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Abstract  

Perovskite materials exhibit tremendous promise for next-generation photovoltaic technologies due to their 

outstanding optoelectronic properties, involving high absorption coefficients, adjustable bandgaps, and long 

carrier diffusion lengths. Among them, lead halide perovskite has more advanced, achieving power conversion 

efficiencies (PCE) surpassing 25.2% in single-junction solar cells. However, challenges related to stability, 

scalability, and environmental impact continue to limit their commercialization. Cesium lead triiodide (CsPbI3) 

perovskites have great potential for photovoltaic applications but suffer from phase instability. Under ambient 

conditions, they undergo a rapid transition from the desirable black-phase (α-phase) to the non-perovskite yellow-

phase (δ-phase), resulting in significant optical degradation and reduced solar cell efficiency and durability. To 

address this issue, we incorporated Formamidinium iodide (FAI) as a stabilizing agent for CsPbI3. The formation 

of a mixed A-site perovskite (Cs0.5 FA0.5) PbI3 via equal cation substitution promotes the obtaining of the black 

phase, improving crystallinity, reducing defect density, and improving the long-term stability of the material, 

making it more efficient for photovoltaic devices. This study highlights an effective strategy for stabilizing CsPbI3-

based perovskites, bringing them closer to large-scale deployment in high-performance solar cells. 

Keywords: CsPbI3, equimolar substitution, mixed cation, photoactive phase, perovskite solar cells   

I. Introduction 

Lead halide perovskites, particularly organic-inorganic hybrid perovskites have revealed previously unheard-

of levels of efficiency, increasing quickly from 9.7% to more than 25.7% [1-4]. Methylammonium lead 
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triiodide (CH3NH3PbI3 or MAPbI3) and formamidinium lead triiodide (NH2CHNH2PbI3 or FAPbI3) are the 

most widely studied researched materials ) with the chemical formula ABX3, in which A typically represents a 

monovalent cation such as methylammonium (MA
+
), formamidinium (FA

+
), and cesium (Cs

+
) cations, B is a 

divalent cation like lead (Pb
2+

) and tin (Sn
2+

) cations, and X is anions in the form of halides like iodide (I
−
), 

bromide (Br
−
), and chloride (Cl

−
) [5-7]. However, due to their hygroscopicity and volatility, organic 

components (like methylammonium [MA
+
] and formamidinium [FA

+
]) will chemically degrades in extreme 

conditions such as high temperatures, moisture, oxygen, and light. As a result, hybrid PSCs have low long-

term stability, which significantly limits their commercialization [8,9]. Therefore, an appropriate replacement 

of the organic components with inorganic cation, producing perovskite that is entirely inorganic and devoid of 

volatile substances. The most useful all-inorganic lead halide perovskites are CsPbX3 (X = I, Br, Cl), among 

which CsPbI3 is the most fascinating material in this field. It has outstanding excellent properties such as a 

narrow band gap approximately 1.73 eV, a high absorption coefficient, long carrier diffusion lengths, low 

exciton binding energy, and high photoluminescence quantum yields [10-12]. Nonetheless, the photo active 

CsPbI3 perovskite phase (cubic α, tetragonal β and orthorhombic γ phases) is unstable and tends to convert 

into a non-perovskite phase at ambient conditions, which undergoes into an optically inactive yellow phase (δ 

orthorhombic phase, Eg = 2.82 eV), thus significantly affecting the device performance. To enhance the phase 

stability of CsPbI3 perovskite for high-efficiency PVs, many strategies and research efforts have been adopted. 

A high thermodynamically stable CsPbI3 perovskite was successfully synthesized by Wang et al and obtained 

a device with a champion PCE of 18.4% [13]. Yuqi Cui, his coworkers reported the CsPbI3 PSCs achieved 

PCEs of more than 21% by using a multifunctional room-temperature molten salt, dimethylamine acetate 

(DMAAc), to control the phase conversion process [14]. Jungang and his co-workers obtained a PCE of 

21.15% which is one of the highest PCE among all the reported CsPbI3 PSCs to date by fabricating γ-CsPbI3 

(photo active phase) by developing an acyloin ligand (1,2-di(thiophen-2-yl) ethane-1,2-dione (DED)) as a 

phase stabilizer and defect passivator [15]. It should be noted that several studies have demonstrated the 

effectiveness of aqueous HI as a stabilizer for the cubic CsPbI3 perovskite phase. The HI additive can 

significantly lower the crystallization temperature of black perovskite phase.  Luo et al. reported a modified 

HI additive method to prepare black-phase CsPbI3, in which the as-prepared film was first immersed into hot 
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IPA solution and then annealed at 100 °C [16]. Goldsmith (or tolerance) factor, one of the stability factors of 

perovskite, helps to determine stability. The ionic radius of formamidinium (2.79 Å) is considerably large, 

which gives rise to a Goldsmith factor close to 1.01, therefore favoring the hexagonal phase. For cesium, this 

radius equals 1.81 Å; the tolerance factor corresponds to the orthorhombic CsPbI3 phase. A straightforward 

combination of FA
+ 

and
 
Cs

+
 cations has the potential to regulate the tolerance factor, achieving values 

indicative of a stable mixed perovskite phase [17,18]. In this work, we used Formamidinium iodide (FAI) as a 

stabilizer with equimolar as CsI in the precursor solution to obtain a stable perovskite phase in ambient air 

because the CsPbI3 perovskite cannot maintain the cubic octahedral cage and more easily forms an 

orthorhombic phase at RT. Furthermore, through promoting the formation of compact and homogeneous 

layers (due to decreased moisture adsorption), ethyl acetate, a low-toxic anti-solvent, has allowed for higher 

conversion yields. Ethyl acetate and DMSO slow down the photoactive phase transition by inhibiting fast 

evaporation and increasing conversion yields through hydrogen bonding. By stabilizing CsPbI3 perovskite, 

these approaches provide absorber material with lower structural dimensionality which improved their 

performance in perovskite solar cells 

II. Experimental Section 

2.1. Perovskite precursor solutions: The CsPbI3 precursor solution was prepared by dissolving a stoichiometric 

mixture of PbI2 (1M) and CsI (1M) in anhydrous N, N-dimethyl formamide (DMF) and dimethyl sulfoxide 

(DMSO) mixed solvents (V/V, 8꞉2). The final solution was stirred and heated at 70 °C for about 15 min then 

filtered through a 0.45 μm PVDF syringe filter before deposition. The perovskite solution was applied in two 

steps, with spin-coating at 1000 and 3000 rpm for 10 and 30 s, respectively. Anti-solvent Ethyl acetate has 

been purchased from Sigma Aldrich with high purity (>99%) ensuring fabrication of good quality thin films 

(100 µL) was added to the substrate 10 s before the end of the second program. The CsPbI3 layers were then 

annealed on a hot plate at 180 °C for 10 min in ambient air to induce crystallization. The Cs0.5 FA0.5 PbI3 

precursor solutions were prepared by dissolving PbI2 (1M), CsI (0.5) and FAI (0.5) in anhydrous N, N-

dimethyl formamide (DMF) and dimethyl sulfoxide (DMSO) mixed solvents (V/V, 8꞉2). The final solution 

was stirred and heated at 70 °C for about 15 min and filtered through a 0.45 μm PVDF syringe filter before 
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deposition. The perovskite solution was applied in two steps, with spin-coating at 1000 and 3000 rpm for 10 

and 30 s, respectively. 100 µL of ethyl acetate was added to the substrate 10 s before the end of the second 

program. The films immediately turned brown after spin-coating, indicating perovskite crystallization. Finally, 

the substrates were annealed at 180 °C for 10 and 13 minutes on a hot plate in ambient air to complete the 

crystallization process.  

2.2. Preparation and characterization of the pure CsPbI3 and Cs0.5 FA0.5 PbI3 thin films: the FTO/Compact-TiO2 

were cleaned sequentially with deionized water, isopropanol and acetone. The perovskite CsPbI3 and Cs0.5 

FA0.5 PbI3 thin films were deposited onto FTO/Compact-TiO2 using two steps, with spin-coating at 1000 and 

3000 rpm for 10 and 30 s, respectively. The thin films were annealed at 180 ◦C in ambient air. 

The UV–vis absorption spectra of the films were obtained using UV-visible spectra ranging from 175 to 

900 nm were acquired with a Varian Cary 4000 spectrometer. The X-ray diffraction measurements were 

conducted before and after film aging using a Pananalytical X’PERT PRO X-ray diffractometer equipped with 

a Co-Kα tube (λ = 1.7902 Å) and an X-ray detector. 

III. Results and Discussion 

At room temprature, CsPbI₃ crystallizes in the yellow orthorhombic phase (Pnma space group) with wide 

bandgap, unsuitable for solar cell applications as shown in Figure 1.a [19,20]. Cs⁺ and  I⁻ atoms are bonded in 

a 9-coordinate geometry.  Cs-I bond distances varied from 3.93- 4.29 Å. In order to form edge-sharing PbI₆ 

octahedra, Pb²⁺ is bonded to six I⁻ atoms. The estimated range of Pb-I bond distances ranging from 3.09-3.43 

Å [21,22]. This symmetry features three I
-
 sites that are not equivalent. In the first I

-
 site, I

-
 is associated with a 

5-coordinate geometry, linked to three Cs⁺ atoms and two Pb²⁺ atoms. In the second site I
-
, I

-
is linked to two 

Cs⁺ atoms and three Pb²⁺ atoms to form distorted trigonal bipyramids ICs₂Pb₃ that share corners with three 

square pyramids ICs₄Pb , as well as corners with four equivalent ICs₂Pb₃ trigonal pyramids, edges with four 

ICs₄Pb square pyramids and edges with two ICs₂Pb₃ trigonal pyramids. In the third I⁻  site, I⁻  is bonded to 

four equivalent Cs⁺ and one Pb²⁺ atom to form distorted ICs4Pb square pyramids that share corners with four 

equivalent ICs4Pb square pyramids, corners with three equivalent ICs2Pb3 trigonal bipyramids, edges with 

four equivalent ICs4Pb square pyramids, and edges with four equivalent ICs2Pb3 trigonal bipyramids. 
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CsPbI₃ is  Cubic) Perovskite structured and crystallizes in the cubic Pm 3m space group as shown in Figure 

1.b. Cs⁺ is bonded to twelve equivalent I⁻ atoms to form CsI₁₂ cuboctahedra that share corners with twelve 

equivalent CsI₁₂ cuboctahedra, faces with six equivalent CsI₁₂ cuboctahedra, and faces with eight equivalent 

PbI₆ octahedra. All Cs-I bond lengths are 4.44 Å. Pb²⁺ is bonded to six equivalent I¹⁻ atoms to form PbI₆ 

octahedra that share corners with six equivalent PbI₆ octahedra and faces with eight equivalent CsI₁₂ 

cuboctahedra. The corner-sharing octahedra are not tilted. All Pb-I bond lengths are 3.14 Å. I⁻ is joined to four 

equivalent Cs¹⁺ and two equivalent Pb²⁺ atoms to form a mixture of distorted corner, edge, and face-sharing 

ICs₄Pb₂ octahedra [23,24] .  

 

 

 

 

 

We firstly fabricated CsPbI3 perovskite by one step anti-solvent spin coating on an FTO substrate covered with 

a layer of compact TiO2 in ambient air. To identify and assign the different peaks in the diffractogram, XRD 

spectra of the stack FTO/Compact-TiO2/Pure CsPbI3 were taken concurrently before and after the perovskite 

layer was deposited. These perovskite thin films turned into brown during the spin-coating process, a signal of 

the black phase perovskite formation. The CsPbI3 pure film shows a rapid change from cubic phase to 

orthorhombic phase when annealing time is extended to room temperature. The results obtained indicate that 

the pure CsPbI3 is dominated by the yellow phase as shown in the XRD pattern in Fig. 2a. Although, the 

presence of secondary phases, the photoactive black phase was detected at around 14°, 19.8° and 28.2° 

respectively associated with the reticular planes: (110), (211) and (220) [20,25]. However, the “black” 

photoactive phases  cubic α, tetragonal β and orthorhombic γ phases) of CsPbI3 are formed at high 

temperatures  e.g. > 350 °C for α-CsPbI3) it is not easy to obtain this phase with annealing at only 180°C and 

(a) (b) 

 

Figure 1: a) the orthorhombic phase of CsPbI3 (δ, Pnma), b) the cubic phase of CsPbI3 (α, Pm3m) 
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it undergoes the "yellow" orthorhombic polymorph δ-CsPbI3 even after we obtain these photoactive phases of 

CsPbI3 [26-28]. 

 To address these issues of stability, incorporation of FA
+
 into CsPbI3 has been investigated. Additionally, it 

was demonstrated that formamidinium iodide (FAI) was an effective surface ligand for the CsPbI3 quantum 

dots, enhancing their functionality in perovskite solar cells [29,30]. By adding 0.5 of FAI in the precursor 

solution of 0.5 CsI-PbI2 in DMSO and DMF., the resulting perovskite composition is Cs0.5 FA0.5 PbI3. Figure 

2.b shows the evolution of the XRD patterns of the is Cs0.5 FA0.5 PbI3. DRX analyses have revealed the 

formation of the perovskite phase. This shows that we have succeeded in stabilizing the photoactive  α) phase 

under atmospheric conditions using simple, effective technological approaches. We can also observe the 

absence of the PbI2 peak (hexagonal phase). This could possibly correspond to a complete conversion of PbI2 

to perovskite [31]. Notably, the monotonic shift of the (100) reflection from 14.4◦ observed in the XRD 

patterns of Cs0.5 FA0.5 PbI3(10 min of annealing) to 14.8◦ for Cs0.5 FA0.5 PbI3 annealed for 13 minutes. The 

preferred crystallite growth orientation of Cs0.5 FA0.5 PbI3(10 min of annealing) perovskite phase. This 

observation suggests that Cs
+
 and FA

+
 cations are mixed in the crystal lattice. Cationic engineering 

considerably improves the material's thermal stability with respect to humidity.  Additional peaks appearing at 

20.2°, 24.8°, 32.8 associated respectively with the reticular planes (110) (111) and (210) that correspond to the 

α-FACsPbI3 phase. These peaks shifted to a larger angle as the annealing temperature increases, indicating 

distortion of the CsPbI3 crystal lattice due to the incorporation of larger formamidinium ions in place of 

cesium cations [32]. This can be explained by the inclined position of the octahedra [PbI6]
4-

caused by the 

difference in ionized radiation between cesium (1,67Å) and formamidinium (2,53Å), as the size of the cation 

at site A significantly affects the length of the Pb═I liaison [33]. Furthermore, the absence of the yellow δ-

phase in the film with 13 min annealing confirms the significance of the formamidinium 's incorporation in 

this film. Given that FAI was introduced in significant quantities to CsPbI3 instead, the formation of 

Ruddlesden-Popper layered phases should be expected. Indeed, the low-intensity diffraction peak at 11.11° 

observed for both films indicates the presence of the broadened interplane spacing characteristic of perovskite-

like layered phases [34,35,36] An increase in the intensity of this peak was observed for samples with 13 
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minutes annealing time. The absence of this peak in the pure CsPbI3 film confirms that added FAI has been 

incorporated into the perovskite lattice, leading to the stabilization of the photoactive phase and the formation 

of 2D materials. This prediction is further supported by the fact that similar 2D structures with other organic 

cations have previously been described in the literature [34, 35,37,38]. 

 

  

Figure 2: X-ray diffraction patterns of a) pure CsPbI3 annealed for 10 minutes, b) Cs0.5 FA0.5 PbI3: 10 min of 

annealing and Cs0.5 FA0.5 PbI3: 13 min of annealing 

 

In this study, the structural parameters of the synthesized materials, including crystallite size, dislocation 

density, microstrain, and lattice defects, were thoroughly evaluated to understand the impact of introducing 

FAI on the crystal structure of the CsPbI3. These parameters were calculated using both the Debye Scherrer 

method and the Williamson–Hall (W–H) analysis. The Debye–Scherrer equation provided an initial estimation 

of the average crystallite size based on peak broadening observed in the X-ray diffraction (XRD) patterns. 

The crystallites size of the samples was calculated using Debye-Scherrer equation, the following formula is:  

  
   

      
 

while D represents the average crystallite size; K the Scherer’s constant  k=0.9) 

  the wavelength of the X-ray beam  , λ = 1.79 Å the wavelength of the Co Kα), Ѳ is the Bragg angle and β is 

the width at half height of the maximum peak  FWHM) of the diffracted line with angle 2Ѳ. 
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The average crystallite sizes obtained for samples, pure CsPbI3 annealed for 10 minutes and Cs0.5 FA0.5 PbI3 

annealed for 10 min and 13 min as shown in Figure 3 were 32 nm, 36.3 nm and 39.95 nm respectively. When 

FAI is added to the crystal structure of CsPbI3, grain size increases dramatically and increases with annealing 

time. Based on grain size values, the dislocation density  δ) and the micro strain  Ɛ) were determined using 

these following equations:  

  
 

  
 

  
       

 
 

 

 

 

 

 

 

 

 

 

Figure 3: Crystallite size, microstrain and dislocation of pure CsPbI3, Cs0.5 FA0.5 PbI3: 10 min and 13 min of 

annealing calculated                 using the Scherer equation 

However, to gain deeper insights into the contribution of lattice strain and to more accurately separate size and 

strain-induced broadening effects, the Williamson–Hall method was employed. 

In Uniform Deformation Model (UDM), the microstrain   is assumed to be uniform in all crystalline 

directions and the W-H equation can be written as:  
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Using the results of linear fit, the microstrain is estimated from the slope of the linear fit and the crystallite 

size from the intersection of the linear fit with the Y-axis. Assuming spherical particles (K=1), the ratio of 

wavelength to Y-intercept gives the crystallite size. W-H plots of the samples are shown in Fig 4.  and the 

results are shown in Table 1. 

Table 1: Results of Debye Scherrer and W-H analysis: Crystallite size, microstrain and dislocation density δ) 
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Figure 4: W-H plot of pure CsPbI3, Cs0.5 FA0.5 PbI3: 10 min and 13 min of annealing 

The crystallite sizes calculated using the Debye–Scherrer and Williamson–Hall methods are closely aligned, 

indicating consistency between the two approaches. The slight variation between them is due to the 

Williamson–Hall method accounting for both microstrain and crystallite size, whereas the Debye–Scherrer 

method considers only size broadening. After incorporating formamidinium iodide (FAI) into the CsPbI3 

system, the crystallite size increased slightly from 32 nm to 33 nm, suggesting a modest improvement in 

crystal growth. Further enhancement was observed when the annealing time of the doped CsPbI3 was 

extended to 13 minutes, resulting in a significant increase in crystallite size to 39 nm. This growth was 

accompanied by a decrease in dislocation density, indicating fewer crystal defects. Such improvements are 

highly beneficial for solar cell performance, as larger crystallite sizes Studying the optical properties of 

materials is essential in solar cell applications, as they directly influence the device's ability to absorb sunlight 

and convert it into electrical energy. In this study, we analyzed the absorbance spectra of pure CsPbI3 

annealed for 10 minutes, and Cs0.5 FA0.5 PbI3 annealed for both 10 and 13 minutes, across the 400–800 nm 

wavelength range. The results revealed a clear trend: the absorbance increased from the pure CsPbI₃  sample 

to the Cs0.5 FA0.5 PbI3 annealed for 10 minutes, with a further enhancement observed in the 13-minute annealed 

doped sample. This progressive increase can be attributed to improved crystallinity, reduced defect density, 

and enhanced phase stability introduced by FAI doping and extended annealing. The incorporation of FAI 

likely facilitates better film formation and promotes the formation of a more photoactive perovskite phase, 

which contributes to stronger light absorption, an essential factor for boosting solar cell efficiency. 
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The extinction coefficient (k) represents how strongly a material absorbs or attenuates light as it travels 

through it. A higher extinction coefficient indicates that more light is being absorbed within the material, 

which is highly desirable for solar cell applications, as it enhances the generation of charge carriers from 

incident light. The extinction coefficient is calculated using the following formula:     
  

  
    

As shown in Figure 5.b, the sample of Cs0.5 FA0.5 PbI3 annealed for 13 minutes exhibited the highest extinction 

coefficient across the measured wavelength range, indicating superior light absorption capability. This 

increase in k suggests improved optical density and more effective harvesting of solar energy, both of which 

are critical for enhancing the overall power conversion efficiency of the solar cell. 

IV. conclusion:  

In this study, we have successfully developed high-purity α-phase CsPbI3 without the presence of secondary 

phases under ambient conditions by incorporating equal molar of FAI into CsPbI3. Introducing FAI is an 

effective method for improving the stability of CsPbI3 perovskite in ambient air and promoting the 

development of the photoactive black phase by reducing the dimensionality of the CsPbI3 perovskite structure 

and results in the formation of layered 2D compounds. The development of a precursor that contains an 

antisolvent during the deposition of the perovskite layer, along with the adjustment of annealing time and 

temperature, have proven the high quality and stability of the resultant perovskite. According to the study, 

FAI-incorporated materials with a ratio as CsI have better optical and structural qualities, which makes them 

more appropriate for photovoltaic applications. Better crystal growth, larger Crystallites and improved optical 

characteristics are the results of 13 minutes of annealing Cs 0.5 FA 0.5 PbI3, which may improve solar cell 

performance. 
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