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In order to stabilize the Sn2+ during 
fabrication, antioxidants such as SnF2 
and ascorbic acid[9] were added into the 
perovskite precursor solution to improve 
the processability of Sn-based perovskites. 
Recent report also reveals that, via inter-
action between carbonyl group and Sn2+/
Pb2+,[10] vertical 2D layer could be formed 
in the perovskite bulk, preventing the 
Sn2+ from oxidation. Other efforts for pro-
ducing high quality Sn-based perovskite 
film include adopting a solvent-washing 
approach utilizing a gamma-butyrolactone 
(GBL)/DMSO cosolvent coupled with 
toluene washing,[11] or controlling the 
SnI2–PbI2 mixture by adjusting the ratio 
of DMSO:DMF.[12] However, the stability 

of Sn–Pb perovskite is worse than that of the Pb-based perov-
skite, and the PCE of Sn-based perovskite solar cells are still far 
beneath their theoretical value.

It is well known that defects on the surface and grain 
boundaries have a negative impact on the device efficiency 
and stability.[13] Numerous efforts have been dedicated to 
defects reduction, most of which adopt passivation molecules 
to eliminate the corresponding defect-induced charge trap. 
For example, C60 was introduced into CH3NH3Pb0.75Sn0.25I3 
to reduce defect density and improve stability by Mai and cow-
orkers.[14] Wu and coworkers deactivated the key PbI2 antisite 
defects by adding the fullerene derivative phenyl-C61-butyric 
acid methyl ester (PCBM) into the spin-coating solution 
to form the perovskite–PCBM hybrid bulk heterojunction 
(BHJ).[15] Jen and coworkers adopted a new fullerene derivative 
DF-C60 (fluoroalkyl-substituted fullerene) as an additive during 
antisolvent process, and successfully reduced the number of 
trap sites at the hybrid Sn–Pb perovskite grain boundaries.[16] 
Recently some studies reported a simple solution-processed 
secondary growth technique which forms a passivation layer 
after the preparation of perovskite films. Examples include the 
use of guanidinium bromide for defect passivation between the 
perovskite and the electron transport layer (ETL).[17] Huang and 
coworkers demonstrated defect passivation via choline chloride 
with a structure of NR4

+X−, where the NR4
+ and the X− halide 

ions can passivate both positively cationic and negatively ani-
onic defects.[18] Correspondingly, the open circuit voltage (Voc) 
and the stability of the choline chloride passivated devices were 
remarkably enhanced.

Inspired by the above studies, in this study, we investigate 
the passivation of Pb–Sn based perovskite using a new type 
of quaternary ammonium halide compound, Me4NBr. It is 
found that with Me4NBr surface treatment, the Voc and the 

Tin–lead (Sn–Pb) based hybrid perovskite solar cell is investigated as a poten-
tial solution to extend the light absorption spectrum range, and to reduce 
environmental hazard caused by lead in the perovskite materials. Nonethe-
less, due to the instability of tin, the Sn–Pb based perovskite solar cells suffer 
from more severe efficiency degradation when compared to the lead-based 
perovskite solar cells, which restricts its further development. Here, a quater-
nary ammonium halide compound, Me4NBr, is introduced to passivate the 
Sn–Pb based perovskite surface. The Me4NBr effectively reduces the surface 
defects and enhances the open circuit voltage and fill factor of the Sn–Pb 
based perovskite solar cell. Moreover, the Me4NBr treated Sn–Pb perovskite 
cells also demonstrate a significant stability enhancement when compared 
with the untreated Sn–Pb perovskite cells.
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Perovskite Solar Cells

1. Introduction

Organic–inorganic lead halide perovskites have been regarded 
as promising photovoltaic materials in recent years for their 
excellent optoelectronic properties, such as strong light absorp-
tion,[1] high carrier mobility,[2] and long diffusion length.[3] With 
the latest certified power conversion efficiency (PCE) reaches 
23.7%,[4] improvement on the stability of the hybrid perovskite 
materials has now become the most urgent task for the research 
community. There is also a continous effort looking for lead-free 
or less-lead perovskite materials.[5] Tin (Sn) has been regarded as 
one of the potential substitutions of lead, as it can narrow down 
the perovskite bandgap and extend its light absorption to near 
infrared, which is important for the development of perovskites–
perovskites high efficiency tandem cells. For example, the Sn–Pb 
perovskite exhibit bandgap tunability from 1.17 eV[6] (Sn:Pb = 
50%:50%) to 1.58 eV[7] (Pb 100%). Nevertheless, the easy oxida-
tion of Sn2+ to Sn4+ causes more severe instability of Sn-based 
perovskite thin films according to preliminary studies.[8]
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fill factors (FFs) of the Pb–Sn based perovskite solar cells have 
been greatly improved. The PCE rise by 18% compares to that 
of the device without Me4NBr as a passivation layer. Moreover, 
the Me4NBr passivation also helps improve the stability of the 
Pb–Sn solar cells.

2. Results and Discussion

The device structure in this study is shown in Figure 1a. The 
substrate is fluorine-doped tin oxide (FTO) glass. The composi-
tion of the Sn–Pb perovskite layers is (FASnI3)0.6(MAPbI3)0.4 
formed by one-step dropping antisolvent.[19] The hole transport 
layer (HTL) and the ETL are poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) and PCBM, respectively, 
with 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bathocu-
proine (BCP)) as hole blocking layer. The Me4NBr surface treat-
ment is performed soon after the perovskite layer is deposited. 
A schematic of the chemical structure of Me4NBr is shown 
in Figure 1a. For the control sample, same device structure is 
applied without Me4NBr post-treatment. The X-ray diffraction 
(XRD) pattern and the UV–vis absorption spectra of control 
and Me4NBr–perovskite films are shown in Figures S1 and S2 
in the Supporting Information. In order to examine the role of 
Me4N+ and Br−, we also fabricated two samples with perovskite 
layer post-treated with MABr and with Me4NI, separately. As 
the Me4NBr was dissolved in isopropanol (IPA) solvent, we pre-
pared another sample with perovskite layer subject to pure IPA 
post-treatment to examine the solvent factor. The current den-
sity–voltage (J–V) curves of (FASnI3)0.6(MAPbI3)0.4 devices with 

different surface post-treatment, i.e., Me4NBr, Me4NI, MABr, and 
IPA, are shown in Figure 1b. Obviously, the device treated with 
Me4NBr gives the best performance, with a Jsc of 26.46 mA cm−2, 
a Voc of 0.73 V, and an FF of 71.94%, resulting in an overall PCE 
of 13.97%. For comparison, the control device without any post-
treatment shows a PCE of 11.59%, with a Jsc of 25.46 mA cm−2, 
an FF of 70.58%, and a significant lower Voc of 0.64 V.

The enhanced Jsc of the Me4NBr treated sample is also con-
firmed by the external quantum efficiency (EQE) measurement, 
showing higher response in the near infrared region, as pre-
sented in Figure 1c. It is observed that there appears to be a 
minor redshift in the EQE of the Me4NBr treated device, com-
pared to those of the other devices. The tiny redshift is probably 
due to the EQE enhancement caused by the back-surface pas-
sivation of perovskite layer. As the Pb–Sn based perovskite has 
relative lower absorption coefficient at the near infrared region, 
the back surface passivation effect would prevent electrons and 
holes generated by the long wavelength photon from recom-
bination at the perovskite/PCBM interface, which in return 
improve the EQE in the 900–1000 nm region. Furthermore, we 
calculate the integral current density (Jsc) of the five sets of com-
parison devices based on EQE. The integrated Jsc for the device 
passivated with Me4NBr is calculated to be 24.88 mA cm−2, 
which is still the highest among the comparison devices. The 
integral Jsc is 5.8% less than the Jsc (26.45 mA cm−2) meas-
ured under illumination of the solar simulator. The differ-
ence between the measured Jsc and the integral current density 
based on EQE may be caused by the spectrum mismatch  
between our solar simulator and the standard AM1.5G spectra. 
To simplify our discussion, we adopt the measured Jsc value in 
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Figure 1. a) The device structure of Sn–Pb perovskite planar heterojunction solar cells, b) both forward and backward sweeping J–V characteristics 
of the Sn-based cells with different surface passivation treatment. The integrated Jsc of the device with IPA, MABr, MA4NI, and Me4NBr treatment are 
23.48, 24.33, 24.74, 24.88 mA cm−2, respectively, and the integrated Jsc of device without any treatment is 23.68 mA cm−2. c) EQE of the solar cells with 
different back surface treatment, and d) histograms of the power conversion efficiencies of the control and the Me4NBr passivated devices.
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the following section, bearing in mind that the overall PCEs of 
these solar cells may be overestimated by 5–6%.

To highlight the solar cells performance difference between 
different surface treatments, statistic distribution of the FF and 
Voc of the above devices are shown in Figure 2 and summarized 
in Table S2 in the Supporting Information. It can be seen that the 
FF of devices with Me4NI and Me4NBr layer are both significantly 
improved, reaching (70.53 ± 1.3) % and (69.88 ± 1.5) %, respec-
tively. Moreover, the devices with Me4NBr show average higher 
Voc and better uniformity (0.70 ± 0.03 V) than that of the devices 
with Me4NI (0.54 ± 0.05 V). Judging from this data, one may con-
clude that the Me4N+ is responsible for the enhancement of the 
FF while the Br− has a higher influence on the Voc of the Sn–Pb 
based perovskite solar cells. Nonetheless, devices with MABr 
treatment, which include Br− ion, does not show any Voc improve-
ment. Therefore, we conclude that both the cations and anions in  
Me4NBr function synergistically in terms of surface passivation. 
Without Me4N+ passivation, the Br− alone cannot takes effect 
in enlarging the Voc of the Sn–Pb based perovskite solar cells. 
Me4NBr features itself from other passivation materials by its 
zwitterion structure, with positive tetra methyl ammonium ions 
(Me4N+) and negative Br− ions.[18] The quaternary amine cations 
and the bromine ions can passivate different types of defects, i.e., 
Sn2+ and I- vacancies, similar to the synergistic passivation effect 
of the amino and the carboxyl groups of phenylalanine (PAA) has 
toward the perovskite thin film.[20] From Figure 2b, we can see 
that Me4NBr anions and cations play a synergistic passivation 
role. The open-circuit voltage with only anion (Me4NI) or cation 
(MABr) passivation increases to a certain extent, but the passiva-
tion effect is less significant than that of Me4NBr. The decrease 
of defect states leads to higher Voc and FF. (Figure 2). Therefore, 
Me4NBr with zwitterionic structure can well passivate tin vacan-
cies or charged (positive and negative) defects caused by perov-
skite ion characteristics through adaptive distribution.

We present a histogram of the average PCE values in 
Figure 1d for total of 50 devices. The average PCE of the control 
devices is about 9%, whereas it is about 12% for the Me4NBr 
passivated devices. With Me4NBr treatment, devices are fur-
ther optimized by introducing double HTL. A polymeric hole 
transport material (HTM) of poly(triarylamine) (PTAA) has 
been reported as the second HTL by offering remarkable photo-
voltaic efficiency and enhanced stability which is proved by 
previous research.[21] Optimization of interlayer material and  
double-HTL result in a much-improved PCE with negligible 

J–V hysterisis. Eventually, a champion device with a PCE of 
14.56% has been achieved (Figure S3, Supporting Information).

To further reveal the Me4NBr passivation mechanism, scanning 
electron microscopy (SEM) images of the treated and nontreated 
perovskite surface morphologies are compared in Figure 3a,b. 
The control sample and the Me4NBr treated perovskite films both 
present polycrystalline structure with similar grain size, however, 
the surface of Me4NBr-treated perovskite films appears to be 
more textured, featuring itself with many small particles attached 
on the big grains as well as the grain boundaries. Atomic force 
microscope (AFM) measurement also confirms that the rough-
ness increased from 0.05 to 0.09 µm when comparing the control 
sample and the passivated sample. Since the solvent alone does 
not create this particle structure, it is suspected that these features 
are caused by ion exchange between I− and Br−, and by the Me4N+ 
which would be sitting at the charge traps at the film surface.

Steady-state photoluminescence (PL) spectroscopy of the perov-
skite thin films with the structure of glass/perovskite/PMMA is 
obtained to evaluate the radiation recombination, as shown in 
Figure 4a. PL peaks are observed around 960 nm for both MeN4Br 
treated and nontreated perovskite thin films. It is noted that with 
Me4NBr−added shows a much stronger PL intensity, suggesting 
less nonradiation recombination from the passivated films.

To further reveal the influence of Me4NBr on the solar cells, 
we plotted the dark current–voltage curve, shown in Figure 4b, 
to gain insight into the leakage current, which is usually linked 
to the carrier recombination loss in the dark. The Shockley 
diode Equation (1) illustrated J–V characteristics in dark[22]
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Figure 2. Voc a) and FF b) distribution of devices treated with different passivation layers.
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The calculated ideality factor n for the controlling device 
and the Me4NBr treated device are 1.74 and 1.38, respectively. 
According to Equation (1), the extrapolated J0 of the con-
trol device is 3.6 × 10−6 mA cm−2, which is an order of mag-
nitude larger than that of the device with Me4NBr treatment 
(2.4 × 10−7 mA cm−2). Therefore, the improved diode character-
istic under dark condition confirms the carrier recombination 
is reduced with Me4NBr passivation.

In order to estimate the trap density values of the 
perovskite thin films, electron-only devices (FTO/SnO2/
(FASnI3)0.6(MAPbI3)0.4/PCBM/Ag) were prepared and their 
dark I–V were measured. The trap state density (ntrap) was then 
calculated by the space-charge-limited currents (SCLC) curve. 
The inset of Figure 4b presents a trap-filled limit voltage VTFL 
kink point behavior for both the control and the Me4NBr-treated 
devices. When the voltage is above the kink-point voltage, the 
current shows a fast nonlinear increase, which indicates that 
the injected carriers have filled all the trap states. The voltage at 

the kink point is called the trap-filled limit voltage VTFL, and the 
trap states density can be evaluated by Equation (3)[24]

εε
=V

eL n

2
TFL

2
trap

0  
(3)

where the ntrap is the corresponding trap state density, L is the 
thickness of hybrid Sn–Pb perovskite absorption layer, ≈600 nm, 
e is the electron elementary charge, ε is the relative dielectric 
constant of (FASnI3)0.6(MAPbI3)0.4 perovskite material, and ε0 
is the vacuum permittivity. The VTFL values are measured to be 
0.43 and 0.33 V for the control device and the Me4NBr-treated 
device. The corresponding electron trap-state density values are 
calculated to be 4.59 × 1015 and 3.52 × 1015 cm−3. Therefore, the 
Me4NBr-treated perovskite has a reduced trap density.

We further monitor the stability of the Sn–Pb hybrid perov-
skite device including the control sample, and the device with 
Me4NBr treatment and the device with Me4NBr treatment plus 
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Figure 4. a) PL of (FASnI3)0.6(MAPbI3)0.4 contacted with control and Me4NBr interfaces in glass/perovskite b) dark J–V curves for the device with 
Me4NBr and the reference. The inset shows VTFL kink point behavior with electron-only devices, and the structure of electron-only devices (FTO/SnO2/
perovskite/PCBM/Ag).

Figure 3. SEM image of the device with a) and without b) Me4NBr and AFM image of the device with c) and without d) Me4NBr.
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the PTAA HTL. As shown in Figure 5, the Me4NBr treated 
devices show stable and high efficiency when compared to the 
control device. The parameters of the control sample fluctuate 
greatly over time, which shows that the device is in an unstable 
state. The passivated device with PTAA HTL shows the highest 
stability among the three. Similar degradation trend for the FF 
and Jsc was observed for the treated and nontreated sample in 
the last few days, however, the nonpassivated device shows an 
accelerated degradation trend in its short circuit current density 
when measured over time. In contrast, the Jsc of the without-
passivated devices remains 80% after 120 h. For the device with 
PTAA HTL, the value of Jsc almost unchanged. Additionally, we 

fabricate a separate Me4NBr treated device with PEDOT:PSS/
perovskite/PCBM/BCP configuration, and monitor its steady-
state photocurrent operating at the maximum power point 
(MPP). The steady state power output of the device under 400 s 
of continuous illumination is shown in Figure 6. After 400 s of 
continuous illumination, the PCE of the device remains at 98% 
of its original value.

3. Conclusion

In this work, we adopt a new material Me4NBr as a passiva-
tion layer on Sn–Pb perovskite films. By comparing with other 
passivating materials, we find that both anionic and cations of 
this material can obviously improve the performance and the 
stability of the device. The excellent performance is mainly 
associated with the Me4NBr interfacial passivation effects, 
which decreases the carrier recombination and the charge 
trap-state density. In addition, we obtain a Sn-based perovskite 
with 14.56% efficiency by optimizing the HTM. In general, 
this paper provides an approach to reduce defects and improve 
low-Pb solar cells, which will be of some constructive signifi-
cance to the future research of Sn–Pb perovskite cells.

4. Experimental Section
Precursors Solution: The (FASnI3)0.6(MAPbI3)0.4 precursor solution 

was obtained by mixing stoichiometric amounts of FASnI3 and 
MAPbI3 perovskite precursors. To prepare precursors of MAPbI3, 
462 mg PbI2 (1 mmol) and 159 mg methylammonium iodide 
(MAI:1 mmol) first dissolved in mixed polar solvents of containing 
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Figure 5. Stability of the Sn-based devices with and without Me4NBr and with double HTL in a nitrogen environment of the glove box (ppm < 10, T = 
20–25 °C). a) Voc, b) Jsc, c) FF, and d) PCE.

Figure 6. Steady state current density and stabilized output power of the 
device with Me4NBr measured at the maximum power point.
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640 µL of N,N-dimethylformamide (DMF; Aldrich, 99.9%) and 160 µL 
of dimethyl sulfoxide (DMSO; Aldrich, 99.9%), In addition, 5.5% mol 
Pb(SCN)2 was included to improve the device performance. To prepare 
precursors of FASnI3, 372 mg SnI2 (1 mmol) and 172 mg formamidinium 
iodide (FAI, 1 mmol) dissolved in mixed polar solvents of containing 
300 µL of DMF and 600 µL of DMSO. To suppress oxidation, SnF2 
was added to the FASnI3 solution. After completely melting at room 
temperature respectively, mixing FASnI3 and MAPbI3 with the volume 
ratio of 6:4. It should be noticed that all the SnI2 involved steps were 
operated in a nitrogen-filled glove box to avoid oxidation.

The passivation material solution was formulated by using IPA 
(Aldrich, 99.9%) as a solvent. For tetra methyl ammonium bromide 
(Me4NBr; Aladdin, 99.9%) and tetramethylammonium iodide (Me4NI; 
Aladdin, 99.9%) solution, A saturated solution of IPA was formed due to 
its low solubility. And the 1 mg mL−1 methanaminium bromide (MABr; 
P-oled Xi’an, 99.9%) was dissolved in IPA for preparing the MABr 
passivation layer.

Device Fabrication: The FTO-coated glass (15 Ω cm−2, Beneq NSG 
200) was sequentially cleaned with deionized water, acetone, and 
alcohol in an ultrasonic cleaning machine. After drying in a drying 
cabinet, the substrates were further treated under ultraviolet for 
10 min. PEDOT:PSS (Heraeus-Clevios P 4083, Bayer) was spun on 
the as-treated substrate at a speed of 2000 rounds per minute (rpm). 
The substrates were then annealed at 150 °C for 20 min in the air. And 
then the (FASnI3)0.6(MAPbI3)0.4 precursor solution were spin coated on 
FTO/PEDOT:PSS substrates at the rate of 4000 rpm. 300 µL anisole as 
the antisolvent was slowly dripped on the substrates in the seventh-
second following by annealing at 100 °C for 20 min. For the passivated 
device, after 5 min annealing, the different passivation materials were 
dipped on the perovskite films for 4000 rpm in the 60 s and continued 
to anneal for 15 min. Subsequently, 20 mg mL−1 hybrid PCBM 
dissolved in 1,2-dichlorobenzene (CB) were spin coated on perovskite 
films at 2000 rpm for 60 s. Finally, 6 nm 2,9- dimethyl-4,7-diphenyl-
1,10-phenanthroline (BCP) was coated on the substrate that has been 
prepared and 120 nm Ag electrode were sequentially deposited by 
thermal evaporation.

Device Characterization: A Keithley 2400 Source-Meter was used 
for J–V measurement. SEM images were obtained from a TESCAN 
field-emission SEM. XRD pattern data was collected from a Bruker 
D8 Advance diffractometer with nickel-filtered Cu Kα radiation 
(1.5406 Å) operating at 40 kV and 40 mA. Optical absorption of 
films was examined by UV–vis absorption (UV-2600, Shimadzu). For 
the stability measurement, these devices were kept in the glove box 
(nitrogen environment, the temperature was in the range of 20–25 °C). 
There were four devices that were measured every 24 h for control and 
passivation cells desperately, and the optimal values were selected in 
the figure.
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