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Abstract: The stabilities and conversion efficiencies of the perovskite solar cells by incorporating 

cesium (Cs) or formamidinium (FA) at the CH₃NH₃ site were investigated. Additive effects on the 

photovoltaic properties and crystalline structures were investigated by current-voltage measure-

ments, X-ray diffraction, and scanning electron microscopy. The simultaneous co-addition of Cs and 

FA to the CH3NH3PbI3 perovskite crystal improved the photovoltaic properties, which would be 

due to the suppression of decomposition of the perovskite crystals and promotion of crystal growth. 

Keywords: perovskite; crystal structure; Pb-free; double perovskite; dimensionality; halide; solar 

cell; low dimensional perovskite 

 

1. Introduction 

Recently developed CH3NH3PbI3 (MAPbI3) perovskite solar cells have several ad-

vantages, such as tunable band gaps, easy fabrication process, and high conversion effi-

ciencies [1–5]. However, the MAPbI3 is typically unstable in air because of the migration 

of CH3NH3 (MA). Therefore, the stability of the perovskite solar cells should be improved, 

and one method to improve the stability is elemental adding to the perovskite compounds 

[5–7]. 

As formamidinium (CH(NH2)2, FA) have larger ionic radii (2.53 Å ) than MA (2.17 Å ), 

which can be expected to improve the structural stability [5]. Several studies on FA addi-

tion have been carried out, and the photovoltaic properties and stability of the MAPbI3 

were improved [8–11]. FA addition is expected to extend the carrier lifetime and to reduce 

the carrier recombination in the perovskite layers. In addition to the FA addition, various 

alkali cations and organic molecules such as cesium (Cs) [12–14], rubidium (Rb) [15–18], 

potassium (K) [19–23], sodium (Na) [24–27], guanidinium (C(NH2)3, GA) [28–31], or ethyl 

ammonium (CH3CH2NH2, EA) [32,33], were added to stabilize the MAPbI3 perovskite 

crystals, and the photovoltaic properties were improved by these additions. 

Another approach to improve the stability of perovskite solar cells is introducing 

polysilane materials into the perovskite devices [34–36]. The polysilanes are p-type 
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semiconductors, which promote hole transfer [37], and polysilanes are more stable at ele-

vated temperatures above 300 °C than ordinary organic materials, which is expected as a 

protective layer when deposited on perovskite compounds [38,39]. 

The purpose of the present work is to fabricate and characterize perovskite solar cells 

in which a small amount of FA and Cs were added to MAPbI3, and annealed at high tem-

perature of 190 °C in ambient air applying the DPPS layer on the perovskite layer. The 

annealing temperature is higher than 140 °C, which may lead the stabilization of the per-

ovskite grains. 

2. Experimental Procedures 

A schematic illustration showing the fabrication processes used to fabricate photo-

voltaic cells is shown in Figure 1. All processes were performed in air [40,41] by using air-

blow methos, and the detailed are described in the previous paper [42,43]. Standard 

MAPbI3 precursors with molar concentrations of MAI and PbCl2 of 2.4 and 0.8 M, respec-

tively, were prepared, and FAI and CsI-added precursors were also prepared. To stabilize 

the perovskite structure, FA abd Cs were co-added to the crystals. The DPPS solutions 

were prepared from decaphenylcyclopentasilane (SI-30-15, Osaka Gas Chemical, Osaka, 

Japan) and chlorobenzene [38]. 

 

Figure 1. Schematic illustration for the fabrication process of the present photovoltaic cells. 

3. Results and Discussion 

The photovoltaic properties of the present perovskite solar cells were investigated 

using the J–V curves obtained under illumination, as shown in Figure 2a. The photovoltaic 

parameters, namely short-circuit current densities (JSC), open-circuit voltages (VOC), fill fac-

tor (FF), series resistance (Rs), shunt resistance (Rsh), photoconversion efficiency (η), aver-

aged photoconversion efficiency (ηave) and the energy gap (Eg) of all analyzed cells are 

listed in Table 2. The JSC and η values increased by adding FA and Cs. 

The EQE of the present devices including FAI and CsI are shown in Figure 2b. Energy 

gaps were calculated from the EQE spectra, and are listed in Table 2. The Eg values of Cs-

added perovskites were higher than that of the standard MAPbI3 crystal. 
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Figure 2. (a) J-V characteristics and (b) EQE of perovskite solar cells that contained FAI- and CsI-

added perovskite. 

Table 1. Measured photovoltaic parameters of the present perovskite solar cells. 

Device JSC 

(mA cm−2) 

VOC 

(V) 
FF 

RS 

(Ω cm2) 

RSh 

(Ω cm2) 

η 

(%) 

ηave 

(%) 

Eg 

(eV) FAI (%) CsI (%) 

0 0 10.55 0.744 0.585 1.49 325 4.59 4.17 1.544 

12.5 1.5 3.84 0.513 0.364 2.26 224 0.72 0.61 1.554 

12.5 2 11.52 0.698 0.623 1.90 8200 5.00 4.30 1.563 

25 1.5 12.41 0.701 0.587 1.68 2654 5.11 4.77 1.549 

25 2 14.41 0.737 0.634 1.71 10,338 6.73 6.38 1.548 

XRD patterns and lattice constants of the perovskite compound in the present devices 

are shown in Figure 3 and Table 2. An intensity of the 100 peak for the FAI 25% and CsI 

3% added device increased, and the crystal orientation of the I100/I210 ratio increased from 

3.0 to 9.7, as listed in Table 2. This indicates crystal growth of (100)-oriented perovskite 

grains, and addition of a small amount of FA and Cs improved the crystal orientation and 

suppressed the grain boundaries in the perovskite layer. The crystal growth in the perov-

skite layer would reduce the trap density between perovskite grains and increase the JSC 

and η. 
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Figure 3. X-ray diffraction patterns of the present perovskite solar cells. 

Table 2. Structural parameters of perovskite crystals with added FAI and CsCI. 

Device Lattice Constant  

(Å) 

Crystallite Size  

(Å) 

Orientation 

I100/I210 FAI (%) CsCI (%) CsI (%) 

0 0 0 6.279(2) 590 2.99 

12.5 0 0 6.278(2) 671 2.62 

12.5 3 0 6.272(2) 631 9.67 

25 0 0 6.299(1) 579 3.84 

25 3 0 6.286(1) 876 3.81 

12.5 0 1.5 6.290(3) 545 4.46 

12.5 0 2 6.282(0) 762 5.16 

25 0 1.5 6.299(2) 592 3.05 

25 0 2 6.297(1) 657 4.46 

Elemental mappings arising from Cs K, Pb M, I L, Cl K, C K and N K lines are shown 

for the corresponding SEM images of the present perovskite solar cells, as shown in Figure 

4. Perovskite particles with smaller sizes were distributed densely for the FAI and CsI-

added devices, and each element was distributed homogeneously on the perovskite layer, 

and Cs atoms were also distributed in the perovskite layer. The elemental composition of 

Cl increased by the FA and Cs addition. 
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Figure 4. SEM images and corresponding elemental mappings of the present devices. 

The changes in η of perovskite solar cells were investigated at 25 °C and 20% humid-

ity for 42 days, as shown in Figure 5a. For the standard MAPbI3 solar cell, the η decreased 

after 14 days. The degradation would be due to the decrease in photo-current by carrier 

recombination around defects which were formed by diffusion of MA cations and halogen 

anions for the long-term period. The η decrease was mitigated by the FA and Cs addition. 

An energy level diagram of the cells is summarized as shown in Figure 5b. Previously 

reported values were also used for the energy levels. The electronic charge generation is 

caused by light irradiation from the FTO substrate side. The TiO2 layer receives the elec-

trons from the perovskite crystal, and the electrons are transported to the FTO. The holes 

are transported to an Au electrode through spiro-OMeTAD. 

Table 3. Compositions of the solar cells as measured by EDS. 

Device 
Pb (at%) I (at%) Cl (at%) C:N (at%) 

FAI (%) CsCl (%) 

0 0 30.3 57.0 12.7 38.6:61.4 

12.5 0 29.7 57.7 12.7 48.3:51.7 

12.5 3 39.4 32.1 28.4 33.7:66.3 

25 0 30.0 59.1 10.9 44.8:55.2 

25 3 27.4 63.0 9.57 36.6:63.4 
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Figure 5. (a) Changes in efficiencies. (b) Energy level diagram. 

4. Conclusions 

The stabilities and conversion efficiencies of the perovskite solar cells were improved 

by incorporating Cs or FA at the CH₃NH₃ site. Additive effects on the photovoltaic prop-

erties and crystalline structures were investigated by J-V curve, XRD and SEM. The sim-

ultaneous co-addition of Cs and FA to the CH3NH3PbI3 perovskite crystal improved the 

photovoltaic properties, which would be due to the suppression of decomposition of the 

perovskite crystals and the improvement of carrier transport. 
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