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1. Introduction  

Organic–inorganic lead halide perovskite solar cells (PSCs) have achieved up to 25.2% in conversion efficiency owing to their 
outstanding optoelectronic proper- ties and numerous efforts for the past 10 years.[1–9] However, the toxicity of lead is still 
deemed as a critical challenge for its future commercialization.[10,11] There- fore, low- or non-toxic perovskites have been 
extensively investigated to explore lead-free alternatives.[12–14] Among them, tin is viewed as the promising candidate to 
substitute lead in perovskites owing to their similar ionic structure,[10] achieving the highest conversion efficiency around 
10% up to date.[15] However, tin halide perovskites suffer from the severe oxida- tion of Sn2+ to Sn4+.[16] That leads to deep p-
type self-doping, Sn vacancies, and possible Sn4+ impurity phase, which act as trap centers for the recombination of 
photogenerated charges,[17] and result in the unsatisfactory conversion efficiency far from what they deserve. In addition, that 
oxidation also accounts for the poor sta- bility of tin halide perovskites materials and devices. In order to suppress the 
Sn2+ oxidation of tin halide perovskites, increasing efforts have been made to improve the photovoltaic performance and 
stability of tin halide-based PSCs.[18–43] Some potential strategies to inhibit the oxidation of Sn2+ mainly include the 
introducing of reductant additives into perovskite precursor solutions,[18–21] composition engineering of alloying cations or 
anions,[23–27] adopting low-dimensional perovskites,[28,29] and etc. Because it owns the suitable bandgap (1.3–1.4 eV) and 
superior optoelectronic properties, formamidinium tin triiodide perovskite (FASnI3) is deemed as one of the most promising 

candidates to enable high-performance tin halide based PSCs. Depending on those anti-oxidation strategies mentioned above, 
FASnI3 based PSCs have achieved exciting progress.[24–39] Lee et al. found that the introduction of bromide anions into FASnI3 

can significantly decrease the Sn vacancies caused by Sn2+ oxidation and improved conversion efficiency to 5.5% with high 
stability.[25] Liu et al. achieved an impressive power conversion efficiency (PCE) of 9.06% based on FA MA SnI as a light 
absorber.[24] Recently, Ran et al. pushed its conversion efficiency up to 9.61% by introducing 3-phenyl-2-propen-1-amine 
with reduced trap density and pref- erential orientation of the perovskite.[35] It seems that either Br− anion or MA+ cation can 
improve the photovoltaic performance of tin halide perovskites by inhibiting Sn2+ oxidation.[22–25] However, the synergistic 
effect of both Br− anion and MA+ cation on the photovoltaic performance of FASnI3 perovskites has never been reported to the 

best knowl- edge of us. They attract our eyesights because methylammo- nium bromide (MABr) is so general in the synthesis 
of lead halide perovskites. Actually, MABr alloyed lead perovskites ((FAPbI3)1−x(MAPbBr3)x) have been discovered to enhance 

phase stability and crystallinity,[3,44] to limit ionic drift and charge accumulation,[45] to improve film qualities by enlarged 
grain size and decreased pinholes[46] effectively. Those effects lead to dramatic enhancements of both efficiency and stability 
of MABr alloyed FAPbI3-based PSCs. Hence, it is really impera- tive to explore the comprehensive effect of MABr on FASnI3 

perovskites.  

In this work, we incorporated MABr into FASnI3 pre- cursor solutions to fabricate both cation and anion mixed 

MAxFA1−xSnI3−xBrx (x = 0, 0.15, 0.25, 0.5, 1) perovskites, excit- ingly obtaining a champion device conversion efficiency of 

9.31% with negligible hysteresis, while that of the control device is 5.02%. Strikingly, the highly oriented growth of the tin 
halide perovskite films with high crystallinity was found to account for the remarkable augment in device performance 



because that high film quality can decrease the defect density of the perov- skite films and hence reduce the recombination to 
large extent. Detailed structure characterizations were conducted to reveal the mechanism behind that impressive 
orientation as well as the bandgap modulation. Systematical optoelectronic charac- terizations discover the suppression of 
Sn2+oxidation can also modulate the energy level structure of the alloyed perovskite and herein improve the band level 
alignment of the devices. Remarkably, the encapsulated MA0.25FA0.75SnI2.75Br0.25 device also exhibits high stability with 

maintaining above 80% of the initial conversion efficiency after 300 h light soaking.  

2. Results and Discussion  

Figure 1a shows the crystallinity evolution of MAxFA1−xSnI3−xBrx perovskite films by alloying different composition of MABr 

with x ranging from 0 to 1. In the X-ray diffraction (XRD) patterns, all the diffraction peaks can be indexed to the 
orthorhombic FASnI3, consistent with some previous reports.[18–20] Interest- ingly, with the increase of MABr in the 

composition, the peak intensities of (001) series are enhanced significantly, which demonstrates the high-orientation growth 
of the films. To dis- criminate the evolution course, the magnified XRD patterns of MAxFA1−xSnI3−xBrx perovskite films with 

less x are shown in Figure 1b. We find the other peaks (111, 012, and 022) attenuate as x increases while the (001) series 
turn stronger and stronger. When FAI was completely replaced by MABr to form MAS- nI2Br perovskite, only (001), (002), 

and (003) peaks are shown in the XRD pattern. No other peaks emerge, implying highly oriented growth of MASnI2Br 

perovskite film. In addition, apparent shifts to higher 2 degrees of all the peaks indicate the reduction of the lattice 
parameter after MABr incorpora- tion. That demonstrates clearly that MABr accounts for that high orientation growth and 
high crystallinity of those perov- skite films.[44] The high-resolution peak (001) at ≈14 further convinces the peak shift and 
Br alloying, shown in Figure S1, Supporting Information.  

To clarify whether MA+ or Br− is directly responsible for this enhancement, FABr and MAI were incorporated into the com- 
pound as shown in Figure 1c. In contrast to MABr, the crystal- line orientation enhancement effect of FABr is poor, while MAI 
shows strong enhancing capability, as Figure 1c shows. Then, the corresponding concentration of MAI was incorporated into 
the compound, which leads to the impressive orientation enhancing effect (Figure 1d). That unambiguously proves that the 
MA+ cation is responsible for the oriented crystallization of MAxFA1−xSnI3−xBrx perovskite films.  

The perovskite composition by incorporating MABr was further verified by time-of-flight secondary ion mass spectrom- etry 
(ToF-SIMS). Figure S2, Supporting Information shows the depth profiles of key elemental groups obtained from ToF-SIMS 
measurements of both the pristine FASnI3 and the MA0.25FA0.75SnI2.75Br0.25 perovskite films deposited on ITO glass. The 

signals of MA+ (CH6N+) and Br− ions are clearly observed only in the MA0.25FA0.75SnI2.75Br0.25 film while the pristine FASnI3 

shows no signal of MA+ or Br−. In addition, it can also be observed that both MA+ and Br− are uniformly distributed 
throughout the MA0.25FA0.75SnI2.75Br0.25 perovskite film.  

Figure 2a–e show the topographic morphology evolution of the MAxFA1−xSnI3−xBrx perovskite films by incorporation of 

different composition of MABr successively. Those scanning electron microscopy (SEM) images show that all the films are 
compact, except for some pinholes observed in the MASnI2Br film (Figure 2e and Figure S3, Supporting Information). From 

Figure 2a,b, when MABr is added, the light flakes in the orig- inal FASnI3 disappear. Meanwhile, the crystallinity of grains was 

improved obviously, which is in accordance to the improve- ment shown in the XRD patterns (Figure 1 and Table S1, Sup- 
porting Information). Further increasing the composition of MABr (Figure 2c), some part of grain size becomes larger and the 
crystallinity is also enhanced. When the MABr composi- tion arrives to 0.5 (Figure 2d), the larger grains turn to merge with 
each other, and it forms into the “molten” and flat film when FAI is substituted by MABr totally in the MASnI2Br film (Figure 

2e). It is really interesting for tin halide perovskite films,[27] and here we attribute this oriented crystallization growth of 
FASnI3 to the function of MA+ cation. The detailed mechanism behind is still under exploring.  

As we concern, the absorption spectra of the typical MAxFA1−xSnI3−xBrx perovskite films with different composition 

ofMABrwererecordedbytheUV–visspectrometerandshown in Figure 2f. The absorption onset of MAxFA1−xSnI3−xBrx films 

shifts from ≈922 nm (black line) to ≈798 nm (rose red line) when the x increasing from 0 to 1. Obviously, the alloying of both 
MA+ and Br− definitely accounts for blue shifts in the optical bandgaps, which is consistent with the former lit- eratures.[25,43] 

Deduced from the corresponding Tauc plots in Figure S4, Supporting Information, the bandgaps of MAxFA1−xSnI3−xBrx 

perovskite films with x = 0.15, 0.25, 0.5, 1 are determined as 1.42, 1.44, 1.47, and 1.55 eV, compared with 1.34 eV of pristine 
FASnI3 film. Meanwhile, owing to the improved crystallinity by the incorporation of MABr, the absorption coefficients at the 

edge are obviously enhanced as the inset picture shows (Figure 2f), which definitely benefits their based device 
performances.  

In order to reveal the electronic structures of the pristine FASnI3 and MA0.25FA0.75SnI2.75Br0.25 perovskite films, their 

ultraviolet photoelectron spectroscopy (UPS) spectra are shown in Figure S5, Supporting Information. The work functions () 
of the pristine FASnI3 and MA0.25FA0.75SnI2.75Br0.25 perovskite films can be determined as −4.94 and −4.53 eV, respectively. 

The corresponding valence band maximum values are deter- mined at −5.33 and −5.02 eV, respectively, resulted from the 
tail of the UPS spectra in Figure S5, Supporting Information. Then, according to the data obtained from Figure S4, Sup- 



porting Information, the conduction band minimum (CBM) of them can be calculated as −3.99 and −3.58 eV, respec- tively. 
Finally, the energy band level structure of their based inverted planar devices can be constructed. In the device band 
alignment (Figure 3a), MA0.25FA0.75SnI2.75Br0.25 matches better with both the hole-transport layer (HTL, Poly(3,4- 

ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS)) and the electron-transport layer ( [6,6]-Phenyl C61 butyric 

acid methyl ester (P61CBM)) than FASnI3, and herein owns stronger carrier transportability at the bi-interfaces, resulting 

ration- ally in the improved device performance. Figure 3b shows the cross-sectional SEM image of the typical device with a 
configu- ration “ITO/PEDOT:PSS/perovskite/PC61BM/BCP/Al/Ag” as shown in Figure 3a, where the thickness of perovskite 

layer is about 260 nm while the PEDOT:PSS and PCBM layers have the thickness of around 50 nm. In addition, a combination 
film of BCP (≈8 nm) and Al/Ag (≈70 nm) was utilized as the rear elec- trode in device.  

To investigate the effect of the incorporation of MABr to FASnI3 perovskite, the current density–voltage (J–V) curves in 

forward scan of the MAxFA1−xSnI3−xBrx-based champion devices are tested under a standard simulated solar illumina- tion 

(AM 1.5 G, 100 mW cm−2) (Figure 3c). The best device con- version efficiency of MA0.25FA0.75SnI2.75Br0.25-based PSCs with x 

= 0.25 arrives to 9.31%, with an open circuit (Voc) of 0.60 V, a short circuit current density (Jsc) of 22.48 mA cm−2 and a fill 

factor (FF) of 0.69. In comparison, the control FASnI3 based device got the best conversion efficiency of 5.02% along with the 

Jsc of 21.82 mA cm−2, Voc of 0.39 V, and FF of 0.59. Both VOC and FF show significant enhancement while Jsc increases a little. As 

discussed above, the bandgap increases after alloying FASnI3 with MABr (Figure 2f). Interestingly, when x increases from 0 to 

0.25 in MAxFA1−xSnI3−xBrx perovskites, it seems that JSC should decrease because the bandgap augment would result in less 

absorption of photons. However, with the alloy of 0.25 MABr, the film quality of the mixed perovskite was improved much 
and definitely decreased defects density, which would increase the JSC by suppressing irradiative recombina- tion. It is 

obvious that the improved film crystallinity discussed above reduces the trap density by function of MABr, which defi- nitely 
enlarges FF and Voc too. Besides of that, the augmented bandgap and the decreased surface defect density of the perov- skite 

layer also contribute to the significantly enhanced Voc along with the better matching in device band level alignment. When x 

increases to 0.5, Jsc drops down to only 19.05 mA cm−2 while Voc keeps similar although its bandgap is still enlarged. That 

variation can be attributed to the obvious augment of bandgap after a balance point in that trade off. Further increasing x to 1, 
all the three parameters decline sharply, which may subject to its poor intrinsic photovoltaic performance,[47,48] as well as the 
pinholes existed in our films. However, the con- version efficiency of 3.96% in our work demonstrates its device performance 
still benefit from the highly crystalline and orien- tation film. Moreover, the MA0.25FA0.75SnI2.75Br0.25 based device also shows 

the eliminated hysteresis in contrast to that control FASnI3 one, as shown in Figure 3d, which may be ascribed to the 

restrained ions moving and accumulation across the device by the enhanced film quality and the improved energy level 
alignment at interfaces. Figure 3e shows the two typical devices’ external quantum efficiency (EQE) spectra and their 
integrated Jsc values. Those of the control FASnI3 and the MA0.25FA0.75SnI2.75Br0.25 based are 21.88 and 21.23 mA cm−2, 

respectively, which are lower than the corresponding values obtained in J–V curves (Figure 3d). The slight underestimated Jsc 

may be due to the spectral mismatch between the two solar simulators involved. However, the difference in the drop tails of 
the two spectra clearly claims the augment of bandgap via the incorporation of MABr, which is consistent to the absorption 
spectra shown in Figure 2f. The photon–electron conversion efficiency across the whole absorption spectrum also examines 
the enhanced crystallinity and herein decreased trap density of the films. In addition, the optimal device based on 
MA0.25FA0.75 SnI2.75Br0.25 film achieved a stabilized steady-state photocurrent of 19.45 mA cm−2 and output efficiency of 8.95% 

at a fixed bias of 0.46 V near the maximum power point, as displayed in Figure 3f. That proves the validity of our devices. 
Table S2, Supporting Information summarizes the detailed device perfor- mance parameters of the series of 
MAxFA1−xSnI3−xBrx (x = 0, 0.15, 0.25, 0.5, and 1) perovskites.  

As we know, the deep defects in p type mainly results from the oxidation of Sn2+ in a form of Sn vacancy.[17,25,26,49–51] To figure 
out the mechanism of the decreased defect density, which leads to the improved device performance, X-ray photoelectron 
spectroscopy (XPS) measurements of the pristine FASnI3 and MA0.25FA0.75SnI2.75Br0.25 perovskite films were performed. The 

Sn 3d core XPS spectrum of the pristine FASnI3 perovskite film in Figure 4a shows that the two peaks deconvoluted from the 

Sn 3d5/2 peak at 486.7 and 487.6 eV are attributed to Sn2+ and Sn4+, respectively. While the corresponding Sn 3d peaks of the 

MA0.25FA0.75SnI2.75Br0.25 perovskite film obviously shift of ≈1 eV to lower binding energy, which can be attributed to the 

substitution of I− by Br−.[25] Strikingly, a significant decrease of the Sn4+ content from 14.3% to 8.6% is realized by the 
incorpo- ration of MABr (Table S3, Supporting Information). It quantita- tively defines the suppression effect of Sn2+ oxidation 
by MABr. The comparison of Br 3d core spectra of both films further veri- fies the presence of MABr in the 
MA0.25FA0.75SnI2.75Br0.25 films (Figure 4b and Figure S6, Supporting Information). The Br core level XPS spectra of the alloyed 

perovskite films with various MABr content (x = 0.25, 0.5, 1, respectively) are obtained by XPS measurement, showing in 
Figure S6, Supporting Infor- mation. With increased MABr content, gradually enhanced intensity of Br 3d peak can be obvious 
observed. The relative bad signal-to-noise ratio of MA0.25FA0.75SnI2.75Br0.25 film mainly caused by the low content of MABr. 

Furthermore, the F 1s XPS peak of MA0.25FA0.75SnI2.75Br0.25 perovskite film in Figure 4c apparently falls off in contrast to the 

spectra of pristine FASnI3 film, indicating the elimination of the redundant SnF2 flakes, and is also consistent with the surface 

morphology change in the SEM images (Figure 2).  

The photoluminescence (PL) spectra of those films are shown in Figure 4d. The emission peak of MA0.25FA0.75SnI2.75Br0.25 

perovskite film has a significant blue-shift to ≈860 nm in con- trast to that of the pristine FASnI3 film (≈924 nm), consistent 

with the above absorption data and some previous reports.[25] In addition, the PL peak intensity of the MA0.25FA0.75SnI2.75Br0.25 



perovskite film is apparently increased after MABr incorpo- ration, indicating the suppressed non-radiative trap-assisted 
recombination (Figure 4d).[52–54] Furthermore, the time-resolved PL spectra were measured and shown in Figure S7, 
Supporting Information, with the humidity of about 50% at ≈25 C. The mixed MA0.25FA0.75SnI2.75Br0.25 film displayed beyond 

2-fold longer time (3.52 ns) than that of the pristine FASnI3 film (1.65 ns), further confirming the decreased trap state density 

after MABr incorporation.  

To further evaluate the elimination effect of the trap states in the perovskite films by incorporating MABr, the space-charge 
limited current measurements were employed to identify the trap density in the perovskite films.[32,55] The hole-only devices 
were fabricated with a structure of ITO/Au/PEDOT:PSS/ FASnI3/2,2′,7,7′-tetrakis[N,N-di(4-methoxyphenyl)amino]-9,9′- 

spirobifluorene (Spiro-OMeTAD)/Au. Figure 5a shows the I–V curves in the dark of both FASnI3 and MA0.25FA0.75SnI2.75Br0.25- 

based devices in a double logarithmic scale. They clearly con- sist of three regions: Ohmic region at low bias, Trap-filled limit 
(TFL) region at middle bias, and Child region at high bias. The trap-state density (ntrap) can be calculated by the fol- lowing 

relation: ntrap = 20VTFL eL−2, where 0 is the vacuum permittivity,  is the relative dielectric constant (typically 35 for 

perovskites), VTFL is the onset voltage of TFL region, e is the elementary charge, and L is the thickness of the perovskite film 

(≈0.3 m in these films). The VTFL values of the FASnI3 and MA0.25FA0.75SnI2.75Br0.25-based devices are around 0.27 and 0.14 V, 

respectively. The corresponding ntrap of the FASnI3 and the MA0.25FA0.75SnI2.75Br0.25 films are estimated to be 6.98  1015 and 

3.58  1015 cm−3, respectively. It is obvious that the introduction of MABr results in a significant decline of the trap density. 
That coincides with the characterizations and device performances discussed above.  

Figure 5b shows the light intensity dependent Voc of the two devices based on FASnI3 and MA0.25FA0.75SnI2.75Br0.25 perovskites. 

The FASnI3 device exhibits a slope of 1.68kT/q, while that of the MA0.25FA0.75SnI2.75Br0.25 is 1.18 kT/q. As we know, the slope 

deviated from (kT/q) is closely related to trap-assisted recombination. The smaller slope of the MA0.25FA0.75SnI2.75Br0.25 

device indicates smaller energy loss from trap-assisted recombination, compared with the control FASnI3 one.[53,56] So, it 

confirms the perovskite trap density is significantly eliminated by the alloying of MABr, and finally results in the remarkably 
enhanced Voc and FF in the based device performance.  

Figure 6 shows the conversion efficiency distribution of the pristine FASnI3 and MA0.25FA0.75SnI2.75Br0.25 PSCs in batch of 36 

devices. The pristine FASnI3 devices have an efficiency range from 2.91% to 5.02% with an average value of 3.98%. While 

MA0.25FA0.75SnI2.75Br0.25 PSCs have an impressed efficiency varies from 7.82% to 9.31% with an average value of 8.68% after 

0.25 MABr incorporation. Moreover, the narrowing distribution indicates the improved process reproducibility with the 
MABr incorporation. Furthermore, the device stability is evaluated by continuous light soaking with simulated solar 
illumination (AM 1.5G, 100 mW cm−2) and shown in Figure 6b, resulting in a utilization temperature of ca. 50 C. The pristine 
FASnI3 device shows a sharp degradation and failed after a duration of 120 h. Remarkably, the MA0.25FA0.75SnI2.75Br0.25 device 

still maintains above 80% of the initial efficiency after 300 h of light soaking, evidently indicating that the MABr 
incorporation effec- tively improves the light and thermal stability of the perovskite films and herein the whole device 
stability.  

3. Conclusion  

In summary, depending on the systematical composition engi- neering, we successfully obtained the optimized FASnI3 perov- 

skites by the incorporation of MABr, MA0.25FA0.75SnI2.75Br0.25. In the alloying of MABr, MA+ ions are responsible for the 

impressively orientated crystallization of the perovskite films while Br− ions account for their bandgap modulation. Basing on 
high quality of MA0.25FA0.75SnI2.75Br0.25 perovskite films, the conversion efficiency surges to 9.31% in contrast to 5.02% of the 

control FASnI3 device, along with big enhancements in Voc and FF. Moreover, the device hysteresis is almost eliminated 

remarkably. XPS data reveal that the oxidation from Sn2+ to Sn4+ is strongly suppressed and herein leads to obvious reduc- 
tion of trap density by the incorporation of MABr, evidenced as well by the device physics measurements. That also results in 
the outstanding device stability, maintaining above 80% of the initial efficiency after 300 h of light soaking for the 
MA0.25FA0.75SnI2.75Br0.25 perovskite based devices while the control FASnI3 device dies within 120 h. This work definitely 

demonstrates a facile and effective strategy to develop tin halide perovskites solar cells, optoelectronic devices and beyond.  
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Figure 1. a) XRD patterns of MAxFA1−xSnI3−xBrx perovskite films (x = 0, 0.15, 0.25, 0.5, 1) with different contents of MABr. b) Magnified XRD 

patterns of MAxFA1−xSnI3−xBrx perovskites with low contents of MABr (x = 0, 0.15, 0.25). c) XRD patterns of perovskites with different 

components. d) XRD patterns of MAxFA1−xSnI3 perovskite films with different contents of MAI (x = 0.25, 0.5, 1).  

 

Figure 2. a–e) Top-view SEM images of MAxFA1−xSnI3−xBrx perovskite films with x = 0, 0.15, 0.25, 0.50, 1.0. f) Normalized UV–vis absorbance 

spectra of corresponding films.  



 

Figure 3. a) Energy band alignment of the inverted planar PSCs containing both FASnI3 film and MA0.25FA0.75SnI2.75Br0.25 perovskite films. b) 

Cross- sectional SEM image of the typical MA0.25FA0.75SnI2.75Br0.25 device. c) The J–V curves of champion devices for MAxFA1−xSnI3−xBrx 

perovskites with x = 0, 0.15, 0.25, 0.50, 1.0. d) The J–V curves of champion devices based of pristine FASnI3 film and MA0.25FA0.75SnI2.75Br0.25 

film for both forward and reverse scans. e) Typical EQE spectra of the pristine FASnI3 and MA0.25FA0.75SnI2.75Br0.25 perovskite devices. f) 

Steady photocurrent output at fixed bias and steady PCE of the optimal device.  

 

Figure 4. XPS spectra of a) Sn 3d, b) Br 3d, c) F 1s, and d) photoluminescence (PL) spectra of pristine FASnI3 film and 

MA0.25FA0.75SnI2.75Br0.25 perovskite film.  



 

Figure 5. a) Hole-only devices for measurement of the trap-state density of the pristine FASnI3 film and MA0.25FA0.75SnI2.75Br0.25 perovskite 

film. b) Linear relationship of Voc with respect to the logarithmic light intensity for devices without and with MABr (x = 0.25).  

 

Figure 6. a) The conversion efficiency distribution of devices based on pristine FASnI3 film and MA0.25FA0.75SnI2.75Br0.25 perovskite film. The 

sample size is 36 in both cases. b) Corresponding light soaking tests for both PSCs without and with MABr under a continuous simulated 

solar irradiation (AM 1.5G, 100 mW cm−2).  

 

 

 

 

 

 

 

 

 

 

 



 


