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Abstract 

All-perovskite tandem solar cells are promising for achieving photovoltaics with power conversion 

efficiencies above the detailed balance limit of single-junction cells, while retaining the low-cost, 

light weight and other advantages associated with metal halide perovskite photovoltaics. However, 

the efficiency and stability of all-perovskite tandem cells are limited by the Sn-Pb-based narrow-

bandgap perovskite cells. Here we show that the formation of quasi-2D structure (PEA)2GAPb2I7 

from additives based on mixed bulky organic cations phenethylammonium (PEA+) and 

guanidinium (GA+) provides critical defect control to significantly improve the structural and 

optoelectronic properties of the narrow-bandgap (1.25-eV) Sn-Pb perovskite thin films. This new 

2D additive engineering results in Sn-Pb based absorbers with unprecedented low dark carrier 

density (~1.31014 cm-3), long bulk carrier lifetime (~9.2 s), and low surface recombination 

velocity (~1.4 cm/s), leading to 22.1%-efficient single-junction Sn-Pb perovskite cells and 25.5%-

efficient all-perovskite 2-terminal tandems with high photovoltage and long operational stability. 
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An effective way to improve solar cell efficiency is to employ tandem structures, which can 

improve the utilization of the solar spectrum to reduce thermalization and transmission losses 1-4. 

Metal halide perovskites have been widely applied in tandem solar cells due to their high 

absorption coefficient, small Urbach energy and continuous tunable band gap5-9. The idea of all-

perovskite tandem photovoltaics is particularly appealing, as these thin-film tandems offer high 

efficiency and low weight combined with low cost and scalable fabrication processes10. At present, 

the main challenge in all-perovskite tandem solar cells is the effective use of Sn-Pb-based narrow-

bandgap perovskite solar cells (PSCs). There are two main challenges in fabricating efficient and 

stable Sn-Pb PSCs. First, Sn2+ can be oxidized to Sn4+ during and after Sn-containing perovskite 

processing11, 12, which dopes Sn-Pb perovskites p-type, eventually leading to a high background 

(dark) carrier density that renders them poor photovoltaic (PV) materials13, 14. Second, the 

nonuniform nucleation and fast crystallization of Sn-containing perovskites make it more 

challenging to fabricate high-quality, dense, and compact Sn-Pb perovskite films15. The defective 

grain boundaries/surfaces can exacerbate the Sn2+-Sn4+ issue16. These challenges often result in 

large voltage loss and poor stability of Sn-Pb based PSCs. 

To address these issues, many research efforts have been devoted to optimizing the 

processing condition, tuning the composition, and using additives, including those that facilitate 

2D perovskite structures, to improve the quality of Sn-Pb perovskite thin films 17-21. Most of these 

recent efforts have resulted in markedly reduced dark carrier/defect densities (ranging from about 

1015 cm−3 to 1016 cm−3 17-20, 22, 23) along with increased carrier lifetimes (ranging from a few 

hundred nanosecond to over one microsecond17, 20, 21, 23, 24), leading to multiple demonstrations 

of >20% Sn-Pb PSCs17-24. Despite these recent rapid advances, the stability and efficiency of Sn-

Pb PSCs are still inferior to their pure Pb counterpart, limiting the performance of all-perovskite 

tandem cells. 

In this study, we report a new 2D additive approach to improve the narrow-bandgap (1.25 

eV) Sn-Pb perovskite based on (FASnI3)0.6(MAPbI3)0.4 (or FA0.6MA0.4Sn0.6Pb0.4I3, where FA is 

formamidinium and MA is methylammonium)17, 25. A combination of phenethylammonium iodide 

(PEAI) and guanidinium thiocyanate (GASCN) additives is found to significantly improve the 

quality of the Sn-Pb perovskite thin films, resulting in low background carrier density (~1014 cm−3) 

and long bulk carrier lifetime (~9 s). The formation of quasi-2D (PEA)2GAPb2I7 from the mixed-

cation additives was found critical to the improved optoelectronic properties. With this new 
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additive approach, we demonstrate ~22.1%-efficient narrow-bandgap Sn-Pb PSCs with an open-

circuit voltage (Voc) > 0.91 V. We combine the efficient single-junction narrow-bandgap cell with 

a 1.75-eV bandgap perovskite to make 2-terminal tandem solar cells with a PCE of ~25.5% and 

Voc > 2.1 V. Moreover, we show that the Sn-Pb narrow-bandgap and all-perovskite tandem devices 

are stable, retaining about 82% and 80% of their respective maximum PCEs after 1830 h and 1500 

h, respectively, under continuous operation in N2 (ISOS-L-1 conditions26). 

 

 

Fig. 1. Charge carrier dynamics. a, Time-resolved photoluminescence (TRPL) measurement on 

~800-nm-thick narrow-bandgap perovskite film prepared with the PEAI-GASCN additives under 

different excitation intensities (injection levels). b, TRPL measurements of perovskite films with 

thickness varying from 200 to 800 nm. c, Thickness dependence of the TRPL lifetime with analysis 

to extract the bulk carrier lifetime and the surface recombination velocity. d, Temperature 

dependence of recombination rate (or lifetime−1) from TRPL measurement. T is the temperature, 

Ea is the activation energy associated with shallow traps, and k is Boltzmann’s constant. The laser 

excitation wavelength was 640 nm.  

 

Optoelectronic properties of Sn-Pb perovskites 

We conducted a set of time-resolved photoluminescence (TRPL) measurements to examine the 

charge recombination kinetics in (FASnI3)0.6(MAPbI3)0.4 perovskite thin films on glass substrates 
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prepared using a combination of 2% PEAI and 7% GASCN relative to the amount of MA+ in 

precursor. Using these additives did not affect the bandgap (~1.25 eV; Supplementary Fig. 1) or 

crystal structure (Supplementary Fig. 2). We have previously shown that using 7% GASCN 

additive can significantly enhance the carrier lifetime from less than 200 ns to above 1 s17. Here, 

we found that by using mixed PEAI-GASCN additives the carrier lifetime is further increased by 

almost another order of magnitude. Figure 1a shows the TRPL decay at various excitation 

intensities (injection levels). The effective average carrier lifetime is increased from about 2.5 to 

7 s when the injection density is decreased from 7.21015 to ~3–61014 cm−3pulse−1. Next, we 

examined the thickness dependence of TRPL decay kinetics to separate the contributions from the 

bulk and surface effects on charge carrier recombination. Figure 1b shows the TRPL decay for 

perovskite films with varying thickness from 200 nm to 800 nm with injection fixed at about 

61014 cm−3pulse−1. The TRPL decay becomes faster with reduced film thickness, suggesting that 

surface recombination has a non-negligible impact on carrier recombination. In general, the 

measured TRPL lifetime (𝜏TRPL) can be related to the bulk recombination lifetime (𝜏b) and surface 

recombination velocity (𝑆) by the following equation based on a simple double-heterostructure 

model 27, 

 

 
1

𝜏TRPL
=  

1

𝜏b
+

2𝑆

𝑑
 (1) 

 

where 𝑑 is the film thickness. Analyzing the thickness dependent TRPL results (Figure 1c) using 

Eq. 1 yielded remarkable 𝜏b of ~9.2 s and low 𝑆 of ~1.4 cm/s. The low value of S corresponds to 

a ‘lifetime’ for surface recombination of about 30 s for an 800-nm-thick absorber layer, 

suggesting that for the Sn-Pb perovskite in this study charge recombination is primarily determined 

by recombination processes in the bulk. It should be noted that this is resulting from our additive 

approach that renders a good perovskite surface with a low surface recombination velocity. 

The bulk lifetime 𝜏b  is affected by defect-mediated recombination and radiative 

recombination. The lifetime for radiative recombination is given by rad = (BNA)−1, where the 

radiative recombination coefficient B is about (0.6–2)10−10 cm3/s 27 and NA is the dark carrier 

(hole) density. With NA = 1.31014 cm-3 for the perovskite film prepared with PEAI-GASCN 

additives (given in Figure 2a), rad is estimated in the range of 38–128 s; thus, the TRPL decay 
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(Figure 1a,b) is dominated by defect-mediated recombination. The same conclusion is obtained 

from the temperature (T) dependence of TRPL decay kinetics (Figure 1d). Note that 

trapping/detrapping from shallow traps could affect recombination kinetics. Analysis using a trap 

level/activation energy Ea of 130 meV suggests that trapping/detrapping from shallow traps is not 

the main reason for the long carrier lifetime (Figure 1d). The same conclusion is obtained when 

the trap level is varied from about 100–170 meV, which is likely attributable to iodine vacancy 

and/or interstitial tin in Sn-Pb perovskites 28. 

 

 

Fig. 2. Optoelectronic and morphological comparison. a–b, Comparison of the dark carrier 

density from Hall effect measurements (a) and its correlation with the TRPL lifetime (b) for 

perovskite thin films prepared without additive (pristine) and with additives as indicated. c, Typical 

J–V characteristics of PSCs prepared with and without additives as indicated. d–f, SEM images of 

perovskite films prepared without additive (d), with GASCN (e), and with both PEAI and GASCN 

(f).  

 

To understand the reason for the long carrier lifetime, we carried out the Hall effect 

measurement to examine the dark carrier (hole) density. In general, due to the facile oxidation of 

Sn2+ to Sn4+ and rapid crystallization of Sn-based perovskite films, Sn-containing perovskites often 

exhibit >1017 cm−3 dark carrier density13, 18, 29, 30. In this study, we showed that when a combination 

of PEAI-GASCN additives is used, the dark carrier density is remarkably reduced by more than 
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two orders of magnitude, reaching ~1.31014 cm-3 (Figure 2a and Supplementary Figure 3). Such 

a low dark carrier density is unprecedented for Sn-Pb perovskite and is similar to corresponding 

values for Pb-only perovskites27. These results suggest that with additives in this study Sn-Pb 

perovskites can have recombination lifetimes and dark carrier densities comparable to Pb-only 

perovskites. 

It is evident that the carrier lifetime increases with decreasing dark carrier density (Figure 

2b). Because the dark carrier density can be tuned by orders of magnitude, the relative importance 

of radiative and defect-mediated recombination changes in this study. For example, the measured 

radiative lifetime for NA = 1.21017 cm-3 is ~100 ns. Therefore, the combination of PEAI and 

GASCN additives offer the possibility to engineer the dark carrier density and lifetime, giving an 

effective route to PV performance optimization. 

The low dark carrier density and long carrier lifetime are expected to significantly reduce 

the Voc deficit in Sn-Pb-based PSCs. Figure 2c compares the typical current density–voltage (J–V) 

curves of narrow-bandgap PSCs based on perovskite films prepared with and without additives. 

The Voc of these devices show a clear increase from 0.747 V (pristine) to 0.820 V (GASCN) to 

0.883 V (PEAI+GASCN) from the reverse scan. The detailed PV parameters for both reverse and 

forward scans for these devices are shown in Supplementary Table 1. The significant improvement 

of Voc when using both PEAI and GASCN is consistent with reduced recombination associated 

with the low dark carrier density. The detailed balance limit for a single-junction solar cell with a 

1.25-eV-bandgap absorber is Voc = 0.981 V31. Analysis of the solar cell external quantum 

efficiency (EQE; Supplementary Fig. 12) provides an upper estimate for the radiative limit for 

open-circuit voltage, 𝑉oc
rad = 0.973 V 32. This analysis already suggests that losses associated with 

band tails might be as low as 8 mV, highlighting the high optoelectronic quality of the Sn-Pb 

absorber. Comparison with the measured Voc indicate that all non-radiative recombination 

processes account for voltage losses of about 90 mV (and as low as 57 mV for the champion cell 

shown in Figure 4a), comparable with the voltage losses observed for higher bandgap Pb-only 

devices32, 33. 

The improved optoelectronic properties associated with the use of PEAI-GASCN additives 

are also consistent with the film morphologies (Figure 2d–f, and Supplementary Fig. 4) where the 

film prepared with PEAI-GASCN additives showed the smoothest film surface with relatively 

large grain sizes and less clear grain boundaries. We also conducted steady PL measurements 
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(Supplementary Fig. 5). The (FASnI3)0.6(MAPbI3)0.4 perovskite film using PEAI+GASCN 

additives showed the strongest PL intensity, which is consistent with the better film quality with 

the PEAI+GASCN additive. In addition, X-ray photoelectron spectroscopy (XPS) measurement 

(Supplementary Fig. 6 and Supplementary Tables 2,3) showed that the use of PEAI-GASCN 

additives resulted in an organic-halide and Pb rich surface region with respect to Sn, as well as 

significantly reduced Sn4+-to-Sn2+ ratios, in comparison to other samples. A recent study showed 

that the bulk of Sn-based perovskites is less prone to oxidation than the surface region where the 

Sn termination on the surface (undercoordinated surface Sn atoms) can promote Sn2+ oxidation to 

Sn4+ 34. We expect that a more defective surface region can further facilitate Sn2+ oxidation deeper 

into the bulk. Thus, the surface region of Sn-Pb perovskite is important. The organic-halide rich 

region is preferred for suppressing oxidation Sn2+ to Sn4+ 34, and it can also help passivating 

undercoordinated B-sites and reducing the concentration of halide vacancies. The XPS results 

show the most significant beneficial impacts are realized by using the combination of PEAI and 

GASCN, which is consistent with the low surface recombination velocity (~1.4 cm/s) and the most 

significant reduction of dark carrier density in the corresponding Sn-Pb perovskites. 

 

 

Fig. 3. XRD characterization. a, Comparison of XRD patterns of 2D perovskite thin films with 

varying degrees of GA:PEA mixing ratios. b, Comparison of the XRD patterns of 2D perovskite 

with the GA:PEA ratio of about 7:2 and (PEA)2GAPb2I7 perovskite along with that of (GA)2PbI4 

and (PEA)2PbI4. c, Comparison of XRD patterns of 3D Sn-Pb perovskite precursor with adding 

different amounts of PEAI and GAI additives. The vertical shadow lines are guide to the eye. X-

ray source: Cu K radiation. 
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To understand the role of using the mixed-cation GA+-PEA+ additives for Sn-Pb perovskite 

synthesis, we conducted a series of structural analysis. It is known that both GA+ and PEA+ can 

template the growth of 2D structures35-38. We hypothesize that the use of mixed PEAI and GASCN 

in the precursors also lead to the formation of 2D structures. To test this hypothesis and understand 

how PEA+ and GA+ compete in forming 2D structures, we first examined the XRD patterns using 

different GA+-PEA+ mixing ratios. To simplify the comparison, we only used GAI as the source 

for GA+ as it is known that SCN− easily escapes from the perovskite films during preparation39, 40. 

Figure 3a shows the diffraction pattern’s evolution with the GA+:PEA+ mixing ratio spanning from 

0:1 (PEA2PbI4) to 1:0 (GA2PbI4) with a systematic change observed in the low diffraction angle 

region. The main diffraction peaks (about 5.4 and 10.8) from PEA2PbI4 decreased whereas the 

main peak (about 13.8) from GA2PbI4 increased with increase of the GA+:PEA+ ratio. When the 

GA+:PEA+ ratio increased to above 0.4:0.6, three new diffraction peaks (about 4.3, 8.5, and 12.8) 

emerged and increased with higher GA+ up to about 0.8:0.2; more detailed structural evolution 

with increasing GA+:PEA+ ratios is given in Supplementary Figs. 7,8. The low-angle diffraction 

peaks suggest that the competition of GA+ and PEA+ in the precursor likely resulted in the 

formation of new 2D/quasi-2D structures. Figure 3b compares the XRD pattern based on a mixing 

ratio of 0.78:0.22 (corresponding to GA+:PEA+=7:2 as used in the optimal Sn-Pb perovskite 

precursor, Supplementary Fig. 9) to that of PEA2GAPb2I7 n=2 2D film; the XRD patterns of 

GA2PbI4 and PEA2PbI4 are also shown for comparison. Note that the formation of PEA2GAPb2I7 

with PEA+ and GA+ is consistent with a recent study where a similar XRD pattern was observed 

for n=2 2D structures involving two different bulky organic cations41. The XRD results show that 

the material based on precursor of (GA0.78PEA0.22)2PbI4 consist of primarily n=2 PEA2GAPb2I7 

along with some n=1 PEA2PbI4 and GA2PbI4. It should be noted that 2D structures with n=3 or 

higher number are not likely to form (Supplementary Figs. 10,11). When a significant amount of 

mixed PEA+-GA+ (>10% mole ratio with respect to A-site cations) was added to the 3D 

(FASnI3)0.6(MAPbI3)0.4 precursor, the diffraction peaks associated with PEA2GAPb2I7 were 

observed (Figure 3c). For a lower concentration (<7%) the amount of 2D structures is likely too 

low to be detected in these experiments. Note that replacing Pb with Sn or Pb-Sn mixture in 

PEA2GAPb2I7 did not strongly affect the structure (Supplementary Fig. 12). The three 

characteristics low diffraction peaks (about 4.3°, 8.5°, and 12.8°) showed very little difference, 

due to the small difference of atomic scattering factors of Pb2+ and Sn2+ ions. Thus, it is possible 
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n=2 2D structures with various Sn-Pb combinations may exist in the perovskite film. Since these 

2D structures only contribute to a small fraction of the total material composition of the final 

perovskite film, they are not expected to significantly affect the composition of the bulk materials. 

This is consistent with the optical absorption results shown in Supplementary Fig. 1, where no 

obvious impact on the bandgap was observed. Note that TOF-SIMS results show that PEA+ and 

GA+ additives are distributed across the (FASnI3)0.6(MAPbI3)0.4 perovskite film (Supplementary 

Fig. 13). 

Pure 2D structures (normally referred to as n=1) are frequently used to improve 3D 

perovskites by passivating their surfaces and/or grain boundaries42. The formation of such 2D 

structure could improve the Sn-Pb perovskite electronic properties by (i) passivating grain 

boundaries and surfaces through its much wider band gap; (ii) blocking diffusion of Sn out of 

grains and further suppressing the formation of excessive Sn vacancies; and (iii) reducing oxygen 

diffusion into grains through surface and grain boundaries to suppress further oxidation of Sn2+. 

In comparison to the n=1 pure 2D structure, n=2 quasi-2D structures offer some unique advantages 

without losing the barrier protection capability associated with bulky organic cations. By using the 

time-resolved microwave conductivity (TRMC) technique, we found that the free carrier lifetime 

is much longer in n=2 PEA2GAPb2I7 (about 309 ns) than n=1 PEA2PbI4 (~21 ns) and GA2PbI4 

(~101 ns) (Supplementary Fig. 14 and Supplementary Table 4). This observation is consistent with 

a recent study where the n=1 structure was found to exhibit a faster recombination rate than the 

n=2 structure owing to the much larger exciton binding energy43. We also found that PEA2GAPb2I7 

exhibited enhanced out-of-plane charge transport when compared to PEA2PbI4, whereas the out-

of-plane transport in GA2PbI4 is too low to measure (Supplementary Fig. 15). The longer carrier 

lifetime and faster out-of-plane charge transport in n=2 PEA2GAPb2I7 in comparison to n=1 

PEA2PbI4 and GA2PbI4 are significant for minimizing charge recombination and enhancing charge 

extraction at the 3D/2D interface, which could in turn improve the optoelectronic properties of Sn-

Pb perovskite thin films.  
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Fig. 4. Single-junction Sn-Pb narrow-bandgap perovskite solar cells. a, J–V curve of the 

champion narrow-bandgap PSC along with the stable power output (SPO) efficiency near the 

maximum power point (inset). b, Statistics of PV parameters of Sn-Pb narrow-bandgap PSCs (20 

devices). c, Long-term stability of unencapsulated Sn-Pb narrow-bandgap PSC under continuous 

light illumination at about 30–35C in N2. The perovskite thin films in these devices were prepared 

by using PEAI-GASCN additives.  

 

Single-junction narrow-bandgap Sn-Pb PSCs 

These high-quality Sn-Pb perovskite films allowed us to fabricate highly efficient and 

stable Sn-Pb based PSCs. Figure 4a shows the J–V curves of the champion Sn-Pb PSC with 

negligible hysteresis between the reverse and forward voltage scans. The reverse scan yielded a 

PCE of 22.2%, with a Jsc of 30.62 mA/cm2, Voc of 0.916 V, and FF of 0.790. When measured in a 

forward scan, it showed a PCE of 22.1%, with a Jsc of 30.73 mA/cm2, Voc of 0.912 V and FF of 

0.787. The corresponding stable power output (SPO) PCE was 22.1% (Figure 4a, inset). The EQE 

spectrum of the Sn-Pb PSC is shown in Supplementary Fig. 16, which yielded an integrated Jsc 

that agrees with the J–V measurement. Figure 4b shows the statistics of the PV parameters of the 

Sn-Pb narrow-bandgap PSCs. The Voc of these cells span from about 0.85 V to near 0.92 V, which 

is significantly higher than literature results of Sn-Pb PSCs with a similar bandgap18, 20, 23, 24. The 
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narrow-bandgap PSC also demonstrated a good device stability, retaining over 82% of its 

maximum efficiency under continuous simulated solar illumination in N2 for 1830 h. This good 

long-term stability along with the high Voc values from Sn-Pb narrow-bandgap PSCs reaffirm the 

benefit of reducing the dark carrier density and improving carrier lifetime in Sn-Pb perovskites. 

Note that we also tested device characteristics using PEACl and GACl/GAI or their combination 

(Supplementary Fig. 17). Although these additives showed improvements to various degrees, the 

device using PEAI+GASCN additives exhibited the best device performance. 

 

 

Fig. 5. Monolithic all-perovskite tandem solar cells. a, Schematic of the two-terminal 

monolithic tandem device. b, Typical cross-sectional SEM image of a tandem device. c, J–V curve 

of the champion all-perovskite tandem solar cell along with the stable power output (SPO) 

efficiency near the maximum power point (inset). d, EQE spectra of the front (wide-bandgap) and 

back (narrow-bandgap) subcells with the integrated Jsc values indicated. e, Long-term stability of 

the tandem device under continuous light illumination (~0.8 suns) at about 30–35C in N2. The 
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perovskite thin films in the narrow-bandgap subcells were prepared by using PEAI-GASCN 

additives. 

 

 

Table 1. PV parameters of narrow-bandgap and wide-bandgap perovskite single-junction 

and monolithic all-perovskite 2-terminal tandem solar cells. 

Device 
 

Jsc  

(mA/cm2) 

Voc  

(V) 

FF PCE  

(%) 

SPO  

(%) 

1.25-eV PSC Reverse 30.62 0.916 0.790 22.2 22.1 
 

Forward 30.73 0.912 0.787 22.1 
 

1.75-eV PSC Reverse 17.50 1.225 0.797 17.1 16.6 

 Forward 17.70 1.222 0.761 16.5  

2T tandem Reverse 15.03 2.121 0.801 25.5 25.5 
 

Forward 15.05 2.114 0.797 25.4 
 

 

All-perovskite tandem solar cells 

We further fabricated monolithic all-perovskite tandem solar cells by integrating the 1.25-eV Sn-

Pb narrow-bandgap back cell with a FA0.7Cs0.3PbI2.1Br0.9-based 1.75-eV wide-bandgap front cell. 

Figure 5a shows the schematic tandem device stack: glass/ITO/Meo-2PACz/1.75-eV 

perovskite/LiF/C60/33-nm SnOx/1-nm Au/PEDOT:PSS/1.25-eV perovskite/C60/BCP/Ag. A 

typical cross-section SEM image of the tandem device is shown in Figure 5b. The perovskite film 

thickness is about 400 nm for the 1.75-eV and 1 m for the 1.25-eV perovskite absorbers. The 

relatively thin film thickness of the wide-bandgap subcell was selected to achieve proper current 

matching with the narrow-bandgap subcell. The 1-nm Au deposited on SnOx facilitates electron-

hole recombination to connect the two subcells18, 19, 44. The J–V curves of the 1.75-eV wide-

bandgap PSC are shown in Supplementary Fig. 18, and the corresponding J-V parameters are 

shown in Table 1. Figure 5c shows the J–V curves of the champion all-perovskite tandem device 

with both the reverse and forward voltage scans. The PCE under reverse scan was 25.5%, with a 

Voc of 2.121 V, a Jsc of 15.03 mA/cm2, and an FF of 0.801. When measured from the forward scan, 

the 2T tandem showed a PCE of 25.4%, with a Voc of 2.114 V, a Jsc of 15.05 mA/cm2 and an FF 

of 0.797. The hysteresis between the reverse and forward scans is negligible. The PCE from the 

J–V curve is consistent with the stable power output PCE 25.5% (inset of Figure 5c). The statistics 
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of the tandem PV parameters are given in Supplementary Fig. 19. The high Voc of the tandem 

PSCs is attributed to the high Voc of the Sn-Pb subcell. One such device was certified with a 

stabilized PCE of 24.300.43% and Voc of >2.11 V using an 11-point Asymptotic Pmax Scan 

protocol (Supplementary Figs. 20,21). This certified Voc value further confirms the record high 

photovoltage in our tandem and Sn-Pb narrow-bandgap solar cells. Figure 5d shows the EQEs 

from the wide-bandgap and narrow-bandgap subcells, yielding the integrated Jsc values of 14.98 

mA/cm2 and 14.88 mA/cm2, respectively. These values also agree well with the Jsc determined 

from the J–V measurements.  

Finally, we evaluated the long-term stability of the unencapsulated 2-T tandem cell under 

ISOS-L-1 N2 conditions26 at 30–35 C, under continuous light illumination from a sulfur plasma 

lamp at ~0.8 suns. Figure 5e shows that the 2T tandem cell retained 80% of its maximum efficiency 

after 1500 h. We also conducted additional stability test with encapsulated tandem cells in air. 

Supplementary Fig. 22 shows the long-term operational stability of the encapsulated 2-T tandem 

cell in ambient air retaining >90% of the initial efficiency after 500 h. 

 

Conclusions 

We report on the rational and synergistic impact of using a combination of PEAI-GASCN 

additives, which led to the formation of quasi-two-dimensional structure (PEA)2GAPb2I7 and 

substantially improved the optoelectronic quality of narrow-bandgap (1.25 eV) Sn-Pb perovskite 

thin films. The much-enhanced optoelectronic quality can be collectively attributed to several 

factors associated with the use of PEAI-GASCN additives, including improved film morphology, 

more effective defect passivation, and faster charge extraction at the 3D/2D interface. The resulting 

Sn-Pb perovskite with PEAI-GASCN additives showed unprecedented low dark carrier density 

(~1.31014 cm-3), long bulk carrier lifetime (~9.2 s), and low surface recombination velocity 

(~1.4 cm/s). We obtained 22.1%-efficient single-junction Sn-Pb perovskite cells and 25.5%-

efficient all-perovskite 2-terminal tandems with high photovoltages (certified tandem cell voltage 

2.1142 V) and long operational stability. Our results on the device efficiency and stability for both 

the Sn-Pb narrow-bandgap PSC and all-perovskite tandem, by addressing the critical voltage losses, 

suggest that the use of mixed cations to incorporate n=2 2D structure in the 3D Sn-Pb perovskite 

precursor can accelerate the development of Sn-Pb-based perovskites for solar cell and other 

related optoelectronic applications. 
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Methods 

Materials. All solvents and chemical materials are directly used without purification unless 

otherwise stated. Lead iodide (PbI2, 99.999% trace metals basis), tin iodide (SnI2, 99.99% trace 

metals basis), guanidium thiocyanate (GASCN), tin (II) fluoride (SnF2), and cesium iodide (CsI) 

were purchased from Sigma-Aldrich. Phenethylammonium iodide (PEAI), formamidinium iodide 

(FAI), and methylammonium iodide (MAI) were purchased from Greatcell Solar. PbBr2, MeO-

2PACz, and bathocuproine (BCP) were purchased from TCI. Heraeus CLEVIOSTM P VP AI 4083 

were purchased from Heraeus Clevios. C60 were purchased from Luminescence Technology. 

Dimethylformamide (DMF), dimethyl sulfoxide (DMSO), toluene, isopropanol, and ethanol were 

purchased from Sigma-Aldrich.  

 

Perovskite precursor solution. To make the narrow-bandgap (FASnI3)0.6(MAPbI3)0.4 (or 

FA0.6MA0.4Sn0.6Pb0.4I3) precursor, FAI (0.6 mmol), SnI2 (0.6 mmol), SnF2 (0.06 mmol), MAI (0.4 

mmol), PbI2 (0.4 mmol) were mixed in 500 l DMF/DMSO (V/V 4:1) and stirring for 2 hours 

before use. For the (FASnI3)0.6(MAPbI3)0.4 with GASCN and PEAI passivated samples, the 

GASCN and PEAI powders were directly added into the (FASnI3)0.6(MAPbI3)0.4 precursor with 

different mole ratio with respect to MAI. To make the wide-bandgap of Cs0.3FA0.7PbI2.1Br0.9 

precursor, PbCl2 (0.02 mmol), FAI (0.7 mmol), CsI (0.3 mmol), PbBr2 (0.45 mmol), and PbI2 (0.55 

mmol) were mixed in 750 l DMF and 250 l DMSO mixed solution and stirred for 2 hours before 

use. The perovskite precursors were prepared in glovebox under N2, and they were filtered with 

PTFE 0.2 μm filters before use.  

 

Wide-bandgap single-junction perovskite solar cells fabrication. The pre-patterned ITO 

substrates were sequentially cleaned by ultra-sonic in acetone and isopropanol for 20 min, 

respectively. After UV-Ozone treatment of the ITO substrates for 15 min, 1 mM of MeO-2PACz 

ethanol solution was dropped onto the ITO substrates and spin-coated at 3000 rpm for 30 s, 

followed by 100 C 10-min annealing in a N2 glovebox. After cooling down the substrates, the 

wide-bandgap perovskite precursor was dropped onto it and spin-coated at 6000 rpm for 60 s. 

During the spinning process, the antisolvent of toluene was dropped at 15 s. The resulting 

perovskite film was then annealed at 100 C for 10 min. Then 1-nm LiF/30-nm C60 were thermal 
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evaporated on the perovskite, followed by 33-nm SnOx deposited by ALD. Finally, 100-nm Ag 

was evaporated. 

 

Narrow-bandgap single-junction perovskite solar cells fabrication. The pre-patterned ITO 

substrates were sequentially cleaned by ultra-sonic in acetone and isopropanol for 20 minutes, 

respectively. PEDOT: PSS was spin-coated onto the ITO substrate at 5000 rpm and annealed at 

120 C for 20 min in air. After that, the ITO-PEDOT:PSS substrates were transferred into a N2 

glovebox. The (FASnI3)0.6(MAPbI3)0.4-based precursors without and with additives were spin-

coated onto the ITO/PEDOT:PSS substrates at 5000 rpm for 30 s and 350 l toluene was dripped 

onto the spinning substrate at 10 s after the starting of the spin coating. The resulting perovskite 

films were then thermal annealed at 100 ℃ for 10 min. Finally, 30-nm C60/6-nm BCP/100-nm 

Ag were sequentially thermal-evaporated on the perovskite layer. 

 

Monolithic two-terminal all-perovskite tandem solar cell fabrication. The two-terminal 

tandem solar cells were built by fabricating the narrow-bandgap subcell (about 1 m) on top of the 

wide-bandgap subcell (about 400 nm). The fabrication process of each subcell was identical to the 

single-junction solar cells. 30-nm C60/33-nm SnOx/1-nm Au was used as the interconnecting layer 

between the wide- and narrow-bandgap subcells. The 30-nm C60 and 1-nm Au were deposited by 

thermal evaporation in the glovebox. The 33-nm SnOx layer (thickness characterized by 

spectroscopic ellipsometry on a reference silicon wafer) was deposited by atomic layer deposition 

(ALD) at 90 C from 250 cycles of tetrakis(dimethylamino)tin(IV) (Strem chemicals, CAS: 1066-

77-9) and water. The deposition was performed in a Beneq TFS200 reactor with chamber. The 

tetrakis(dimethylamino)tin(IV) (TDMASn) precursor was maintained at 55 C and water unheated 

and nitrogen process flows at 250 and 300 sccm, respectively. The TDMASn was dosed according 

to a charge-pulse-purge procedure consisting of a 0.35 s nitrogen charge, 1 s pulse, and 0.2 s pulse 

with nitrogen flow through the bubbler. The tin oxide growth consisted of a cyclical process of: 

TDMASn charge-pulse-purge dose procedure, purge (6 s), water dose (0.2 s), and purge (6 s) for 

a growth rate of 1.4 Å/cycle, as previously reported45. 

 

Solar cell characterizations. The photocurrent density–voltage (J–V) were measured in a N2 

glovebox using an AM 1.5G solar simulator (Oriel Sol3A Class AAA). The intensity of the solar 
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simulator was calibrated to 100 mW/cm2 using a reference Silicon solar cell (Oriel, VLSI standards, 

certified by NREL PV Performance Calibration group) as detailed in a previous study46. The J–V 

curves of both single-junction and tandem solar cells were taken with reverse and forward voltage 

scans with the scan speed of 0.1 V/s (voltage steps of 10 mV and a delay time of 100 ms). Prior to 

J-V characterization, all devices were first pre-conditioned by continuous illumination under 1 Sun 

(AM 1.5G, 100 mW/cm2) for 10 seconds. The device area was 0.112 cm2 and masked with a metal 

aperture to define an active area of 0.09 cm2. The stable power output (SPO) efficiency of the solar 

cells was measured by monitoring the output efficiency with the biased voltage set at the maximum 

power point. The external quantum efficiency (EQE) spectra of single-junction cells were taken 

by using the Newport Oriel IQE200. The reference cell used for the calibration of EQE was 

calibrated by the certification group in NREL. For EQE measurement of the tandem solar cells, 

two highly bright LEDs with emission wavelength at 470 nm and 850 nm were used as the bias 

light to measure the back narrow-bandgap and front wide-bandgap subcells, respectively. The 

chopper frequency was 314 Hz. For long-term stability measurement, the solar cells were loaded 

into a home-built stability measuring system as described previously47. During the measurement, 

samples were kept in a nitrogen environment and maintained at about 30–35C. 

 

Time-resolved photoluminescence characterization. Excitation was provided by the 640-nm 

output from an optical parametric amplifier pumped by a Yb:KGW laser with the repetition rate 

reduced to 55 kHz and a pulse width of ca. 0.3 ps (Orpheus/Pharos, Light Conversion). A multi-

mode optical fiber was used to guide the excitation beam to the sample. The light was focused on 

the sample with an aspheric lens to provide an excitation spot with a diameter of approximately 

180 μm. The same lens/fiber combination was used to collect the PL signal, which was routed to 

the detector using a dichroic beam splitter through a 70 nm bandpass filter centered at 1000 nm. 

The TRPL decays were recorded via time-correlated single-photon counting (PicoHarp 300 

TCSPC Module, PicoQuant) using a silicon single-photon avalanche diode (Micro Photon 

Devices). Temperature dependent TRPL measurements were performed by mounting the sample 

inside an optical closed loop helium cryostat. For TRPL measurement, the samples were placed in 

an air-free container with quartz optical windows.  
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Time-resolved microwave conductivity characterization. Thin-film perovskite samples 

deposited directly onto pre-cleaned and UV-ozone-treated quartz substrates were photoexcited 

through the quartz side of the substrate with 450 nm (5-ns pulse width) from an optical parametric 

oscillator (Continuum Panther) pumped by the 355-nm harmonic of a Q-switched Nd:YAG laser 

(Continuum Powerlite). Flash-photolysis time-resolved microwave conductivity experiments were 

conducted with the sample oriented in parallel, and perpendicular to the microwave electric field, 

for the in-plane measurements and for the out of plane measurement, respectively, as described 

previously48. The transient change in photoconductance, ΔG(t), was measured via changes in the 

microwave power, ΔP(t), due to absorption of microwaves (~9 GHz) by the photogenerated holes 

and electrons: 
ΔP

P
= −KΔG. The end-of-pulse (peak) photoconductance, ΔGpeak, is related to the 

product of the yield of free-carrier generation, φ, and the sum of the GHz-frequency electron and 

hole mobilities. The sensitivity factor (K) is 24,000 for the in-plane measurements, and 929 for the 

out-of-plane measurements. Detailed configurations and calculations can be seen in a previous 

study48. TRMC measurements of 2D samples were conducted in air.  

 

X-ray diffraction (XRD) and electron microscope characterizations. The crystal structures of 

prepared perovskite films were characterized using an X-ray diffractometer (D-Max 2200, Rigaku) 

with a Cu K radiation source. 2D-XRD was measured using a D8-Discover (Bruker) with general 

area detector diffraction system (GADDS) four-circle detector and a Cu K radiation source. The 

morphologies and microstructures of the prepared perovskite films and the cross-sectional 

structures and thickness of the solar cells were investigated using a field-emission scanning 

electron microscopy (FESEM, Nova 630 NanoSEM, FEI). The optical absorption spectra of 

perovskite films were measured using an ultraviolet-visible (UV-vis) spectrophotometer (Cary-

6000i, Agilent).  

 

Hall effect measurement. Transport measurements of the perovskite thin films were measured 

using a Lakeshore 8425 Hall probe equipped with a 2T superconducting magnet at room 

temperature. The perovskite thin film was prepared on the glass substrate, and then the four-

terminal Ti/Au (10 nm / 80 nm) square contacts were deposited on the perovskite thin film to 

define a Van der Pauw sample with an area of 50 μm × 50 μm by using the standard 
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semiconducting fabrication techniques in the cleanroom. The samples were placed in the vacuum 

chamber during Hall measurement.  

 

X-ray photoemission spectroscopy (XPS) characterization. XPS measurements were 

performed on a Physical Electronics 5600 photoelectron spectrometer, which has been discussed 

in detail previously49. Briefly, radiation was produced by a monochromatic 350 W Al Kα 

excitation centered at 1486.7 eV. XPS core-level spectra were collected using a step size of 0.1 eV 

and pass energy of 11.75 eV. The electron binding energy scale was calibrated using the Fermi 

edge of a copper substrate, cleaned with Argon ion bombardment. Peak areas were fit using a 

Gaussian-Lorentzian peak fitting algorithm with a Shirley background. Spectra taken with the Al 

source are typically assigned an uncertainty of 0.05 eV. Compositional analyses and 

deconvolutions are typically assigned an uncertainty of 5%. The samples were placed in the 

vacuum chamber during XPS measurement.  

 

DFT calculation. DFT calculations were performed using the VASP code50, 51 with projector 

augmented-wave52 potentials. A kinetic energy cutoff of 500 eV was used to expand the wave 

functions. The Brillouin zone was sampled with Γ-centered 3×3×1 k-mesh. The atomic coordinates 

were relaxed with PBE functional53 with a force tolerance of 0.01 eV Å−1. Grimme’s D3 

correction54 was adopted to deal with the weak van der Waals interactions. 

 

Stead-state PL measurement. The steady state PL measurement was conducted on perovskite 

thin films deposited on soda–lime glasses. Samples were excited from the perovskite film side 

using a 532 nm continuous-wave laser. PL signals were then detected via a Symphony-II CCD 

(Horiba) detector. 

 

Time-of-flight secondary-ion mass spectrometry (TOF-SIMS). An ION-TOF TOF-SIMS V 

Time of Flight SIMS (TOF-SIMS) spectrometer was used for depth profiling of the perovskite 

utilizing methods covered in detail in previous reports55. Analysis was completed utilizing a 3-lens 

30 kV BiMn primary ion gun. High mass resolution depth profiles were completed with a 30KeV 
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Bi3+ primary ion beam, (0.8 pA pulsed beam current), a 50×50µm area was analyzed with a 

128:128 primary beam raster. Sputter depth profiling was accomplished with 1kV Cesium ion 

beam (6 nA sputter current) with a raster of 150×150 microns. 

 

Reporting summary. Further information on research design is available in the Nature Research 

Reporting Summary linked to this article. 

 

Data Availability  

All data generated or analysed during this study are included in this published article and its 

Supplementary Information and Source Data files. 

 

References 
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