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FA1-xCsxPbI3 solid solution films are prepared as light harvester for 

perovskite solar cells by spray reaction. Cs
+
 ions can improve the 

quality of light harvester film, and the average PCE of devices 

increases from 11.3% for FAPbI3 to 14.2% for FA0.9Cs0.1PbI3. 

Moreover, FA0.9Cs0.1PbI3-based devices exhibit remarkable 

improvement on humidity stability. 

 

Inorganic-organic lead halide is a kind of solution 

processable semiconductor with excellent photovoltaic 

performance.
1–2

 This kind of materials has a perovskite 

structure of AMX3, and small organic ammonium cations 

occupy the A sites (M represents lead and X represents 

halogen). Methylammonium (CH3NH3
+
, MA

+
) is a wildly used 

organic ammonium cation in this material. Since the previous 

reports define the basic structure of perovskite solar cells,
3–4

 

the devices based on perovskite materials with MA
+
 ions have 

been extensively investigated
5–14

 and their best power 

conversion efficiency (PCE) reaches about 20% under one sun 

condition.
15,16

 

This kind of perovskite materials can also employ an 

alternative organic ammonium cation of formamidinium 

(HC(NH2)2
+
, FA

+
), which is promising for broadening the 

wavelength range of light absorption.
17–29

 And it is noted that 

the band gap of FAPbI3 (1.48 eV) is closer to the ideal band gap 

of solar cells than that of MAPbI3 (1.57 eV).
27,28

 However, the 

devices based on pure FAPbI3 usually have lower PCE than the 

devices based on MAPbI3.
27,30,31

 Although the α-phase FAPbI3 is 

the desirable material for photovoltaic application, the δ-

phase FAPbI3, which seriously damages the performance of the 

device, emerges easily in the preparation process.
27

 Thermal 

treatment is necessary for translating the δ-phase FAPbI3 into 

its α-phase, but thermal decomposition usually arises at the 

elevated temperature.
18,32

 These factors lead to the difficulty 

for fabricating FAPbI3 films with high quality. Moreover, α-

phase FAPbI3 easily translates into δ-phase at room 

temperature in the wet air condition, which sincerely 

decreases the stability of perovskite solar cells.
27

 Therefore, 

the simultaneous improvement on both the quality and the 

humidity stability of perovskite films becomes desirable. 

The solid solution of perovskite materials usually preserves 

the photovoltaic property, while the detailed physical 

properties can be adjusted. Several works about solid solutions 

of perovskite materials are reported, where MA
+
 ions can be 

partially replaced by FA
+
 or cesium (Cs

+
) ions and I

-
 ions can be 

partially replaced by Br
-
 or Cl

-
 ions.

30–37
 It is found that the 

doping atoms can affect the photovoltaic performance of the 

corresponding devices remarkably. Recently, it is also reported 

that the quality of α-phase FAPbI3 films can be improved by 

the formation of solid solutions, such as FA1-xMAxPbI3-xBrx and 

FA1-xMAxPbI3.
32,38

 As a consequence, highly efficient perovskite 

solar cells based on FA1-xMAxPbI3-xBrx is produced by the 

intramolecular exchange method, and the best PCE of 20.2% is 

achieved.
39

 To form the perovskite structure of AMX3, organic 

ammonium cations must fit the space composed of four 

adjacent corner sharing MX6 octahedra. The relatively large 

size of FA
+
 ions leads to the extension of PbI6 octahedra 

matrices in FAPbI3. Solid solution can be a method for relaxing 

the PbI6 matrices by partially replacing large FA
+
 ion with small 

Cs
+
 ion, which can also occupy the A site in several perovskite 

materials with AMX3 structure.
40,41

  

Spray technique is a wildly used method in industry process, 

and it is also an enlargeable technique for preparing perovskite 

light harvester films.
42

 In the preparation of FA1-xCsxPbI3 solid 

solution, conventional solution based method has the 

possibility of phase separation in the process of solvent 

evaporation. For the spray reaction, most solvent converts to 

vapor before arriving at the iodide surface. Therefore, spray 

reaction method is likely to facilitate the formation of FA1-

xCsxPbI3 solid solution films with pure phase structure. 
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In this study, we prepare a series of FA1-xCsxPbI3 light 

harvester films by an interface reaction method based on the 

spray technique. The crystal structure and light absorption of 

these light harvester films are characterized, and the solar cells 

with these films are investigated. Pure α-phase structure can 

be obtained for the Cs
+
 incorporation range up to 30%, which 

permits us to give a systematic investigation on this solid 

solution material. 

Firstly, the fluorine doped tin oxide (FTO) glass substrate 

was etched and cleaned. 30 nm compact TiO2 film and 200 nm 

mesoporous TiO2 film were sequentially deposited by spray 

pyrolysis and spin-coating. Then FA1-xCsxPbI3 perovskite film 

was prepared on the TiO2 film by an interface reaction method 

based on the spray technique. Certain amounts of CsI were 

added in 462 mg/mL PbI2 N,N-Dimethylformamide (DMF) 

solution following the Cs/Pb ratio of FA1-xCsxPbI3 (x=0, 0.1, 0.2 

and 0.3). This CsI/PbI2 mixed solution or pure PbI2 solution 

were spin-coated on the mesoporous TiO2 film. After 

preheating at the reaction temperature for 5 min, 50 mg/mL 

FAI in isopropanol solution was sprayed on the top of the PbI2 

film at 160 
o
C for the interface reaction. Finally, the perovskite 

film was washed with isopropanol and annealed at the 

reaction temperature for 10 min. FA1-xCsxPbI3 films were also 

prepared at different reaction temperatures, the x-ray 

diffraction (XRD) and scanning electron microscopy (SEM) 

Scheme 1 Schematic illustration of the crystal structure of 

FAPbI3 with Cs
+
 ions incorporation. 

 

 

analyses were shown in the supporting information (Fig. S1 

and S2). To fabricate perovskite solar cell, a hole-conductor 

layer and a gold top electrode were deposited on the FA1-

xCsxPbI3 perovskite film sequentially by spin-coating and 

thermal evaporation. The cross-sectional morphology of a 

perovskite solar cell is shown in Fig. S3. Experimental detail is 

provided in the supporting information. 

Schematic illustration of the crystal structure of FAPbI3 with 

Cs
+
 ions incorporation is shown in Scheme 1. Four kinds of FA1-

xCsxPbI3 films (x=0, 0.1, 0.2 and 0.3) are prepared, and the 

amounts of Cs
+
 in the films are confirmed by energy dispersive  

x-ray spectroscopy (EDS) measurement (Table S1) and x-ray 

photoelectron spectroscopy (XPS) measurement (Fig. S5 and

 

Fig. 1 (a) XRD patterns of FA1-xCsxPbI3 (x=0, 0.1, 0.2 and 0.3) films. The XRD peaks assigned to perovskite and FTO substrate are 

marked with solid circles and asterisks, respectively. (b) (110) diffraction peaks of FA1-xCsxPbI3 films. (c) Full width of half 

maximum (FWHM) of the (110) diffraction peaks. (d) Absorption spectra of FA1-xCsxPbI3 films. 
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Table S2). Fig. 1(a) is the XRD patterns of these four FA1-

xCsxPbI3 films with different Cs
+
 concentrations. Except three 

diffraction peaks from the substrate, all diffraction peaks can 

be assigned to the trigonal crystal structure of FAPbI3 film. It 

means that our spray reaction method can produce pure α-

phase FAPbI3 films at the optimized reaction condition. In Fig. 

1(a), the incorporation of Cs
+
 ions in the FAPbI3 films does not 

change the XRD patterns of pure α-phase structure. It means 

that spray reaction method avoids phase separation in the 

formation of these solid solution films. Fig. 1(b) shows the (110) 

diffraction peaks of four FA1-xCsxPbI3 films with different Cs
+

 

Fig. 2 (a) Photocurrent density-photovoltage characteristics of 

the FA1-xCsxPbI3-based devices (x=0, 0.1, 0.2 and 0.3). (b) 

Statistics of efficiencies for both FAPbI3-based and 

FA0.9Cs0.1PbI3-based devices. (c) Photocurrent density and PCE 

as a function of light soaking time measured at maximum 

power point (0.793 V for FAPbI3-based devices and 0.804 V for 

FA0.9Cs0.1PbI3-based device). 

concentrations. The 2θ angle of diffraction peak increases with 

the increase of Cs
+
 concentration. We calculate the lattice 

parameters of FA1-xCsxPbI3 by the corresponding XRD patterns, 

which are summarized in Table S3. It indicates the lattice 

constant can be modified by controlling the concentration of 

Cs
+
 ions, and the more Cs

+
 ions incorporate the smaller the 

lattice constant is. This relationship implies that Cs
+
 ions 

replace FA
+
 ions by occupying the A site of AMX3 structure 

than the interstitial site. And the substitutional solid solution 

of FA1-xCsxPbI3 can be produced in the Cs
+
 concentration up to 

30% by the spray reaction method. The decrease of lattice 

constant in the FA1-xCsxPbI3 films is related to relax the 

extension in the PbI6 matrices. Furthermore, the full width of 

half maximum (FWHM) of the (110) diffraction peaks in these 

four films are also different, which is summarized in Fig. 1(c). 

The FWHM of FAPbI3 film (0.337
o
) is much larger than that of 

FA0.9Cs0.1PbI3 (0.199
o
), while the FWHMs are 0.251

o
 and 0.262

o
 

for FA0.8Cs0.2PbI3 and FA0.7Cs0.3PbI3, respectively. The 

broadening of XRD peaks are usually induced by the low 

quality of crystallization in the films. Then the smallest FWHM 

of FA0.9Cs0.1PbI3 film reflects its highest quality among these 

four kinds of films. The incorporation of Cs
+
 ions also induces 

the variation of light absorption as show in Fig. 1(d). The 

absorption edge blue shifts by increasing Cs
+
 concentration. 

The energy band gaps of FA1-xCsxPbI3 films are calculated by 

the absorption edge according to Kubellka-Munk equation, 

which are summarized in Fig. S6 and Table S4. It indicates Cs
+
 

ions incorporation increases the band gap of FA1-xCsxPbI3. It is 

noted that light absorption intensity is also different for FA1-

xCsxPbI3 films with different Cs
+
 concentrations. Although large 

Cs
+
 concentration (FA0.7Cs0.3PbI3) induces remarkable decrease 

in the absorption intensity, FA1-xCsxPbI3 with small Cs
+
 

concentration (FA0.9Cs0.1PbI3) exhibits higher absorption 

intensity than FAPbI3 in the wavelength range of 400~800 nm. 

We fabricate perovskite solar cells based on these four kinds 

of FA1-xCsxPbI3 materials. The photocurrent density-

photovoltage characteristics of corresponding devices are 

shown in Fig. 2(a), and the photovoltaic parameters are 

summarized in Table 1. By the Cs
+
 ion incorporation, the short 

circuit current density (JSC) of corresponding devices increases 

from 17.7 mA/cm
2
 at x=0 to 20.3 mA/cm

2
 at x=0.1, whereas 

further increasing the amount of Cs
+
 ions decreases JSC to 17.4 

mA/cm
2
 at x=0.2 and 13.4 mA/cm

2
 at x=0.3. Moreover, the

 

 

Table 1 The photovoltaic parameters of the devices based 

on FA1-xCsxPbI3 (x=0, 0.1, 0.2 and 0.3). 

 

FA1-xCsxPbI3 Jsc 

(mA/cm
2
) 

Voc 

(V) 

Fill 

factor 

PCE 

(%) 

x=0 17.7 0.95 0.65 11.0 

x=0.1 20.3 1.05 0.70 14.9 

x=0.2 17.4 1.01 0.67 11.8 

x=0.3 13.4 0.99 0.66 8.7 
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open circuit voltage (VOC) is also increased from 0.95 V at x=0 

to 1.05 V at x=0.1, and then decrease to 1.01 V at x=0.2 and 

0.99 V at x=0.3. As a result, the PCE of corresponding devices is 

enhanced from 11.0% to 14.9% by replacing 10% FA
+
 ions of 

FAPbI3 with Cs
+
 ions. The statistics comparison between PCEs 

of both FAPbI3-based and FA0.9Cs0.1PbI3-based devices is shown 

in Fig. 2(b). FA0.9Cs0.1PbI3-based devices show an average 

efficiency of 14.2% with narrow distribution range, which is 

obviously better than that of FAPbI3-based devices (11.3%). 

This result indicates that Cs
+
 ion incorporation can improve the 

performance of perovskite solar cells based on FAPbI3. We 

measure the variation of current density with the light soaking 

time at the constant bias voltage of maximum power condition 

(Vopt is about 0.8 V). As shown in Fig. 2(c), both FAPbI3-based 

and FA0.9Cs0.1PbI3-based devices exhibit stabilized power 

conversion efficiency after 100 seconds light soaking, but the 

transient time is different. FA0.9Cs0.1PbI3-based device reaches 

90% of its stabilized PCE in 3.4 seconds, while FAPbI3-based 

device needs 8.5 seconds for this transient process. It implies 

that Cs
+
 ions incorporation can accelerate to establish the 

balance state in the devices.  

Fig. 3(a) is the incident photon-to-electron conversion 

efficiency (IPCE) spectra of devices based on FA1-xCsxPbI3 films. 

At short wavelength range (below 500 nm), all devices based 

on these four FA1-xCsxPbI3 films exhibit good IPCE values. This 

can be related to the large absorption coefficient of FA1-

xCsxPbI3 films at the short wavelength range. For devices based 

on FAPbI3, the onset wavelength of IPCE is at 850 nm. After the 

incorporation of Cs
+
 ions, the onset wavelength blue shifts to 

841 nm, this is in accordance with the blue shifting of 

absorption edge. It is noted that the onset wavelength of 

devices based on FA0.9Cs0.1PbI3 films is still obviously longer 

than that of devices based on MAPbI3 films (at about 800 

nm)
32

. At the middle wavelength range (600 to 700 nm), the 

IPCE spectra of devices based on these four FA1-xCsxPbI3 films 

have remarkable different IPCE values. The incorporation of 10% 

Cs
+
 ions can increase the IPCE value of corresponding devices, 

while further increasing the concentration of Cs
+
 ions leads to 

the decrease of IPCE value in the middle wavelength range. 

Although the trend of IPCE value is in accordance with the 

absorption spectra, the remarkable difference on IPCE values 

cannot be fully attributed to the minor difference of light 

absorption. SEM images of FA1-xCsxPbI3 with four different Cs
+
 

ion concentrations are shown in Fig. S7. Although these FA1-

xCsxPbI3 films have similar morphology with compact structure, 

the grain sizes are different. The grain size distributions are 

analyzed by Nano Measurer software. The average grain size 

of FA0.9Cs0.1PbI3 film is 257 nm, which is the largest one in 

these four samples. As previous reports
7,19

, the perovskite film 

with large crystal grains has improved crystallization and

 

 Fig. 3 (a) IPCE spectra of the FA1-xCsxPbI3-based devices (x=0, 0.1, 0.2 and 0.3). (b) Nyquist plots of FA1-xCsxPbI3-based devices 

measured at 0.8 V applied voltage. (c) Recombination resistance (Rrec) at different applied voltage. (d) Selective contact 

resistance (Rsc) at different applied voltage. 
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reduced crystal interfaces, which are beneficial to the 

recombination and transportation process. These 

improvements can increase the IPCE value of devices. The SEM 

analysis is accordance with the smallest FHWM of 

FA0.9Cs0.1PbI3 film in the XRD measurement. We perform 

impedance spectroscopy (IS) experiments to investigate the 

recombination and transportation process. 

Impedance spectroscopy of perovskite solar cells measured 

at 0.8 V applied voltage are shown in Fig. 3(b). The obtained 

impedance data can be fitted with the equivalent circuit (Fig. 

S8) to extract the impedance parameters, such as the 

recombination resistance in the perovskite layer (Rrec) and the 

charge transfer resistance at the interfaces of selective 

contacts (Rsc). As previous reports
 43–45

, the low frequency arc 

of the impedance spectra can be attributed to the 

recombination process, and the corresponding resistance (Rrec) 

is inversely related to the recombination rate of photo-

generated electrons. The high frequency arc of the impedance 

spectra is influenced by the charge transfer resistance at the 

selective contact layer/perovskite interfaces, and also by the 

transport resistance in the selective contact layers 
43,44

. As the 

selective contact layers do not change in this experiment, the 

observed differences of high frequency impedance can be 

attributed to the charge transfer process at the selective 

contact layer/perovskite interfaces.  

Rrec obtained at different applied potentials are summarized 

in Fig. 3(c). The Rrec with large applied potential is inversely 

proportion to the recombination rate. It can be observed that 

the device based on FAPbI3 exhibits the smallest Rrec. The fast 

recombination leads to the low carrier density, which is 

accordance with the low open circuit voltage (0.95 V) of the 

FAPbI3-based device in Fig. 2(a). By incorporation of 10% Cs
+ 

ions in the FAPbI3 films, Rrec increases remarkably and a VOC of 

1.05 V is obtained for the corresponding device. Further 

increasing the concentration of Cs
+
 ions to 20% and 30%, the 

Rrec of corresponding devices reduce gradually, which is 

accordance with the decrease of VOC in Fig. 2(a). The trend of 

recombination process is also accordance with the quality of 

crystallization in the corresponding FA1-xCsxPbI3 films in Fig. 

1(c). It means that improving the quality of light harvester 

films is an effective way to decease the recombination rate in 

the perovskite solar cells. 

 Fig. 3(d) shows the Rsc obtained at different applied 

potentials. Rsc almost does not change at various applied 

potentials, and it decreases with the increase of Cs
+ 

concentration in FA1-xCsxPbI3. It implies that Cs
+
 incorporation 

is beneficial for the charge transfer at the selective contact 

layer/perovskite interfaces. Rsc is related with the series 

resistance of solar cells, while Rrec at low applied voltage 

reflects the shunt resistance. Small Rsc and large Rrec lead to 

good fill factor of solar cells.
43

 As a result, the fill factor of 

FAPbI3-based device (0.65) is enhanced to 0.70 by the 10% 

incorporation of Cs
+
 ions. Although FA0.8Cs0.2PbI3-based and 

FA0.7Cs0.3PbI3-based devices have lower Rsc than FA0.9Cs0.1PbI3-

based device, the decrease of Rrec at low applied voltage lead 

to the slightly decrease in fill factor (0.67 and 0.66). 

Moreover, the stability of unsealed devices based on FAPbI3 

Fig. 4 (a) PCE of both FAPbI3-based and FA0.9Cs0.1PbI3-based 

devices (unsealed) with aging time in 50% humidity and 20 
o
C 

environment. (b) XRD patterns of FAPbI3 film and FA0.9Cs0.1PbI3 

film before and after aging in 50% humidity and 20 
o
C 

environment for 100 h. The XRD peaks assigned to α-phase 

and δ-phase are marked with solid circles and δ, respectively. 

 

 

and FA0.9Cs0.1PbI3 films are investigated in the environment of 

50% humidity at 20 °C for 100 hours. The PCE decay is 

summarized in Fig. 4(a). In the first five hours, the PCE of 

device with FAPbI3 light harvester film decreases from 11.4% 

to 3.58%. It further decreases to 0.35% after the aging of 100 

hours. On the contrary, the PCE of device with FA0.9Cs0.1PbI3 

light harvester film decreases from 14.5% to 12.4% in the first 

five hours, and no obviously change is detected in the 

following time of 100 hours aging (12.5% at 100 hours). The 

photographs of these devices with and without aging process 

are shown in the supporting information (Fig. S9). After 100 

hours aging, the FAPbI3-based device becomes yellow in color, 

while the FA0.9Cs0.1PbI3-based device remains its dark brown 

color. This result indicates 10% Cs
+
 ions incorporation leads to 

remarkable improvement on the humidity stability of devices. 

We also age naked FAPbI3 and FA0.9Cs0.1PbI3 films without 

hole conductor layers and Au electrode layers in the same 

condition. Fig. 4(b) shows the corresponding XRD patterns of 

these films before and after the aging process. Before humidity 

aging, both FAPbI3 and FA0.9Cs0.1PbI3 films give a set of strong 

peaks, which indicate an α-phase crystal structure of halide 

perovskite (marked with solid circles). After 100 hours aging, 

the peaks of δ-phase FAPbI3 appear in the XRD patterns of the 
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FAPbI3 film (marked with δ), and the peaks of α-phase FAPbI3 

greatly attenuate. It indicates that most of α-phase FAPbI3 

changes into δ-phase FAPbI3 in the aging process. As δ-phase 

FAPbI3 cannot act as an effective light harvester for perovskite 

solar cell, the remarkable performance decay of FAPbI3-based 

device in Fig. 4(a) can be attributed to the damage of α-phase 

FAPbI3 film. On the contrary, FA0.9Cs0.1PbI3 film still shows 

strong diffraction peaks of α-phase after the aging process, 

and no peak for δ-phase is observed. The undamaged 

FA0.9Cs0.1PbI3 light harvester film leads to the stable 

performance of device in the aging process. This result 

indicates the Cs
+
 ions incorporation can enhance the stability 

of α-phase structure, which is the major factor for improving 

the humidity stability of perovskite photovoltaic devices. 

Conclusions 

In summary, we prepare a series of FA1-xCsxPbI3 solid 

solution films as the light harvester in perovskite solar cells by 

the spray reaction method. XRD analysis reflects that solid 

solution with pure α-phase structure is obtained in the Cs
+
 

concentration up to 30%, and its lattice constant can be 

adjusted by controlling Cs
+
 concentration. By optimizing the 

composition of FA1-xCsxPbI3 films, the average PCE of devices is 

enhanced from 11.3% for FAPbI3 to 14.2% for FA0.9Cs0.1PbI3. 

This improvement can be attributed to the increase of light 

absorption intensity and the decrease of recombination 

process. Furthermore, FA0.9Cs0.1PbI3 also exhibits better 

humidity stability than FAPbI3. In the 50% humidity 

environment, α-phase FAPbI3 rapidly translates into its δ-

phase, and the PCE of FAPbI3-based device decreases to 0.35% 

after the aging of 100 hours. On the contrary, FA0.9Cs0.1PbI3 

remains its α-phase structure in the humidity aging process, 

and the PCE of corresponding device keeps constant at about 

12.5% after the initially minor decrease.  
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