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ABSTRACT 
 
The instability issue of Pb-free Sn-based perovskite is one of the biggest challenges for its application in                 
optoelectronic devices. Herein, a structural regulation strategy is demonstrated to regulate the geometric             
symmetry of formamidiniumtin iodide (FASnI 3) perovskite. Experimental and theoretical works show that            
the introduction of cesium cation (Cs⁺ ) could improve the geometric symmetry, suppress the oxidation of                
Sn²⁺, and enhance the thermodynamical structural stability of FASnI 3. As a result, the inverted planar               
Cs-doped FASnI 3-based perovskite solar cell (PSC) is shown to maintain 90% of its initial              
power-conversion efficiency (PCE) after 2000 h stored in N2, which is the best durability to date for 3D                  
Sn-based PSCs. Most importantly, the air, thermal, and illumination stabilities of the PSCs are all improved                
after Cs doping. The PCE of the Cs-doped PSC shows a 63% increase compared to that of the control device                    
(from 3.74% to 6.08%) due to the improved quality of the Cs-doped FASnI3 film. 
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Organic-inorganic hybrid lead halide perovskite material has made great progress in the field of              
optoelectronic applications [1−3]. After a few years of development, the power conversion efficiency (PCE)              
of solar cells based on organic-inorganic lead halide perovskite materials has been rapidly improved to as                
high as 23.3% [4−6]. The toxicity problem of this material, however, is still one of the biggest challenges                  
that limits its practical large-scale commercialization. With this in mind, research efforts have been              
dedicated to developing other perovskite materials with lead-free metals for photovoltaic application [7]. To              
date, the photovoltaic performance of devices with alternatives to Pb, including Sn [8], Ge [9]. Bi [10,11],                 
Sb [12], and Cu [13], is still much lower than their Pb-based references. Among all these alternatives,                 
Sn-based perovskite materials are the most promising because of the two valence electrons of Sn²⁺ for                
maintaining the 3D structure, suitable band gap for sunlight harvesting, and high carrier mobility [14].               
Recently, perovskite solar cells (PSCs) based on formamidinium tin iodide (FASnI 3) perovskite material             
have made significant progress, and the PCE of the device is approaching 9% [15−27]. 
 
For FASnI 3-based PSCs, the instability issue is still an urgent problem that needs to be solved. Although                 
theoretical study has found that the Sn atom in FASnI 3 is less likely to be oxidized than in MASnI 3 because                    
of the stronger hydrogen bond in FASnI 3 [28], it is generally agreed that the oxidation of Sn²⁺ into Sn⁴⁺ is                    
the main reason for device malfunction of the FASnI 3-based PSCs. Because tin is in the middle of group 14                   
in the periodic table, both 2+ and 4+ oxidation states are equally thermodynamically stable [8]. As a result,                  
coexistence of Sn²⁺ and Sn⁴⁺ in Sn-based perovskite can be expected. This coexistence of Sn²⁺ and Sn⁴⁺ is                  
also observed in CuZnSnS 4 material, even though Sn 4+ is the main oxidation state [29]. It is also observed                  
that when no reducing agent is present, the oxidation of Sn²⁺ into Sn⁴⁺ can be a spontaneous process [15].                   
To enhance the stability of Sn-based perovskite, many effective strategies have been developed, such as Sn                
compensation [30−32], reduction additive [33] or atmosphere [34], and structural dimension reduction            
[20,26,27]. In addition to the easy oxidation of Sn²⁺, the crystal-structure analysis of FASnI 3 indicates that                
its structure deviates from an ideal perovskite and might cause the instability of the material. The                
geometrical configuration of the ABX 3 perovskite material can be described by the Goldschmidt tolerance              
factor t [35] 

 
where RA, RB, and RX are the ionic radii of A, B, and X ions, respectively. For an ideal symmetrical cubic                     
ABX 3 perovskite structure with high structural stability, the tolerance factor should be close to 1. In the case                  
of FASnI 3, t is calculated to be 1.04 (RFA⁺ = 253 pm, RSn²⁺ = 102 pm, RI⁻ = 220 pm) [36,37], which is a little                         
greater than 1, indicating the expansion tendency of SnI6 octahedral caused by FA⁺ with larger ion size in                  
the crystal structure. Therefore, doping A site ion by ions with smaller ionic radius, which could contract the                  
crystal lattice of FASnI 3, should be a rational strategy to improve the structural stability of FASnI 3                
perovskite. However, little attention has been paid to the crucial role of this structural regulation strategy on                 
the stability and photovoltaic performance of FASnI 3 perovskite to date, and it is desired to develop effective                 
strategies to investigate this issue. 
 
In this work, a structural regulation strategy is proposed, which is realized by the introduction of Cs into the                   
structural lattice of FASnI 3. It should be noted that the t value of MASnI 3 is 0.88 (RMA⁺ = 180 pm) [38], and                      
doping of Cs could only further destroy the symmetry of the structure. Therefore, here we focus on only the                   
structural regulation of FASnI 3. The doping effect of Cs on the features of FASnI 3 structure is systematically                 
investigated both theoretically and experimentally. Cs is shown to insert into the lattice of FASnI 3 structure                
and induce the contraction of the corner-sharing SnI6 octahedra, which improves the geometric symmetry of               
the FASnI 3 structure. Also, the oxidation of Sn²⁺ is significantly suppressed after Cs-doping. Theoretical              
calculation results demonstrate the reduced free energy and improved structure symmetry of FASnI 3 after Cs               
doping, which leads to its energetically superior stability. Moreover, the quality of FASnI 3 film (grain size,                
crystallinity, trap state density, and light response range) is found to be improved after Cs doping, and the                  
PSCs based on this Cs-doping film achieves PCE as high as 6.08% with negligible hysteresis and improved                 
device reproducibility. Most importantly, the PSC device after Cs doping retains 90% of its initial PCE after                 
storage in N 2 for 2000 h and also exhibits significantly improved device stability against air, heat, and                 
illumination. 



 
To study the role of Cs doping on the characteristics of FASnI 3 film, we fabricate the Cs xFA 1-xSnI 3 films                  
using antisolvent rapid crystallization technology (for details, see Experimental Section in the Supporting             
Information) [39]. The doping of Cs is realized by the addition of a given amount of CsI in the precursor.                    
Figure 1a−e shows the SEM images of Cs xFA 1-xSnI 3 films; it can be found that all the films show the surface                    
morphology of densely packed grains, which is a benefit of the antisolvent rapid crystallization technology               
used. Also, the root-mean-square (RMS) roughness of these films is ∼10 nm (Figure S1), demonstrating the                
smoothness of these films. When the Cs doping content is less than 20%, an increased grain size of the film                    
can be observed, as shown in the statistical distribution of grain size (Figure 1f). This enlarged crystal size is                   
well-correlated with the XRD pattern, where the intensity of the diffraction peak increases after Cs doping.                
Figure 1g shows the XRD pattern of CsxFA 1-xSnI 3 films, and the diffraction peaks match the crystallized                
orthorhombic FASnI 3 crystal in an Amm2 space group with random orientation [17]. However, further              
increasing the Cs content leads to decreased grain size (≥40%), which is due to the dominant CsSnI3 phase                  
with small grain size when Cs content is high (Figure S2). This can be also evidenced by the XRD pattern in                     
which typical diffraction peaks of CsSnI 3 become dominant when Cs content is greater than 40% (Figure                
1g). In addition, the XRD peak position exhibits an obvious shift toward higher degree (Figure 1h),                
indicating the successful incorporation of Cs into the crystal lattice of FASnI 3. Besides, the shift toward                
higher degree also suggests the shrinkage of the crystal lattice, which indicates the contraction tendency of                
FASnI 3 structure after Cs doping. Ultraviolet− visible (UV−vis) spectra of the CsxFA 1-xSnI 3 films (Figure 1i)               
show that the absorption intensity is enhanced in the range of 500−900 nm upon the Cs doping, and the                   
absorption edge is red-shifted, which agrees with the red-shifted PL spectra of the CsxFA 1-xSnI 3 films (Figure                
1j). This red-shift tendency of Sn perovskite after Cs doping is opposite to the blue-shift in Pb perovskite                  
after Cs doping. This difference is proposed to be due to the different structural evolutions of Sn and Pb                   
perovskite after Cs doping. For FASnI 3, the crystal lattice will contract from expanded octahedral (FASnI 3, t                
= 1.04) to cubic structure (Cs xFA 1-xSnI 3, t ≈ 1), and this contraction could destabilize the valence band (VB)                  
of FASnI 3 and raises its energy level of VB, resulting in the band gap reduction [40]. For FAPbI 3, the crystal                    
lattice will tilt from cubic structure (FAPbI 3, t = 0.99) to distorted octahedral (Cs xFA 1-xPbI 3, t < 0.90), and                  
this tetragonal distortion originates from a reduction of the metal-halide-metal bond angle below the value of                
180°, leading to the reduced overlap between metal and halide orbitals as well as lowered VB [40]. 

 
Figure 1. (a−e) SEM images, (f) grain size statistics, (g and h) XRD patterns, (i) UV−vis spectra, (j) PL                   
spectra, and (k) PL peak position variation of CsxFA 1-xPbI 3 films. 



 
Next, to study the photovoltaic performance of the Cs xFA 1-xSnI 3 films, we fabricate PSCs with inverted               
device structure of ITO/PEDOT:PSS/Cs xFA 1-xSnI 3/C60/BCP/Ag (Figure 2a). The thickness of the          
Cs xFA 1-xSnI 3 layer is measured to be ∼200 nm (Figure 2b). To set a control PSCs device, we first                  
systematically optimize the film fabrication parameters of FASnI 3 film, including precursor concentration            
(Figure S3), solvent composition (Figure S4), and annealing temperature (Figure S5). The detailed film              
fabrication process is provided in the Supporting Information. Then we investigate the effect of Cs doping                
on the photovoltaic performance of PSCs (Figure 2c). Table 1 collects the J−V parameters of the PSC                 
doping by different content of CsI. It is observed that a small amount of CsI addition (≤8%) shows an                   
improvement in VOC, JSC, FF, and PCE of the device, which is attributed to the enlarged grain size, improved                   
crystallinity, and increased absorption ability of CsxFA 1-xSnI 3 film. However, further increasing the content             
of CsI leads to the decreased performance of PSCs, which may be attributed to the presence of some cracks                   
and pinholes on the film surface when CsI content is high. 8% CsI perovskite film shows the best                  
photovoltaic performance with a VOC of 0.44 V, JSC of 20.70 mA/cm2, FF of 66.8%, and PCE of 6.08% by                    
forward scan and a VOC of 0.44 V, JSC of 20.48 mA/cm2, FF of 66.6%, and PCE of 6.00% by reverse scan                      
(Figure 2d). The power output tracking curve in Figure 2d demonstrates the maximum power point (MPP) at                 
∼0.33 V. Figure 2e shows the spectrum of the external quantum efficiency (EQE) of 0% and 8% CsI based                   
devices along with the integrated JSC by calculating the overlap integral between the EQE spectrum and                
standard AM1.5 solar emission. The integrated JSC value agrees well with the measured results. It is worth                 
noting that the EQE response edge is red-shifted from 900 nm (0% CsI) to 920 nm (8% CsI), which is                    
consistent with the optical characterization of the red-shifted absorption edge and PL emission of              
Cs xFA 1-xSnI 3 films (Figure 1i−k). Figure 2f shows the histograms of PCE for 30 PSCs based on 0% CsI and                   
8% CsI device from four different batches, demonstrating a higher average performance and better              
reproducibility of Cs-doped FASnI 3 PSCs. To confirm the key role of Cs⁺ over I⁻, we introduced different                 
Br sources (8% CsBr and 8% FABr) into FASnI 3 to compare the device performance, as shown in Figure S6.                   
It can be seen that using the same film fabrication process, CsI- and CsBr-doped devices show improved                 
PCE while the FABr-doped device shows reduced PCE compared to the control device, indicating that Cs                
plays a key role in determining the photovoltaic properties of the doped perovskite. 

 

Figure 2. (a) Illustration and (b) cross-sectional SEM image of PSC device structure used in this work. (c)                  
J−V curves of the FASnI3 PSCs with different CsI content. (d) J−V and power output tracking curves of the                   
best-performing 8% CsI solar cell measured under reverse and forward voltage scanning. (d) EQE and               
integrated JSC of the best-performing 8% CsI solar cell. (e) EQE spectra of PSCs based on 0% CsI and 8%                    
CsI films. (f) Histograms of PCEs for 30 solar cell devices of 0% CsI and 8% CsI. 
  



Table 1. Performance parameters of the CsxFA 1-xSnI 3 PSCs with different CsI content 
CsI content [%] VOC [V] JSC [mA/cm2] FF [%] PCE [%] 

  0 0.39 15.59 61.3 3.73 
  2 0.43 18.53 67.9 5.41 
  5 0.45 19.64 64.9 5.74 
  8 0.44 20.70 66.7 6.08 
10 0.41 18.21 63.8 4.76 
15 0.37 16.28 61.4 3.70 

 
To disclose the improved photovoltaic performance of Csdoped FASnI 3 film, space charge limited current              
(SCLC) and electrochemical impedance spectroscopy (EIS) measurements are carried out. The hole-only            
device is fabricated to reveal the electronic property of the FASnI 3 films with or without Cs doping [41].                  
Figure 3a,b shows the SCLC curves of the PSC device with structure of             
ITO/PEDOT:PSS/perovskite/PTAA/ Au. It can be seen that hole trap-state density (n trap) shows two-fold             
reduction after Cs doping (from 6.31×1015 cm−3 down to 3.31×1015 cm−3), implying that the typical defects in                 
FASnI 3 structure (i.e., Sn vacancy) can be suppressed after Cs doping. The reduced hole trap state density is                  
further confirmed by XPS measurement. In FASnI 3 perovskite, the hole trap state is attributed to the                
oxidation of Sn²⁺ into Sn⁴⁺, so a lower proportion of Sn⁴⁺ in the perovskite structure indicates a lower trap                   
state density. In Figure 3c, the four peaks deconvoluted from the XPS spectra at ∼486.6 (495.1) and 487.2                  
(495.6) eV are associated with Sn²⁺ and Sn⁴⁺, respectively [26]. It can be clearly observed that the                 
proportion of Sn⁴⁺ in the 8% CsI doped film is significantly reduced compared to that in pure FASnI 3,                  
indicating the presence of Cs in the FASnI 3 structure prevents the oxidation of Sn²⁺ during film fabrication.                 
It is the consensus that the defect trap states are shown to exist at the grain boundaries (GBs) [41], so the                     
lowered trap state density here is in agreement with the enlarged grain size of Cs-doped FASnI 3 film (Figure                  
1f). 

 

Figure 3. SCLC measurement of (a) 0% and (b) 8% CsI doped device. (c) XPS and (d) EIS characterization                   
of 0% CsI and 8% CsI doped devices. 
 
From SCLC measurements, the carrier mobility after Cs doping (2.66×10−4 cm2V −1S −1) is almost three times               
higher than control device (0.91×10−4 cm2V −1S −1), demonstrating the efficient charge transport within the             
Cs xFA 1-xSnI 3 film. EIS is further conducted to confirm the charge transport properties in PSCs (Figure 3d).                



The model for fitting EIS results is shown in the inset of Figure 3d, where RS is the sheet resistance and                     
RCT is related to the overall charge-transfer resistance of the device, including the contribution of               
PEDOT:PSS/perovskite interface, perovskite film, and perovskite/C60 interface. Because the PEDOT:PSS          
and C60 layer of the device are fabricated under the same process, the RCT is mainly contributed by the                   
charge-transfer resistance of perovskite layer [42−44]. It can be clearly seen that after 8% CsI doping, the                 
arc of the Nyquist plots becomes smaller, indicating the reduced bulk resistance of Cs-doped film. This                
result is in agreement with the increased charge mobility as shown in Figure 3b. Therefore, the improved                 
charge-transfer ability after Cs doping could efficiently promote the charge collection in the PSCs and lead                
to the improved performance of PSCs. 
 
We further test the stability of PSC devices with or without Cs doping under different conditions, including                 
in N 2, in air, under illumination, and under annealing. As shown in Figure 4a, the 8% CsI device shows a                    
significantly enhanced stability (maintains ∼90% of initial PCE remaining after 2000 h, from 5.53% to               
4.94%) when it is stored in N 2, while an obviously decreased PCE is observed in the control device (Figure                   
S8, from 3.85% to 0.43%). To the best of our knowledge, this device stability is the highest value reported to                    
date based on 3D Sn-based PSCs stored in N 2 (Table 2). Note that MASnI 3- and CsSnI 3-based PSCs show                  
rather poor stability, so they are not discussed here [8]. The air stability of the 8% CsI device is also                    
enhanced compared with the control device (Figures 4b and S9). The PCE of the 0% CsI device drops from                   
3.18% to 0.13%, while that of the 8% CsI device reduces from 5.49% to 2.79%. Under continuous                 
illumination under AM1.5 conditions at the MPP of the device, 8% CsI device shows more stable                
steady-state photocurrent than the control one over a period of 800 s (Figure 4c). Figure S10 shows the J−V                   
and power output tracking curves of the devices used for the steady-state photocurrent measurement.              
Moreover, the Csdoped device shows robust thermal stability, which remains ∼68% of the initial PCE after                
heating for 220 min at 100°C (Figures 4d and S11). The PCE of 0% CsI device drops from 2.49% to 0.58%,                     
while that of the 8% CsI device reduces from 4.43% to 3.02%. In addition, the UV−vis and XRD                  
measurements of 0% and 8% CsI films before and after heating under 100°C for 60 min (Figure S12) also                   
reveal the good thermal stability after Cs doping. Specifically, no obvious change is observed in the 8% CsI                  
device after annealing, while the 0% CsI device suffers from decreased absorption as well as crystallinity. 

 

Figure 4. Stability tests of PSC devices with or without Cs doping under different conditions: (a) Stored in                  
N 2, (b) stored in air, (c) illuminated at AM1.5, and (d) heated at 100°C. The stability statistics are based on 6                     
PSCs in panels a, b, and d. 
  



Table 2. Summary of the device stability test of 3D Sn-based lead-free PSCs stored in N2 as reported in the                    
literature 

Active layer Device 
structure VOC [V] JSC [mA/cm2] FF [%] PCE [%] Test period 

[h] 
Remaining 

PCE Ref. 

FASnI 3 Normal 0.47 22.45 67.8 7.09   480   90% 18 
FASnI 3 Inverted 0.30   7.62 53.0 1.21     70     0% 23 
FASnI 3 Inverted 0.36 17.60 62.7 4.00 1200     0% 40 

FA 0.75MA 0.25SnI
3 

Inverted 0.61 21.20 62.7 8.12   400   80% 16 

FA 0.75MA 0.25SnI
3 

Inverted 0.55 20.0 65.0 7.10     70 100% 41 

Cs 0.08FA0.92SnI 3 Inverted 0.44 20.70 66.7 6.08 2000   90% This work 
 
We now aim to explain the improved device stability from the perspectives of structure geometry and                
thermodynamics. Experimental results (Figure 3a−c) have shown that the hole trap state and Sn⁴⁺ content               
are reduced after Cs doping, which could make a solid contribution to the improved stability of the PSCs. In                   
addition to this, crystal structure symmetry is also an important factor that determines the phase stability of                 
the material. As discussed above, the Goldschmidt tolerance factor, t, determines whether a perovskite              
material with ABX 3 composition forms the cubic phase. In general, materials with t in the range of 0.9−1.0                  
could form the ideal cubic structure, which is composed of the A cation surrounded by the corner-sharing                 
BX 6 octahedra. When t is in the range of 0.8−0.9 and 1.0−1.1, the BX 6 octahedra will show contraction or                   
distraction tendency; thus, the crystal symmetry is partially reduced [35]. For FASnI 3 perovskite material, its               
t is calculated to be 1.04 (Figure 5a), which indicates the slightly expanded crystal lattice. To achieve t close                   
to 1, it is rational to replace FA⁺ by a cation with a smaller ion radius according to the Goldschmidt rule                     
[47]. The doping of FASnI 3 with Cs could tune the tolerance factor downward from 1.04 into the                 
high-symmetry cubic phase region (Figure 5a). In this case, the slightly dilatant SnI6 octahedra in FASnI 3                
will be contracted and regulated into ordered cubic structure after being doped by appropriate content of Cs,                 
as illustrated in Figure 5b. For a composition of A′xA 1-xSnI 3, it can be estimated that RA(effective) = x RA′ +                    
(1−x) RA [47]. Therefore, the t value of Cs 0.08FA 0.92SnI 3 (8% CsI) perovskite is calculated to be 1.02, which is                   
much closer to 1. As a result, the structural symmetry and stability of FASnI 3 is able to be improved via Cs                     
doping. 
 

 



Figure 5. (a) Correlation between the tolerance factor and the effective radius of Cs/FA cation in                
Cs xFA 1-xSnI 3 perovskite. (b) Schematic diagram of the structure transition when FASnI 3 is doped by              
appropriate content of Cs. DFT-optimized structures of different FASnI 3 and Cs 0.375FA 0.625SnI 3 structures: (c             
and e) α-phase and (d and f) β-phase. C, N, H, Cs, Sn, and I atoms are colored in green, yellow, gray, cyan,                       
blue, and red, respectively. Change of internal energy ΔE (black squares), entropy -T Δ S (red diamonds), and                
Helmholtz free energy ΔA (blue circles) as a function of x in the perovskite alloy Cs xFA 1-xSnI 3 in (g) α-phase                   
and (h) β-phase, where -T Δ S and Δ A were calculated at T = 300 K. All data were shifted so that ΔE = 0 at x                         
= 0. 
 
The improved stability of FASnI 3 after Cs doping is further explained from the point view of                
thermodynamics, where first-principles (density functional theory, DFT) theoretical calculation is carried out            
to investigate the variation of Helmholtz free-energy formation energy in the CsxFA 1-xSnI 3 system. Here, we               
consider both the α-phase and β-phase of FASnI 3, though only α-phase FASnI 3 is found to be stable at room                   
temperature [14]. To model the disordered structures of the cubic α-phase, we adopted the 2×2×2 supercell                
model that host quasi-randomly distributed 8 FA⁺ cations in single cells (Figure 5c). For the β-phase, we                 
adopted the 2×2×2 supercell model of a tetragonal lattice with regularly aligned 8 FA⁺ cations (Figure 5d).                 
We modeled the Cs-doped FASnI 3 by replacing different amounts of FA⁺ by Cs⁺ in the supercell models.                 
For example, a supercell consisting of 5 FA⁺ and 3 Cs⁺ corresponds to x = 0.375, i.e., Cs 0.375FA 0.625SnI 3                  
(relaxed samples of different phases are depicted in Figure 5e,f). DFT results of lattice constants indicate                
that in the α-phase, the unit-cell volume decreases with an increasing doped-Cs amount, and the lattice                
remains cubic within the whole x range ( a = 12.680 and 12.234 Å for x = 0 and 1, respectively). In                     
β-FASnI3, doping Cs also results in contraction of unit-cell volume, and the lattice constants vary within the                 
tetragonal system from a = b = 12.535 Å, c = 12.302 Å for x = 0 to a = b = 12.055 Å, c = 12.398 Å for x = 1.                                
Figure 5g,h shows the change of internal energy ΔE (calculated with DFT), entropy of mixing -T Δ S = - kBT [                   
x log(x) + (1−x) log(1−x)] ( T = 300 K), and Helmholtz free energy ΔA = Δ E - T Δ S as functions of x in the α-                         
and β-phases of Cs xFA 1-xSnI 3. It can be observed that with the increase of Cs, the internal energy and free                   
energy of α-FASnI 3 perovskite gradually decrease, indicating the enhanced thermodynamic stability of            
Cs xFA 1-xSnI 3 structure at room temperature. 
 
In summary, we have developed a structural regulation strategy to modify the structure of FASnI 3               
perovskite. We have theoretically and experimentally demonstrated that the inserting of small-radius Cs into              
the crystal lattice of FASnI 3 perovskite leads to the contraction of FASnI 3 crystal structure and lowered free                 
energy, leading to reduced trap state density, improved symmetry, and enhanced thermodynamic stability.             
As a result, the PSC devices based on Cs-doped FASnI 3 film show remarkable device stability (loss of only                  
10% of its initial PCE after 2000 h of storage in N2). More importantly, the device also exhibits enhanced                   
stability under illumination, heating, or exposure in air. Moreover, the best performing PSC device after Cs                
doping shows a 63% increase in PCE compared to the control device (from 3.74% to 6.08%) with negligible                  
hysteresis, which is confirmed to originate from the lowered trap state density and improved charge mobility                
of Cs-doped FASnI 3. This work could provide an important practical strategy for further boosting the               
performance (both PCE and stability) of the PSCs based on FASnI3 material. 
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