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In recent years, hybrid perovskite solar cells (PSCs) have received extensive attention because of their 

high power conversion efficiency (PCE), yet their thermal stability is still not ideal. Meanwhile, all-

inorganic PSCs have excellent thermal stability, but their device efficiency is relatively low. Here we 

report the use of non-toxic additive-induced crystallization to improve film quality to enhance the 

efficiency of all-inorganic PSCs. High-quality perovskite films with full surface coverage and uniform 

grain structure were prepared. Kinetic analysis of the crystallization process showed that the non-toxic 

additive increased the supersaturation of the perovskite precursor and induced rapid nucleation and 

crystallization. The optical band gap of the perovskite films was tuned by adjusting iodide content. 

CsPbBrI2 with an appropriate bandgap was used as the light-absorbing material in PSCs that displayed 

high thermal stability. By optimizing the preparation process, an all-inorganic PSC with a planar 

structure delivered a PCE of 5.6%. The entire device fabrication process was performed in the ambient 

environment without humidity control. Thus, we developed a simple, controllable, and versatile 

approach to produce high-quality inorganic perovskite films for use in high-performance photovoltaic 

devices.  
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1. INTRODUCTION 

Hybrid organic–inorganic perovskite solar cells (PSCs) are attracting increasing interest 

because of their excellent photovoltaic (PV) performance and facile, cheap fabrication, which make 
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them promising to provide renewable clean energy for human society in the future[1-8]. In the past few 

years, most research in this field has focused on how to improve the power conversion efficiencies 

(PCEs) of PSCs; the certified highest PCE achieved to date is 22.1%[9, 10]. Although PCEs have been 

greatly improved through the optimization of fabrication techniques, hybrid perovskite absorber layers, 

such as methylammonium lead triiodide (MAPbI3) and formamidinium lead triiodide (FAPbI3), are 

susceptible to compositional degradation induced by heat and humidity[11], which is a major technical 

hurdle to commercialization. To circumvent this problem, cesium lead halide materials have been used 

as substitutional absorber layers in PSCs. The stability of cesium lead halide PSCs is superior to those 

with MAPbI3 and FAPbI3 because they are less hygroscopic than devices containing the methyl 

ammonium cation and also display higher thermal stability[12-15]. It has been reported that cesium 

lead iodide (CsPbI3) has a suitable optical band gap (1.73 eV) for use as the active layer of PSCs. 

Unfortunately, the black perovskite phase of CsPbI3 is unstable in ambient atmosphere and rapidly 

converts to the non-perovskite yellow phase[16, 17]. Recently, by substituting the CsPbI3 lattice with a 

certain percentage of bromine, its bandgap was tuned between about 1.90 and 2.13 eV, which 

improved its optical and thermal stability compared with those of MAPbI3 and enhanced its structural 

phase stability relative to that of undoped CsPbI3[18]. Compared with hybrid PSCs, the primary 

problem of all-inorganic PSCs is still to improve their PCE[19-22].  

To obtain favorable device performance, a compact pinhole-free perovskite film is needed to 

provide high delivery efficiency[23]. However, is difficult to produce homogeneous perovskite films 

using the conventional one-step spin-coating method; some pinholes tend to form in the films and 

degrade the performance of the resulting PSCs. The pinholes not only weaken the light absorption 

ability of the perovskite layer, but also hinder charge transport[24]. In organic–inorganic hybrid PSCs, 

solvent engineering has been used as a pioneering technique to improve film quality and enhance 

device efficiency[25-29]. Jeon et al.[25]
 

and Xiao et al.[26]
 

used toluene and chlorobenzene, 

respectively, as additives in solvent engineering to realize the rapid and reproducible fabrication of 

high-quality MAPbI3 thin films that were used in PSCs with remarkably improved efficiency. Zhou et 

al.[28] used a diethyl ether solvent bath to induce efficient extraction of the precursor solvent and 

achieved ultrasmooth MAPbI3 thin films with good thickness control and large-area uniform 

deposition capability.  

In this paper, we use the solvent engineering method employing the environmentally friendly 

additive ethyl acetate to remove residual precursors in inorganic perovskite thin film formation to 

obtain full-coverage perovskite films. Ethyl acetate promotes the nucleation and crystallization 

processes, improving the morphology and crystallinity of perovskite layers. The nucleation and growth 

theory is used to understand how the crystallization process is affected by this non-toxic additive. 

Solvent engineering using ethyl acetate increases the PCE of CsPbBrI2 solar cells from 2.94% to 

5.62%. Moreover, the perovskite layer remains thermally stable at 150 °C. These results help to lay the 

foundation for the commercial application of solar cells in the future. 
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2. EXPERIMENTAL DETAILS 

2.1. Fabrication of CsPbBr3−xI3 PSCs 

The surface of a fluorine-doped tin oxide (FTO) glass substrate was cleaned by sequential 

sonication in deionized water, acetone, and isopropyl alcohol for 15 min each, followed by drying 

under a N2 stream. The samples were treated with UV/ozone for 20 min. A compact TiO2 layer (100 

nm thick) was fabricated by spin-coating at 3500 rpm for 30 s from a 0.15 M titanium diisopropoxide 

bis(acetylacetonate) solution in anhydrous ethanol and annealing at 500 °C for 30 min in air. A 

CsPbBr3−xIx (1<x<2) film was then prepared by a one-step spin-coating method. First, a 0.72 M 

inorganic perovskite precursor solution was obtained by dissolving stoichiometric amounts of PbBr2 

(Aldrich), PbI2 (Aldrich), and CsI in DMF/DMSO. The precursor solution was spin-coated on a 

preheated (70 °C) TiO2-coated FTO substrate at 3000 rpm for 30 s and then dried on a hot plate at 100 

°C for 5 min. In some cases, ethyl acetate was dripped at certain times during the high-speed spin-

coating of the CsPbBrI2 precursor solution instead of heat treatment. The hole transport layer of the 

devices was then deposited by spin-coating (4000 rpm) a solution of spiro-MeOTAD (Merck, 72.3 

mg), 4-tert-butylpyridine (28.8 μL), and lithium bis(trifluoromethanesulfonyl)imide (Li-TFSI) solution 

[17.5 μL; consisting of Li-TSFI (52 mg) in acetonitrile (1 mL, Sigma-Aldrich, 99.8%)] in 

chlorobenzene (1 mL)[30, 31]. All procedures were carried out in ambient air (relative humidity: 40%–

60%). Finally, the devices were completed by deposition of gold (Au) electrodes. 

 

2.2. Characterization 

The morphology of the perovskite layers was observed with a field emission scanning electron 

microscope (FE-SEM, JSM-7100F, JEOL). X-ray diffraction (XRD) was per-formed using a Rigaku 

D/MAX-3A X-ray diffractometer with Cu Kα radiation (k=0.15406 nm) at a scan rate of 5°/min. The 

optical spectroscopy of the inorganic perovskite thin films was conducted on a UV–visible–NIR 

spectrophotometer (UV-3600, JEOL). The photocurrent density–voltage (J-V) curves of the assembled 

CsPbBrI2 PSCs were measured using a Keithley 2400 source meter with simulated AM1.5 sunlight 

with an output power of 100 mW/cm
2
 produced by a solar simulator (Newport 91192). 

 

 

3. RESULTS AND DISCUSSION 

The ethyl acetate (EA) extraction technique used to prepare CsPbBr3−xIx films is compared with 

the conventional one-step spin-coating method in Fig. 1a. First, a FTO substrate with a deposited TiO2 

layer was treated by UV/ozone. Second, a mixture of CsI, PbI2, PbBr2, DMF, and DMSO was spread 

over the entire surface of the substrate. After a specific spin-coating time (e.g., 10 s), EA was quickly 

dropped onto the substrate during the high-speed spin-coating; the film then rapidly became brownish 

black. The role of the non-polar EA is to rapidly lower the solubility of CsPbBrI2 in the mixed solvent, 

thereby promoting immediate nucleation and crystallization on the substrate. In contrast, in 

conventional spin-coating, the wet film dried slowly and a shiny gray film was obtained, which needed 
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to be annealed at 100 °C for 5 min to remove residual solvent and promote further crystallization. The 

SEM images (Fig. 1b and c) of the surface reveal that the morphology of the perovskite layer is 

markedly changed by the EA extraction technique. The shiny gray film obtained by conventional spin-

coating contained larger discontinuous grains with low coverage on the substrate. Meanwhile, The film 

grown in the presence of EA was uniform and dense, and fully covered the surface with low surface 

roughness. 

 

 
 

Figure 1. (a) Schematic illustration of the solvent-treatment process and conventional spin-coating 

process used to fabricate inorganic perovskite films. Conventional spin-coating (top) results in 

a brown film composed of non-uniform large crystals as a result of slow crystallization. In the 

solvent-treatment process (bottom), ethyl acetate introduced on top of the wet film during the 

nucleation process induces fast crystallization of uniform-sized perovskite grains. (b, c) SEM 

images of CsPbBrI2 perovskite layers formed using conventional spin-coating and ethyl 

acetate, respectively. Inset are photographs of the corresponding CsPbBrI2 films. 

 

To determine the reasons for the differences between these inorganic perovskite films prepared 

under different processing conditions, we investigated their crystallization process. In the solution 

spin-coating method, the nucleation and growth of crystals are driven by the supersaturation ξ, which 

is defined as[32] 

    1 esees  , 

where ρs is the supersaturation concentration and ρe is the equilibrium concentration. During 

conventional spin-coating, the perovskite precursor solutions sequentially reach equilibrium and 

supersaturation during solvent evaporation, and then begin to nucleate. Adding EA during the high-

speed spin-coating process rapidly removed the residual solvent, causing early supersaturation of the 

solution, resulting in increased ρs and ξ and rapid nucleation of perovskite crystals (Fig. 2). According 

to the thin-film growth theory[32],
 
high ξ leads to a small critical nucleus radius, high nucleation 

density[27, 33-36], and is favorable for layer growth of perovskite films. This behavior is consistent 

with the SEM image of a CsPbBrI2 film prepared using the EA extraction technique (Fig. 1c). In 

contrast, the conventional one-step spin-coating method gave large crystals and aggregations (Fig. 1b), 

leading to the formation of pinholes in the perovskite films. These results indicate that the nucleation 

density during spin-coating directly determines the ultimate morphology of perovskite films. 
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Therefore, raised supersaturation and high nucleation density can help to produce perovskite films with 

homogeneous morphology.  

 

 
 

Figure 2. Schematic illustration for nucleation during spin-coating: the relation between perovskite 

solution concentration and spinning time (ρo is concentration of precursor solution, ρe is 

concentration of equilibrium status and ρs is concentration of supersaturation). 

 

 
 

Figure 3. (a) XRD patterns of CsPbBrI2 thin films prepared with or without ethyl acetate. (b) 

Absorption spectra of CsPbBrI2 thin films. Inset are UV-vis absorption spectra of CsPbBrI2 

films fabricated with ethyl acetate and then heated at 150 °C in ambient air for different 

periods. 

 

XRD analysis (Fig. 3a) revealed that the intensities of the diffraction peaks at 14.67° and 

29.54°, assigned to (100) and (200) of the CsPbBrI2 crystal, respectively, increased in the presence of 

EA, which suggests that EA facilitates the growth of crystals toward the (100) direction and enhances 

crystallinity. The absorption spectra of the films (Fig. 3b) showed that the film by the traditional 

method had lower absorbance. The XRD and absorption results support EA drived supersaturation  and 

crystallization model, that EA rapidly lowered the solubility of the perovskite precursor and increased 

nucleation density, providing a high-quality film with full coverage. The CsPbBrI2 films produced 
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using EA shows much more superior thermal stability than the organic-inorganic perovskite. The 

absorption spectrum nearly does not change when the sample was heated at 150℃ for three days in 

ambient air, as shown in the inset of Fig.3b.  Whereas, the hybrid appears decomposition even at room 

temperature due to the presence of volatile organic cations [18, 21, 22]. Thus, these films meet the 

requirements for commercial applications; in particular, compositional stability under thermal stress is 

important for long-term operation of solar cells. 

 

 
 

Figure 4. (a) XRD patterns of CsPbBr3−xIx (x=1–2). (b) Magnified XRD patterns of CsPbBr3−xIx in the 

regions near 15° and 30°. (c, d) UV-Vis absorption and photoluminescence spectra of CsPbBr3–

-xIx/FTO with x=1.0, 1.2, 1.4, 1.6, 1.8, 2.0. (e) Variation of the bandgap energy of the films 

with increasing I content. (f) Photograph of CsPbBr3−xIx (x=1–2) thin films under ambient light. 
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The developed anti-solvent extraction technique is also applicable to CsPbBr3−xIx (x=1–2) films 

with different iodine contents. The structure of CsPbBr3−xIx thin films was examined via XRD; relevant 

XRD patterns are shown in Fig. 4a. The measured patterns for the CsPbBr3−xIx films are compatible 

with literature data for the cubic perovskite structure of CsPbBr3 (PDF#75-0412). In addition, the 

intensities of the (100) and (200) diffraction peaks are relatively high compared with those reported, 

suggesting that the processing route used here yields films that are oriented in the (100) direction [18]. 

When I substitutes Br, lattice expansion occurs because the radius of I
-
 is larger than that of Br

-
. Thus, 

according to Bragg’s law, nλ=2dsinθ, there should be a shift of XRD peaks to lower angles (Fig. 4b) as 

I concentration increases. The optical characterization results (Fig. 4c–e) show that the bandgap of the 

films can be tuned between about 1.90 and 2.13 eV by varying the contents of I and Br. Notable shifts 

of the absorption onset and PL peaks to longer wavelengths were observed with increasing I content. 

The optical bandgaps of CsPbBr3−xIx were evaluated as a function of (y=2.39−0.24x), as shown in Fig. 

4c, indicating that solid solutions of the Br/I mixtures formed throughout this series. A photograph of 

the perovskite CsPbBr3−xIx films (Fig. 4f) indicates that smooth, homogeneous perovskite layers 

formed. 

 

 
 

Figure 5. (a) Cross-sectional SEM image of a complete CsPbBrI2 perovskite device with the 

configuration of FTO/TiO2/CsPbBrI2/Spiro-OMeTAD/Au. (b) Current density–voltage (J-V) 

characteristics of the solar cell based on the as-prepared inorganic perovskite films under AM 

1.5 illumination. Inset are the photovoltaic performance values extracted from the J–V curves. 

 

Figure 5 shows the PV performance of a CsPbBrI2 PSC along with a cross-sectional SEM 

image; the device fabrication process is described in detail of the experimental section. The thickness 

of each layer was, TiO2: 112 nm, CsPbBrI2: 200 nm, Spiro-OMeTAD: 160 nm, and Au electrode: 150 

nm. Device performance was characterized by J-V measurements under simulated AM 1.5 (100 

mW/cm
2
) solar irradiation in air. As illustrated in Fig. 5b, the optimum device with an EA-treated 

perovskite layer exhibited outstanding performance, with a high open circuit voltage (VOC) of 0.932 V, 

short-circuit current density (JSC) of 10.3 mA/cm
2

, fill factor (FF) of 0.59, and promising stabilized 

PCE of 5.62% under standard AM 1.5 conditions. In contrast, the best solar cell prepared using the 

conventional method possessed a VOC of 0.896 V, JSC of 5.62 mA/cm
2
, FF of 0.58, and PCE of 2.94%. 
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The EA-treated perovskite also shows better film quality and higher PV performance than the literature 

work with the traditional experimental process[22]. Therefore, we suggest that the improved PCE of 

the device with an EA-treated perovskite layer is ascribed to the high quality of the perovskite film, 

with better crystalinity and compactness. As shown in XRD pattern in Fig. 3(a), the EA-treated 

perovskite exhibits much higher lattice crystalline quality. The defects, such as vacancies and 

dislocations acting as non-radiative recombination centers must be significantly reduced, which was 

found to be an important factor affecting the PV performance of the solar cell [24,37]. The excellent 

compactness of the active layer was supposed to be the second factor contributing to the high PV 

performance. The density of voids and pinholes in the compact film is greatly decreased, which was 

reported to benefit enhancing the shunt resistance and thereby increase the light current in the hybrid 

perovskite solar cell[38]. Moreover, the nearly 100% surface coverage of this film also contributes 

harvesting light absorption and improving the PV performance[38]. Therefore, we demonstrates  that 

employment of EA is an effective method to improves the perovskite film quality and accordingly 

boosts cell conversion efficiency.  

 

 

4. CONCLUSIONS 

We reported an anti-solvent extraction technique that is a novel viable approach to fabricate 

CsPbBr3−xIx films and their corresponding PV devices with good thermal stability. The inorganic 

perovskite films derived from this approach exhibited full surface coverage, dense cross-section 

morphology, uniform grain structure, and promising PV performance. Perovskite films with different 

optical band gaps can be obtained by adjusting I content. Simultaneously, The film nucleation and 

growth theory is used to understand how the crystallization process is affected by this anti-solvent 

extraction technique. Facilitated by the excellent film quality, the CsPbBrI2 materials yielded a PCE of 

5.62% for a device with a planar architecture in ambient air. This EA extraction technique represents a 

simple, controllable, and versatile approach to provide high-quality perovskite films and high-

performance all-inorganic PV devices.  
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