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All-inorganic CsPbBr3 perovskite solar cell is attracting attention due to its 

high voltage output and negligible level of stability against humidity and 

temperature compared to organic-inorganic perovskite solar cells. However, the 

limited solubility of CsBr remains an obstacle for the production of CsPbBr3 films 

intended for use in perovskite solar cells. In this study, we present a cation 

exchange strategy for the synthesis of all-inorganic CsPbBr3 films. By exploiting 

the high solubility of CsAc (Cesium Acetate) in methanol, we have achieved the 
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conversion of the organic DMA0.3MA0.7PbBr3 film (DMA = Dimethylammonium 

cation, MA = Methylammonium cation) to an all-inorganic CsPbBr3 film by facile 

two-step spin coating. Therefore, a high-quality CsPbBr3 film featuring a uniform, 

flat, sizable grain structure, and minimal secondary phase was successfully 

produced. The material property of the as made CsPbBr3 film is studied. And its 

formation mechanism is proposed. Moreover, as an application, a perovskite solar 

cell is realized using the CsPbBr3 film, demonstrating an efficiency as high as 5.9% 

with remarkably high Voc (1.4 V). 
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Chapter 1. Introduction 
 

 

 

1.1. Recent Researches and Developments in Perovskite solar 

cells 
 

 

Global efforts such as the Parties to the 2015 Paris Agreement are being urged to 

limit the increase in temperature up to 1.5 ℃ compared to the era of the industrial 

revolution.[4] Fossil fuels are known to be the main cause of global warming due 

to greenhouse gases generated during combustion, and have various problems such 

as limited reserves,[5] and air pollution.[6]  

To solve this problem, photovoltaics has attracted great interest. Perovskite Solar 

Cells (PSCs) have the advantages of being able to be processed at a low 

temperature with cheap materials. In addition, PSC has advantages such as easily 

tunable bandgap,[7, 8] low exciton binding energy,[9] high carrier mobility,[10] 

and high absorption coefficient, attracting attention as a next-generation solar cell. 

With this explosive interest, PSCs have brought rapid developments in 

performances with the power conversion efficiency (PCE) from the initial 3.8% to 

25.73% certified PCE [11] on single junction perovskite devices as shown in 

Figure 1.1.1. which is now on par with the state-of-the-art Si solar cell efficiency 

(26.8%).[1] Moreover, along with the development of perovskite solar cell, 

perovskite/Si tandem solar cell technology to overcome Shockley-Queisser limit of 
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single junction solar cell (33.77%) has rapidly advanced with the record PCE of 

32.5%. [1, 12] 

However, organic-inorganic hybrid solar cells (PSCs) are vulnerable to various 

environmental stimuli due to the fundamental limitations of composition.[13, 14] 

High humidity promotes the production of halide salt (PbI2) by causing the 

degradation of perovskite structure.[15] In addition, continuous temperature rise 

due to sun illumination causes phase change and instability of perovskite layer.[16] 

 

1.2. Properties and fabricating issues of CsPbBr3 perovskite 

structure 

 

 

The all-inorganic (CsPbX3) perovskites structure has a negligible level of stability 

against environmental factors and has begun to attract increasing attention as a 

photovoltaic material.[17, 18] Among them, CsPbBr3 perovskite structure has a 

bandgap of about 2.3 eV,[19] maintaining higher phase stability [20] than CsPbI3 

perovskite structure, and has a lower bandgap than CsPbCl3 (~3.0 eV),[21] so it is 

suitable for use in the photoactive layer. In addition, it can theoretically generate a 

high voltage output of about 2.0 V, so it can be utilized in various ways such as 

LEDs and catalysts other than solar cells.[22, 23] 

However, the low solubility of CsBr made it difficult to form enough thickness to 

use CsPbBr3 as a photoactive layer and an obstacle to making reproducible thin 

films in solution-processed methods.[3, 24] So far, various solution-processed 

methods have been proposed as shown in Figure 1.2.1. First, the dipping method 

produces a Cs-Pb-Br film by exposing a solution dissolved in CsBr to a film 
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obtained by deposited PbBr2 for a long time. However, this requires a long and 

appropriate dipping time, and mixed phase appears in the film, leading to pore 

morphology.[25-27] The multi-step spin coating method has advantages of more 

easily suppressing the secondary phase because it dissolves CsBr in methanol, spin 

coating several times, and repeats annealing to form Cs-Pb-Br film.[28, 29] 

However, this is time-consuming and has the disadvantage of reducing 

reproducibility due to a large number of spin coatings.[3, 30] In order to reduce the 

number of coatings required for CsBr deposition, a solvent with high solubility for 

CsBr was employed.[31, 32] A two-step spin coating method has been proposed, 

but there is still an inconvenience of pre-heating the PbBr2 substrate about 70 °C to 

obtain good crystallinity, and the morphology changes greatly depending on the 

loading time of the solvent.[33] 

 

1.3. Cation exchange strategy for fabricating CsPbBr3 

perovskite solar cell. 

 

In this study, We propose a novel two-step spin coating-based Cs-Pb-Br film 

fabrication method that can solve the solubility problem and enhance 

reproducibility. Until recently, a process of dissolving a small amount of CsBr in 

methanol and spin-coating (0.07 M) at PbBr2 layer several times was mainly used. 

In contrast, CsAc has been newly discovered to be a Cs source that dissolves very 

well in methanol. Using this, we present a cation exchange strategy for the 

synthesis of all-inorganic CsPbBr3 films. We employ spin-coating to deposit a 

CsAc/methanol solution onto a DMA-MA-PbBr3 film, followed by a cation 
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exchange reaction to convert the organic cation to Cs+. This film exhibits a minimal 

amount of secondary phase and a relatively large grain size, which is accompanied 

by a low occurrence of pinholes. Furthermore, the proposed method is 

advantageous in terms of reproducibility as it removes the need for PbBr2 substrate 

preheating, which is required in existing original multi-step and two-step spin 

coating techniques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

5 

 

 

 

Figure 1.1.1. A graph illustrating the certified efficiencies of different cells 

spanning from 1975 to the present [1] 
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Figure 1.2.1. Various fabrication methods for CsPbBr3 solar cell 
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Chapter 2. Background 

 

 

2.1. The properties of CsPbBr3 material 

 

Figure 2.1.1 shows crystal structure of cubic CsPbBr3. The CsPbBr3 material 

demonstrates superior thermal and moisture stability when compared to other 

perovskite structures, as supported by research studies.[17, 18] Specifically, this 

material exhibits minimal degradation when exposed to high temperatures, with a 

thermal stability threshold of 416 °C.[34] Furthermore, the performance of 

CsPbBr3-based solar cells remains relatively unaffected even after being subjected 

to high humidity environments for extended periods, as evidenced by studies 

lasting several hundred hours.[3, 22] This can be attributed to its appropriate 

tolerance factor (0.862) which allows it to thermodynamically form a cubic phase, 

as well as its more negative value of enthalpy of formation (-11.64 ± 1.17 kJ/mol) 

compared to other perovskite structures.[35] Additionally, the use of an inorganic 

cation (Cs) rather than an organic cation (such as Formamidinium (FA) or 

Methylammonium (MA)) contributes to its superior thermal and hygroscopic 

stability.[36] Notably, the fact that CsPbBr3 consists of a single halide composition 

means that halide aggregation does not occur, which further enhances its stability. 

At room temperature, the bulk form of CsPbBr3 adopts an orthorhombic structure, 
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but upon heating, it undergoes a structural transition to a tetragonal phase at 88 °C 

and to a cubic phase at 130 °C.[37] Despite these structural changes, each phase 

exhibits similar optical and electrical properties, rendering CsPbBr3 a promising 

photoactive material that can maintain its functionality over an extended duration, 

even under ambient conditions.[38] 

The suitability of CsPbBr3 as a photoactive material stems from its high electron 

mobility (1000 cm2/(V·s)), long lifetime (2.5 µs),[38] and wide range of observable 

optical properties.[39, 40] Its bandgap of 2.3 eV allows for a theoretical high 

voltage output of 2.0 V, making it a potential candidate for use in multi-junction 

tandem solar cells, LEDs, and PV-EC applications.[22, 23, 41] 

 

2.2. The processing issue of CsPbBr3 solar cell 

 

The manufacturing of CsPbBr3 perovskite solar cells faces two significant 

challenges. Firstly, due to the low solubility of precursor materials in the solvent, it 

is challenging to form perovskite into a film through the solution process. This 

limitation is particularly evident in the one-step spin-coating method, which is 

commonly used to form the organic-inorganic perovskite photoactive layer. This is 

because CsBr has low solubility in the solvent, and there is a large solubility 

difference between CsBr and PbBr2. Although CsBr can be dissolved in a 

DMSO/DMF solvent up to 0.4 M to 0.5 M.[42] the resulting deposition thickness is 

approximately 200 nm, which is insufficient for the photoactive layer in a solar cell. 

Researchers are exploring various strategies to overcome this limitation, such as 

multistep spin-coating methods,[23] selective solvents that dissolve CsBr,[43, 44] 
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or using other precursors that provide Cs.[45, 46] 

The second challenge is to control the occurrence of the secondary phase. 

Depending on the atomic ratio of Cs, Pb, and Br, the Cs-rich (Cs4PbBr6) phase and 

Pb-rich (CsPb2Br5) phase are easily formed as illustrated in Figure 2.2.1. These 

phases have a high bandgap (> 3.2 eV) [47, 48] and lower the photoelectric 

efficiency of the solar cell device.[49, 50] Therefore, it is critical to form a pure 

CsPbBr3 phase with the appropriate stoichiometry. Various approaches have been 

proposed to overcome this challenge, such as suppressing the generation of 

secondary phase by calculating the generated energy of each phase [51] or using a 

solvent such as EGME to suppress the secondary phase.[32, 52] Additionally, 

halide substitution can be used to fix the amounts of Cs and Pb and form CsPbBr3 

with little secondary phase.[53] 
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Figure 2.1.1. Simulated crystal structure of cubic CsPbBr3 [2] 
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Figure 2.2.1. Three-dimensional crystal models of CsPb2Br5, CsPbBr3, and 

Cs4PbBr6 structures. Reprinted with permission from [3]. Copyright 2019 

American Chemical Society 
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Chapter 3. Experimental Details 

 

3.1 Materials 

 

Methylammonium bromide (MABr) (>99.99%), Dimethylammonium 

bromide(DMABr) were purchased from Greatcell Solar Materials. Lead Bromide 

(PbBr2) (99.999%), SnO2 colloid precursor [tin(IV) oxide, 15% in H2O colloidal 

dispersion] was purchased from Alfa Aeser. Cesium Acetate (CsAc) (≥99.99%), 

Dimethyl sulfoxide (DMSO, anhydrous, ≥99.9%), N,N-Dimethylformamide (DMF, 

anhydrous, ≥99.8%), Methanol (anhydrous, 99.8%), Nickel(Ⅱ) acetate tetrahydrate 

(≥99.0%), tBP, chlorobenzene, acetonitrile, LiTFSI were purchased from Sigma 

Aldrich. C60 was purchased from nano-c. Ethanol (Anhydrous, 99.9%) was 

purchased from OCI. spiro-MeOTAD was purchased from Lumtec. 
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3.2 Fabrication of CsPbBr3 films 

 

2.0 M of perovskite precursor solution was prepared by dissolving DMABr, 

MABr, and PbBr2 (DMA0.3MA0.7PbBr3) in DMF and DMSO (DMF:DMSO = 1:1; 

volume ratio). 1.0 M of solution was prepared by dissolving CsAc in Methanol.  

To fabricate CsPbBr3 perovskite films, two step spin coating method was used. 

Precursor solution was spin-coated on substrates at 3,000 rpm for 30 s. 1mL of 

Ethyl ether was dripped on wet films at 25 s after start of spinning. After spinning, 

films were annealed at 100°C for 3 min. Then, CsAc solution was spin coated on 

these films at 4000 rpm for 20 s, followed by 225°C treatment for 30min.     

 

3.3 Fabrication of Solar Cells 

 

ITOs were successively cleaned with detergent, deionized water, IPA, and UV–

ozone treatment. For preparing SnO2 electron transport layers, SnO2 colloid 

precursor solution was used. The solution was spin-coated on ITO substrates at 

3000 rpm for 30 s and then baked on a hot plate in ambient air at 150°C for 30 min. 

Next, perovskite films are spin-coated by the above-mentioned method. And then, 

the classic spiro-MeOTAD precursor solution was prepared by dissolving 70 mg 

spiro-OMeTAD, 28 µl tBP and 20.4 µl lithium bis(trifluoromethanesulfonyl)imide 

solution (520 mg/cc in acetonitrile) in 1 cc of chlorobenzene. The spiro-MeOTAD 

solution was spin-coated on top of the perovskite films at 3000 rpm for 30 s. Then, 
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120 nm-thick Au layer was deposited on top of the films layer by thermal 

evaporation.   

 

3.4 Characterization 

 

Structural analysis of films were investigated by XRD with Cu Kα radiation 

(XRD; New D8 Advance, Bruker). Optical properties of films were measured by 

UV-vis spectroscopy (Cary5000, Agilent). The top-view and cross-sectional images 

of films and devices were examined by SEM (JSM-7600F, JEOL). PL, TRPL datas 

were investigated by measuring PL spectrum periodically at room temperature 

under ambient atmosphere condition with continuous 405 nm laser illumination 

(FlouTime 300, PicoQuant). J-V measurement of single-junction solar cells were 

conducted with potentiostat under AM 1.5G illumination (100 mW/cm2) by solar 

simulator (potentiostat; CHI 608C, CH Instruments, solar simulator; PEC-L11, 

Peccell Technologies, AAA graded). The J-V measurements were conducted with 

aperture whose size is 0.14 cm2 by metal mask for single-junction devices. The 

scan rates of J-V were 240 mV/s for single-junction devices. The J-V scans were 

conducted in ambient atmosphere at room temperature without any preconditioning 

such as light soaking. Composition of crystals was investigated by H-NMR 

(AVANCE 600, Bruker). Solutions for H-NMR were prepared by dissolving 

precipitated powder in DMSO-d6 (JeolJNM-LA400, JEOL). For investigation of 

residue NH3
+ cations and change in the binding energy of the composition in 

perovskite films, XPS was conducted (AXIS SUPRA, Kratos). To observe the 

components of the gas generated when cation exchange reaction occurs, TGA-
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GC/MS was conducted (TGA : pyris 1, GC:clarus 680, MS:clarus SQ8T). 

 

 

Chapter 4. Results and Discussion 

 

 4.1 Mechanism of CsPbBr3 film fabrication 

 

Previously, studies on producing high-quality perovskite structure using acetate 

such as lead acetate and ethyl acetate have been actively conducted.[54-56] This is 

because acetates have very good solubility in polar events such as DMSO, DMF, 

and methanol. CsAc also has high solubility in polar solvents such as methanol. 

This became the main background for using CsAc (>2.0 M) as the new precursor 

for CsPbBr3 instead of CsBr with low solubility (0.07 M).[45]  

 

To determine the solubility of each powder of CsBr and CsAc for methanol, we 

conducted a solubility experiment. A certain amount of CsBr powders and CsAc 

powders were added to each vial, and 1 ml methanol was then mixed. Figure 4.1.1 

shows that CsBr was dissolved in methanol up to 0.07M, but not completely 

dissolved at higher concentrations. On the other hand, CsAc powders, which 

correspond to 2.0 M concentration, were all dissolved in methanol. This can prove 

that CsAc has much higher solubility in methanol than CsBr. 

 

As shown in Figure.4.1.2, CsPbBr3 in this work is prepared by two step approach 
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by spin coating. First, DMA0.3MA0.7PbBr3 precursor is one step spin-coated on the 

substrates to manufacture base films. After soft annealing, these are spin-coated 

with CsAc dissolved in methanol at an appropriate concentration. Finally, a pure 

and uniform CsPbBr3 film is formed through an annealing process in ambient 

condition. 

 

It has been previously reported that the mechanism for making CsPbBr3 using 

CsAc is carried out through eqn.1 as follows [46]. 

 

MABr + xCsAc +PbBr2 → CsxMA1-xPbBr3 + xMAAc   (1) 

 

In a state in which annealing is not performed in the above reaction, it is 

considered that the MAAc components remains in the CsxMA1-xPbBr3 grains 

without volatilization due to Pb-Ac bond. Through the high-temperature annealing 

process, the remaining MA cations are finally replaced with Cs cations to form 

CsPbBr3. 

 

CsxMA1−xPbBr3 + (1−x)CsAc → CsPbBr3 + (1−x)MAAc   (2) 

CsAc + MABr + PbBr2 → CsPbBr3 + MAAc   (3) 

 

However, through additional measurement and analysis, it was confirmed that the 

reaction was somewhat different from the above mechanism. We scraped powder 

from CsAc-treated DMA0.3MA0.7PbBr3 film and measured it with 

Thermogravimetric Analysis – mass spectroscopy (TGA-MS). The type of 
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molecules generated in the film during the heating process and the temperature at 

which the reaction takes place were identified. Figure 4.1.3 shows that the mass of 

powder is mostly reduced from 100 °C to 200 °C. The results of analyzing the mass 

chromatogram of the collected gas components are also specified in Table.4.1.1. In 

most of the collected gases, organic molecules such as acetic acid, guanidine, and 

isopropylamine were observed. In addition, no peak was found for Cs, Pb, and Br. 

The mass reduction between 50 °C and 100 °C is estimated to be the evaporation of 

water[57] and methanol, and no mass reduction was observed at temperatures 

above 200°C. Therefore, it could be inferred that only the organic molecules were 

evaporated at a temperature within 200 °C. Furthermore, during annealing, it was 

found that organic molecules were not volatilized in the form of MA, DMA, or 

acetate, but were volatilized in the form of other organic molecules.  

 

However, the TGA showed a mass loss of about 6 percent. This was less than the 

expected mass loss of about 15 percent when all organic components were 

volatilized. Therefore, it was assumed that some organic components were 

removed before the annealing process. To further investigate this, we performed 

NMR (Figure 4.1.4). The upper peak is from the DMA0.3MA0.7PbBr3 film, and the 

lower peak is from the film without going through the annealing process after 

processing CsAc. Only CsAc was treated, and it was confirmed that the peak 

representing organic components was significantly reduced compared to the 

reference peak. It is believed that certain organic components might have been 

dissolved by methanol during the CsAc treatment. Alternatively, it is possible that 

organic components interacted with acetate ions, leading to a transformation into a 
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volatile substance that subsequently evaporated as a film. 

To observe changes in the crystal structure of organic DMA0.3MA0.7PbBr3 film to 

CsPbBr3 film over annealing time, we performed XRD analysis as shown in Figure 

4.1.5. We detected the perovskite main peak of DMA0.3MA0.7PbBr3 film at 

approximately 14.96˚, which is assumed to the (100) plane of perovskite structure. 

After treating the film with the appropriate concentration of CsAc, we observed a 

shift in the main peak towards higher angle as increasing annealing time, 

eventually reaching 15.36˚ after 30 minutes. This is almost consistent with the 

(100) plane of the CsPbBr3 crystal structure previously reported.[43] This results 

indicates that the organic component is almost volatilized, and CsPbBr3 structure is 

formed through appropriate annealing time. 

 

Figure 4.1.6 shows normalized XRD curves of DMA0.3MA0.7PbBr3 film and 

CsAc & heat treated perovskite films. In the film treated with a sufficient 

concentration of CsAc (0.9 M), the main peaks of perovskite dominantly appeared 

at 15.3˚, 21.2˚, and 30.8˚ respectively, which are exactly consistent with the peaks 

of CsPbBr3.[43] However, for the CsPbBr3 film prepared from a low concentration 

of CsAc, peak dominantly appeared at 11.7˚ which corresponds to the (110) plane 

of the Pb-rich phase of CsPb2Br5 [43]. On the other hand, when the concentration 

of CsAc is greater than the appropriate concentration, new peaks dominantly 

appeared at 12.71˚ and 12.97˚ which means Pb-deficit phase of Cs4PbBr6 is 

formed.[43] These results confirm that the DMA0.3MA0.7PbBr3 film can be well 

transformed to CsPbBr3 film through the above-stated mechanism with a moderate 

CsAc concentration. 
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By applying these mechanisms, the principle of transforming DMA0.3MA0.7PbBr3 

to CsPbBr3 can be inferred as eqn.4 in this study. 

 

DMA0.3MA0.7PbBr3 + CsAc 

→ CsPbBr3 + volatile organic compounds (Acetic acid, Guanidine, etc)  (4) 
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Figure 4.1.1. Image of (a) CsBr powders and CsAc powders in vials (b) CsBr 

powders in 1ml mixture of methanol solvents at 25 OC (0.05 M~0.1 M) and CsAc 

powders in 1ml mixture of methanol solvents at 25 OC (2.0 M). (c) Large size 

photograph of CsBr powders in 1ml mixture of methanol solvents (0.1 M) at 25 OC  
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Figure 4.1.2. Scheme of mechanism about CsPbBr3 film fabrication 
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Figure 4.1.3. TGA curve of CsAc+DMA0.3MA0.7PbBr3 film before annealing 
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Figure 4.1.4. NMR spectra of DMA0.3MA0.7PbBr3 film and as-treated film 
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Figure 4.1.5. XRD curves of CsPbBr3 films with increasing annealing time at 225 

OC 
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Figure 4.1.6. XRD curves of CsPbBr3 films with increasing concentration of CsAc 

at 225 OC 
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Table 4.1.1. Mass spectroscopy data which shows type of gas collected at 200 OC 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RT Area Area % Name Concentration (μg/m3) 

9.797 2.53E+09 44 Acetic acid 14919 

9.987 9.48E+08 16.46 Guanidine 5583 

9.132 7.07E+08 12.28 Isopropylamine 4163 

8.837 4.26E+08 7.4 Guanidine 2509 

8.627 3.13E+08 5.43 Acetic acid 1841 

8.897 1.42E+08 2.46 Ethylamine 834 

17.04 1.4E+08 2.44 DMSO 826 
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4.2 Material analyzation of CsPbBr3 film 

 

The formation of CsPbBr3 film through the CsAc treatment mechanism was 

investigated using various analytical techniques. To confirm the composition of 

DMA0.3MA0.7PbBr3 film and CsPbBr3 film, We used 1H NMR spectroscopy. Fig 

4.2.1 shows that the resonance signals for the methylammonium (MA) and 

dimethylammonium (DMA) cation groups were identified at 2.37 ppm and 2.54 

ppm, respectively. The almost complete absence of organic peaks in the post-

annealed film(CsPbBr3) indicated that both the DMA and MA organic cations were 

volatilized during the annealing process after CsAc treatment, leading to the well 

formation of the CsPbBr3 film. 

 

Also, the validity of this analyzation was confirmed by the agreement between the 

component ratios determined through measurement and the ratios of DMA and MA 

used in the experiment. The proton counts derived from the integral of the NMR 

peaks revealed that the organic film had a composition of 29.8% DMA and 70.2% 

MA (Table.4.2.1). This result corroborated the composition ratio used in the actual 

experiment, attesting to the reliability and precision of the analytical method 

employed.  

 

Utilizing X-ray photoelectron spectroscopy (XPS), we obtained supplementary 

evidence supporting the successful implementation of cation exchange on the post-

annealed CsPbBr3 film. Fig 4.2.2 shows the N 1s peak of DMA0.3MA0.7PbBr3 and 

CsPbBr3 film, respectively. N 1s peak represents the -NH3 bond that constitutes 
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DMA and MA cation. Disappearance of the N 1s peak at the CsPbBr3 film 

indicates that DMA and MA cations were successfully substituted well with Cs 

cations. Additional xps peaks (Cs 3d, Pb 4f, Br 3d) in fig 4.2.3 also confirmed the 

well-presented presence of each element in the CsPbBr3 film. 

 

To confirm the morphology and thickness of perovskite films before and after 

CsAc treatment, Scanning Electron Microscopy (SEM) was performed. Fig.4.2.4 

shows the top-view SEM image of DMA0.3MA0.7PbBr3 film and CsPbBr3 film. The 

morphology of the surface was significantly changed after the CsAc treatment and 

annealing process. In particular, the formed CsPbBr3 film has a significant grain 

size and negligible pinholes. The grain sizes were also measured from the top view 

images of CsPbBr3 film by using image J (Fig.4.2.5). The size range of the 

CsPbBr3 perovskite grain is from 0.8 μm to 4.18 μm with the average of 2.22 μm. 

Also, the area range of the CsPbBr3 perovskite grain is from 0.1 μm2 to 11.6 μm2 

with the average of 3.55 μm2. 

 

Fig.4.2.6 shows the cross-sectional SEM images of DMA0.3MA0.7PbBr3 film and 

CsPbBr3 film. It can be confirmed that the thickness of CsPbBr3 film is slightly 

reduced to 600 nm compared to the DMA0.3MA0.7PbBr3 film of 800 nm. It is 

estimated that the size of perovskite structure was reduced by replacing relatively 

large DMA cation (272 pm) and MA cation (217 pm) with Cs cation (181 pm)[58]. 

The thickness of the CsPbBr3 film is sufficient to be used as a photoactive layer, 

although it will be further explained later. 

Fig.4.2.7 shows XRD curve of pure CsPbBr3 film with non-secondary phase. As 
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mentioned earlier, peaks corresponding to 15.3˚, 21.7˚, and 30.8˚ representing 

(100), (110), and (200) planes of the CsPbBr3 phase were detected. By treating the 

appropriate concentration of CsAc, it was possible to form a pure CsPbBr3 film 

with little secondary phase. 
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 Figure 4.2.1. NMR spectra of DMA0.3MA0.7PbBr3 film and CsPbBr3 film 
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Figure 4.2.2. XPS curves (N 1s) of DMA0.3MA0.7PbBr3 film and CsPbBr3 film 
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Figure 4.2.3. XPS curves ((a) Cs 3d, (b) Pb 4f, (c) Br 3d)) of CsPbBr3 film 
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Figure 4.2.4. SEM images ((a) top view of DMA0.3MA0.7PbBr3 film and (b) 

CsPbBr3 film) and photograph of each film 
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Figure 4.2.5. Histograms of the diameters (denoted as grain sizes) and the area of 

CsPbBr3 perovskite grains measured by Image J 
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Figure 4.2.6. SEM images ((a) cross view of DMA0.3MA0.7PbBr3 film and (b) 

CsPbBr3 film) 
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Figure 4.2.7. XRD curve of pure CsPbBr3 film with non-secondary phase 
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 Peak area  

(intensity) 

Proton  

# 

Area divided  

by proton # 

composition  

ratio (NMR) 

Dimethylammonium 

cation  

(DMA+) 

412077 6 68680 29.80 

Methylammonium 

cation  

(MA+) 

485443 3 161814 70.20 

 

 

 

Table 4.2.1. Calculation of the composition ratio of film through the area of the 

NMR spectrum corresponding to the MA+ peak and the DMA+ peak of the 

DMA0.3MA0.7PbBr3 film 
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4.3 Optical properties of CsPbBr3 film  

 

We measured the optical properties for the CsPbBr3 film and built solar cell 

devices to conduct characterization. Figure 4.3.1 shows the UV-Vis absorption 

spectrum of DMA0.3MA0.7PbBr3 film and CsPbBr3, respectively. It can be seen that 

the onset of the graph after CsAc treatment starts at a higher wavelength. Fig.4.3.2 

shows relationship between (Ahν)2 and photo energy (hν). Through Kubelka–Munk 

equation, it was determined that the optical bandgap of CsPbBr3 is about 2.36 eV. 

Fig.4.3.3 shows photoluminescence (PL) spectrum of the CsPbBr3/glass film. An 

observable emission peak is present at approximately 526 nm, indicating a band 

gap of roughly 2.36 eV. This measurement aligns with the results obtained from the 

absorption spectrum analysis.  

 

Figure 4.3.4 shows the TRPL curves of CsPbBr3 placed on transport layer. We 

performed TRPL study to understand the charge-transfer dynamics of CsPbBr3 

over SnO2 layer and glass layer. The TRPL was measured with the excitation at 526 

nm for all samples. The PL decay curves are fitted with bi-exponential function 

including a fast decay (τ1) and a slow decay (τ2) processes [59]. The fast decay 

component shows how much the quenching of free charge carriers occurs through 

the transport layer, while the slow decay component is derived from the radiative 

recombination of free charge carriers. In the CsPbBr3 film on the glass, a fast decay 

(τ1) of 5.98 ns with 45.66 % ratio and a slow decay (τ2) of 24.351 ns with 54.34 % 

ratio were measured. On the other hand, in the CsPbBr3 film on SnO2, fast decay 

(τ1) of 0.423 ns with 98.74 % ratio and slow decay (τ2) of 3.466 ns with 1.26 % 
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ratio were measured (as shown in Table.4.3.1). The measured values of both fast 

decay and slow decay of CsPbBr3 film on SnO2 were significantly higher than that 

of CsPbBr3 on glass. These observations demonstrate that SnO2 is an effective 

transport layer of CsPbBr3. 
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Figure 4.3.1. UV-Vis spectra of DMA0.3MA0.7PbBr3 film and CsPbBr3 film   
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Figure 4.3.2. Tauc plot of DMA0.3MA0.7PbBr3 film and CsPbBr3 film from UV-Vis 

spectra 
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Figure 4.3.3. Steady-state PL spectra of CsPbBr3/glass film 
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Figure 4.3.4. TRPL spectra of CsPbBr3 film with each layer (glass, SnO2) 
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 τ1 (ns) Fraction 1 τ2 (ns) Fraction 2 

CsPbBr3/glass 5.980 45.66 % 24.351 54.34 % 

CsPbBr3/SnO2 0.423 98.74 % 3.466 1.26 % 

 

Table 4.3.1. Time resolved photoluminescence (TRPL) characterization of the 

CsPbBr3 perovskite film on glass and SnO2 layer 
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4.4 Device characterization 

 

Figure 4.4.1 shows the light J-V curves of the best solar cell based on 

ITO/SnO2/CsPbBr3/spiro-MeOTAD/Au. Solar cell fabricated through cation 

exchange strategy shows 5.9% power conversion efficiency (PCE), 1.4V Voc, 0.66 

fill factor (FF), and 6.35mA/cm2 Jsc under reverse scanning. Figure 4.4.2 shows 

incident photon-to-current efficiency (IPCE) spectra of CsPbBr3 perovskite solar 

cell. The integrated Jsc obtained through IPCE spectrum was 4.3 mA/cm2, which 

was lower than the Jsc obtained through reverse scan. This phenomenon is also 

observed in other previously reported CsPbBr3 solar cells.[22, 60] The difference 

of Jsc value is presumed to have been caused by the loss of ultraviolet spectra 

below 350 nm in EQE analysis or by surface defects in the SnO2 layer.[60, 61]     

 

Table 4.4.1 shows the stability data of the PSC after storing in N2 atmosphere 

(with a temperature of ∼25 °C) over 120 days without any encapsulation. After 

storing, the PSC shows 4.5% power conversion efficiency (PCE), 1.13 V Voc, 0.763 

fill factor (FF), and 5.21 mA/cm2 Jsc under reverse scanning. Although the value of 

Voc was reduced compared to before, it was able to maintain more than 80% of the 

initial efficiency. It is believed that this can be further developed through additional 

device improvements. 
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Figure 4.4.1. J-V curve of CsPbBr3 perovskite solar cell and photovoltaic 

parameters 
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Figure 4.4.2. EQE analysis of CsPbBr3 perovskite solar cell 
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 Jsc  

(mA/cm2) 

Voc  

(V) 

Efficiency  

(%) 
FF 

Initial 5.39 1.29 5.44 0.783 

Over  

120days 
5.21 1.13 4.50 0.763 

 

Table 4.4.1. Stability data of the PSC after storing in N2 atmosphere (with a 

temperature of ∼25 °C) over 120 days without any encapsulation 
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Chapter 5. Conclusion 
 

 

 

A process for the fabrication of CsPbBr3 film through the implementation of a 

cation exchange strategy was first developed. Mechanistic insights into the 

formation of CsPbBr3 film were provided through the utilization of X-ray 

diffraction (XRD), thermogravimetric analysis (TGA), and mass spectroscopy. 

Confirmation of effective volatilization of organic matter within the resulting 

CsPbBr3 film was obtained through nuclear magnetic resonance (NMR) and X-ray 

photoelectron spectroscopy (XPS). Moreover, scanning electron microscopy 

(SEM) revealed that the CsPbBr3 film exhibited an appropriate thickness for its 

application as a photoactive layer, characterized by a substantial grain size and the 

absence of voids or pinholes. The determination of CsPbBr3 film's bandgap was 

accomplished through photoluminescence (PL) and ultraviolet-visible spectroscopy 

(UV-Vis), while time-resolved photoluminescence (TRPL) demonstrated the 

efficient extraction of charges on the SnO2 electron transport layer by CsPbBr3. 

Finally, the analysis of current-voltage (I-V) characteristics and external quantum 

efficiency (EQE) for CsPbBr3 solar cell devices shows their significant potential 

for device fabrication. Collectively, these analyses serve as evidence supporting the 

suitability of the cation exchange strategy for the formation of CsPbBr3 solar cell. 

It is hoped that this strategy will produce devices which have better performance, 

or be applied to the production of other all-inorganic perovskite solar cells in the 

future. 
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Abstract in Korean 

국문 초록 

 

전무기 CsPbBr3 페로브스카이트 태양전지는 유-무기 페로브스카이트 

태양전지에 비해 높은 전압 출력을 가지며 습도 및 온도에 대한 높은 

안정성으로 주목받고 있다. 그러나, CsBr의 제한된 용해도는 

페로브스카이트 태양 전지에 사용하기 위한 CsPbBr3 박막 생산에 

장애물로 남아 있다. 본 연구에서는 전 무기 CsPbBr3 박막의 합성을 

위한 양이온 교환 전략을 제시한다. 우리는 메탄올에 대한 CsAc (cesium 

acetate)의 높은 용해도와 two-step spin coating을 이용해 유기 

DMA0.3MA0.7PbBr3 박막 (DMA = Dimethylammonium cation, MA = 

Methylammonium cation)을 전무기 CsPbBr3 박막으로 전환했다. 따라서, 

균일하고 평평하며 상당한 크기의 결정립과 최소한의 2차 상을 가지는 

고품질의 CsPbBr3 박막이 성공적으로 제조되었다. 또한 CsPbBr3 박막의 

재료적 특성과 광학적 특성, 형성 mechanism에 대해서도 분석되었다. 

마지막으로 CsPbBr3 필름을 이용해 페로브스카이트 태양전지를 

구현했으며 이는 현저하게 높은 Voc (1.4 V)와 5.9 %에 달하는 광전 

효율을 보여준다. 
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주요어: 세슘레드브로마이드, 용해도, 태양전지, 페로브스카이트, 2단계 

제작법, 세슘 아세테이트 
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