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Abstract: Although power conversion efficiency (PCE) of perovskite solar cells 

(PSCs) has increased to 22.7%, the instability when exposed to moisture and heat 

hindered their further practical development. In this study, to gain highly efficient and 

stable perovskite component, MA, Cs and Rb cations are respectively introduced into 

the (FAPbI3)0.9(FAPbBr3)0.1 film which is rarely used due to the poor photovoltaic 

performance. The effects of different contents of MA, Cs or Rb cations on the 

performance of (FAPbI3)0.9(FAPbBr3)0.1 films and devices are systematically studied. 
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The results show that the devices with Cs cation exhibit markedly improved 

photovoltaic performance and stability, attributing to the obviously enhanced quality of 

films and their intrinsic stability. The (FAPbI3)0.9(FAPbBr3)0.1 devices with 10% Cs 

obtain a PCE as high as 19.94%. More importantly, the unsealed devices retain about 

80% and 90% of the initial PCE at 85 °C after 260 h and under 45±5% relative humidity 

(RH) after 1440 h, respectively, which are more brilliant than that with 15% MA and 

5% Rb under the same condition. It indicates that a highly efficient and stable 

perovskite component has been achieved and the PSCs based on this component will 

expect to promote the further development. 

 

Keywords: perovskite solar cells, cations introduction, high efficiency, humidity 

stability, thermal stability 

 

Introduction 

In the last few years, organic-inorganic metal halide perovskite solar cells (PSCs) have 

attracted unprecedented attention and been supposed to be one of the most promising 

superstar for next-generation photovoltaic industry due to their outstanding properties, 

such as wide absorption band, low defect density, high charge carrier mobility and long 

diffusion length.[1-9] Recently, the certified power conversion efficiency (PCE) in 

laboratory has increased to 22.7%,[10] which has surpassed the records of the second-

generation solar cell kept by CIGS/CdTe and been still continuously updated.[11] 
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Unfortunately, the poor stability of PSCs under high humidity and temperature 

have been reported to impede their commercialized development.[12-15] More and more 

attempts have been proposed to enhance the humidity and temperature stability of PSCs, 

such as changing the electron transport materials (ETM),[16,17] introducing the additives 

into light absorber layer,[18-21] employing the inorganic hole-transporting materials 

(HTM) without dopant.[22,23] 

Among these efforts, to obtain a stability perovskite material by compositional 

engineering is one of the simplest and most essential method.[24-29] Pure FAPbI3 suffers 

from poor humidity stability due to the easy phase transition from the α-phase 

perovskite (black) to the δ-phase nonperovskite (yellow), which hinders its intensive 

study and widespread use.[24,27] Seok and co-workers[30] introduced MAPbBr3 

component into FAPbI3 to gain (FAPbI3)0.85(FAPbBr3)0.15 PSCs which present high 

PCE and phase stability. Park and co-workers[31] adopted inorganic Rb+ as an enhancer 

to improve the photovoltaic performance and moisture stability of FAPbI3 PSCs. Zhou 

and co-workers[32] acquired highly efficient and stable FA1−xCsxPbI3(Cl) PSCs by the 

intercalation of CsI. Moreover, (FAPbI3)1-y(FAPbBr3)y have been supposed to be more 

stable, whereas they are rarely used in solar cells due to the poor photovoltaic 

performance.[33,34] Therefore, it is an urgent need to improve the PCE and stability of 

devices based on this component. 

In this study, we report embedding different contents of MA, Cs or Rb cations into 

(FAPbI3)0.9(FAPbBr3)0.1 perovskite film to fabricate highly efficient and stable PSCs. 

Finally, a perovskite composition exhibits superior photovoltaic performance and 
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excellent stability by introducing 10% Cs into (FAPbI3)0.9(FAPbBr3)0.1 film. The 

devices with a PCE of 19.94% under AM 1.5G solar illumination can be achieved due 

to the excellent photoelectric property and film quality. In addition, the unsealed 

devices display remarkable humidity and heat stability after aging at 85 °C and under 

45±5% relative humidity (RH), respectively, which is more outstanding than the 

composition by introducing 15% MA and 5% Rb. 

 

Results and discussion 

 

Figure 1. (a) Crystal structure of APbX3 perovskite. (b) Schematic architecture of 

mesoscopic PSC. (c) Ionic structures and radius of different A-site cations (FA, MA, 

Cs and Rb). 

Herein, based on the (FAPbI3)0.9(FAPbBr3)0.1 component, different perovskite films 

were fabricated by one-step method. The schematic architecture of mesoscopic PSC is 

depicted in Figure 1b. The ionic structure and radius of four different A-site cations 
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(FA, MA, Cs and Rb) are shown in Figure 1c. After introducing different contents of 

cations (MA, Cs or Rb), we prepared (AxFA1-xPbI3)0.9(FAPbBr3)0.1 films with x ranging 

from 0 to 0.05, 0.1 and 0.15 (Labeled as FA, A5-FA, A10-FA and A15-FA for easy 

recognition, A= MA, Cs or Rb), respectively. 

 

Figure 2. XRD patterns of (a) MAx-FA, (b) Csx-FA and (c) Rbx-FA (x=5, 10 and 15) 

perovskite films. (d) The magnified XRD patterns of the (110) peak of MAx-FA, Csx-

FA and Rbx-FA (x=5, 10 and 15) perovskite films. (e) XRD patterns of FA, MA15-FA, 

Cs10-FA and Rb5-FA perovskite films. 

To uncover the crystal structure of perovskite films after introducing different 

cations (MA, Cs or Rb), XRD patterns are shown in Figure 2. Figure 2a, b and c 

demonstrate the XRD patterns of perovskite films with different contents of MA, Cs 
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and Rb, respectively. After introducing MA or Cs cations, the films display good 

crystallinity of α-phase perovskites. As shown in Figure 2a, when the content of MA 

cation is 5%, the diffraction peaks at 12.2° and 12.7° are attributed to the“orange-red” 

phase and residual PbI2 presenting in the films.[35] In Figure 2b, when the content of Cs 

cation increases to 15%, there is a weak diffraction peak at 13.12°, which can be 

speculated as the formation of δ-CsPbI3.
[31] However, the Rbx-FA films in Figure 2c 

have poor crystalline structure. As the content of Rb only increases beyond 5%, the 

diffraction peaks at 10.1° and 26.9° indicate the formation of δ-RbPbI3. It is attributable 

to the big difference in ionic radius between Rb (152 pm) and FA (253 pm).[31] In Figure 

2d, with the increase of MA cation content from 5% to 10% and 15%, the diffraction 

peaks attributed to (110) plane of α-FAPbI3 display a little shift to higher angle, in 

agreement with the smaller size of MA cation relative to FA, which shrinks the crystal 

lattice.[34] The same shifts can be found in Csx-FA and Rbx-FA perovskite films. On the 

one hand, it may caused by the lattice distortion after inserting of a cation (Cs or Rb) 

smaller than FA cation.[31,40] On the other hand, the Cs and Rb cations may be acted as 

scavengers to eliminat iodide selectively (resulting in the blue shift in UV-vis 

absorption spectra and PL spectra) or by regulate the vacancies though the 

incorp/oration of excess cations/anions from the addition of excess AX (CsI or RbI). 

The real reason is very valuable to explore in the further work. As a result, Cs and Rb 

cations play a role in preventing bromide phase-segregation of the perovskite 

effectively. 
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Figure 3. (a) UV-vis absorption spectra and (b) normalized PL spectra of FA, MAx-FA, 

Csx-FA and Rbx-FA (x=5, 10, and 15) perovskite films. 

To make clear the different influence of mixed cations (MA, Cs or Rb) on the 

crystallization, Figure 2e shows the XRD patterns of (FAPbI3)0.9(FAPbBr3)0.1 film and 

perovskite films with MA, Cs or Rb cations in the case of the optimal proportion. 

Without any mixed cations, the film owns an obvious diffraction peak at about 12.23°, 

suggesting the formation of a new material or phase which displays as orange-red.[32] 

The diffraction peaks at about 11.6° and 12.7° are attributed to the δ-phase of FAPbI3 

and residual PbI2, respectively, which are common phenomena in FA-based PSCs and 

lead to reduced properties.[25,31] Whereas, for the MA15-FA and Cs10-FA films, no 

diffraction peaks are observed around 11.61°, 12.23° and 12.69°, indicating that there 

are no δ-phase of FAPbI3, “orange-red” phase and residual PbI2 in the films. With 

regards to Rb5-FA film, obvious diffraction peaks can be found at about 12.2° and 12.7°. 
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It means that, compared with MA and Cs, the introducing of Rb cation takes the weakest 

majorization of promoting great crystallinity of α-phase perovskites. The results are 

consistent with the performance of the corresponding devices. 

The UV-vis absorption spectra and normalized PL spectra are utilized to examine 

the optical properties of (FAPbI3)0.9(FAPbBr3)0.1 perovskite films with different 

contents of mixed cations (MA, Cs or Rb). As shown in Figure 3a, after introducing 

MA, Cs or Rb cations, all the films exhibit visibly enhanced light absorption from 550 

to 800 nm due to the improved crystallinity. For Rbx-FA, the poor light absorption may 

owe to the easily separated of δ-RbPbI3 from the films. A slight blue-shift can be 

observed as the increase of cations (MA, Cs or Rb) contents, which is in good 

agreement with the corresponding PL peaks in Figure 3b. Compared to MAx-FA, the 

Csx-FA and Rbx-FA films present a blue shift in absorption band edge because of the 

smaller ionic radius of Cs and Rb. The same trend can be found on the normalized PL 

spectra. Interestingly, a second peak can be found in the PL spectra of FA film (Figure 

3b), which is caused by the phase-segregated consisting of Br-rich and Br-free 

regions.[38,39] The second phase (orange-red phase) displays a XRD diffraction peak at 

2θ= 12.23° (Figure 2e). It is a simply intrinsic to all (FAPbI3)1-x(FAPbBr3)x perovskite 

compositions (Figure S7) and the potential reason for (FAPbI3)1-x(FAPbBr3)x devices 

behave a poorer photovoltaic property. When introducing mixed cations (MA, Cs or 

Rb), no second PL peak is observed. The results demonstrate that the existence of mixed 

cations (MA, Cs or Rb) in the (FAPbI3)0.9(FAPbBr3)0.1 films can effectively restrain the 

phase separation. This conclusion is consistent with the result of the XRD patterns. 
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Figure 4. Top surface SEM images of MAx-FA, Csx-FA and Rbx-FA (x=5, 10 and 15) 

perovskite films. 

Scanning electron microscopy (SEM) measurements are used to perform the 

surface morphology of (FAPbI3)0.9(FAPbBr3)0.1 perovskite films with mixed cations 

(MA, Cs or Rb). Figure 4 shows the top surface SEM images of mixed cations 

perovskite films with different contents. In the experiment, all the films display 

compact surface without pinhole. Among the films with increased contents of MA 

cation, the morphologies turn to be smooth. In addition, when the contents of Cs and 

Rb cations increases to 15%, the morphologies (Cs15-FA and Rb15-FA) are rough and 

there are many irregular crystals growing on the surfaces. Those could be caused by the 

formation of δ-CsPbI3 and δ-RbPbI3, respectively. Especially, the films with 15% MA 
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and 10% Cs present relatively smooth and uniform top surface, which will effectively 

reduce the defect and then improve the photoelectricity properties. 

 

Figure 5. (a) Normalized transient absorption (TA) responses of glass/perovskite films 

(MA15-FA, Cs10-FA and Rb5-FA). (b) J–V curves and (c) incident photon to current 

conversion efficiency (IPCE) spectra of PSCs based on FA, MA15-FA, Cs10-FA and Rb5-

FA perovskite films. (d) J–V curves of Cs10-FA PSC under reverse and forward scan 

directions. (f) The PCE histogram fitted with a Gaussian distribution of the FA, MA15-

FA, Cs10-FA and Rb5-FA devices among 30 measured devices. 
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To investigate the recombination behavior between electron and hole in the 

perovskite layer with different components, we measured transient absorption (TA) 

spectra (Figure 5a). The internal recombination occurred in perovskite layers has a great 

influence on the photovoltaic performance of devices. The longer recombination time 

means the slower recombination of electron and hole, leading to better device 

performance.[36,37] According to fitting results in single exponential decays, the Cs10-

FA has the longest lifetime of 132 ns, which is 106 ns and 82 ns for MA15-FA and Rb5-

FA, respectively. The Rb5-FA displays the shortest lifetime due to its worse 

crystallization and morphology. In other words, a high-quality film with perfect 

morphology and fewer defect states could be achieved by introducing 10% Cs cation. 

To further characterize the photovoltaic performance of perovskite films, the 

devices with structure of FTO/c-TiO2/m-TiO2/perovskite/spiro-MeOTAD/Au were 

fabricated by introducing different contents of mixed cations (MA, Cs or Rb) into 

(FAPbI3)0.9(FAPbBr3)0.1 perovskite photoactive layer. The current–voltage (J–V) 

curves and corresponding parameters measured under standard AM1.5G illumination 

are shown in Figure 5b and Table 1, respectively. The device based on 

(FAPbI3)0.9(FAPbBr3)0.1 film displays an inferior PCE of 10.81% with a much lower Jsc 

of 14.95 mA cm-2, which is caused by the presence of orange-red phase. Fortunately, 

by introducing mixed cations into the perovskite films, the photoelectric property can 

be increased effectively, due to the adjustment of bandgap and the improvement of 

absorption. Among the PSCs with different components, the MA15-FA and Cs10-FA 

devices own a better performance, which is in accord with the crystallization, 
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morphology and TA characterization. Particularly, the device based on the Cs10-FA 

gains the optimal photovoltaic performance with a Jsc of 22.82 mA cm-2, a Voc of 1.09 

V, and a FF of 79.92%, and ultimately an excellent PCE of 19.94%. When refer to Rb5-

FA, the Voc is as low as 0.99 V, which can be put down to the worse film quality. The 

incident photon to current conversion efficiency (IPCE) spectra of the optimal devices 

are shown in Figure 5c. The results are consistent with the Jsc presenting in 

corresponding J–V curves. A slight blue shift also can be find which has mentioned in 

the UV-vis absorption spectra (Figure 3a). The hysteresis phenomenon, an important 

index to evaluate the actual photovoltaic performances, is verified by collecting J–V 

curves under reverse and forward scan directions. In Figure 5d, the results exhibit that 

the device with a component of Cs10-FA has a 0.95% PCE hysteresis, which is lower 

than most reported FA-based PSCs.[25,32] Moreover, Figure 5e presents PCE histograms 

of different devices with a Gaussian distribution. An apparent variation of PCE can be 

observed among the four kinds of PSCs. When refer to Cs10-FA, an average PCE of 

18.81% can be achieved among 30 measured devices, indicating a high reproducibility. 

Table 1. Photovoltaic parameters of FA, MA15-FA, Cs10-FA and Rb5-FA PSCs. 

Device Jsc (mA cm-2) Voc (V) FF (%) PCE (%) 

FA 

MA15-FA 

Cs10-FA 

Rb5-FA 

16.86 1.04 61.55 10.81 

22.77 1.09 74.89 18.58 

22.82 1.09 79.92 19.94 

19.12 0.99 68.33 12.93 
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Figure 6. Normalized PCE variation curves of unsealed FA, MA15-FA, Cs10-FA and 

Rb5-FA PSCs when exposure to (a) 85 °C and (c) 45±5% RH. (b) Thermal stability 

measurements for Cs10-FA PSCs at different temperatures: 20, 60 and 85 °C. (d) 

Humidity stability measurements for Cs10-FA PSCs under different humility: 25±5%, 

45±5%, and 65±5% RH. 

The instability of PSCs which are prone to degradation upon exposure to moisture 

and heat has hindered their realistic development. Therefore, it is a serious matter to 

improve the stability of PSCs. We firstly measured the thermal stability of high 

performance four kinds of devices (FA, MA15-FA, Cs10-FA and Rb5-FA) stored in the 

condition of 85 °C where the RH is about 20% without any encapsulation (in the dark). 

Figure 6a shows the normalized PCE variation curves as a function of the testing time. 

Compared with Rb5-FA and FA devices, which only retain about 18% and 10% of the 

initial PCE, respectively, the Cs10-FA PSCs display the most outstanding thermal 
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stability. After aging for 260 hours (h), the best device of Cs10-FA only decreases by 

20%. Although the MA15-FA PSCs display a good stability at the first 50 h, only 45% 

of the initial values is kept after 260 h. According to GTF calculation, it is easy for MA+ 

to desorb from the crystal, which will lead to the thermal instability.[26] Meanwhile, the 

stability of Cs10-FA PSCs under 20 °C and 60 °C was also measured (Figure 6b). After 

260 h, the PCE only decrease by about 3% and 9%, respectively. In our case, the 

enhanced thermal stability should be ascribed to the more stable structural of Cs/FA 

double cations component. 

We further conducted the humidity stability of the FA, MA15-FA, Cs10-FA and 

Rb5-FA devices. Here, the test was proceeding under 45±5% RH at room temperature 

(in the dark) and all the devices were not encapsulated. It can be found from Figure 6c, 

after 1440-h aging test, the Cs10-FA devices retain about 88% of the initial PCE. 

Whereas, at the same condition, the PCE of FA, MA15-FA and Rb5-FA devices decrease 

by about 87%, 79% and 49%, respectively, while only 12% for the Cs10-FA. 

Furthermore, the Cs10-FA PSCs still maintain about 95% and 76% of the initial PCE 

after aging under 25±5% and 65±5% RH for 1440 h, respectively (Figure 6d). The 

results exhibit that a device with superior humidity stability can be realized by 

introducing Cs cation into the (FAPbI3)0.9(FAPbBr3)0.1 perovskite films. 

 

Conclusions 

In conclusion, we systematically studied the impact of MA, Cs or Rb cations 

introduction on the performance of (FAPbI3)0.9(FAPbBr3)0.1 film and device. By 
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regulating the contents of MA, Cs or Rb cations, perovskite films with different 

components were fabricated. As a result, the (FAPbI3)0.9(FAPbBr3)0.1 devices with 10% 

Cs obtain a highest PCE up to 19.94%, compared to the devices without doping (PCE= 

10.81%), with 15% MA (PCE= 18.58%) and 5% Rb (PCE= 12.93%). Meanwhile, the 

PSCs with 10% Cs display more outstanding stability against moisture and heat than 

other devices under the same fabricating and aging conditions. The unsealed 

(Cs0.1FA0.9PbI3)0.9(FAPbBr3)0.1 devices maintain about 80% of their initial PCE under 

85 °C after 260 h and the PCE only decrease by about 10% after 1440 h under 45±5% 

RH. This work provides a valuable method to higher efficient and stable PSCs as a 

next-generation photovoltaic industry. 

 

Experimental Section 

Materials and preparation 

Formamidine iodide HC(NH2)2I (FAI) and formamidine bromine HC(NH2)2Br (FABr): 

FAI and FABr were prepared by reacting formamidine acetate powder with 57 wt% 

hydroiodic acid (for FAI) or 47 wt% hydrobromic acid (for FABr) with 

stoichiometrically. After adding HI or HBr, the solution was stirred for 2 h in the ice 

bath. Then, the solution was evaporated at about 55 °C using rotary evaporation to 

remove the solvent under reduced pressure. The powders were then purified by 

dissolving in ethanol and recrystallizing in anhydrous ether. Finally, the products were 

dried in vacuum at 60 °C overnight. 
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Preparation of perovskite precursors: The (FAPbI3)0.9(FAPbBr3)0.1 precursor 

solution (1.35 M Pb2+) was prepared from dissolving the lead iodide (PbI2), lead 

bromine (PbBr2), formamidine iodide (FAI) and formamidine bromine (FABr) powders 

in mixed solvent of DMSO (20% by volume) and DMF (80% by volume). MAI/CsI/RbI 

were incorporated into the precursor solution by replacing the corresponding content of 

FAI. All the solutions were then stirred for 1 h at 70 °C and filtered using 0.45 µm 

PVDF filters before spin-coating. 

Device fabrication 

The FTO substrate was washed by sonication for 30 min and sequentially cleaned by 

ultrapure water and ethanol for several times. The compact layer of TiO2 was coated on 

the substrate by spray pyrolysis at 450 °C with the precursor solution of 7-mL 

isopropanol, 0.6-mL titanium diisopropoxide and 0.4-mL bis(acetylacetonate). The 

TiO2 mesoporous layer was then spin-coated on the compact layer at 4000 r.p.m for 20 

s, followed by 10 min thermal drying at 100 °C. Then, the substrate was annealed at 

510 °C for 30 min. After cooling to room temperature, perovskite precursor solution 

was poured onto the substrate and spin-coated for 50 s (1100 r.p.m for 15 s and then 

4600 r.p.m for 35 s) in an air flowing glovebox (About 20%RH). 120-μL chlorobenzene 

was drop-casted on the rotating film 15 s before the end of the spin coating program. 

The deposited film was then heated at 150 °C for 30 min when the component is 

(FAPbI3)0.9(FAPbBr3)0.1. When MAI/CsI/RbI were incorporated into the precursor 

solutions, the deposited film was heated at 100 °C for 30 min. The HTL, with a 

composed of spiro-OMeTAD (73 mg), 4-tert-butylpyridine (29 μL), lithium 
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bis(trifluoromethylsulphonyl) imide (LiTFSI, 17 μL) and Co(III)-complex (8 μL) in 1-

mL chlorobenzene solvent, was spin-coated on the perovskite film with a speed of 3000 

r.p.m for 20 s. Finally, about 60-nm Au electrode were deposited on the HTL by thermal 

evaporating. 

Characterization 

X-ray diffraction (XRD) patterns of perovskite films were recorded on an X’pert PRO 

MPD (PANalytical) with Cu Kα radiation and the 2θ range was 10-50°. Ultraviolet-

visible (UV-vis) absorption spectra were carried out by an UV-vis spectrophotometer 

(UV−vis, U-3900H, HITACHI, Japan) with the wavelength range from 500 nm to 900 

nm. Steady-state fluorescence (PL) spectra were measured and recorded by a 

spectrofluorometer (photon technology international), analyzed by a software 

Fluorescence. The excitation light wavelength was 473 nm from a standard 450 W 

xenon CW lamp. Scanning electron microscopy (SEM) measurements were performed 

on a Schottky Field Emission SEM (FEI Sirion200). Transient absorption spectra (TAS) 

were tested by LKS.80 and LP.920. Incident monochromatic photon-to-current 

efficiency (IPCE) of perovskite solar cells were recorded by QE/IPCE measurement 

system (Newport, USA). Photocurrent and voltage curves (J–V) were obtained by a 

solar simulator (Newport, Oriel Class A, 91195A) at 100 mW/cm2 illumination AM 

1.5G. The active area of devices was defined as 0.09 cm2 by a black mask. The setup 

was calibrated with a certified silicon solar cell (Fraunhofer ISE) prior to measurements. 

The humidity aging tests were measured in the containers remained at room 

temperature, under dark and the humidity of about 25%, 45% and 65% was controlled 
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by humidifier and desiccant. The temperature aging tests were measured in the drying 

ovens with the humidity of about 20% under dark, the temperatures were retained at 

20 °C, 60 °C and 85 °C. 
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Entry for the Table of Contents 

Films and solar cells based on (FAPbI3)0.9(FAPbBr3)0.1 by introducing different 

contents of MA, Cs or Rb cations are respectively prepared and systematically studied. 

The results demonstrate that the (FAPbI3)0.9(FAPbBr3)0.1 devices with 10% Cs display 

a highest PCE up to 19.94% and excellent humidity and heat stability. 
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