of the two precursor materials could be achieved by controlling 
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the film thicknesses precisely. During the same period, Wu et al. developed a (2/1)-step spin-coating 

method which was similar to the inter diffusion method. Both the methods gave rise to high-quality 

perovskite films and high performance devices.  

 

 

Figure 2. 5. Morphology of perovskite films with various solvent 

 

Post annealing method: In most cases, post annealing process is necessary for the perovskite crystal 

growth. Annealing temperature and duration are the major parameters for the post annealing process 

and these parameters have been intensively studied and established in the regular Pero-SCs In the 

development of inverted Pero-SCs, researchers also noted that the annealing atmosphere has great 

influence on the resultant perovskite film. Some researches were conducted to optimizing the film 

quality by controlling the annealing atmosphere. 

Huang et al. proposed the solvent annealing, where DMF vapor was introduced into the thermal 

annealing atmosphere. Since both PbI2 and MAI have high solubility in DMF, DMF vapor provided a 

wet environment so that the precursor ions and molecules could diffuse a longer distance than in the 

all-solidstate thermal annealing, yielding larger grain sizes. The average grain size of the solvent-

annealed film was always slightly larger or comparable to the film thickness. This means that 

photogenerated charges could transport to the charge selective layers through a single grain without the 

charge recombination at the grain boundaries. In addition to the application in the interdiffusion method, 

the solvent environment is also helpful in other deposition methods. For example, in the vapor 

atmosphere of DMF/CB mixture, the as-casted MAPbI3xClx based on “one-step” coating method could 
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achieve good crystallization at room temperature without further treatment. 

Environment humidity was also found to affect the film quality. It was noted that annealing the 

perovskite film in a humid environment dramatically increased the grain size, carrier mobility and 

carrier life time. This might be ascribed to the hydroscopic nature of MAI. Due to the hydroscopic nature 

of MAI, moisture in the environment accumulated at the grain boundaries, inducing grain boundary 

creep and subsequently merging adjacent grains together. In addition, moisture provided an aqueous 

environment similar to the DMF vapor atmosphere, where precursor ions and molecules diffuse a longer 

distance, further promoting the grain growth. Despite the exact mechanism has not been established, 

lots of researches have confirmed the positive effect of moisture or water molecules on the film quality. 
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2.4 Figures of merit of thin film solar cells 

The enormous amount of solar energy is reached on earth’s surface in every second continuously. 

When the sunlight passes through the atmosphere, a part of solar spectrum is absorbed by water vapor, 

ozone and scattered by dusts and aerosols in air. The standard solar spectrum, as defined under specific 

atmosphere conditions, is referred to Air Mass or simply AM. Generally, the AM is numbered by 

considering the zenith angle of light incidence on the ground. e.g. light incident at 45° above the ground 

corresponds to 1.5, which is the value of sec45°. For universal characterization of the solar cells 

fabricated anywhere in the world, the standard airmass, AM1.5G, is widely applied to the solar simulator. 

Total power density of AM 1.5G solar spectrum is ~1000 W/m2. Left image of Figure 2.6 compares the 

irradiance of AM 1.5G with AM 0 corresponding to solar power spectrum outside the earth atmosphere. 

Huge attenuation at ~750 nm in the AM 1.5G spectrum is due to O2 absorption and several holes after 

900 nm are mainly attributed to the absorption by H2O molecules. Photon energy is plotted, not in terms 

of irradiance, but in terms of photon flux. The photon flux density of AM 1.5G can be calculated by 

dividing solar irradiance by the photon energy at each wavelength and is shown in the right image of 

Figure 2.6. 

 

 
Figure 2. 6. Solar irradiance of AM1.5G and AM 1.0. Photon flux density of AM 1.5G and maximum photocurrent 

density of the device absorbing light up to corresponding wavelength are shown in the right of the figure. 

 

Optical bandgap, Eg of the photoactive layer determines the absorption range of incident light to the 

solar cell. The longest wavelength the active layer can deal with can be calculated by using simple 

relation between photon energy and wavelength. 

 

 𝐸𝑔 =
ℎ𝑐

𝜆𝑚𝑎𝑥
 (Eq. 2-2) 

 

Then we can calculate the maximum photocurrent density of the ideal solar cell that absorbs all the 

photons with the wavelengths in Eg: 
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 𝐽𝑝ℎ = 𝑞 ∫
𝑑𝜙

𝑑𝜆
𝑑𝜆

𝜆𝑚𝑎𝑥

0
 (Eq. 2-3) 

 

where dϕ/dλ is the photon flux density. The calculated photocurrent density is shown as red curve in 

the right image of Figure 2. 6.  

J–V characteristics of the solar cell can be expressed using the modified diode equation: 

 

 𝐽 = 𝐽𝑠 [exp (
𝑞(𝑉−𝐽𝑅𝑠𝐴)

𝑛𝑘𝑇
) − 1] +

𝑉−𝐽𝑅𝑠𝐴

𝑅𝑠ℎ𝐴
− 𝐽𝑝ℎ (Eq. 2-4) 

 

where Js is the saturation current of the diode, n is the ideality factor, k is the Boltzmann constant, A 

is the device area, Rs is series resistance, and Rsh is shunt resistance. Its equivalent electric circuit is 

shown in Figure 2.7. Two resistors in the circuit causes parasitic loss during the operation of the device. 

 

 
Figure 2. 7. Equivalent circuit of a solar cell 

 

An ideal solar cell has n close to 1, 0 of Rs, and infinite Rsh. These conditions reduce Eq. (2-4) to be: 

 

 𝐽 = 𝐽𝑠 [exp (
𝑞𝑉

𝑘𝑇
) − 1] − 𝐽𝑝ℎ (Eq. 2-5) 

 

which is a typical diode equation with an additional term, –Jph. Ideal Js exhibits exponential 

dependence on Eg: Js ~ exp(–Eg). Short-circuit current density, JSC (V = 0) is equal to Jph in the ideal 

case and open circuit voltage, VOC is obtained by putting J = 0 to Eq. (2-5). 

 

 𝑉OC =
𝑘𝑇

𝑞
ln (

𝐽𝑝ℎ

𝐽𝑠
+ 1) (Eq. 2-6)  
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Short-circuit current occurs when the solar cell’s anode and cathode terminals are directly connected 

in a short circuit and the resulting current is termed the short-circuit current. Open-circuit voltage occurs 

the solar cell’s electrodes are isolated from each other and the resulting voltage is termed the open-

circuit voltage. 

Output power density of the device can be calculated by multiplying V to Eq. (2-5). 

 

 𝑃out = 𝐽𝑉 = 𝐽𝑠𝑉 [exp (
𝑞𝑉

𝑘𝑇
) − 1] − 𝐽𝑝ℎ𝑉 (Eq. 2-7) 

 

Maximum output power density, Pm is achieved when dPout/dV = 0: 

 

 
𝑑𝑃out

𝑑𝑉
=

𝑑(𝐽𝑉)

𝑑𝑉
=

𝑑𝐽

𝑑𝑉
𝑉 + 𝐽 = 0 (Eq. 2-8) 

 

Substituting Eq. (2-5) for J of dJ/dV in Eq. (2-8) gives the current density at maximum power point 

(mpp), Jm: 

 

 𝐽𝑚 = −𝐽𝑠𝛽𝑉𝑚 exp(𝛽𝑉𝑚) (Eq. 2-9) 

 

where β is kT/q. The voltage at mpp, Vm can be obtained by substituting Eq. (2-9) for J in Eq. (2-5): 

 

−𝐽𝑆𝛽𝑉𝑚 exp(𝛽𝑉𝑚) = 𝐽𝑠 [exp (
𝑞𝑉𝑚

𝑘𝑇
) − 1] − 𝐽𝑝ℎ 

 

 𝑉𝑚 =
1

𝛽
ln [

(𝐽𝑝ℎ/𝐽𝑠)+1

1+𝛽𝑉𝑚
] = 𝑉OC −

1

𝛽
ln(1 + 𝛽𝑉𝑚) (Eq. 2-10) 

 

The power conversion efficiency (PCE) is the ratio of Pm to the incident power density, Pin. 

 

 𝜂 =
|𝑃𝑚|

𝑃𝑖𝑛
=

|𝐼𝑚𝑉𝑚|

𝑃𝑖𝑛
=

𝐽𝑠𝛽𝑉𝑚
2 exp(𝛽𝑉𝑚)

𝑃𝑖𝑛
 (Eq. 2-11) 

 

(-) sign of Pm from Jm was removed in Eq. (2-11) because the sign indicates the power is generated 

from the device. Positive sign of Pin in denominator means that the power is absorbed by the device. 

For the efficiency calculation, the sign of each power is physically meaningless. 

J-V characteristics of solar cell under illumination is shown in Figure 2. 8. 
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Figure 2. 8. J-V characteristics of solar cell under illumination. 

 

Fill Factor(FF) is defined as a value which relates the total amount of power that a solar cell is able 

to theoretically produce to the maximum power that the device can produce when it is actually tested. 

FF is a geometrical parameter measuring the degree of areal occupation of blue square (Vm×Im) in green 

square (VOC×JSC). Efficient solar cells have a FF close to 1 but it is not able to reach to 100% even in 

ideal solar cell because of the exponential dependence of J-V characteristics. PCE, then can be expressed 

using VOC, JSC, and FF:  

 

 𝜂 =
|𝑃𝑚|

𝑃𝑖𝑛
=

|𝑉𝑚𝐼𝑚|

𝑃𝑖𝑛
=

𝑉OC𝐽SC𝐹𝐹

𝑃𝑖𝑛
 (Eq. 2-12) 

 

Eq. (2-12) addresses the consideration on theoretical maximum efficiency of solar cell. VOC decreases 

with smaller Eg because of increased Js, but JSC increases as we discussed in Figure 2. 6 and Eq. (2-2, 

3). Because of this trade-off, it is known that theoretical maximum efficiency of 30.6% can be achieved 

at 1.32 eV of Eg. The values can exhibit some discrepancy depending on the studies. The theoretical 

efficiency limit is called Schokley-Queisser limit. 

In non-ideal solar cell, FF is hugely affected by two parasitic resistances, Rs and Rsh: 

 

 𝐹𝐹(𝑅𝑠, 𝑅𝑠ℎ) = 𝐹𝐹(0, ∞) [(1 −
𝐽SC𝑅𝑠

𝑉OC
) − (

𝑉OC

𝐽SC𝑅𝑠ℎ
)] (Eq. 2-13) 

 

Another useful figure of merit for solar cell characterization is quantum efficiency. The simplest 

quantum efficiency of solar cell is photon to electron conversion efficiency. It is called the external 

quantum efficiency (EQE) or incident photon to electron conversion efficiency (IPCE). An example of 

EQE spectrum is shown in Figure 2. 9.  
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Figure 2. 9. An example of external quantum efficiency and integrated JSC of solar cell. 

 

JSC of the device can be estimated from EQE spectrum using the following equation: 

 

 𝐽SC =
𝑒𝜆

ℎ𝑐
∫ 𝐸𝑄𝐸(𝜆)𝐹(𝜆)𝑑𝜆 (Eq. 2-14) 

 

where F(λ) is solar irradiance. As JSC measured in J-V characteristics is significantly altered by the 

small deviation of the distance between light source (solar simulator) and the device, EQE is useful to 

cross-check the measured JSC. It should be noticed, however, that the estimated JSC from EQE is only 

valid when the device exhibits linear dependence of JSC on light intensity.  

Internal quantum efficiency, IQE is the ratio of the number of absorbed photons by active layer to the 

number of incident photons. Because IQE excludes photons absorbed by the other layers in solar cell, 

it can be useful when you want to demonstrate the quality of the device; how efficiently photoexcited 

electrons are extracted out of the device. Despite its usefulness, however, the practical difficulty of 

measuring light absorption by active layer makes researchers hard to estimate the exact IQE of the 

device. 
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CHAPTER 3. Mixed solvents for the Optimization of Morphology in 

Solution-processed, Inverted-Type Perovskite/Fullerene 

Hybrid Solar Cells 

The content of this chapter is published in Nanoscale 6, 6679 (2014) 

 

3.1 Research background 

Hybrid solar cells (HSCs) using organometal halide perovskites as light absorbers have received 

much attention recently due to their advantages including broad light absorption from visible to the 

near-infrared region, high extinction coefficients, long charge-carrier diffusion lengths and bandgaps 

which can easily be tuned via compositional changes.3, 4, 6, 18-24 Significant efforts have been expended 

to investigate new perovskite materials such as methyl ammonium lead halides, (CH3NH3PbX3) and 

cesium tin iodide, (CsSnI3),3, 25-29 to explore new architectures such as meso-structured metal oxide 

layers (titanium dioxide, TiO2 and aluminum oxide, Al2O3),3, 30-32 to investigate novel deposition 

methods such as sequential and vapor deposition, and explore polymeric hole conductors such as poly-

3-hexylthiophene, P3HT and poly-triarylamines, PTAA, etc.20, 33 These efforts have led to dramatically 

improved power conversion efficiencies (PCE) in n-i-p perovskite solar cells (PeSCs) of up to 15%. In 

conventional PeSCs, mesoporous TiO2 and Al2O3 play an important role as the electron 

accepting/transport or scaffold layer, respectively. In addition, 2,2´,7,7´-tetrakis-(N,N-di-p-

methoxyphenylamine)-9,9´-spirobifluorenespiro (spiro-OMeTAD) or semiconducting polymers 

deposited on top of perovskite layers play a critical role as hole transport layers (HTL). Liu et al. 

reported a PCE of 15.4% without a meso-structured TiO2 layer by developing a vapor-deposition route 

to obtain high-quality CH3NH3PbI3-xClx perovskite films as light absorbing layers.19 In spite of high 

device efficiencies obtained with these n-i-p structure PeSCs, high temperatures of over 500 °C are 

required for calcination of the compact TiO2 layer.19, 30 Since thermal treatment at such high 

temperatures is not suitable for flexible substrates, new device architectures are urgently needed. Jeng 

et al. has reported inverted-type perovskite/fullerene planar heterojunction PeSCs by depositing various 

fullerene derivatives, such as fullerene (C60), [6,6]-phenyl-C60 butyric acid methyl ester (PCBM) and 

indene-C60-bisadduct (ICBA), on top of methyl ammonium lead iodide (CH3NH3PbI3) perovskite layers 

via thermal evaporation.34 Although new p-i-n structures have been introduced for PeSCs, there remain 

significant problems in terms of low device efficiency and the need for high-vacuum processing to 

deposit the fullerene derivatives as electron acceptors. Recently, Lam and Snaith groups have developed 
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highly efficient p-i-n structure PeSCs by depositing perovskite (CH3NH3PbI3 or CH3NH3PbI3-xClx) and 

PCBM films via low-temperature and solution-processing.35, 36 However, there is still considerable room 

for further enhancement in device efficiency through careful optimization of perovskite film 

morphologies and device architectures.  

Here, we demonstrate high performance CH3NH3PbI3/PCBM p-i-n structure PeSCs by optimizing 

the morphology of perovskite films using solvent mixtures in which all layers are deposited via solution 

processing at low temperature. In the inverted structure, we employ a simple device configuration of 

indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) 

/CH3NH3PbI3 perovskite/PCBM/aluminum (Al). Improved morphology is observed in the perovskite 

film deposited from mixed solvents, leading to improved exciton dissociation efficiency and reduced 

recombination losses at the interface between perovskite and PCBM and improvements in device 

efficiency to over 6%. 
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3.2 Experimental details 

Materials and Preparation of Perovskite 

lead iodide (PbI2), anhydrous N,N-dimethylformamide (DMF), and γ-butyrolactone (GBL) were 

purchased from Sigma-Aldrich and used without further purification. Methyl ammonium iodide 

(CH3NH3I) and the precursor solution of ammonium lead iodide (CH3NH3PbI3) were prepared as 

previously reported.34 An equimolar ratio of CH3NH3I and PbI2 were dissolved in GBL with a 

concentration of 20 wt.% and dissolved in DMF and the DMF:GBL mixed solve (97:3 [vol.%]) with a 

concentration of 12 wt.%. These solutions were stirred at 60 °C for 12 h inside a glovebox filled with 

nitrogen gas.  

 

Device fabrication 

Poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid (PEDOT:PSS) was spin-cast at 5000 

rpm on cleaned ITO after UV-ozone treatment for 20 min and dried at 140 °C for 10 min. On top of 

PEDOT:PSS layer, three types of CH3NH3PbI3 perovskite precursor solution (12 wt.%) were spin-cast 

at 8000 rpm for 60 s and dried on hot-plate at 100 °C for 15 min. The PCBM solution (0.7 wt.% in 

chloroform) was spin-cast at 3000 rpm on top of the perovskite layer. Subsequently, Al (100 nm) 

electrodes were deposited on the PCBM layer under vacuum (<10-6 Torr) by thermal evaporation. 

  

Measurement 

The current density-voltage (J-V) characteristics of PSCs were measured using a Keithley 

2635A Source Measure Unit. Solar cell performance was characterized under illumination by 

an Air Mass 1.5 Global (AM 1.5 G) solar simulator with an irradiation intensity of 100 mW 

cm-2. External quantum efficiency (EQE) measurements were obtained under ambient 

conditions using a PV measurements QE system, with monochromatic light from a xenon lamp. 

The monochromatic light intensity was calibrated with a Si photodiode and chopped at 100 Hz. 

Masks (13.0 mm2) made of thin metal were attached to each cell before measurement for J-V 

characteristics and EQE.  
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3.3 Results and discussion 

 

 
Figure 3. 1. (a) Device structure. (b) Energy band diagram of p-i-n structure PeSCs. 

 

To form CH3NH3PbI3 perovskite layers with interconnected crystalline structure and appropriate film 

morphology on top of PEDOT:PSS layer, we used γ-butyrolactone (GBL), N,N-dimethylformamide 

(DMF) and mixtures of GBL and DMF as processing solvents for precursors comprised of equimolar 

amounts of CH3NH3I and PbI2. 

Figure 3.1a and 1b show the device structure and energy band diagram of p-i-n structure PeSCs, 

respectively. Contrary to conventional PeSCs which rely on n-type electron transport layers as 

substrates, we employed a PEDOT:PSS layer, which is extensively used as a hole transport material in 

polymer solar cells,37-39 spin-coated on top of glass/ITO anodes (Figure 3.1a) as the substrate. The 

active layer of p-i-n structure PeSCs is a heterojunction consisting of CH3NH3PbI3 (electron donor) and 
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PCBM (electron acceptor). Most exciton generation occurs in CH3NH3PbI3 perovskite layer via 

absorption of light and these excitons are effectively dissociated at the electron donor/acceptor interface 

because of the long-range charge-carrier diffusion length (~100 nm) and low exciton binding energy 

(37-50 meV) inherent to CH3NH3PbI3 perovskite.4, 21, 40 The highest occupied molecular orbital (HOMO) 

(5.4 eV) and lowest unoccupied molecular orbital (LUMO) (3.9 eV) levels of CH3NH3PbI3 perovskite 

are well-matched with those of PCBM (HOMO: 6.1 eV, LUMO: 4.3 eV), leading to a cascading energy 

alignment for efficient exciton dissociation and charge extraction (Figure 3.1b). Specifically, photo-

dissociated electrons can transfer to the LUMO band of PCBM within 0.40 ns and be collected at the 

Al cathode, while dissociated holes can transfer to the PEDOT:PSS in less than a nanosecond to be 

collected at ITO anode.21 

 

 
Figure 3. 2. (a-c) SEM top-view. (d-f) AFM topography images of CH3NH3PbI3 perovskite films from 

different solvents. 

 

One of the key factors in the design of highly efficient PeSCs is complete coverage and uniformity 

of perovskite films on substrates. Solution-processed perovskite films tend to have voids between 

crystals, which are detrimental to device performance.19, 34 We collected scanning electron microscopy 

(SEM) and atomic force microscopy (AFM) images to investigate the coverage and morphology of 

perovskite films prepared from different solvents. The CH3NH3PbI3 perovskite films were prepared by 

spin-coating a perovskite precursor solution on top of PEDOT:PSS-coated ITO substrates and drying at 

100 °C for 15 min. Figure 3.2a-c present SEM top-view images of perovskite films prepared from 

different solvents. All films exhibited unique crystalline features of perovskite with length scales on the 

order of several hundred nanometers.18, 19, 34 In the film prepared from GBL, there were large voids 

between crystal boundaries, indicating that the perovskite film did not completely cover the 

PEDOT:PSS layer (Figure 3.2a). Although the film from DMF had relatively smaller voids and almost 

completely covered the PEDOT:PSS layer, there were uneven crystal domains with small (~100 nm) 

and large (200-300 nm) grain sizes (Figure 3.2b). To optimize the crystalline structure and improve the 
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morphology of perovskite films, we used a solvent mixture of GBL and DMF (DMF:GBL = 97:3 [vol%]) 

to make the perovskite precursor solution. In contrast, the film from the solvent mixture had uniform 

crystal domains with smaller grain sizes (~100 nm) (Figure 3. 2c). These results are consistent with 

AFM topography images. As shown in Figure 3.2d-f, the film from GBL exhibited large domains with 

the highest root-mean-square (RMS) roughness of 24.53 nm among three films (Figure 3. 2d). The film 

from DMF had a reduced RMS roughness of 8.88 nm and a great number of large clusters (Figure 3. 

2e), whereas the film from the solvent mixture of DMF and GBL had the lowest RMS roughness of 

6.60 nm with small and uniform crystal domains (Figure 3. 2f). Uniform and smooth perovskite films 

with interconnected crystalline networks were obtained from the mixed solvent system, allowing 

enhanced interfacial contact and reduced voids between perovskite and PCBM. Additional AFM 

topography images were collected for films after a PCBM layer had been coated on top of the perovskite 

films (Figure 3.3). The surface roughness of the films after PCBM coating atop the perovskite layers 

became much smoother (GBL: 8.36 nm, DMF: 1.95 nm, mixed solvent: 2.07 nm). However, the 

perovskite film from GBL still exhibited a fairly high surface roughness even after PCBM coating, 

which may lead to a rough contact between PCBM and the Al electrode and adversely affect the 

performance of the device.  

 

 

Figure 3. 3. (a) UV-vis absorption spectra. (b) XRD patterns of CH3NH3PbI3 perovskite films from different 

solvents. 
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Figure 3. 4. (a) UV-vis absorption spectra. (b) XRD patterns of CH3NH3PbI3 perovskite films from different 

solvents. 

 

To investigate the effect of mixed solvents on the light absorption and crystal structure of the 

perovskite films, we measured UV-vis absorption and X-ray diffraction (XRD) of CH3NH3PbI3 

perovskite films prepared from different solvents. The same, optimized film processing conditions used 

for devices were used to prepare the UV-vis samples, resulting in films with a thickness of 30 – 40 nm 

(GBL: 37 nm, DMF: 32 nm, mixed: 30 nm). As shown in Figure 3. 4a, all films showed absorption 

onsets at 800 nm with broad absorption ranging from visible to near-IR region. The film from GBL had 
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higher optical density than other films due to being slightly thicker than the other samples. The X-ray 

diffractograms of perovskite films on PEDOT:PSS-coated glass substrates (Figure 3. 4b) all exhibited 

diffraction peaks from the tetragonal perovskite phase with diffraction peaks at 14.13°, 28.43° and 

43.20°, assigned to the (110), (220), and (330) planes, respectively. There were no differences in 

position of XRD peaks of the three films. The higher intensity in film from GBL may be attributed to a 

slightly thicker film, or more complete crystallization, compared to the films from DMF and mixed 

solvents. The negligible differences in UV-vis absorption and XRD measurements for films prepared 

from different solvents imply that the mixed solvent system only influences film coverage and 

morphology without causing significant changes to the optical properties or crystalline structure of the 

material. 

To investigate the effect of different solvents on device performance, we fabricated p-i-n structure 

PeSCs using CH3NH3PbI3 processed with different ratios of DMF to GBL. We found that the devices 

prepared from DMF:GBL mixtures resulted in the best solar cell performance, as shown by the current 

density-voltage (J-V) characteristics and external quantum efficiency (EQE) as displayed in Figures 3. 

5a and 3. 5b, respectively. Devices with a perovskite layer prepared from GBL exhibited a short-circuit 

current density (JSC) of 7.19 mAcm-2, open-circuit voltage (VOC) of 0.95 V, fill factor (FF) of 0.60, and 

power conversion efficiency (PCE) of 4.14%. The devices from DMF showed a JSC of 7.35 mAcm-2, 

VOC of 0.93 V, FF of 0.73 and PCE of 5.02%. These devices, in which the PCBM layer was deposited 

by spin-coating, had higher efficiencies than previously reported devices with PCBM deposited by 

thermal evaporation. To find the optimum mixed solvent ratio, we fabricated devices with controlled 

DMF:GBL ratios. We found a DMF:GBL volume ratio of 97:3 to be the best condition for perovskite 

film processing (Figure 3. 6 and Table 3. 2). The optimized mixed solvent resulted in remarkable 

enhancement in JSC (8.74 mA cm-2) and FF (0.76) (Figure 3. 7). The resulting PCE of 6.16%, represents 

a ~49% and ~23% PCE enhancement compared to those of the devices prepared from GBL and DMF, 

respectively. Since the VOC value of heterojunction solar cells is determined by energy difference 

between the HOMO level of electron donor and the LUMO level of electron acceptor, VOC values of 

the devices were similar while some devices with different ratios of mixed solvents show up to 1.05V 

(Table 3. 2.). Detailed device characteristics are summarized in Table 3. 1. The improvement in JSC is 

in good agreement with EQE measurements, which have an error range of ~2% (Figure 3. 5b). All 

devices exhibited broad EQE curves throughout the visible spectrum to the near IR wavelength region 

(300-800 nm), consistent with the UV-vis absorption spectra. The device from GBL exhibited an EQE 

below 40%, whereas the device from DMF reached a maximum EQE of 46.5% at 470 nm. Mixed 

solvents led to high EQE over 50% ranging from 400 nm to 500 nm. Partially high EQE of the device 

from GBL in the range of 650-800 nm may be attributed to increased light absorption due to greater 

film thickness and large perovskite crystal domains. 

 



27 

 

 
Figure 3. 5. (a) J-V characteristics (b) EQE and IQE of p-i-n structure PeSCs prepared from different solvents. 

 

Table 3. 1. Characteristics of p-i-n structure PeSCs prepared from different solvents. 

Solvent 
JSC 

(mA cm-2) 

VOC 

(V) 
FF 

PCE 

(%) 

Cal. JSC 

[mA cm-2] 

GBL 7.19 0.95 0.60 4.14 7.21 

DMF 7.35 0.93 0.73 5.02 7.55 

GBL+DMF 8.74 0.92 0.76 6.16 8.84 
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Figure 3. 6. J-V curves of p-i-n structure PeSCs prepared from different solvents with various DMF:GB L ratio. 

 

Table 3. 2. Characteristics of p-i-n structure PeSCs prepared from different solvents with various DMF: GBL ratio. 

Solvent 
JSC 

(mA cm-2) 

VOC 

(V) 
FF 

PCE 

(%) 

 
Only DMF 

 
7.35 

 
0.93 

 
0.73 

 
5.02 

 
97:3 

 
8.74 

 
0.92 

 
0.76 

 
6.16 

 
95:5 

 
8.62 

 
0.93 

 
0.73 

 
5.86 

 
93:7 

 
7.64 

 
0.94 

 
0.75 

 
5.37 

 
90:10 

 
6.53 

 
0.92 

 
0.64 

 
3.83 

 
70:30 

 
7.29 

 
0.96 

 
0.62 

 
4.31 

 
50:50 

 
7.62 

 
1.01 

 
0.59 

 
4.52 

 
30:70 

 
7.31 

 
1.05 

 
0.55 

 
4.23 

 
10:90 

 
7.62 

 
1.05 

 
0.49 

 
3.93 

 
Only GBL 

 
7.19 

 
0.95 

 
0.60 

 
4.14 

a Volume ratio of DMF and GBL 
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Figure 3. 7. Dependence of photovoltaic parameters (JSC, VOC, FF, and PCE) on the amount of GBL in mixed 

solvent of DMF and GBL. 

 

We calculated the internal quantum efficiency (IQE) of the devices from the EQE and measured 

reflectance (Figure 3.5b). The IQE is the ratio of the number of electrons collected at the cathode to 

the number of absorbed photons, which provides information regarding recombination losses which 

occur during exciton diffusion, exciton dissociation, and charge transport. The device from the mixed 

solvent system exhibited a higher IQE over the whole spectrum with a maximum IQE of 83.4% at 410 

nm, compared to those of the devices from GBL and DMF (GBL: 60.7% at 400 nm and DMF: 64.8% 

at 540 nm). High IQE over 80% implies that absorbed photons are efficiently converted to dissociated 

pairs of charge-carriers and those photogenerated carriers are collected at the electrodes with few losses, 

which can offer the possibility for further enhancing the device efficiency by increasing the thickness 

of perovskite/PCBM layer.  

The inset of Figure 3. 5a shows dark J-V characteristics of the devices from different solvents. The 

devices from DMF and mixed solvents show lower leakage currents and better diode characteristics 

with rectification ratios over 105 compared to the device from GBL (~104), consistent with the high FF 

observed in the devices from DMF (0.73) and mixed solvents (0.76). Because the optical density and 

film thickness do not change significantly with each solvent used, enhancements in JSC and FF with 

solvents appear to originate from improved morphology, supported by the uniform crystal domains and 

minimized voids between perovskite crystals observed in films prepared from mixed solvents.24, 34, 41 

The improved morphology of perovskite films using mixed solvents results in a remarkable PCE 
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enhancement by improving exciton dissociation efficiency and reducing recombination loss at the 

interface between the perovskite and PCBM layers. 

 

 
Figure 3. 8. TEM cross-sectional images of p-i-n structure PeSCs prepared from a) GBL, b) DMF, and c) mixed 

solvent. 

 

Figure 3. 8 shows high-resolution transmission electron microscopy (HR-TEM) cross-sectional 

images of the devices prepared from different solvents. Each layer can clearly be seen in the images. 

All perovskite films exhibited bumpy surfaces on the PEDOT:PSS layer, typical of solution-processed 

perovskite films.[4] The device from GBL exhibited the thickest perovskite film with a large variation 

in film thickness (37 ± 18 nm) (Figure 3. 8a), whereas  the devices from DMF and mixed solvents 

exhibited relatively thin and flat perovskite films (DMF: 32 ± 13 nm and mixed solvent: 30 ± 11 nm) 

(Figure 3. 8b and 3. 8c). These results are consistent with AFM images and also confirm poor FF in 

the device from GBL along with dark J-V characteristics. 
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3.4 Conclusion 

In conclusion, we have successfully fabricated high performance p-i-n structure PeSCs using 

a  DMF:GBL solvent mixture to improve the surface coverage and morphology of the 

perovskite layer. The CH3NH3PbI3 perovskite and PCBM films were completely and 

sequentially deposited on PEDOT:PSS-coated ITO substrate via low-temperature solution 

processing. Use of a mixture of DMF and GBL to process the perovskite precursor solution 

improves interfacial contacts and reduces the voids between perovskite and PCBM layer by 

producing smooth perovskite film and uniform crystal domains with small grain size. This ideal 

film morphology improves exciton dissociation efficiency and reduces recombination losses at 

the perovskite/PCBM interface, leading to remarkable enhancements in device efficiency. 

Furthermore, this is the first report to introduce a mixed solvent system for the optimization 

perovskite film morphology in high-performance inverted-type perovskite/fullerene planar 

heterojunction solar cells. Our strategy offers a simple and effective route to develop high-

performance organic-inorganic hybrid solar cells on flexible substrates or via roll-to-roll mass 

production techniques. 
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CHAPTER 4.  Cesium-Doped Methylammonium lead Iodide Perovskite 

Light Absorber for Hybrid Solar cells 

The content of this chapter is published in Nano Energy 7, 80 (2014) 

 

4.1 Research background 

Organolead halide perovskites (ABX3 where A is organic or inorganic cation, B is metal cation, and 

X is halogen anion) have been extensively investigated as light absorbers for high efficiency organic-

inorganic hybrid solar cells (HSCs) over the last few years.3, 4, 6, 18, 19, 21, 25, 29 In particular, 

methylammonium lead halide perovskites (MAPbX3) are regarded as particularly promising light 

absorbers due to their many advantages including optimal band gaps, high absorption coefficients, and 

long-range exciton diffusion lengths.3, 4, 21 These perovskites have led to solar cells with power 

conversion efficiencies (PCEs) up to 15% in conjunction with the development of new device 

architectures (meso-structure metal oxides),3, 20, 30 and deposition methods (such as sequential and vapor 

deposition).18, 19 Although a few attempts to synthesize new perovskites have been made by changing 

halide anions (X) in the MAPbX3 structure, these materials have not led to improvements in device 

efficiency.22, 27, 42 Optical and electronic properties of organolead halide perovskites have been studied 

by replacing MA cation with other organic cations such as ethylammnium (EA) and formamidinium 

(FA).43,14, 44, 45 However, there has been no investigation of the effects that changing organic cation with 

inorganic cation in the MAPbX3 structure has on properties of perovskite light absorbers. Thus, there is 

still considerable opportunity to improve device performance by optimizing optical and electronic 

properties of perovskite matrerials through study of the components and composition ratio.  

Conventional perovskite solar cells (PeSCs) have employed meso-structured n-type metal oxide layer 

and organic hole conductors.3, 20, 31, 33 However, these devices require high temperature calcination 

(typically over 500 °C) of the compact titanium oxide layer or thermal evaporation under high vacuum 

for deposition of the perovskite layer.30, 32 High temperature thermal treatment and vacuum processing 

pose challenges for flexible device applications and roll-to-roll mass production. Although functioning 

inverted structures have been successfully realized using perovskite/fullerene planar heterojunctions, 34-

36 their performance can be further enhanced by improving the morphology of the perovskite films and 

developing new device architectures. Therefore, we seek to investigate simple and effective device 

processing procedures along with novel perovskite light absorbers for efficient PeSCs. Here, we report 

the synthesis of cesium (Cs)-doped methylammonium lead iodide (CsXMA1-XPbI3) perovskites as light 

absorbers and develop high-performance inverted-type planar heterojunction PeSCs utilizing CsXMA1-
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XPbI3 as an electron donor and [6,6]-phenyl-C60 butyric acid methyl ester (PCBM) as an electron 

acceptor. 

The cation (A) in ABX3 perovskites commonly comprises alkylammonium or alkali metal cations 

(e.g. methylammonium, formamidinium, cesium, etc). The identity of the A cation strongly influences 

the band gap and electronic properties of perovskites through its influence on the crystal structure.28, 41 

Since MAPbI3 perovskite is a well-known light absorber with a low band gap of 1.5 eV and high 

extinction coefficient in PeSCs,3, 20, 26 we replace a fraction of the MA ions with Cs in order to optimize 

the optical and electrical properties of the material while maintaining the fundamental characteristics of 

MAPbI3 (Figure 4. 1a). For the preparation of MAPbI3 absorbing films, a precursor solution consisting 

of equimolar amounts of methylammonium iodide (MAI) and lead iodide (PbI2) was first dissolved in 

a mixed solvent of dimethylformamide (DMF) and γ-butyrolactone (GBL) (DMF:GBL = 97:3 vol.%), 

and stirred at 60 °C for 24h in a nitrogen-filled glovebox. The CsXMA1-XPbI3 precursor solutions were 

prepared using same procedure with a fraction of the MAI being replaced by CsI. 
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4.2 Experimental details 

Preparation and characterization of perovskite 

Cesium iodide (CsI), lead iodide (PbI2), anhydrous N,N-dimethylformamide (DMF), and γ-

butyrolactone (GBL) were purchased from Sigma-Aldrich and used without further purification. [6,6]-

phenyl-C60 butyric acid methyl ester (PC70BM) was purchased from Rieke Metal Incorporation. Methyl 

ammonium iodide (CH3NH3I) was synthesized using a previously reported method.34 Precursor 

solutions of CsXMA1-XPbI3 were prepared by dissolving equimolar amounts of CsI:CH3NH3I and PbI2 

in a mixed solvent consisting of DMF:GBL (97:3 [vol.%]) at a concentration of 120 mg/ml. Solutions 

were stirred at 60 °C for 12 h inside glovebox filled with nitrogen gas prior to use.  

For scanning electron microscope measurements (SEM, NanoSEM 230, FEI), perovskite presursor 

solutions were coated onto Si substrates by spin-coating at various spinrates and followed by drying at 

110 °C for 10 min on a digital hotplate. For cross-sectional images of solar cells, 1.8 µm of carbon was 

deposited on top of the device to pevent sample damage and a focused ion beam was used to cut thin 

slices (300 nm thickness) of each sample with lengths and heights of 5 µm * 5 µm. High-resolution 

transmission electron microscopy (TEM, JEM-1400) was used to obtain cross-sectional images of the 

samples. For X-ray diffraction (XRD) measurements, perovskite films were coated on PEDOT:PSS-

coated glass substrates and  diffractorams were collected using a Bruker, D8 ADVANCE at a scan rate 

of 2.4° min-1. UV-vis absorption was measured using a Varian Cary 5000 spectrophotometer. AFM 

images were obtained using a Veeco Multimode AFM microscope in a tapping mode. 

 

Device fabrication and characterization 

ITO-coated glass substrates were cleaned using sequential ultrasonication in deionized water, acetone, 

and isopropanol for 10 min each. A solution of poly(3,4-ethylenedioxythiophene):polystyrene sulfonic 

acid (PEDOT:PSS) was spin-cast at 5000 rpm on UV ozone-treated ITO and dried at 140 °C for 10 min. 

On top of PEDOT:PSS layer, precursor solutions of CsXMA1-XPbI3 perovskites (120 mg/ml) were spin-

cast at 5000 rpm for 90 s and dried on hot-plate at 110 °C for 10 min. A PCBM solution (7 mg/ml) in 

chloroform was spin-cast at 3000 rpm on top of perovskite layer. Subsequently, an Al (100 nm) electrode 

was deposited layer under vacuum (<10-6 Torr) on top of the PCBM by thermal evaporation. The current 

density-voltage (J-V) characteristics of PSCs were measured using a Keithley 2635A Source Measure 

Unit. Solar cell performance was carried out using an Air Mass 1.5 Global (AM 1.5 G) solar simulator 

with an irradiation intensity of 100 mW cm-2. External quantum efficiency (EQE) measurements were 

obtained using a PV measurements QE system using monochromated light from a xenon lamp under 

ambient conditions. The monochromatic light intensity was calibrated with a Si photodiode and 

chopped at 100 Hz. Masks (13.0 mm2) made of thin metal were attached to each cell before 

measurement for J-V characteristics and EQE.  
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4.3 Results and discussion 

 

 

 
Figure 4. 1. (a) Crystal structure and (b) XRD patterns of MAPbI3 and Cs doped MAPbI3 perovskites. 

 

As shown in Figure 4. 1a, the similar size of Cs and MA cations allows the Cs ions to substitute and 

coexist with MA ions in the cubo-octahedral ‘A’ sites of the octahedral unit cell without fundamentally 

changing the crystal structure. In order to quantify the effect of Cs incorporation on crystal structure, 

we collected X-ray diffractograms (XRD) of CsXMA1-XPbI3 perovskite films with different Cs ratio 

deposited on poly(3,4-ethylenedioxythio-phene):polystyrene sulfonic acid (PEDOT:PSS)-coated glass 

(b) 

(a) 
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substrates (Figure 4. 1b). The pure MAPbI3 film exhibited XRD peaks at 14.15°, 20.05°, 28.47°, 31.94°, 

40.66°, and 43.12°, indicating (110), (112), (220), (310), (224), and (314) crystal planes of tetragonal 

perovskite structure, respectively.46 However, there was absence of several diffraction peaks including 

the peak corresponding to (310) crystal plane, which may be attributed to prefer growth orientation 

during the formation of perovskite films.27, 43, 46, 47 For pure CsPbI3 film, we observed strong diffraction 

peaks at 9.82°, 13.07°, 22.72°, 25.70°, and 26.39°, indicating orthorhombic crystal structure.48, 49 There 

were negligible differences in diffraction peaks of films between pure CsPbI3 and CsXMA1-XPbI3 

perovskite with 80% Cs, whereas XRD peaks corresponding to the MAPbI3 phase are clearly seen for 

0 ≤ x ≤ 0.6. The intensities of XRD peaks gradually increased for CsPbI3 crystal and decreased for 

MAPbI3 crystal upon increasing Cs ratio in CsXMA1-XPbI3 perovskite films. It is worth noticing that the 

XRD patterns clearly showed both MAPbI3 and CsPbI3 crystal phases for CsXMA1-XPbI3 perovskite 

from x = 0.05 to 0.6, which imply that Cs coexist in A site of ABX3 perovskite crystal with MA ions 

and successful substitution of MA with Cs. 

 

 

 
Figure 4. 2. (a) UV-vis absorption and (b) transformed Kuberka-Munk spectra of CsXMA1-XPbI3 perovskite 

films with different Cs ratio. 

(a) 

(b) 
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Table 4. 1. Optical band gap of CsXMA1-XPbI3 perovskite with different Cs ratio obtained from transformed 

Kubelka-Munk spectra. 

Materials Eg (eV) 

MAPbI3 1.52 

Cs0.05MA0.95PbI3 1.51 

Cs0.10MA0.90PbI3 1.54 

Cs0.20MA0.80PbI3 1.57 

Cs0.30MA0.70PbI3 1.58 

Cs0.40MA0.60PbI3 1.62 

Cs0.60MA0.40PbI3 1.68 

Cs0.80MA0.20PbI3 1.72 

CsPbI3 2.05 

 

To investigate the change in optical properties of perovskite as a function of Cs content, UV-vis 

absorption and XRD patterns were collected for films with compositions of the formula CsXMA1-XPbI3 

in which x was varied from 0 to 1 (Figure 4. 2a). Pure MAPbI3 (x = 0) and CsPbI3 (x = 1) absorb light 

in the visible and UV wavelength regions, respectively, due to their different optical band gaps.14, 26, 48, 

50 Increasing the amount of Cs increases absorption in the range of 300-400 nm and decreases absorption 

in the range of 450-800 nm. Perovskite films with more than 30% Cs substitution exhibit a unique 

absorption peak at 420 nm characteristic of CsPbI3, indicating that optical properties begin to reflect the 

CsPbI3 phase for x > 0.3. Transformed Kubelka-Munk spectra from UV-vis absorption results clearly 

showed the changes in optical band gap of CsXMA1-XPbI3 perovskite with different Cs ratio (Figure 4. 

2b). Optical band gap of CsXMA1-XPbI3 perovskite gradually increased from 1.52 eV for pure MAPbI3 

to 2.05 eV for pure CsPbI3 by increasing Cs content (Table 4. 1), which imply that optical band gap can 

be easily tuned by controlling the Cs amount in CsXMA1-XPbI3 perovskite films. 

To clarify the differences between the morphologies of MAPbI3 and Cs0.1MA0.9PbI3 perovskite films, 

we collected scanning electron microscopy (SEM) and atomic force microscopy (AFM) images of the 

films. In the SEM top-view images (Figure 4. 3a and 4. 3b), both perovskite films exhibit typical 

patterns of perovskite crystals, comprising uniform crystal domains with grain sizes of less than 100 

nm. In both cases, the perovskite layer completely covers the underlying PEDOT:PSS layer. These 

uniform morphologies are consistent with AFM topography images (Figure 4. 3c and 4. 3d). Both films 



38 

 

exhibit smooth surfaces with root-mean-square (rms) roughnesses of 6.60 nm for MAPbI3 and 8.08 nm 

for CsXMA1-XPbI3. In order to confirm the incorporation of Cs in the Cs0.1MA0.9PbI3 films, we also 

performed elemental mapping using energy dispersive spectroscopy (EDS). Figure 4. 4a and 4. 4b 

show the components of MAPbI3 and Cs0.1MA0.9PbI3 such as carbon (C), nitrogen (N), lead (Pb), iodine 

(I), and cesium (Cs). The EDS measurement for Cs0.1MA0.9PbI3 perovskite films detected Cs element 

along with the same elements observed in MAPbI3 perovskite (Figure 4. 4b). The detailed weight and 

atomic percentages of chemical elements in MAPbI3 and Cs0.1MA0.9PbI3 perovskite were summarized 

in Table 4. 2. 

 

 
Figure 4. 3. (a, b) SEM and (c, d) AFM topography images of MAPbI3 and Cs0.1MA0.9PbI3 perovskite films. 

Scale bar is 1 µm. 

 

 
Figure 4. 4. (a, b) SEM top view images and (c, d) elemental mapping by energy dispersive spectroscopy (EDS) 

of MAPbI3 and Cs0.1MA0.9PbI3 perovskite films. Scale bar is 1 µm 
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Table 4. 2. Weight and atomic percent content of chemical elements in MAPbI3 and Cs0.1MA0.9PbI3 perovskite 

films. 

Element 
MAPbI3 Cs0.1MA0.9PbI3 

Weight % Atomic % Weight % Atomic % 

C K 20.71 63.94 6.94 45.46 

N K 6.93 18.35 0.79 4.45 

I L 42.01 12.28 60.61 37.55 

Pb M 30.34 5.43 2.45 1.45 

Cs L 0.00 0.00 29.21 11.08 

 

To evaluate the effect of Cs doping on device performance, we fabricated devices in the configuration 

of indium tin oxide (ITO)/PEDOT:PSS/perovskite/PCBM/Al. We employed perovskite films with 

different amounts of Cs in order to optimize Cs content for solar cell performance. Figure 4. 5a and 4. 

5b show the current density versus voltage (J-V) curves and external quantum efficiency (EQE) of 

devices utilizing CsXMA1-XPbI3 perovskite films as both light absorbers and electron donors. The device 

with pure MAPbI3 perovskite exhibits a short-circuit current density (JSC) of 8.89 mAcm-2, an open-

circuit voltage (VOC) of 0.89 V, and a fill factor (FF) of 0.70, resulting in a power conversion efficiency 

(PCE) of 5.51%. In contrast, we obtained poor device performance in the device with pure CsPbI3 (JSC: 

0.26 mAcm-2, VOC: 0.79 V, FF: 0.45, and PCE: 0.09%). Efficiencies of devices with CsXMA1-XPbI3 films 

started to decrease for x > 0.1, which can be attributed to relatively wider band gap of CsPbI3 and the 

presence of extraneous crystal phases (CsI, PbI2, and Cs4PbI6). It is worth noticing that the devices with 

CsXMA1-XPbI3 had high VOC values over 1.0 V for 0.05 ≤ x ≤ 0.6. The small amount of Cs doping 

process below 10% leads to remarkable improvement in device performance. The composition with 10 % 

Cs leads to the best performance. The optimized device with Cs0.1MA0.9PbI3 produced a JSC of 10.10 

mAcm-2, a VOC of 1.05 V, and FF of 0.73, yielding a PCE of 7.68%. The increase in device efficiency is 

largely due to ~14% and ~18% enhancements in JSC and VOC, respectively, compared to those of the 

device with MAPbI3. Detailed device characteristics are summarized in Table 4. 3. The VOC value is 

determined by the energy difference between highest occupied molecular orbital (HOMO) or valence 

band (VB) of electron donor and lowest unoccupied molecular orbital (LUMO) or conduction band 

(CB) of electron acceptor (ED(HOMO or VB)-EA(LUMO or CB)) in heterojunction solar cells. The 

ED(VB)-EA(LUMO) of perovskite/PCBM HSCs is about 1.1 eV, indicating that VOC values can be improved 

by Cs doping. 
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Figure 4. 5. (a) J-V characteristics and (b) EQE of the devices with CsXMA1-XPbI3 perovskite with different Cs 

ratio. 

 

The high VOC over 1 V may be attributed to an increased energy difference between the VB of the 

perovskite and LUMO of PCBM due to Cs doping of the perovskite (change in quasi-Fermi level: 0.10 

eV) (Figure 4. 6 and Table 4. 4). The VB value of MAPbI3 obtained from ultraviolet photoelectron 

spectroscopy (UPS) was in good agreement with previous report. In Figure 4. 5b, we compared the 

EQE curves of the devices using CsXMA1-XPbI3 perovskite with different Cs ratio. The device with pure 

MAPbI3 exhibits broad EQE in the range of 300-800 nm with a peak of 53.5% at 470 nm. The devices 

(b) 

(a) 
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with CsXMA1-XPbI3 perovskite films for x ≤ 0.4 had specific EQE peak around 470 nm, whereas the 

EQE peak at 420 nm gradually increased for x > 0.2. In particular, the EQE values were significantly 

decreased in longer wavelength region above 430 nm upon increasing Cs ratio in the devices with 

CsXMA1-XPbI3. These tendencies were consistent with UV-vis absorption spectra of perovskite films 

(Figure 4. 2a). The best device with Cs0.1MA0.9PbI3 shows the highest EQE values over the entire 

visible spectrum with a maximum EQE of 62.6 % at 470 nm. This JSC enhancement results from 

improved light absorption at optimum device thickness (Figure 4. 7) and absorption difference between 

two perovskite films was in good agreement with EQE enhancement by 10% Cs doping (Figure 4. 8). 

Although we tested long-term stability of the devices with MAPbI3 and Cs0.1MA0.9PbI3 perovskite in 

ambient condition (temperature: 20 °C, humidity: 11%), there were poor device stabilities for both 

devices due to acidic nature of PEDOT:PSS and easily-oxidized Al electrode which were used in 

inverted device architecture (Figure 4. 9). 

 

Table 4. 3. Characteristics of iPH-HSCs with CsXMA1-XPbI3 perovskite with different Cs ratio. 

Perovskite  
Jsc  

(mA cm-2)  

Voc  

(V)  
FF  

PCE  

(%)  

JSC [Cal.] 

(mA/cm2)  

MAPbI3  8.89 0.89 0.70 5.51 8.55 

Cs0.05MA0.95PbI3  8.69 1.01 0.72 6.29 8.68 

Cs0.10MA0.90PbI3  10.10 1.05 0.73 7.68 10.22 

Cs0.20MA0.80PbI3  6.76 1.04 0.65 4.58 6.92 

Cs0.30MA0.70PbI3  5.85 1.04 0.62 3.78 5.97 

Cs0.40MA0.60PbI3  4.26 1.03 0.57 2.50 4.44 

Cs0.60MA0.40PbI3  1.50 1.01 0.52 0.79 1.51 

Cs0.80MA0.20PbI3  0.58 0.84 0.46 0.22 0.65 

CsPbI3  0.26 0.79 0.45 0.09 0.28 

 

 

Table 4. 4. Work functions of MAPbI3 and Cs0.1MA0.9PbI3 perovskites obtained from UPS measurements. 

 MAPbI3 CsMAPbI3 

Work function 
(eV) 

5.39 5.49 
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Figure 4. 6. Secondary edge regions for MAPbI3 and Cs0.1MA0.9PbI3 perovskite fillms on PEDOT:PSS-coated 

ITO substrates. 

 

 

 
Figure 4. 7. UV-vis absorption spectra of MAPbI3 and Cs0.1MA0.9PbI3 perovskite films with optimum device 

thicknesses. 
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Figure 4. 8. Comparison between the change in absorption (∆ absorption) and EQE enhancement (∆ EQE) for 

devices using MAPbI3 and Cs0.1MA0.9PbI3 perovskites. 

 

 
Figure 4. 9. Long-term stability of devices with MAPbI3 and Cs0.1MA0.9PbI3 perovskites under ambient 

conditions (temperature: 20 °C and humidity: 11%). 

 

Figure 4. 10 shows cross-sectional transmission electron microscopy (TEM) images of optimized 

devices with MAPbI3 and CsXMA1-XPbI3 perovskites. Each layer and corresponding thickness can 

clearly be seen in these images (average thickness of ITO: 140 nm, PEDOT:PSS: 35 nm, PCBM: 50 

nm, and Al: 100 nm). We find that the optimal device thickness of MAPbI3 perovskite (30 ± 11 nm) 
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(Figure 4. 10a) is thinner than CsXMA1-XPbI3 (38 ± 9 nm) (Figure 4. 10b), indicating that the improved 

JSC in the CsXMA1-XPbI3 film is partially due to a thicker film. Compared to the device with MAPbI3, 

the higher FF of the device using CsXMA1-XPbI3 can be attributed to a better contact at the 

perovskite/PCBM and PCBM/Al interfaces due to the more even surface of the CsXMA1-XPbI3 film and 

smoother surface after PCBM coating (Figure 4. 11). 

 

 
 

 
Figure 4. 10. Cross-sectional TEM images of the devices with (a) MAPbI3 and (b) CsMAPbI3 perovskite films 

as light absorber. Scale bar is 100 nm. 
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Figure 4. 11. AFM topography images of PCBM films spin-coated on top of MAPbI3 and Cs0.1MA0.9PbI3 

perovskite layers. The scale bar is 1 µm. 
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4.4 Conclusion 

In conclusion, we synthesized a series of perovskite light absorbers with composition CsXMA1-XPbI3 

and evaluated their performance in p-i-n type perovskite/PCBM hybrid solar cells. High performance 

was achieved via 10% Cs doping in the MAPbI3 perovskite structure, resulting in a ~40% enhancement 

in device efficiency via improvement in light absorption and morphology as well an increased energy 

difference between the valance band of perovskite and LUMO level of PCBM. Our approach to 

perovskite design offers the possibility to enhance the performance of conventional perovskite solar 

cells with n-type titania or alumina layers and to achieve even higher open-circuit voltages by 

employing tandem device structures. 
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CHAPTER 5.  Ternary Halide Perovskites for Highly Efficient Solution-

Processed Hybrid Solar Cells 

The content of this chapter is published in ACS. Energy Lett. 1, 712 (2016) 

 

5.1 Research background 

Organometallic lead halide perovskites with the structure ABX3 (where A is an organic or inorganic 

cation, B is a metal cation and X is halogen anion) have emerged as low-cost, solution-processible, light 

absorbing materials for next-generation solar cells. Their easily tunable structures can yield a wide range 

of band gaps and absorption characteristics, while their long charge carrier diffusion lengths and 

outstanding electronic properties have made them the focus of an immense, global research effort over 

the past several years.3, 4, 21 Since Kojima et al. first reported a solution processable CH3NH3PbI3 

(MAPbI3) perovskite solar cells (PeSCs) with a power conversion efficiency (PCE) of 3.8%,6 there have 

been many studies which have focused on enhancing the efficiency of hybrid PeSCs.8, 18, 19, 29, 51 Recent 

studies have reported that PCE of n-i-p (n-type, intrinsic, p-type) PeSCs have achieved over 20% in a 

metal oxide-based mesoporous architecture.10, 11 

In contrast to the perovskite layers which can be deposited at near ambient temperatures, n-i-p hybrid 

perovskite devices require over 400 ℃ annealing temperatures to prepare the n-type TiO2 layer, which 

currently poses an obstacle to economical processing and flexible devices. Additionally, the n-i-p 

structure requires a p-type hole conductor which is heavily doped by atmospheric oxygen via 

incorporation of tert-butyl prydine(tBP) or Li-bis(trifluoromethanesulfonyl)imide (Li-TFSI), which 

leads to devices with poor chemical stability and sensitivity to moisture.3, 30, 32, 52 To surmount these 

limitations, the p-i-n (p-type, intrinsic, n-type) device layout is an attractive alternative to the n-i-p 

perovkskite solar cell architecture. First, the p-i-n structure uses a stable p-type (PEDOT:PSS) layer to 

extract holes instead of materials which are doped with reactive liquids, air and so on.34, 53-56 Second, 

the p-i-n structure can be fabricated at low temperatures using solution processed PEDOT:PSS and 

(PC61BM) layers which serve as effective hole and electron extraction layers, respectively, without 

requiring any high temperature sintering steps.57  

Relationships between chemical composition, opto-electronic properties and device characteristics 

remain incompletely understood in lead halide perovskite materials and constitute another critical area 

of research.14, 27, 58-61 Several studies have identified improved performance in Perovskite devices by 

replacement of the A cation and X halide anions with other organic cations and halogen anions, 

respectively. For example, Pang et al. Synthesized the formamidinium containing perovskite, 



48 

 

NH2CH=NH2PbI3 (FAPbI3), which possesses a broadened absorption range of up to 870 nm and 

narrower (1.43 eV) band gap compared to MAPbI3 (with absorption onset and bandgap of 820 nm and 

1.51, respectively), allowing 6% more light to be absorbed.45 Strank et al. discovered that the charge 

carrier diffusion length of CH3NH3PbI3-xClx(MAPbI3-xClx) absorber can be extended to over 1 um by 

incorporating Cl into the perovskite structure, whereas the pristine MAPbI3 absorber possesses a much 

shorter diffusion length of 100 nm.4 Recently, Liang et al. reported the use of ternary halide perovskite 

materials incorporating I, Cl and Br components by mixing two binary precursors.62 Although the PCE 

of the 3 components system was less than binary system in Liang’s study, there remains considerable 

opportunity to investigate and improve the material properties of ternary halide perovskites through 

tuning the material composition. 

Here, we demonstrate ternary halide p-i-n planar heterojunction PeSCs prepared via a low 

temperature solution-processing route. Previous literature has shown that high efficiency devices 

prepared from precursor solutions containing binary mixtures of Cl- and I- ions yield films with 

negligible Cl- content after the film has been dried and annealed, as most of the Cl- volatilizes as 

CH3NH3Cl (MACl) during the annealing step. Despite the low concentration of Cl- in the finished film, 

this halide is closely involved in formation of the perovskite film. In this work, likewise, Cl- atoms play 

the role of a `bridge` which assist the formation of high quality semiconducting films as I- is substituted 

with Br-, but volatilizes before the films have been completed. The processing used in this study 

conveniently involves incorporation of PbBr2 into binary MAPbI3-xClx precursor solutions and similar 

device processing as used in binary perovskite materials while allowing the proportions of the three 

halides to be easily controlled in order to modulate and optimize film properties. Since the final Cl- 

content in the film remains small, we refer to ternary halide perovskite as CH3NH3PbI3-y-xBryClx 

(MAPbI3-y-xBryClx) (where x and y are the relative molar quantities of PbCl2 and PbBr2 used in the 

precursor solution, respectively). The solar cell architecture comprises sequentially deposited 

PEDOT:PSS/MAPbI3-y-xBryClx/PC61BM/Al layers on fluorine tin oxide (FTO) substrates. These devices 

exhibit enhanced performance from 12% to 16%, with negligible hysteresis, while retaining the 

desirable optical and electrical properties of binary MAPbI3-xClx mixtures 
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5.2 Experimental details 

Materials and preparation of perovskite 

lead chloride (PbCl2), lead bromide (PbBr2), anhydrous dimethylacetamide (DMA) and anhydrous 

N,N-dimethylformamide (DMF) were purchased from Sigma-Aldrich and were used without 

purification. Methylammonium iodide (MAI) was prepared by mixing 30 ml CH3NH2 (40 wt% in water, 

Sigma Aldrich) and 30 ml HI (57 wt% in water, Sigma Aldrich) in a 250 ml, three-neck flask at 0 ℃ 

for 2 hr with stirring. The precipitate was recovered by evaporation under vacuum at 60℃ for 1h. To 

purify, the MAI precursor was re-dissolved in ethanol and recrystallized from diethyl either. Finally, the 

MAI product was dried at 60 ℃  under vacuum oven for 24 hr. To prepare MAPbI3-xClx precursor 

solutions, MAI and PbCl2 were dissolved at a 3:1 molar ratio in a mixture of DMA and DMF solution 

(9:1 [v/v]) with a concentration of 40 wt%. For the ternary halide MAPbI3-x-y BryClx precursor solution, 

MAI, PbCl2 and PbBr2 were dissolved at a 3 : 1-y : y  molar ratio in same mixed solution at 40 wt% 

concentration. The obtained solution was stirred at room temperature for 2 hr in air. 

 

Device fabrication and characterization  

FTO-coated glass substrates were cleaned by ultra-sonication in deionized water, acetone and 

isopropyl alcohol for 10 min each. A poly(3,4-ethylenedioxythiophene):polystyrene sulfonic acid 

(PEDOT:PSS) layer was deposited on cleaned FTO substrates by spin-casting at 3000 rpm for 40s, 

followed by annealing at 150 °C for 15 min. On top of PEDOT:PSS (AI4083) layer, binary and tenary 

halide perovskite precursor solutions were spin-cast at 5000 rpm for 30 s and dried on a hot-plate at 

90 °C for 90 min in air atmosphere. On top of the perovskite layer, a 25 mg/ml solution of PC61BM in 

1:1 mixture of chlorobenzene and chloroform was spin-cast at 900 rpm. Subsequently, an Al electrode 

with a thickness of 100 nm was deposited on the PC61BM layer under vacuum (<10-6 Torr) by thermal 

evaporation. The current density-voltage (J-V) characteristics of the solar cells were measured using a 

Keithley 2635A Source Measure Unit. Solar cell performance was carried out under illumination by an 

Air Mass 1.5 Global (AM 1.5 G) solar simulator with an irradiation intensity of 100 mW cm-2. 

Apertures (13.0 mm2) made of thin metal were attached to each cell before measurement for J-V 

characteristics. External quantum efficiency (EQE) measurements were obtained with a PV 

measurements QE system under ambient conditions, with monochromated light from a xenon arc lamp. 

The monochromatic light intensity was calibrated with a Si photodiode and chopped at 100 Hz. 

Scanning electron microscope measurements (SEM) were performed using an S-4800 Hitachi high-

Technology microscope. SEM samples were prepared by coating perovskite presursor solutions onto 

glass substrates by spin-coating at 5000 rpm, followed by post annealing at 90 °C for 90 min on a 

hotplate. For X-ray diffraction (XRD) measurements, perovskite films were coated on PEDOT:PSS-

coated glass substrates and diffractorams were collected using a Bruker, D8 ADVANCE diffractometer 
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at a scan rate of 2.4° min-1. UV-vis absorption was measured using a Varian Cary 5000 

spectrophotometer. AFM images were obtained using a Veeco Multimode AFM microscope in a tapping 

mode. 

 

IQE calculation 

IQE of the devices were determined following a previously reported procedure. Briefly, the optical 

absorption of each layer inside the device was calculated using the transfer matrix method.[38] Then 

parasitic absorption, that is the absorption absorbed by buffer layers and electrodes, was subtracted from 

the experimentally measured absorption of the fully structured device to determine the absorption of 

the active layer only. Finally, the ratio of the EQE and the active layer absorption spectrum were used 

to calculate the IQE spectrum of the devices. 
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5.3 Results and discussion 

To gain an understanding of the optical properties and structure of ternary halide and binary 

perovskites, UV-vis absorption spectra and X-ray diffraction (XRD) patterns were collected for 

perovskite films with variable Br content. We controlled compositions of formula MAPbI3-y-xBryClx in 

which y was varied from 0 to 1 in the precursor solution. Figure 5. 1a shows that calculated absorption 

coefficient (α ) from UV-vis absorption measurement (Figure 5. 2a). The absorption onset of the 

MAPbI3-y-xBryClx is slightly blue-shifted from 800 nm to 750 nm as the Br proportion increases from 0 

to 1, indicating that the optical properties of the ternary materials begin to trend towards the MAPbBr3 

phase (which possesses an absorption onset of 550 nm phase) for y > 0 and confirm the incorporation 

of Br into the film. In Figure 5. 1b, transformed Tauc plots clearly show an increase in optical band 

gap with increasing Br incorporation. The optical band gap of MAPbI3-y-xBryClx gradually shifts from 

1.58 eV to 1.66 eV which shows that the optical band gap can be accurately tuned by adjusting the Br 

proportion in MAPbI3-y-xBryClx perovskite films(Table 5. 1).  

 

 
Figure 5. 1. (a) Absorption coefficient and (b) transformed Tauc-plot spectra of MAPbI3-y-xBryClx perovskite films 

with variable Br content. (c) X-ray diffraction (XRD) patterns of perovskite films with (d) a magnified region 

corresponding to the tetragonal (220) and cubic (200) peaks of MAPbI3-y-xBryClx (y = 0, 0.1, 0.3, 0.5, 1) system. 
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Table 5. 1. Optical band gaps of MAPbI3-y-xBryClx (y = 0, 0.1, 0.3, 0.5, 1) perovskite films with different Br ratios 

derived from Tauc plots. 

Perovskite Layer Eg (eV) 

y = 0 1.58 

y = 0.1 1.60 

y = 0.3 1.62 

y = 0.5 1.64 

y = 1 1.66 

 

 
Figure 5. 2. (a) Normalized UV-vis absorption and (b) Transformed Extinction coefficient of ternary halide 

perovskite films with different Br ratios. 

 

We calculate absorption coefficient using follow equation: 

 

 α =
4𝜋κ

𝜆
 (Eq. 5-1) 
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Figure 5. 3. XRD diffraction patterns for MAPbI2.9-xBr0.1Clx ternary halide perovskite films deposited on glass 

substrates. 

 

XRD patterns were obtained for films with different Br content deposited on glass / PEDOT:PSS 

coated substrates in order to examine the influence of Br incorporation on crystal structure, as shown 

in figure 4. 1c.(glass / perovskite layer is in figure 4. 2) Diffraction patterns of binary MAPbI3-xClx film 

exhibited peaks at 14.06°, 28.21°, 31.67° and 42.83°, corresponding to (110), (220), (310), and (314) 

planes of the tetragonal perovskite lattice.46, 63, 64 For MAPbI3-xBrx films, we observed strong peaks at 

14.14°, 20.08°, 28.57° and 43.46°, corresponding to (100), (110), (200) and (220) planes of the cubic 

structure of perovskite. 65 We observed that the (220) plane for the I4/mcm phase gradually disappeared 

and the (200) plane corresponding to the Pm3m phase appeared upon increasing Br portion, as shown 

in Figure 1d.6 These changes that replacing I- with Br- can be attributed to increase tolerance factor (t) 

from 0.834 of MAPbI3 to 0.844 of MAPbBr3, along with a shift in the 220 diffraction peak from 28.21° 

to 28.57°, indicating a phase transformation from tetragonal perovskite structure with I4cm symmetry 

to cubic perovskite structure with pm-3m symmetry.22 This phase transformation indicate The intensities 

of diffraction peaks gradually increased for MAPbI3-xBrx lattice and decreased for MAPbI3-xClx lattice 

upon increasing Br ratio in MAPbI3-y-xBryClx films. XRD patterns were obtained for films with different 

Br content deposited on glass as well PEDOT:PSS coated substrates in order to examine the influence 

of the substrate on crystal structure, as shown in Figure 4. 3 and Figure 4. 1c, respectively. Similar 

patterns were observed on both types of substrate, suggesting that the PEDOT:PSS did not have a 

dramatic texturing effect on the perovskite layer. 
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Figure 5. 4. (a-e) SEM top-view images of MAPbI3-y-xBryClx (y = 0, 0.1, 0.3, 0.5, 1) perovskite films prepared 

with different Br ratios. (f) SEM cross-sectional image of MAPbI2.9-xBr0.1Clx. 

 

Scanning electron microscopy (SEM) images of perovskite layers were collected to examine the 

influence Br proportion on film morphology. MAPbI3-y-xBryClx perovskite films with variable Br 

content were deposited on PEDOT:PSS by spin-coating, these film morphologies are shown in Figure 

5. 4a~e. A cross-sectional SEM image shows the completed device stack (using a ternary perovskite 

layer with y = 0.1) in Figure 5. 4f. Notably, films with high Br content (y > 0.5) did not convert to the 

black phase at 90 oC, therefore, the annealing temperature was increased for high Br content and each 

film composition exhibited a different optimal annealing temperature (y = 0 to 0.3: 90 oC, y = 0.5 : 110 

oC, y = 1 : 120 oC). As can be seen from Figure 5. 4a, the MAPbI3-xClx perovskite film without Br 

incorporation exhibited uniform crystal domains with large grain size, however, the films tended to 

form large voids and depressions between grains. Upon incorporating Br into the material, the film 

morphology changed. The MAPbI2.9-xBr0.1Clx condition yielded a homogeneous and pinhole-free 

morphology, which covered the hole transport layer the most completely compared to other ratios (y = 

0.3, 0.5, 1) in the MAPbI3-y-xBryClx system. Over 30% Br incorporation led to a rough, fiber-like 

crystalline surface. The morphological control of MAPbI3-y-xBryClx perovskite layers is a key factor for 

achieving high performance PeSCs since homogenous crystal domains are known to increase charge 

carrier diffusion lengths and reduce charge recombination.4, 14 Moreover, pinhole-free morphologies 

have been attributed to reduced contact between top and bottom electrodes.57, 66 
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Figure 5. 5. (a) X-ray photoelectron spectra (XPS) of MAPbI3-y-xBryClx (y = 0, 0.1, 0.3, 0.5, 1) films in the region 

of the Br 3d peak. Ultraviolet photoelectron spectra (UPS) of (b) the secondary edge region and (c) Fermi edge 

region of MAPbI3-y-xBryClx (y = 0, 0.1, 0.3, 0.5, 1) films, plotted relative to an Au reference. (d) Band diagram of 

MAPbI3-y-xBryClx perovskite films. 

 

In order to develop a deeper understanding of the variation in the electrical properties of ternary 

perovksite as a function of Br- incorporation, we performed ultraviolet photoelectron spectroscopy 

(UPS) and x-ray photoelectron spectroscopy (XPS) of the perovskite films. XPS analysis (Figure 5. 5a) 

cleary showed a peak corresponding to Br 3d photoemission, which gradually increased in intensity as 

the quantity of Br increased. A Cl 2p peak was not observed in any of the ternary halide perovskite films 

(Figure 5. 6), confirming that the Cl- content evaporated during device processing. Changes in the 

electronic band structure of the films were characterized by UPS measurements. Valence band energies 

(EV) were determinded from the Fermi edge region of the photoelectron spectra (Figure 5. 5b) relative 

to an Au reference sample, while work functions were determined from the secondary edge (Figure 5. 

5c). These results are summarized in Table 5. 2. As the amount of Br increased, the Ev increased from 

5.39 eV to 5.72 eV. Notably, the EV of MAPbI2.9-xBr0.1Clx was found to be 0.1 eV larger than the binary  

 



56 

 

 
Figure 5. 6. Cl2p region of XPS spectrum of an optimized ternary halide perovskite film. 

 

Table 5. 2. Valence band (EV) of MAPbI3-y-xBryClx (y = 0, 0.1, 0.3, 0.5, 1) perovskite with different Br ratios from 

obtained UPS measurements. 

Perovskite Layer 
Valence Band 

(EV) 

y = 0 5.39 

y = 0.1 5.49 

y = 0.3 5.51 

y = 0.5 5.65 

y = 1 5.72 

 

The valence band energy (EV) can be determined from the UPS spectra using the following equation: 

 

 𝐸𝑉 = ℎ𝑣 − (𝐸𝑆𝐸 − 𝐸𝑜𝑛𝑠𝑒𝑡) (Eq. 5-2) 

 

Where, hv is photon energy from ultraviolet light source (21.2 eV He I emission), ESE is secondary edge region 

and Eonset is the Fermi edge. 

 

system MAPbI3-xClx, which indicates the potential for increased open-circuit voltage (VOC) with Br 
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incorporation. Conduction band energies were estimated by adding the optical bandgap of each material 

to EV. Figure 3d showns an energy band diagram for the MAPbI2.9-xBr0.1Clx system, based on UV-vis 

spectra and UPS results. 

To investigate the influence of different Br- ratios on device performance, we fabricated p-i-n planar 

PeSCs in the configuration of FTO/PEDOT:PSS(50 nm)/perovskite active layer(300 ±  30 

nm)/PC61BM(50~100 nm)/Al(100 nm). Note that the thickness of PC61BM was varied to accomodate 

changes in the roughness of the perovskite layer, in order to prevent direct contact between the 

perovskite alyer and the top electrode. We employed ternary perovskite films with different amounts of 

Br- incorporation in order to optimize Br- content for photovoltaic performance. The current density-

voltage (J-V) characteristics of the devices, external quantum efficiency (EQE) and summurized device 

chracteristics are reported in Figure 5. 7a, b, Table 5. 3, Table 5. 4 and Table 5. 5, respectively. The 

binary MAPbI3-xClx perovskite devices exhibited a short-circuit current density (JSC) of 19.8 mA cm-2, 

VOC of 0.87 V, fill factor (FF) of 0.70%, and overall PCE of 12.1%, while pure MAPbI3-xBrx perovskite 

devices yielded poor PCEs including a JSC of 12.9 mA cm-2, VOC of 0.87 V, FF of 61% and PCE of only 

6.85% which can be attributed to poor coverage of the FTO/PEDOT electrode 

 

 
Figure 5. 7. (a) J-V charcteristics and (b) EQE spectra of MAPbI3-y-xBryClx (y = 0, 0.1, 0.3, 0.5, 1) perovskite 

films with differnt Br ratios and (c) IQE of MAPbI3-y-xBryClx (y = 0, 0.1) (c) Full device absorption and (d) Internal 

quantum efficiency of MAPbI3-y-xBryClx (y = 0, 0.1). 
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Table 5. 3. Solar cell characteristics of MAPbI3-y-xBryClx (y = 0, 0.1, 0.3, 0.5, 1) perovskite devices with different 

Br ratios 

 

Table 5. 4. MAPbI2.9-xBr0.1Clx device performance with various thermal annealing temperatures. 

PC61BM conc 

(mg/ml) 

Thermal 

annealing        

(ºC, min) 

JSC 

(mA/cm2) 

VOC 

(V) 

FF 

PCE 

(%) 

25 

(70, 90) 0.13 ± 0.01 0.54 ± 0.11 0.38 ± 0.09 0.03 ± 0.01 

(90, 90) 19.72 ± 0.21 0.99 ± 0.01 0.75 ± 0.01 14.68 ± 0.12 

(110, 90) 18.50 ± 1.00 0.81 ± 0.03 0.69 ± 0.007 10.4 ± 0.37 

 

Table 5. 5. MAPbI2.9-xBr0.1Clx device performance with various PC61BM thicknesses. 

PC61BM 

Conc. (mg/ml) 

JSC 

(mA/cm2) 

VOC 

(V) 

FF 

PCE 

(%) 

15 18.40 ± 0.72 0.90 ± 0.06 0.65 ± 0.02 10.90 ± 1.36 

20l 18.30 ± 0.72 1.01 ± 0.002 0.68 ± 0.007 12.60 ± 0.39 

25 19.72 ± 0.21 0.99 ± 0.01 0.75 ± 0.01 14.68 ± 0.12 

30 18.10 ± 0.72 1.01 ± 0.006 0.66 ± 0.02 12.2 ± 0.45 

 

Perovskite Layer 
JSC 

(mA cm-2) 

VOC 

(V) 
FF 

PCE 

(%) 

JSC [Cal.] 

(mA cm-2) 

y = 0 19.84 0.87 0.70 12.11 18.05 

y = 0.05 20.38 0.96 0.70 13.7 --- 

y = 0.1 21.72 1.01 0.73 16.04 21.07 

y = 0.15 19.77 0.98 0.71 13.8 --- 

y = 0.3 16.34 0.91 0.72 10.75 15.39 

y = 0.5 14.23 0.87 0.71 8.80 15.10 

y = 1 12.93 0.87 0.61 6.85 14.04 
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A small amount (y = 0.1) of Br- content in the perovskite precursor solution led to significiantly 

improved JSC, VOC, and FF with a 30% improvement in PCE. As shown in Figure 5. 8 and Table 5. 

6, in particular, MAPbI2.9-xBr0.1Clx ternary halide perovskite films exhibited hysterisis-free J-V 

characteristics, including a JSC of 21.7 mA cm-2, VOC of 1.01 V, FF of 73%, and PCE of 16.0% in the 

reverse scan direction, and JSC of 20.4 mA cm-2, VOC of 1.00 V , FF of 73% , and PCE of 15.6% in the 

forward scan direction under 1 sun illumination (100 mWcm-2 AM 1.5G). The reduced hysterisis upon 

incorporation Br- may be attributed to the balance between electron and hole transport within the 

perovksite layer.67-69 

 

 
Figure 5. 8. Comparison of J-V characteristics of an optimized device in different scanning directions. 

 

Table 5. 6. Device parameters of optimized devices in different scanning directions. 

Scan Direction 
JSC 

(mA cm-2) 

VOC 

(V) 
FF 

PCE 

(%) 

Cl (y = 0) Reverse 19.84 0.87 0.70 12.11 

Cl (y = 0) Forward 19.67 0.86 0.66 11.19 

Br (y = 0.1) Reverse 21.72 1.01 0.73 16.04 

Br (y = 0.1) Forward 21.37 1.00 0.73 15.58 
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An EQE spectrum taken from a best MAPbI2.9-xBr0.1Clx device shows broad spectral response in the 

range of 300-800 nm with a peak of 92% at a wavelength of 520 nm. This result (92%) is close to the 

maximum EQE value which can be attained considering reflective losses at the air/glass and glass/FTO 

interfaces. The difference between calculated current density (21.1 mAcm-2) from EQE data and JSC 

(21.72 mA cm-2) obtained from J-V curve shows only 3% mismatch which indicates good agreement 

and substantiates the observed JSC. Given that the EQE is close to the theoretical maxium, we calculated 

the internal quantum efficiency (IQE) of control deivces and the best MAPbI2.9-xBr0.1Clx based on the 

measured reflectance and EQE (Figure 5. 7c and d).70 Remarkably, the ternary halide perovksite 

devices exhibited approximately 100% IQE throughout the whole absorption spectrum(400~800 nm), 

implying that photons are converted to dissociated electron – hole pairs and extracted from the device 

without any recombinative losses. Not only highly crystalline domains but also a pinhole-free 

perovksite layer led to these outstanding IQE values by eliminating recombination sites from the devices. 

As we expected from UPS results, the VOC of MAPbI2.9-xBr0.1Clx devices increased by 0.14 V compared 

to control devices without Br incorporation due to a deepening of the valence band energy.  

Upon further increasing the quantity of Br additive in perovskite mixture precursor, the efficiency of 

the corresponding devices gradually decreased. This decrease in performance of the MAPbI3-y-xBryClx 

(0.3 ≤ y < 1) perovskites might be attributed to a degradation of the active layer morphology and 

increase in band gap. JSC is proportional to the product of the charge-collection efficiency and the light-

harvesting efficiency; excessive Br content may decrease the JSC by both of these mechanisms. The 

increase in bandgap with Br content results in reduced light absorption, while the increase in roughness 

and film defects with excessive Br content lead to poor charge collection efficiency. Also, poor coverage 

on the PEDOT:PSS layer allow direct contact between the HTL and ETL, which may cause VOC loss. 

As shown in Figure 5. 4a-d, perovskite films with excess Br content (0.3 ≤ y) showed poor coverage 

on PEDOT:PSS layers and led to direct contact with ETL which decreased device performance despite 

similar optical and electrical properties compared to the optimal MAPbI2.9-xBr0.1Clx perovskite 

composition. As previously reported in the literature, methyl ammonium lead bromide (MAPbBr3) has 

a relatively large band gap of 2.3 eV compared to MAPbI3; thus the amount of light that is absorbed in 

the active layer decreases as the Br content increases with a concomitant reduction in JSC. These 

observations are consistent with previous reports which describe a widening the band gap with 

increasing Br content in binary I- / Br- PeSCs. Although our optimized ternary halide perovksite devices 

(0.3 ≤ y) did not yield a VOC greater than other reports of MAPbI3-xBrx, absorption spectra indicate 

that the absorption edge is only slightly blue-shifted, allowing high JSC values to be mainted in the 

ternary system. 
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Figure 5. 9. Histogram of device statistics from a total of 333 solar cell devices comprising MAPbI3-y-xBryClx (y 

= 0, 0.1) perovskite films with differnt Br ratios. (a) Short circuit current density, (b) open circuit voltage, (c) fill 

factor and (d) power conversion efficiency. 

 

It is well-known that perovskite solar cells are subject to large variations in device performance and 

often poor reproducibilty, therefore, a large number of devices were statistically analyzed. Figure 5. 9a 

~ d show histograms of JSC, VOC, FF and PCE for 333 individual devices that were fabricated using 

MAPbI3-xClx and MAPbI2.9-xBr0.1Clx active layers. The average JSC, VOC and FF of MAPbI2.9-xBr0.1Clx 

devices were not only higher in value but also showed a narrower distribution of values than the 

MAPbI3-xClx devices. Although MAPbI3-xClx appears to have a slightly higher extinction coefficient in 

Figure 5. 2b, the homogeneous and defect-free crystal domains of MAPbI2.9-xBr0.1Clx led to higher 

overal JSC values. In particular, the average VOC of the MAPbI2.9-xBr0.1Clx devices prepared using the 

method reported in this work exhibited an outstanding increase from 0.87 V to 1.01 V, clearly reflecting 

the influence of Br incorporation. Notably, the VOC of MAPbI2.9-xBr0.1Clx devices is very reproducible 

with a deviation of less than 10% compared to the MAPbI3-xClx. 
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5.4 Conclusion 

In summary, we have successfully demonstrated a ternary halide perovskite system as a light 

harvester and fabricated high performance p-i-n planar heterojunction perovskite/PC61BM hybrid solar 

cells using convenient, low-temperature solution processing techniques. We have investigated the 

influence of structural composition on the opto-electronic properties of the materials in order to achieve 

high-quality, dense perovskite films by fractional substitution of PbCl2 with PbBr2 in the precursor 

solution. Film compositions with Br content ranging from 0 to 1 in the MAPbI3-xClx/DMA system were 

investigated in order to improve morphology and surface coverage of the perovskite layer. A 

composition comprising 10% Br substitution in the perovskite precursor solution yielded an optimal 

power conversion efficiency of 16%, constituting a ~30% enhancement compared to the binary system 

via the formation of smooth, defect free films and a deeper valence band enegy. These devices exhibit 

stable performance with a narrow distribution of device characteristics and negligible hysteresis. 

Compared to previous work using ternary halid perovskites, we were able to acheive a substantial 

increase in performance via the use of single, ternary halide containing precursor solution dissolved in 

a novel solvent (DMA), which led to improved morphology and device characterisitics compared to the 

binary system. The approach reported here constitutes a significant advance in the application of ternary 

perovoskite materials, providing a simple and effective way to prepare high performacne perovskite 

active layers in a one-step process. This approach has excellent promise for application in roll-to-roll 

produced modules as well as for deposition on flexible substrates. 
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CHAPTER 6.  The introduction of perovskite seed layer for high 

performance perovskite solar 

The content of this chapter is published in J. Mater. Chem. A. 6, 20138 (2018) 

 

6.1 Research background 

Organic-inorganic halide perovskites have emerged as potential materials for next generation solar 

cells due to their own outstanding optoelectronic properties and unique physical characteristics which 

are originated from the long diffusion length and low carrier recombination.3, 4, 6, 51, 71, 72 Last 5 years, 

organic-inorganic halide perovskite based solar cells (PeSCs) have rapidly evolved to exhibit 

remarkable performance over 22.7% power conversion efficiencies (PCEs) in conventional mesoporous 

architecture (n-i-p structure) which is composed of bottom electrode/compact TiO2/mesoporous  

TiO2/perovskite /hole transport layer/top electrode.73 However, the n-i-p structure of PeSCs need high 

temperature ( > 400 °C) to sinter compact and mesoporous TiO2 layer, which increases the fabrication 

cost of the device and restricts the flexible plastic substrates.3, 32, 52 Furthermore, n-i-p structure requires 

expensive high work function metal electrode such as Au and Pt in top electrode position. This high 

cost fabrication of n-i-p perovskite structure can be a concern of the commercialization market. As an 

alternative to these problems, inverted structure (p-i-n structure) PeSCs has extensively studied due to 

their several advantages such as easy fabrication, hysteresis-less, long-term stability.16, 34, 74, 75 In 

addition, p-i-n structure provides not only low temperature solution processable that offer a wide choice 

of the flexible substrates but also low cost of device processing for commercial application.76 However, 

the PCE of p-i-n structure PeSCs is still lower than that of the n-i-p structure PeSCs because of low 

open circuit voltage (VOC) of 1.00 V compared to 1.15 V in n-i-p structure PeSCs as certified device 

standard.77, 78  

Several attempts have been tried for fabricating perovskite active layer to make a homogenous 

crystalline, high dense and full surface coverage perovskite film.79 Although the mechanism of 

perovskite layer forming is not clear, attempts have been made to achieve the homogeneous film and 

pinhole-free perovskite layer.80-83 As the results of these efforts, many methods likewise solvent 

engineering, intermolecular exchange, solvent vapor-annealing and additive-assisted deposition have 

been developed to achieve the high quality perovskite film by controlling the perovskite grain boundary 

and crystalline growth behavior.7, 8, 52, 84 Although, these methods are excellent guideline for high quality 

film, there have been some shortcomings for each other. For example, solvent engineering method 
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requires the consistent location of the dropping the anti-solvent on the perovskite film which makes the 

partially ununiform crystal grains on the whole perovskite film, which leads to cause poor device 

reproducibility and adverse for large-scale production.85  

To achieve high quality perovskite film, we demonstrated, for the first time, to employ the easy and 

effective process for high efficiency p-i-n planar structure of PeSCs by handling the compact seed 

perovskite layer (CSPL). The compact seed layer induces the assisting vertical growth of perovskite 

crystal domains as well as improving adhesion between hole transport layer (HTL) and perovskite active 

layer, which leads to increase optoelectronic properties of perovskite film. The solar cells architecture 

is comprised PTAA/perovskite seed layer: perovskite /Phenyl-C61-butyric acid methyl ester (PC61BM) 

/Al layers on top of indium tin oxide (ITO) substrates. With our new device architecture, we achieved 

record VOC of 1.16 V and PCEs of 19.24% using pure crystal perovskite with negligible hysteresis while 

retaining high VOC and fill factor (FF) value. 
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6.2 Experimental details 

 

Materials preparation 

A Poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) and F4-TCNQ were purchased from 

Jilin OLED. Anhydrous N-Methyl-2-pyrrolidone (NMP), anhydrous Dimethyl sulfoxide (DMSO), 2-

Propanol (IPA) and anhydrous N,N-dimethylformamide (DMF) were purchased from Sigma-Aldrich 

and were used without purification. Lead Iodide (PbI2, 99.999%) were purchased from Alfa Aesar. 

Methylammonium iodide (MAI) was reported previous literature. Formamidinium acetate, Hydriodic 

acid (57% in water with a stabilizer), hydrobromic acid (48% in water), and methylamine (40% in 

methanol) were purchased from Sigma-Aldrich, Fluka, and TCI. Formamidinium iodide (FAI) was 

synthesized as reported elsewhere. Briefly, 15 g of formamidine acetate was reacted with 30 mL of 

hydriodic acid in a 100 mL round-bottomed flask at 0 oC for 1 h with stirring. Methylamine bromide 

(MABr) was also synthesized by combining 27.86 mL of methylamine and 44 mL of hydriodic acid in 

a 250 mL round-bottomed flask at 0 oC for 2 h with stirring. From the solution, a light yellow colored 

precipitate was obtained by evaporating the solutions at 70 oC for 1 h. The resulting products were 

dissolved in ethanol and precipitated using diethyl ether. This procedure was repeated until white 

powers were obtained, and then recrystallized from ethanol and diethyl ether with slow gas diffusion 

over the 3 days. After recrystallization, the resulting powders were collected and dried at 60 oC for 24 

h. The other organic cations were purchased from Dyesol and lead salts were bought from TCI. Spiro-

OMeTAD and FK209 were purchased from EM-Index. 

 

Solar Cell Fabrication and Characterization 

p-i-n structure: 10 mg PTAA was dissolved in 1 ml di-methylchlorobenzene (DCB) with 1wt% of 

F4-TCNQ and stirred at 60 °C for overnight. To prepare perovskite precursor solutions, 1.3 mM of PbI2 

was dissolved in 1ml DMF and MAI precursor was varied from 50 mg/ ml to 65mg/ ml in IPA. The 

obtained solution was stirred at room temperature for 30 min. ITO-coated glass substrates were cleaned 

by ultra-sonication in deionized water, acetone and isopropyl alcohol for 10 min each. PTAA layer was 

deposited on cleaned ITO substrates by spin-casting at 4000 rpm for 30s, followed by annealing at 

140 °C for 10 min. For without CSPL devices, MAI precursor solutions were spin-cast at 3000 rpm for 

30s and PbI2 were spin-coated at 5000 rpm for 30s. The films were dried on a hot-plate at 100 °C for 2 

min in air atmosphere. For with CSPL devices, previous two step method performed twice. On top of 

the perovskite layer, a 25 mg/ml solution of PC61BM in 1:1 mixture of chlorobenzene and chloroform 

was spin-cast at 1500 rpm. Subsequently, an Al electrode with a thickness of 100 nm was deposited on 

the PC61BM layer under vacuum (<10-6 Torr) by thermal evaporation. 

n-i-p structure: 10 mm-patterned FTO glass (Pilkington, TEC-8, 8 Ωsq-1) was washed with 10 % of 
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Deconex solution and cleaned with deionized water, acetone, ethanol, and isopropyl alcohol for 10 min 

each in an ultrasonic bath, before being exposed to a UVO cleaner for 15 min. An electron transfer layer 

(ETL) of TiO2 was deposited on the cleaned FTO substrates using air spray pyrolysis. 20 mM titanium 

diisopropoxide bis(acetylacetonate) in an ethanol solution was coated on the FTO glass at 450 °C for 

10 min and sintered at 450 °C for 1 h and slowly cooled to ambient temperature. This procedure gives 

a blocking layer of anatase TiO2 with a thickness of around 50-60 nm. Prior to perovskite deposition, 

the substrates were exposed on a UVO cleaner for 15 min. The perovskite precursor solutions were 

prepared by mixing FAI (1.2M), PbI2 (1.32M), MABr (0.18M) and PbBr2 (0.18M) in anhydrous 

DMF:DMSO = 4:1 (v:v). For without CSPL devices, the perovskite precursor solution was spin coated 

in a two-step method at 2000 rpm for 5 s followed by 6000 rpm for 20 s. During the second step, 1M 

of toluene was poured onto the spinning substrate slowly prior to the end of the procedure. The 

substrates were then annealed at 400 °C for 4 s, respectively. For with CSPL devices, previous two step 

method performed twice. After perovskite film annealing, the substrates were cooled down for 10 

minute and a hole transfer layer was spin coated at 4000 rpm for 10 s. A Spiro-OMeTAD (EM index) 

in chlorobenzene (70 mM) was mixed with 7.5 µL of a 4-tert-butylpyridine (TBP) additive and 7.5 µL 

of a Li-bis(trifluoromethanesulfonyl) imide (Li-TFSI) solution (170 mg/1 mL acetonitrile) before 

adding suitable tris(2-(1h-pyrazol-1-yl)-4-tert-butylpyridine)-cobalt(III) 

tris(bis(trifluoromethylsulfonyl) imide) (FK209, Dyesol). Finally, an Au counter electrode (70 nm) was 

deposited by thermal evaporation under high vacuum. 

 

Device characterization  

 Scanning electron microscope measurements (SEM) were performed using an S-4800 Hitachi high-

Technology microscope. SEM samples were prepared by coating perovskite precursor solutions onto 

glass substrates by spin-coating. For X-ray diffraction (XRD) measurements, perovskite films were 

coated on PTAA-coated glass substrates and diffractograms were collected using a Bruker, D8 

ADVANCE diffractometer at a scan rate of 2.4° min-1. UV-vis absorption was measured using a Varian 

Cary 5000 spectrophotometer. AFM images were obtained using a Veeco Multimode AFM microscope 

in a tapping mode. The current density-voltage (J-V) characteristics of the solar cells were measured 

using a Keithley 2635A Source Measure Unit. Solar cell performance was carried out under illumination 

by an Air Mass 1.5 Global (AM 1.5 G) solar simulator with an irradiation intensity of 100 mW cm-2. 

Apertures (13.0 mm2) made of thin metal were attached to each cell before measurement for J-V 

characteristics. External quantum efficiency (EQE) measurements were obtained with a PV 

measurements QE system under ambient conditions, with monochromated light from a xenon arc lamp. 

The monochromatic light intensity was calibrated with a Si photodiode and chopped at 100 Hz. 
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6.3 Results and discussion 

 

 
Figure 6. 1. Energy band diagram of perovskite solar cells. 

 

 
Figure 6. 2. (a) Schematic process of perovskite fabrication, first compact seed perovskite layer (CSPL) 

deposition on PTAA substrate then perovskite photoactive layer coated on CSPL and cross-sectional SEM image 

of perovskite film (b) without CSPL, (c) with PbI2 seed layer and (d) with CSPL. 

 

To examine the influence of seed layer on crystallization of perovskite film growth, cross-sectional 

scanning electron microscopy (SEM) images of whole perovskite layers were collected. Figure 6. 1 

and Figure 6. 2 shows energy band diagram of PeSCs and the photoactive perovskite film cross-

sectional SEM images respectively without seed layer (Figure 6. 2b), with PbI2 seed layer (Figure 6. 
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2c) and with CSPL (Figure 6. 2d) which were deposited on PTAA substrate by spin-coating respectively. 

After then photoactive perovskite layer was coated on each layer once more and annealed for 2 mins at 

100 ° C. The difference of cross-sectional SEM images in Figure 6. 2b ~ d directly indicates the 

perovskite film quality with seed layer which demonstrated vertically well-grown high quality 

perovskite crystal film with high dense, highly uniform crystallinity and, large grain size compared to 

without seed layer and PbI2 seed layer. Cross-sectional SEM images directly displays the perovskite 

seed layer that can be a nucleation point to make a high crystalline perovskite film. The constructed 

homogeneous perovskite crystal film increases the optical and electrical property which also leads to 

reduce charge recombination and increases charge carrier diffusion length.4, 14 

 

 
Figure 6. 3. XPS result of PTAA control substrate, PbI2 seed layer and CSPL films respectively in height direction, 

after washed by DMF solvent, in width direction, (a)~(c) Br3d, (d)~(f) Pb4f and (g)~(i) I3d peak position. 

 

To clarify the presence of the seed layer after washing by DMF perovskite solvent, X-ray 

photoelectron spectroscopy (XPS) was measured since photoactive perovskite layer was also coated on 

CSPL with the same dissolved solvent. On the PTAA (control) substrate, PbI2 seed layer, and 

MAPbBrxI3-x perovskite seed layer was deposited respectively. All substrates were washed by DMF 

solvent. We carefully measured XPS with certain peak positions Pb4f, I3d, and Br3d to see the presence 

of each atom after washing the first deposited films. The survey of XPS measurement of PTAA control 
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substrate, PbI2 seed layer and CSPL films were shown in Figure 6. 3a ~ i and Figure 6. 4 clearly show 

the certain peak positions Br3d peak around 66 ~ 70 eV, Pb4f peak around 137 ~ 145 eV, and I3d peak 

around 615 ~ 635 eV. Control PTAA substrate does not show the any peaks at each position, but PbI2 

seed layer has strong Pb4f peaks at 137.9 eV and 142.7 eV and I3d peaks at 630.1 eV and 618.6 eV 

only.86, 87 And, MAPbBrIxI3-x perovskite seed layer has all three Pb4f, I3d and, Br3d peak position. XPS 

data directly show that after washing by DMF solvent, thin layer of MAPbBrxI3-x perovskite is still on 

the substrate which can be a nucleation point to make perfect perovskite crystal. 

 

 
Figure 6. 4. XPS survey spectrum of PTAA control, PbI2 seed layer and CSPL films after washing by DMF 

solvent.  

 

 
Figure 6. 5. Atomic force microscope (AFM) surface image of PEDOT control substrate, PbI2, CSPL films 

respectively, after washed by DMF solvent. 
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To see the reflective intensity of the seed layer, the packing characteristics were collected by 2D-

Grazing-Incidence Wide-Angle X-ray Scattering (2D-GIWAXS). Photo active perovskite layer (Figure 

6. 6a), PbI2 seed layer (Figure 6. 6b) and, perovskite seed layer (Figure 6. 6c) of 2D-GIWAXS images 

and corresponding in-plane (Figure 6. 6d) and out-of-plane (Figure 6. 6e) line-cut profiles are 

displayed respectively. From XPS measurement, the presence of the seed layer was confirmed even 

after washing by DMF solvent. From 2D-GIWAXS, crystal orientation of the perovskite or seed layer 

with the intensity of strong and distinct diffraction rings were obtained at qz ≈  10, 20, 22,4 A-1, 

corresponding to the (110), (220) and (310) crystal planes which indicates that textured perovskite 

crystal with an orthorhombic crystal structure (Figure 6. 6a).88, 89 The bright and strong peaks in the 

images suggest that the film possess good crystallization and large grain size, which obviously 

contributed to the improved performance of PeSCs. 2D-GIWAXS patterns of perovskite seed layer has 

similar peak position and shape compared with control perovskite film at (110), (220) and (310). These 

results support that the thin seed perovskite layer perfectly constructs the perovskite crystal. The XPS 

and 2D-GIWAXS results are direct evidence that after washing the first perovskite layer (seed layer), 

very strong crystal structure of perovskite was constructed to influence on forming a good quality of 

second main perovskite layer. 

 

 
Figure 6. 6. Two-dimensional grazing incidence wide angle X-ray scattering (2D-GIWAXS) images on the 

substrates after washed by DMF solvent (a) MAPbBrxI3-x, (b) PbI2 and (c) CPSL film. 2D-GIWAXS patterns 

corresponding line-cuts in (d) in-plane and (e) out of-plane directions of MAPbBrxI3-x, PbI2, and CPSL film 

respectively. 
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In order to develop a deeper understanding of the charge recombination characteristics of the devices, 

the incident-light-intensity-dependent JSC in Figure 6. 7a and VOC in Figure 6. 7b characteristics were 

measured under short-circuit conditions. Figure 6. 7a shows a log-log plot of JSC as a function of the 

light intensity. The power-law dependence of JSC on light intensity was fitted using the following 

equation. 

 𝐽SC ∝ I𝛼 (Eq. 6-1) 

 

where I is the intensity of incident light and α is an exponent constant for PeSCs devices (generally 0.85 

– 1). The α value was calculated to be 0.963 for without seed layer device, suggesting significant charge 

recombination under short-circuit condition. These results can be interpreted that interfacial engineering 

by seed layer eliminated the energy barrier which leads to charge recombination at the interfaces 

between perovskite layer and charge transport layer. Figure 6. 7b shows a semilogarithmic plot of VOC 

as a function of the light intensity. The VOC of conventional p-n junction based model is as follows:90, 91  

 

 𝑉OC =
𝐸gap

𝑞
−

𝑘𝑇

𝑞
ln (

(1−𝑝)𝛾𝑁c
2

𝑃𝐺
) (Eq. 6-2) 

 

 

Figure 6. 7. Charge recombination and transport characteristics: light intensity dependence of (a) Jsc (b) VOC of 

perovskite device and (c) impedance spectroscopy and (d) Time correlated single photon counting (TCSPC) of 

perovskite film without and with CSPL. 
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Figure 6. 8. J-V characteristics of perovskite solar cells without and with CSPL including forward and reverse 

scan direction of (a) p-i-n structure and (b) n-i-p structure. And PCE histogram of (c) p-i-n structure and (d) n-i-p 

structure devices statistics from a total of 30 solar cell devices respectively comprising without and with CSPL. 

 

Table 6. 1. Solar cell characteristics of p-i-n and n-i-p structure perovskite solar cells without and with CSPL in 

forward and reverse scan directions. 

Device 

type 
CSPL 

Scan 

direction 
Jsc(mAcm

-2

) Voc(V) FF PCE(%) 

p-i-n 

X 
Reverse 18.47 1.09 0.75 15.07 

Forward 18.07 1.09 0.75 14.73 

O 
Reverse 21.21 1.16 0.78 19.24 

Forward 20.67 1.16 0.79 19.05 

n-i-p 

X 
Reverse 21.86 1.11 0.76 18.32 

Forward 21.77 1.10 0.76 18.22 

O 
Reverse 23.06 1.13 0.78 20.37 

Forward 23.15 1.13 0.77 20.08 
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where, Egap is the band gap of the semiconductor; in this case, the energy difference between highest 

occupied molecular orbital of PTAA and PCBM conduction band edge, q is the elementary charge, 𝑘 

is the Boltzmann constant, T is temperature, P is the dissociation probability of the bound electron—

hole pairs, γ  is the Langevin recombination constant, 𝑁C  is effective density of states, and G is 

generation rate of bound electron—hole pairs. 

 

 
Figure 6. 9. EQE and calculated Jsc of p-i-n structure and n-i-p structure of CSPL perovskite solar cells. (p-i-n 

w/o CSPL:17.25 Jsc(mAcm-2), p-i-n w/ CSPL: 20.05 Jsc(mAcm-2), n-i-p w/o CSPL: 21.13 Jsc(mAcm-2), n-i-p w/ 

CSPL: 22.90 Jsc(mAcm-2). 

 

If the shockley—Read—Hall (SRH) recombination is involved, a stronger dependence of VOC on the 

light intensity with a slope greater than kT/q will be obtained. The semilogarithmic plots of VOC against 

light intensity give slopes of 1.324 kT/q and 1.542 kT/q respectively. The VOC for without seed layer 

device decreases faster than for the with seed layer device as the light intensity is reduced, indicating 

significant SRH recombination involved under open-circuit condition. Impedance spectroscopy was 

also performed to support the results of light intensity in seed layer perovskite film on electrical 

characteristics. As Figure 6. 7c shown, both with and without seed layer devices were obtained 

semicircle in the range of 100 Hz to 2 MHz. Smaller semi circuit of the device with seed layer indicates 

the reduction in the charge transfer resistance due to high crystalline film.92 Time correlated single 

photon counting (TCSPC) luminescence decay of with and without CSPL was described in Figure 6. 

7d. We prepared samples with configuration of glass/perovskite and glass/CSPL:perovskite, where 

thick perovskite film (thickness: 460±20 nm) was used for optimum device performance. The average 

PL decay time (τavg) was obtained of 12.46 ns for glass/perovskite, and 27.74 ns for 
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glass/CSPL:perovskite respectively. Comparing the PL decay with and without CSPL devices, the 

lifetime with CSPL film has about 2 times higher than without CSPL film which directly ensures the 

formed high quality film. The optically intrinsic longer PL lifetime can be attributed to the achieving 

high performance photovoltaic device because the generated carrier can be easily diffused to each layer 

and then collected to each electrode as reported previously.4 

 

Table 6. 2. Solar cells characteristic of p-i-n structure perovskite devices without and with and without CSPL 

based on PEDOT:PSS HTL. 

 JSC (mA cm-2) VOC (V) FF PCE (%) 

w/o S.L. 18.39 0.93 0.75 12.81 

w/ S.L. 20.09 1.00 0.79 16.25 

 

 
Figure 6. 10. Characteristics of perovskite solar cells without and with CSPL based on PEDOT:PSS HTL. 

 

The current density-voltage (J-V) characteristics for p-i-n and n-i-p structure perovskite devices with 

or without seed perovskite layer are summarized in Table 6. 1 while the relevant data are plotted in 

Figure 6. 8. The p-i-n structure perovskite solar cells were prepared with the architecture 

ITO/PTAA/CSPL: MAPbBrxI3-x/PC61BM/Al. The thickness of the PC61BM was varied to not only cover 

whole perovskite photoactive layer which the photogenerated carriers can be effectively transported by 

PC61BM interfacial layer but also prevent direct contact between perovskite layer and Al electrode. The 

p-i-n perovskite devices without seed layer exhibited a short-circuit current density (JSC) of 18.47 mA 

cm-2, VOC of 1.09 V, fill factor (FF) of 0.75% and overall PCE of 15.07%, while p-i-n perovskite devices 
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with seed layer achieved excellent PCEs including a JSC of 21.21 mA cm-2, VOC of 1.16 V, FF of 78% 

and PCE of 19.25% due to high dense and vertical growth bulk like perovskite crystalline film. Notably, 

VOC is remarkably increased about 0.07 V which is one of the highest VOC value in p-i-n structure 

perovskite solar cells with pure crystal perovskite film. The increased VOC is majorly related to the 

leakage current in the device. As clearly checked the reduced charge recombination from Shockley—

Read—Hall (SRH) recombination and PL decay, seed layer has crucial impact on the forming high 

quality perovskite film to achieve the device performance improvement. In the forward scan direction, 

in addition, the perovskite devices were achieved PCE of 19.05% with a JSC of 20.67 mA cm-2, a VOC of 

1.16 V and a FF of 79%. The device has a negligible photocurrent hysteresis and fixed high VOC value 

attributed to reducing trap states at the grain boundaries as shown in Figure 6. 8a and b.  

 

 
Figure 6. 11. Histogram of device statistics from a total of 30 p-i-n structure solar cell devices (ITO/PTAA/seed 

layer/MAPbBrxI3-x/PC61BM/Al) comprising without and with CSPL. (a) Short circuit current density, (b) open 

circuit voltage, (c) fill factor. 

 

 
Figure 6. 12. Histogram of n-i-p device statistics from a total of 30 solar cell devices (FTO/bl-TiO2/Mesoprous 

TiO2+Perovskite((FAPbI3)0.85(MAPbBr3)0.15)/Spiro-MeOTAD/Au) comprising without and with CSPL. (a) Short 

circuit current density, (b) open circuit voltage, (c) fill factor. 

 

An external quantum efficiency (EQE) of the perovskite devices with seed layer shows broad spectral 

response in the range of 300-780 nm with peak of 91.8% at wavelength of 430 nm which is the highest 

EQE value at blue region and calculated current density is 20.05 mA cm-2, as shown in Figure 6. 9. The 

integrated photocurrent from EQE shows only 3% mismatch with obtained value from J-V curve that 
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implies well agreement and substantiates the observed JSC. Additionally, PEDOT:PSS was employed 

as HTL which is well known materials for p-i-n architecture to determine the effect of seed perovskite 

layer on other interfaces. As shown in Figure 6. 10 and Table 6. 2, the perovskite devices with seed 

layer shows good performance including a JSC, VOC, FF and PCE of 20.09 mA cm-2, 1.00 V, 0.79 FF 

and 16.25 % compared to perovskite devices without seed layer yield poor PCEs including JSC of 18.39 

mA cm-2, VOC of 0.93 V, FF of 75 % and PCE of only 12.81 % which directly shows that CSPL structure 

has the effect on the various HTL. To confirm the effect of CSPL in n-i-p structure PeSCs, n-i-p structure 

PeSCs was fabricated as following architecture FTO/bl-TiO2/Mesoporous TiO2:Perovskite 

((FAPbI3)0.85(MAPbBr3)0.15)/Spiro-OMeTAD/Au. The device performance was reached 20.37% with 

CSPL compared to with put CSPL 18.50% as shown in Figure 6. 7b. To directly compare the seed layer 

effect on the solar cells, the histograms of PCE, for p-i-n structure device Figure 6. 7c, n-i-p structure 

device for Figure 6. 7d and, JSC, VOC, and FF for p-i-n structure device Figure 6. 10, n-i-p structure 

device for Figure 6. 11 for 30 individual devices that were fabricated using with and without seed layer. 

The average PCE with perovskite seed layer was not only higher in value but also showed a narrower 

distribution of values than the without seed layer devices in both p-i-n and n-i-p structure devices.  

 

 
Figure 6. 13. Stability test was performed for non-encapsulated cells (with and without CSPL PeSCs) under an 

air about 40% humidity condition. 

 

Especially, p-i-n structure devices with perovskite seed layer exhibited higher VOC value from 1.1 

to 1.2 with high reproducibility with maintained JSC and FF. With the simple device structure 

(ITO/HTL/perovskite/PCBM/Al), we achieved high average PCEs with CSPL which is comparable to 

or higher than those of complexed p-i-n perovskite structure performance using multiple ETL and HTL 

such as C60 and BCP reported in the previous studies.85, 93 We expect that our new CSPL device 
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structure has potential and can be widely applied to perovskites field. We tested the solar cells stability 

with and without CSPL under an air about 40% humidity condition as shown in Figure 13. For the 

device with CSPL, 50% of the initial PCE was retained after 250 mins, whereas devices without CSPL 

was rapidly decreased less than 10% of the initial PCE after 250 mins. This result indicates that the 

device CSPL improves stability of the devices due to high quality perovskite crystalline structure. 
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6.4 Conclusion 

In summary, we developed simple and effective way to fabricate high performance p-i-n planar 

heterojunction perovskite/PC61BM hybrid solar cells by controlling the seed perovskite layer with low-

temperature solution processing techniques. Seed perovskite layer has an enormous influence on 

vertical growth of perovskite crystal grains and adhesion between HTL and perovskite photoactive layer, 

leading to improve opto-electric properties of materials and overcome the problem of having lower 

open circuit voltage in inverted structure PeSCs. The PCE was achieved 19.25% in the p-i-n structure 

PeSCs with record open circuit voltage of 1.16 V and 20.37% of PCE in n-i-p structure devices with 

pure crystal perovskite film. The approach reported in this study constitutes a significant advance in the 

application of perovskite film formation, providing a easy and way to prepare high performance 

perovskite active layers in a both p-i-n and n-i-p architecture system. Also, this low temperature 

processing for high performance can apply to the application in roll-to-roll produced modules as well 

as for deposition on flexible substrates. 

  



79 

 

CHAPTER 7.  Ultrathin, Lightweight and Flexible Perovskite Solar Cells 

with an Excellent Power-Per-Weight Performance 

The content of this chapter is in preparation for the publication in a journal. 

 

7.1 Research background 

With the recent development in the field of energy harvesting devices, flexible and wearable 

photovoltaic devices have attracted a significant amount of attention as portable and wearable power 

sources in applications such as smart windows, wearable personal electronic devices, and wearable 

textiles.94-96 In particular, lightweight and ultrathin solar cells can minimize energy consumption by 

increasing the power-per-weight, which provides primary benefits for future power sources in specific 

applications, such as miniaturized drones or blimps, aerospace electronics, and weather balloons.94 To 

increase the power-per-weight, researchers have developed various lightweight solar cells based on 

silicon, organic, and perovskite solar cell (PSC) technologies.94, 97-100 Among these, PSCs, which 

feature solution processability and high light absorption coefficient, are considered a promising flexible 

and lightweight power source; both the device efficiency and stability of PSCs have progressed rapidly.3, 

6, 72 The development of planar-heterojunction perovskite materials enables the construction of flexible 

PSCs on polymer substrates because PSCs are compatible with low-temperature solution processing.101, 

102 In addition, the high absorption coefficient of the perovskite material enables the active layer of the 

device to be very thin (less than 1 µm), resulting in a PSC with high flexibility.103 Recently, Martin et 

al. reported a high power-per-weight of ~ 23 W·g
−1 for flexible PSCs fabricated on ultrathin polymer 

foils, which introduces the possibility of lightweight PSC devices.94 

During the fabrication of such lightweight PSCs, the device integration with flexible transparent 

electrodes is a critical factor that should be carefully considered to ensure proper device performance 

and mechanical stability for flexible PSCs. Therefore, the realization of lightweight and flexible PSCs 

requires the fabrication of flexible transparent electrodes with high conductivity and excellent 

mechanical robustness as replacements for the conventional indium tin oxide (ITO) electrodes, whose 

brittle nature has limited their use in flexible applications.104, 105 Till date, several approaches for the 

fabrication of high-performance flexible PSCs using various alternatives to ITO, such as metal 

nanowire,106-108 carbon nanotube (CNT),109, 110 graphene97, 111 and metal mesh.100, 112 Among these 

conducting nano-materials, silver nanowire (AgNW) networks have been known as an attractive 

flexible transparent electrode in various photovoltaic devices owing to their excellent electrical and 
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optical properties as well as outstanding mechanical flexibility.113-115 In addition, AgNW networks can 

be readily deposited using solution processing, such as spin-coating,116 bar-coating,114, 117 spray-

coating,118 and vacuum filtration.119 However, such conventional solution-based processes result in 

random AgNW networks, which limits the application of AgNWs in high-performance flexible PSCs 

due to the problems related to NW aggregation; specifically, low transmittance and high surface 

roughness.113, 120 In particular, during the fabrication of PSCs, AgNWs are severely damaged by the 

halogen ions present in the perovskite active layer, resulting in the formation of a nonconducting silver 

halide phase, which decreases the electrical conductivity of the AgNWs.100 

To overcome the aforementioned limitations, researchers have attempted to prevent the diffusion of 

halogen ions by depositing passivation layers onto random AgNW networks.107, 108 Lee et al. reported 

that the iodide ions in PbI2 and CH3NH3I lead to a chemical reaction between AgNWs and iodine species, 

resulting in the formation of AgI, which in turn leads to the diffusion of Ag+ from the AgNWs through 

defect sites in stacked layers. Thus, they developed AgNW-based flexible PSC devices with an 

amorphous metal oxide protective layer on both sides of the AgNW layer; their device achieved power 

conversion efficiency (PCE) of 11.23%.108 Kim et al. reported the fabrication of all-solution-based 

transparent electrodes with random AgNW networks embedded in both sol-gel ITO and zinc oxide 

layers, which effectively prevented the formation of silver halides during the fabrication of PSCs. 

However, such methods require complex fabrication processes to form the oxide/metal NW/oxide 

structure or a thick buffer layer to fully cover protruding NWs in random AgNW networks. In addition, 

further improvement in the device efficiency remains a challenge that must be overcome to enable the 

practical application of AgNWs in flexible devices. Therefore, a method that enables manipulation of 

the surface morphology of AgNW networks to efficiently prevent silver halide formation and 

simultaneously improve device efficiency is needed. 

In this study, we demonstrate the fabrication of PSC devices with orthogonal AgNW transparent 

electrodes. The orthogonal orientation of the AgNWs effectively prevents the formation of silver halide 

during the PSC device fabrication because of the smooth surface morphology, resulting in a higher 

device efficiency of 15.18% for the orthogonal AgNW electrodes on glass substrates compared with 

that (10.3%) of electrodes with random AgNWs. In addition, we present ultralight and flexible PSC 

devices with orthogonal AgNW electrodes fabricated on ultrathin (1.3-µm-thick) polyethylene 

naphthalate (PEN) foils. In addition to achieving an outstanding power-per-weight of 29.4 W·g
−1 with 

a PCE of 12.85%, the PSCs can be attached to an arbitrary surface because of their low thickness and 

weight. 
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7. 2 Experimental details 

Fabrication of ultrathin transparent electrodes with orthogonal AgNW arrays.  

To support ultrathin PEN foil as the substrate, planar PDMS films were prepared by mixing silicone 

elastomer base (Sylgard 184, Dow Corning) and curing agent in a ratio of 10:1. The mixture of liquid 

PDMS prepolymer was poured into Petri dishes and stored in a vacuum desiccator for 30 min to 

eliminate air bubbles. The liquid PDMS prepolymer was then solidified at 90°C for 3h. The 1.3-μm-

thick PEN foil was physically adhered onto a planar PDMS film. The PEN foil on the PDMS film was 

treated with O2 plasma for 5 min to provide hydrophilicity and surface wettability. The as-treated PEN 

foil was then functionalized with amine groups using 0.1% poly-L-lysine (PLL) chemical solution in 

H2O, which were spin-coated onto substrates at 4000 rpm for 60s. Next, orthogonal AgNW networks 

were fabricated on substrates terminated with amine functional groups by second-step capillary printing. 

Here, 0.5 wt.% AgNW dispersions (average length and average diameter of 25 ± 5 and 32 ± 5 nm, 

respectively) in ethanol (Nanopyxis Corp.) were used. 

 

Materials and preparation of perovskite.  

IPA and anhydrous N,N-dimethylformamide (DMF) were purchased from Sigma-Aldrich and were 

used without purification. Lead(II) iodide (PbI2, 99.999%) was purchased from Alfa Aesar. Poly(3,4-

ethylenedioxythiophene):poly(4-styrenesulfonate) (PEDOT:PSS, PH1000) was acquired from H. C. 

Starck (Germany). MAI was prepared according to a previously reported procedure.32 To prepare 

perovskite precursor solutions, 1.4 mM of PbI2 was dissolved in 1 mL of DMF, and the concentration 

of MAI precursor was varied from 50 to 65 mg·mL−1 in IPA. A 25 mg·mL−1 solution of PC61BM was 

prepared in a 1:1 mixture of chlorobenzene and chloroform. The obtained solution was stirred at room 

temperature for 30 min. 

 

Device fabrication.  

ITO-coated glass substrates were cleaned by ultra-sonication in deionized water, acetone, and 

isopropyl alcohol for 10 min each. For glass/ITO devices, a PEDOT:PSS layer was deposited onto 

cleaned ITO substrates by spin-casting at 4000 rpm for 30 s, followed by annealing at 140°C for 10 min. 

For glass/AgNW and flexible AgNW substrates, a PH1000 was spin cast for 2000 rpm for 40 s and 

annealed 140°C for 15 min. An AI4083 layer was deposited onto the PH1000 layer by spin-casting at 

1500 rpm for 30 s, followed by annealing at 140°C for 10 min. For ultralight substrates, a PH1000 layer 

was spin cast at 2000 rpm for 40 s and annealed at 80°C for 30 min. An AI4083 layer was then deposited 

onto the PH1000 layer by spin-casting at 1500 rpm for 30 s, followed by annealing at 80°C for 30 min. 

On top of the hole transport layer, MAI precursor solutions were spin cast at 3000 rpm for 30 s and PbI2 

solution was spin-coated at 5000 rpm for 30 s. The films were dried on a hotplate at 100°C for 2 min 
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under air atmosphere. After the substrates cooled, SVA was carried out using 40 μL of DMSO solvent 

for 2 min at 100°C. On top of the perovskite layer, PC61BM was spin cast at 1500 rpm. Subsequently, 

an Al electrode with a thickness of 100 nm was deposited onto the PC61BM layer under vacuum (<10−6 

Torr) by thermal evaporation. 

 

Characterization  

The J–V characteristics of the solar cells were measured using a Keithley 2635A source meter. Solar 

cell performance was characterized with the cells under illumination by an air mass 1.5 global (AM 

1.5G) solar simulator with an irradiation intensity of 100 mW·cm−2. Apertures (13.0 mm2) made of thin 

metal were attached to each cell before measurement of the J–V characteristics. EQE measurements 

were obtained with a PV measurement QE system under ambient conditions with monochromated light 

from a Xe arc lamp. The monochromatic light intensity was calibrated with a Si photodiode and chopped 

at 100 Hz. XPS measurements were carried out using an ESCALAB 250XI from Thermo Fisher 

Scientific. The power-per-weight is defined as the ratio between the device output power per unit area 

under AM 1.5G 100 mW·cm-2 illumination and device weight per unit area. The ultralight PSCs 

achieved a PCE of 12.85% and weighed ~4.37 g·m−2. Therefore, the device would generate a 128.5 

W·m-2 power output, with a specific weight of 29.4 W·g−1 
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7.3 Results and discussion 

 

 

Figure 7. 1. (a) Schematics of the fabrication procedure for ultrathin orthogonal AgNW transparent electrodes 

produced on 1.3-µm-thick PEN foil. (b) Dark-field optical microscopy image of the orthogonal AgNW arrays; the 

corresponding FFT pattern is shown in the inset. The scale bar indicates 40 µm. (c) The ultrathin orthogonal 

AgNW transparent electrode foil, crumpled by a person’s finger. (d) An ultrathin and lightweight PSC device 

mounted onto the surface of a leaf. (e) Cross-sectional SEM image of the device structure for a PSC with the 

orthogonal AgNW array. The scale bar is 100 nm. (f–h) Mechanical properties of the orthogonal AgNW 

transparent electrode foils. Variation in resistance of orthogonal AgNW electrode foil as a function of (f) bending 

cycles at a bending radius of 2 mm, (g) crumpling cycles, and (h) twisting angles. The inset images show 

corresponding deformation (twisting, crumpling, bending) of the orthogonal AgNW electrode foil adhered to the 

PDMS thin film 

 

Figure 7. 1a shows the schematic of fabrication process for ultralight and flexible PSC with 

orthogonal AgNW transparent electrodes on ultrathin 1.3 µm-thick PEN foils. Firstly, we prepared 

polydimethylsiloxane (PDMS) films, which are subsequently laminated to glass substrate. This 

preparation step is followed by the lamination step of ultrathin 1.3 µm-thick PEN foils to the PDMS 

film in which ultrathin PEN foils are physically attached to the surface of PDMS film for easy handling 

during the device fabrication. And, the orthogonal AgNW electrodes are fabricated using capillary 

printing technique via multi-step process.113 Next, PH1000 and AI4083 layers are over-coated for a 

passivation layer and hole transporting layers (HTLs) on orthogonal AgNW electrodes, respectively. 

The perovskite active layers are fabricated by a standard two-step method in regular succession.121 After 
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the deposition of top electrodes, as-fabricated ultrathin PSC devices on PEN foil are physically released 

and free-standing. Here, orthogonal AgNW electrodes provide several advantages as high-performance 

flexible transparent electrodes, such as uniform electrical current path, smooth surface morphologies, 

and superior transmittance, which increase charge carrier diffusion lengths and reduce charge 

recombination to achieve high device performance of PSCs.4, 14 Dark-field optical micrograph of 

orthogonal AgNW network indicates highly oriented NW surface morphology with the inset of fast 

furrier transform (FFT) image, which exhibits crossed line patterns, corresponding to its surface 

geometry (Figure 7. 1b) In the contrary, random AgNW network showed disordered surface structures 

with blurry circular patterns of FFT image (Figure 7. 2). Optical transmittance in the visible wavelength 

of 400 – 800 nm was measured for orthogonal and random AgNW networks. We confirmed that 

orthogonal AgNW electrodes provide higher transmittance (92.3% at 550 nm wavelength) than random 

AgNW electrodes with similar sheet resistance (90.8% at 550 nm wavelength) due to lower percolation 

threshold (Figure 7. 3).114 The ultrathin conductive foil with orthogonal AgNW networks (Figure. 7. 

1c) is highly flexible and transparent. Figure 7. 1d shows an ultralight and flexible PSC with an 

orthogonal AgNW electrode foil adhered to the surface of a leaf, demonstrating the high adhesive 

capability due to the very small thickness and lightness of the device, which can facilitate the use of our 

PSCs as a wearable power source. Figure 7. 1e shows a cross-sectional scanning electron microscopy 

(SEM) image of our PSC with orthogonal AgNW electrodes. PSC devices are based on p–i–n device 

structures with a configuration of polyethylene naphthalate (PEN)/orthogonal AgNW 

electrode/PH1000/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 

(PEDOT:PSS)/CH3NH3PbI3 (MAPbI3)/phenyl-C61-butyric acid methyl ester (PCBM)/aluminum (Al). 

The energy band diagram of the PSC devices is shown in Figure 7. 4. 

 

 

Figure 7. 2. Dark-field optical micrograph of a random AgNW network. The fast Fourier transform (FFT) image 

of the optical micrograph (inset) shows a blurred circular pattern, reflecting the randomness of the corresponding 

surface geometric structure. The scale bar indicates 40 µm. 
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Figure 7. 3. The optical transmittance of orthogonal AgNW and random AgNW electrodes deposited onto glass 

substrates. Samples were scanned over the visible wavelength range (350–800 nm). The corresponding sheet 

resistances of the electrodes are given in the figure. The glass substrate was used as a reference 

 

 

Figure 7. 4. The energy band diagram for the PSC with an orthogonal AgNW electrode. 

 

To investigate the mechanical robustness of the orthogonal AgNW electrode foils, the resistance of 

the orthogonal AgNW electrodes was monitored under various mechanical deformations, such as 

bending, crumpling, and twisting. The orthogonal AgNW electrode foil sustains its electrical resistance 

without substantial variation during repeated bending cycles (1000 times) at a bending radius of 2 mm 

(Fig. 1f), repeated crumpling cycles (500 times) (Figure 7. 1g), and twisting deformation at twisting 

angles from 0° to 900° (Figure 7. 1h). The outstanding mechanical durability of the orthogonal AgNW 
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electrode foils is attributed to their uniform conductive networks bonding via an electrostatic force 

induced by chemically modified substrates with amine functional groups. 

During the fabrication of AgNW-based PSC devices, the formation of nonconducting silver halides, 

which substantially reduces the electrical conductivity of the AgNW electrodes, is a critical issue. To 

address this problem, we deposited a PH1000 layer as a passivation layer to minimize the formation of 

AgI during fabrication of the AgNW-based PSC devices.7 The smooth surface morphologies of the 

orthogonal AgNW electrodes laminated with a PH1000 layer can effectively prevent the reaction 

between AgNWs and iodide ions. On the contrary, protruding NWs induced by the aggregation of 

random AgNW networks cannot be fully covered by PH1000 layers, allowing iodide ions to easily 

diffuse into exposed AgNWs, resulting in a decrease of the electrical conductivity (Figure 7. 5a) 

 

 

Figure 7. 5. (a) Schematic of silver halide formation in PSCs fabricated on random and orthogonal AgNW 

electrodes. (b,c) AFM images of the surface of PEDOT:PSS coated onto (b) a PH1000/orthogonal AgNW 

electrode and (c) a PH1000/random AgNW electrode, respectively. (d) Variation in the resistance of both the 

random and orthogonal AgNW electrodes as a function of the SVA time. (e–h) Mapping images for the binding 

energy of Ag3d originating from XPS depth profiles of PSCs with orthogonal AgNW and random AgNW 

electrodes (e,f) before and (g,h) after aging for 10 day 
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Figure 7. 6. Tilted SEM images of the surface of PEDOT:PSS coated onto (a) a PH1000/orthogonal AgNW 

electrode and (b) a PH1000/random AgNW electrode. 

 

 

Figure 7. 7. SEM images of the surface of perovskite active layers deposited onto PEDOT:PSS/PH1000/AgNW; 

the images correspond to different SVA times. 

 

To verify the smooth surface morphologies of the orthogonal AgNW electrodes, we analyzed the 

surface of PEDOT:PSS (AI4083) layers deposited onto PH1000/orthogonal and random AgNW 

electrodes (Figure 7. 6). The AI4083/PH1000 layer does not efficiently cover the whole area of the 

random AgNW network because the AgNWs are aggregated, resulting in a poor surface morphology. 

On the contrary, the orthogonal AgNW/PH1000 electrode exhibits a uniform and smooth surface 

morphology with excellent surface coverage of AgNWs. To further investigate the smooth 

morphologies of orthogonal AgNW electrodes, we measured the surface roughness of PEDOT:PSS 
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films deposited onto orthogonal and random AgNW/PH1000 electrodes using atomic force microscopy 

(AFM). Figure. 2b and 2c reveal that the surface of the PEDOT:PSS film on orthogonal 

AgNW/PH1000 electrodes is smoother (root-mean-square roughness, Rq = 1.47 nm) than that on the 

random AgNW electrodes (Rq = 4.8 nm), which is consistent with the surface morphologies observed 

by SEM. These topological results indicate that the orthogonal AgNW/PH1000 electrodes can prevent 

the formation of AgI more effectively than random AgNW electrodes. 

To certify the capability of orthogonal AgNW electrode to prevent the AgI formation in the 

fabrication of PSC device, we monitored the variation in the sheet resistance of orthogonal and random 

AgNW/PH1000/AI4083 films during the device fabrication in which the deposition of perovskite films 

are followed by solvent vapor annealing (SVA) process with dimethyl sulfoxide (DMSO) solution. Here, 

it is widely known that DMSO vapor provide a wet environment condition so that MAI and PbI2 

precursor molecules and ions can diffuse a long distance, resulting in an increase of grain size from 200 

nm to over 1 um as a function of SVA time for improving device efficiency (Figure 7. 7).122 However, 

the diffusion of iodine species into AgNW electrode during SVA can promote the AgI formation, leading 

to further degradation in electrical conductivity. As a result, orthogonal AgNW electrodes maintain 

initial electrical resistance without significant loss of electrical conductivity during an entire fabrication 

process while random AgNW networks show severe damage in an electrical resistance with a rapid 

increase of the sheet resistance (Figure 7. 5d). Note that thicker PH1000 layer does not guarantee high 

device performance, which results in a decrease of charge collection efficiency and series resistance, 

although they fully cover the protruding NWs of random AgNW network.123 These topological results 

indicate that orthogonal AgNW/PH1000 electrodes can effectively prevent the formation of AgI than 

random AgNW electrodes. 

 To further validate the capability of orthogonal AgNW electrode to prevent the AgI formation for 

the fabrication of PSCs, we measured X-ray photoelectron spectroscopy (XPS) depth profile analysis 

in which orthogonal AgNW/HTL/perovskite and random AgNW/HTL/perovskite films were prepared 

for comparison, respectively. Binding energy of Ag ion for both samples were measured using X-ray 

photoelectron spectroscopy (XPS) after the solvent?? aging process for 10 days in the globe box at room 

temperature (Figures 2g and 2h). Random AgNW electrode sample was obtained Ag+ and Ag metal 

peaks at 367.9 eV and 368.2 eV which indicate the presence of Ag+ ion was founded in the top regime 

of the cell stack by reacting with iodine of perovskite layer, whereas in the case of the orthogonal AgNW 

electrode showed only Ag metal peak at 368.2 eV after 250s etching times past, implying that 

orthogonal AgNW system effectively prevents the perovskite photoactive layer from contacting AgNW 

electrode.124  

To better understand the ability of the orthogonal AgNW electrode to prevent AgI formation, we 

performed X-ray photoelectron spectroscopy (XPS) depth profile analysis of orthogonal 

AgNW/PH1000/HTL/perovskite and random AgNW/PH1000/HTL/perovskite films. The as-fabricated 
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films were subjected to an aging process for 10 days in a N2-filled glove box at room temperature. The 

mapping images of the binding energy of Ag+ ions before and after the aging treatment were constructed 

using XPS analysis (Figure 7. 5e–h). The y-axis scale in the mapping images indicates the etching time, 

which corresponds to the depth of the device. The XPS spectrum of an as-fabricated sample with a 

random AgNW network shows both Ag+ ions and Ag metal peaks at 367.9 and 368.2 eV, respectively, 

indicating that Ag+ ions were present in the perovskite active layer because of the reaction of Ag metal 

with the iodine of the perovskite solution. On the contrary, the spectra of the orthogonal AgNW 

electrodes show only a Ag metal peak at 368.2 eV; thus, Ag atoms did not diffuse from their 

corresponding positions in the AgNWs (Figure 2e and f). In addition, the spectrum of the orthogonal 

AgNW network aged for 10 days shows no changes in the binding energy or peak position, whereas the 

random AgNW network aged for 10 days exhibited remarkable diffusion of Ag+, as evidenced by a 

shift in the binding energy, leading to AgI formation along the top regime of the device (Figure 2g and 

h). These XPS results imply that the orthogonal AgNW system effectively prevents direct contact 

between the perovskite photoactive layer and AgNW electrode.125[ref] 

 

 

Figure 7. 8. (a) J–V characteristic and (b) IPCE of PSC devices with ITO, orthogonal AgNW, and random AgNW 

electrodes. (c) Long-term stability of PSCs under a controlled atmosphere (N2-filled glove box). (d) The 

quantitative PCE values of PSCs with ITO, orthogonal AgNW, and random AgNW electrodes. 
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Table 7. 1. J–V characteristics of PSC devices with ITO, orthogonal AgNW, and random AgNW electrodes 

fabricated on glass substrates. 

Electrode Jsc (mA cm-2) Voc (V) FF PCE (%) Cal. Jsc 

ITO 20.09 1.00 0.79 16.25 19.79 

Orthogonal AgNW 18.63 1.06 0.77 15.18 17.51 

Random AgNW 14.88 1.03 0.68 10.43 14.07 

 

 

Figure 7. 9. J–V hysteresis characteristics of a PSC with ITO, orthogonal AgNW and random AgNW electrode 

measured with forward and reverse bias 

 

Table 7. 2. Summarized J–V hysteresis characteristics of a PSC with ITO, orthogonal AgNW and random AgNW 

electrode measured with forward and reverse bias. 

Electrode 
Scan 

direction 
J_sc(mA/cm2) V_oc(V) FF PCE(%) 

ITO 
Reverse 20.32±0.366 1.00±0.003 0.78±0.005 16.00±0.258 

Forward 20.46±0.099 1.00±0.001 0.76±0.002 15.68±0.072 

Orthogonal 

AgNW 

Reverse 14.38±0.602 1.03±0.001 0.67±0.012 9.88±0.555 

Forward 14.27±0.576 1.02±0.012 0.67±0.01 9.80±0.519 

Random 

AgNW 

Reverse 18.20±0.301 1.06±0.008 0.78±0.015 15.06±0.174 

Forward 17.98±0.282 1.05±0.003 0.78±0.014 14.81±0.285 
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To validate the effect of the orthogonal AgNW electrode on the device performance of AgNW-based 

PSCs, we measured the current density–voltage (J–V) characteristics for PSC devices with ITO, 

orthogonal AgNW, and random AgNW electrodes under AM 1.5G illumination at 100 mW·cm−2 

(Figure 7. 8a). The control perovskite solar cells were prepared with the architecture 

ITO/PEDOT/MAPbBrxI3-x/PC61BM/Al. The PSCs with orthogonal AgNW have a structure with 

orthogonal AgNW/PH1000/AI4083/MAPbBrxI3-x/PC61BM/Al while the PSCs with random AgNW 

have a structure with random AgNW/PH1000/AI4083/MAPbBrxI3-x/PC61BM/Al. The PSCs with ITO 

electrodes exhibited a short-circuit current density (JSC) of 20.09 mA·cm−2, open-circuit voltage (VOC) 

of 1.00 V, fill factor (FF) of 79%, and overall PCE of 16.25% (Table 7. 1). Notably, the PSCs with 

orthogonal AgNW electrodes achieved an outstanding PCE of 15.18% with a JSC of 18.63 mA·cm−2, 

VOC of 1.06 V, and FF of 77%, whereas those with random AgNW electrodes yielded a lower PCE of 

10.43% with JSC of 14.84 mA·cm−2, VOC of 1.03 V, and FF of 68%. The improved VOC in the 

HTL/Perovskite device can be understood by examining the schematic energy diagram shown in Figure 

S3. The VOC is usually determined by built in potential (Vbi) in the devices. In this case, Vbi in devices 

is dependent on the work function of AgNW/PH1000/PEDOT:PSS rather than on the work function of 

ITO/PEDOT. When the work function of AgNW/PH1000/PEDOT:PSS is effectively aligned with 

ionization potential of perovskite photoactive layer, the potential energy loss at the interface will be 

minimized.[ref] The high performance of the PSCs with the orthogonal AgNW electrodes is attributed 

to the uniform and homogenous perovskite photoactive layer on the flat HTL, which can increase the 

charge collection efficiency and reduce the recombination by the smooth surface of the orthogonal 

AgNW electrodes without forming AgI. In the forward scan direction, the PSCs with orthogonal AgNW 

electrodes exhibited a PCE of 15.43% with a JSC of 18.60 mAcm−2, VOC of 1.05 V, and FF of 79%, which 

are comparable to the characteristics of the backward scan, indicating that our PSC devices provide 

reliable device performance with negligible photocurrent hysteresis (Figure 7.9 and Table 7.2).126 

Figure 7. 8b shows an external quantum efficiency (EQE). The PSC devices with ITO, orthogonal and 

random AgNW electrodes show broad spectral response in the range of 300-780 nm and calculated 

current density is 19.79 mAcm-2, 17.51 mAcm-2, and 14.07 mAcm-2, respectively. The integrated 

photocurrent of both devices show only 6% mismatch with obtained value from J-V curve which implies 

well agreement and substantiates the observed JSC.  

To characterize the stability of PSCs with orthogonal AgNW electrode, the device performance was 

continuously monitored with aging time for 500 hours in the globe box. The PSC with orthogonal 

AgNW electrode showed an improvement in long-term stability compared to the PSC with random 

AgNW electrode as shown in Figure 7. 8c. For PSC devices with orthogonal AgNW electrode, 85% of 

the initial PCE was retained after 500 hours while PSC devices with random AgNW electrode rapidly 

decreased less than 50% after 500 hours. This improved stability of device with orthogonal AgNW 

electrode could be attributed to preventing the reaction Ag+ with I- ions due to the smooth surface, 
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which shows good agreement with XPS depth profile. Figure 7. 8d presents the statistical analyses of 

device performance obtained from PSCs with ITO, orthogonal and random AgNW electrodes, 

respectively. Both devices with ITO and orthogonal AgNW electrodes showed high reproducibility with 

small variation in device efficiency, whereas PSCs with random AgNW electrodes have large variation 

in device performance. 

To demonstrate the application of our orthogonal AgNW electrodes in a flexible device, we fabricated 

flexible PSCs with orthogonal AgNW electrodes on 1.3-µm-thick PEN foils (ultrathin PSCs) and on 

120-µm-thick PEN films (thin PSCs). Figure 7. 10a shows the J–V characteristics of the ultrathin and 

thin PSCs with orthogonal AgNW electrodes. Device efficiencies of 13.05% and 12.85% were achieved 

for the ultrathin PSC and thin PSC devices with orthogonal AgNW electrodes, respectively, which 

constitute the highest PCEs reported thus far for a flexible PSC with AgNW electrodes127-130 (Table 7. 

3). 

 

Figure 7. 10. (a) J–V characteristics of a flexible PSC with an orthogonal AgNW electrode fabricated on a 1.3-

µm-thick PEN foil and a 120-µm-thick PEN film. (b) Photograph of a flexible PSC fabricated on an orthogonal 

AgNW electrode. (c) An ultralight PSC suspended in bubbles. (d) Comparison of the power-per-weight 

performances of the ultralight PSC and other types of light solar cells. 
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Table 7. 3. Comparison of the device performance of our PSC with orthogonal AgNW arrays and those of other 

AgNW-based PSC devices. 

Device structure J
sc 

(mA/cm
2

) V
oc 

(V) FF PCE (%) Ref. 

Glass/AZO/AgNW/a-AZO/ZnO/Perovskite/Sprio-

OMeTAD/Au 
18.5 1.12 67.4 13.93 Adv. Energy Mater. 2018130 

Glass/FTO/TiO
2
/Perovskite/Spiro-

OMeTAD/AgNWs/PDMS 
15.24 1.07 68.8 11.12 Adv. Funct. Mater. 2018127 

ITO/PTAA:F4TCNQ/Perovskite/PCBM/AgNW@
Au 

18.5 0.99 64.3 11.0 
Sol. Energy Mater. Sol. 

Cells 2017128 

Au/Spiro-
OMeTAD/CH

3
NH

3
PbI

3
/mAl2O3/ZnO/ITO/AgN

W/ITO 

13.17 1.04 61.8. 8.44 Nanoscale 2016107 

AgNW/ZnO:F/TiO
2
/Perovskite/Sprio-

OMeTAD/Ag 
12.2 0.685 39.5 3.29 J. Mater. Chem. A 2015129 

Glass/orthogonal 

AgNW/PH1000/PEDOT:PSS/MAPbI3/PCBM/

Al 

18.63 1.06 0.77 15.18 This work 

Flexible film/orthogonal 

AgNW/PH1000/PEDOT:PSS/MAPbI3/PCBM/

Al 

17.99 1.00 0.72 13.05 This work 

Ultrathin foil/orthogonal 

AgNW/PH1000/PEDOT:PSS/MAPbI3/PCBM/

Al 

18.88 0.95 0.69 12.85 This work 

 

To evaluate the mechanical stability for flexible PSC with orthogonal AgNW electrode, the variation 

of device performance of flexible PSCs was measured under 1000 bending cycles at 5 mm of bending 

radius (Figure 7. 10b). The device performance for flexible PSC remains 80% of the initial PCE over 

1000 bending cycles without significant degradation of PCE value.(Figure 7. 11) 

 

Figure 7. 11. Variation in normalized device efficiency of PSCs with ITO and orthogonal AgNW electrodes under 

repeated (1000 times) bending cycles 
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Figure 7. 12. Photograph of an ultralight PSC device on an electronic scale, demonstrating its extremely low 

weight. The device size is 13 mm ⅹ 13mm 

 

One of important advantages of our devices is their lightweight property, which enables our devices 

to be floated even onto the surface of bubbles without bursting (Figure 7. 10c). The ultralight property 

of our PSCs is highly advantageous in terms of the power-per-weight in the field of aerospace 

electronics or miniaturized blimps. For the proof-of-concept demonstration, we calculated the power-

per-weight of our device, which weighed 0.74 mg (Figure 7. 12); our ultralight and flexible PSC device 

exhibited an excellent power-per-weight of 29.4 W·g−1 at a weight of 4.37 g·m-2, which represents the 

highest value reported among various lightweight solar cells (Figure 7. 10d).94, 97-99 
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7.4 Conclusion 

In summary, we demonstrated ultrathin, lightweight, and flexible PSC devices with orthogonal 

AgNW transparent electrodes fabricated on ultrathin polymer foils. The orthogonal AgNW electrodes 

provide a smooth surface morphology and exhibit outstanding electrical and optical properties, which 

effectively prevent the formation of nonconducting AgI, resulting in an improved device efficiency, 

achieving a PCE of 15.18% in comparison with that of a device with random AgNW electrodes (10.3%). 

A PCE value of 13.05% for the flexible PSC with orthogonal AgNW electrodes was achieved, which is 

the highest device efficiency reported till date for an AgNW-based flexible PSC device. Furthermore, 

our ultralight PSC device fabricated on 1.3-µm-thick foil achieved a PCE of 12.85% with an excellent 

power-per-weight of 29.4 W·g−1 at weight of 4.37 g·m-2. 
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CHAPTER 8.  Summary 

In the thesis, I have investigated to improve morphology of perovskite photoactive layer via mixed 

solvent, chemical composition and compact seed perovskite layer (CSPL). And then apply CSPL 

technique to lightweight and flexible solar cell using silver nanowire electrode. Detailed summary as 

follows: 

 

Figure 8. 1. Summary of morphology control of photoactive layer for high efficient perovskite solar cells. 

 

First, we have successfully fabricated high performance p-i-n structure PeSCs using a DMF:GBL 

solvent mixture to improve the surface coverage and morphology of the perovskite layer. The perovskite 

and PCBM films were completely and sequentially deposited on PEDOT:PSS/ITO substrate via low-

temperature solution processing. Employ of a mixture of DMF and GBL to process the perovskite 

precursor solution enhances interfacial contacts and reduces the defect between perovskite and PCBM 

layer by smooth perovskite film and uniform crystal domains, lead to improve exciton dissociation 

efficiency and reduces recombination losses at the perovskite/PCBM interface. Furthermore, this topic 

is the first report to introduce a mixed solvent system for the control perovskite film morphology in 

perovskite planar heterojunction solar cells.  

Second, we synthesized a series of perovskite light absorbers with composition CsXMA1-XPbI3 and 

evaluated their performance in p-i-n type perovskite solar cells. High performance was achieved via 10% 

Cs doping in the MAPbI3 perovskite structure, resulting in a ~40% enhancement in device efficiency 

via improvement in light absorption and morphology as well an increased energy difference between 

the valance band of perovskite and LUMO level of PCBM. Our approach to perovskite design offers 

the possibility to achieve even higher open-circuit voltages by employing tandem device structures 

Third, we have investigated the influence of structural composition on the optoelectronic properties 

of the materials in order to achieve homogenous perovskite films by fractional substitution of PbCl2 

with PbBr2 in the precursor solution. A composition comprising 10% Br substitution in the perovskite 

precursor solution yielded an optimal power conversion efficiency of 16%, constituting a ~30% 

enhancement compared to the binary system via the formation of smooth, defect free films and a deeper 
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valence band energy. These devices exhibit stable performance with a narrow distribution of device 

characteristics and negligible hysteresis. Compared to previous work using ternary halid perovskites, 

we were able to achieve a substantial increase in performance via the use of single, ternary halide 

containing precursor solution dissolved in a novel solvent (DMA), which led to improved morphology 

and device characteristics compared to the binary system. The approach reported here constitutes a 

significant advance in the application of ternary perovskite materials, providing a simple and effective 

way to prepare high performance perovskite active layers in a one-step process. 

Next, we developed simple and effective way to form perovskite photoactive layer by controlling the 

seed perovskite layer with low-temperature solution processing techniques. Seed perovskite layer has 

an influence on vertical growth of perovskite crystal and adhesion between HTL and perovskite film, 

leading to improve optical and electrical properties of materials and overcome the problem of having 

lower open circuit voltage in inverted structure PeSCs. The PCE was achieved 19.25% in the p-i-n 

structure PeSCs with record open circuit voltage of 1.16 V and 20.37% of PCE in n-i-p structure devices 

with pure crystal perovskite film. The approach reported in this study constitutes a significant advance 

in the application of perovskite film formation, providing an easy and way to prepare high performance 

perovskite active layers in a both p-i-n and n-i-p architecture system. 

Finally, we demonstrated ultrathin, lightweight, and flexible perovskite devices with orthogonal 

AgNW transparent electrodes. The orthogonal AgNW electrodes provide a smooth surface morphology 

and show outstanding electrical and optical properties, which prevent the formation of nonconducting 

AgI. A PCE value of 13.05% for the flexible PSC with orthogonal AgNW electrodes was achieved, 

which is the highest device efficiency reported till date for an AgNW-based flexible PSC device. 

Furthermore, our ultralight PSC device fabricated on 1.3-µm-thick foil achieved a PCE of 12.85% with 

an excellent power-per-weight of 29.4 W·g−1 at weight of 4.37 g·m-2 
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기 규범, 기락, 승현, 지용, 현우, 영진, 중희, 형민, 승훈형, 이제 만나기 쉽지 않지만 각

자의 자리에서 최선을 다하자. 그리고 내가 수용할 수 없는 흥을 가지고 있는 영남, 8월

에 큰 행사를 준비하고 있는 새로미, 학위 받는다고 고생했고 둘 다 슬슬 맞먹는데 아직 

난 맘의 준비가 안됐다. 

끝으로 항상 손자에게 웃으면서 모든 걸 아낌없이 주시는 할아버지, 할머니, 동생, 오

랫동안 꾸준히 옆에서 친구처럼 머물러준 희진이, 마지막으로 믿음직하지 못한 아들을 

항상 믿고 꾸준히 지지해 주신 부모님께 제 작을 결실을 받칩니다. 
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