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All-perovskite tandem solar cells with 
improved grain surface passivation

Renxing Lin1,8, Jian Xu2,8, Mingyang Wei2,8, Yurui Wang1,8, Zhengyuan Qin3,8, Zhou Liu1, 
Jinlong Wu1, Ke Xiao1,4, Bin Chen2, So Min Park2, Gang Chen5, Harindi R. Atapattu6, 
Kenneth R. Graham6, Jun Xu4, Jia Zhu1, Ludong Li1, Chunfeng Zhang3, Edward H. Sargent2 ✉ & 
Hairen Tan1,7 ✉

All-perovskite tandem solar cells hold the promise of surpassing the efficiency limits 
of single-junction solar cells1–3; however, until now, the best-performing all-perovskite 
tandem solar cells have exhibited lower certified efficiency than have single-junction 
perovskite solar cells4,5. A thick mixed Pb–Sn narrow-bandgap subcell is needed to 
achieve high photocurrent density in tandem solar cells6, yet this is challenging owing 
to the short carrier diffusion length within Pb–Sn perovskites. Here we develop 
ammonium-cation-passivated Pb–Sn perovskites with long diffusion lengths, 
enabling subcells that have an absorber thickness of approximately 1.2 μm. Molecular 
dynamics simulations indicate that widely used phenethylammonium cations are 
only partially adsorbed on the surface defective sites at perovskite crystallization 
temperatures. The passivator adsorption is predicted to be enhanced using 
4-trifluoromethyl-phenylammonium (CF3-PA), which exhibits a stronger perovskite 
surface-passivator interaction than does phenethylammonium. By adding a small 
amount of CF3-PA into the precursor solution, we increase the carrier diffusion length 
within Pb–Sn perovskites twofold, to over 5 μm, and increase the efficiency of Pb–Sn 
perovskite solar cells to over 22%. We report a certified efficiency of 26.4% in 
all-perovskite tandem solar cells, which exceeds that of the best-performing 
single-junction perovskite solar cells. Encapsulated tandem devices retain more than 
90% of their initial performance after 600 h of operation at the maximum power point 
under 1 Sun illumination in ambient conditions.

Metal-halide perovskites are emerging photovoltaic (PV) materials that 
are suitable for tandem solar cell applications: their bandgaps can be 
tuned from approximately 1.2 eV to 3.0 eV through compositional engi-
neering2. An all-perovskite tandem solar cell is constructed by stacking a 
mixed bromide/iodide wide-bandgap (WBG, approximately 1.8 eV) per-
ovskite front cell and a mixed lead–tin (Pb–Sn) narrow-bandgap (NBG, 
approximately 1.2 eV) perovskite back cell4,7. All-perovskite tandem  
solar cells unite low-cost solution processing with the prospect of high 
efficiency8. Despite this promise, the certified power conversion effi-
ciency (PCE) of all-perovskite tandem solar cells has yet to surpass that 
of single-junction perovskite solar cells (PSCs) (which have a highest 
certified PCE of 25.5%)9, a limitation that is dominated by the low pho-
tocurrent density (below 16 mA cm−2) seen in all-perovskite tandem 
solar cells to date4,10–13. Considering the current-matching condition, 
high photocurrent densities will require a Pb–Sn perovskite active 
layer more than 1 μm thick in the bottom subcell (Extended Data Fig. 1). 
However, efficient (>20%) Pb–Sn PSCs have so far only been demon-
strated using an active-layer thickness of less than  1 μm (refs. 6,10,11,13–15).  
We reason that this is due to the short carrier diffusion length of 

polycrystalline Pb–Sn perovskite thin films: the carrier diffusion length 
should be several times the absorber thickness to ensure sufficient 
charge transport and good PV performance in PSCs16,17.

Grain surface passivation is a promising route to increase the carrier 
diffusion length of perovskite films13,18, given that grain surfaces (film 
surface and grain boundaries) exhibit a trap density one to several orders 
of magnitude higher than that within the grain19–22. Two-dimensional 
(2D) perovskites, Lewis bases/acids23 and zwitterions10 have been used 
for the passivation of Pb–Sn perovskites, all of which are approaches 
that address deep traps and reduce Sn2+ oxidation24–26. However, until 
now, the absorber thickness of grain-surface-passivated Pb–Sn PSCs 
has been limited to less than 1 μm in optimized devices10,11,15,27. This we 
attribute to insufficient defect passivation: a certain amount of surface 
area remains unpassivated, due to the incomplete adsorption of pas-
sivating agent into the defective sites during film formation28. We posit 
that enhancing the adsorption of passivating agents during perovskite 
film formation—in effect, increasing the completeness of the coverage 
using passivators, ensuring that they fully interact with the defective 
sites on the grain surfaces—could further improve passivation and thus 

https://doi.org/10.1038/s41586-021-04372-8

Received: 1 August 2021

Accepted: 20 December 2021

Published online: 17 January 2022

 Check for updates

1National Laboratory of Solid State Microstructures, Collaborative Innovation Center of Advanced Microstructures, Jiangsu Key Laboratory of Artificial Functional Materials, College of 
Engineering and Applied Sciences, Nanjing University, Nanjing, China. 2Department of Electrical and Computer Engineering, University of Toronto, Toronto, Ontario, Canada. 3School of 
Physics, Nanjing University, Nanjing, China. 4School of Electronic Science and Engineering, Nanjing University, Nanjing, China. 5School of Physical Science and Technology, Shanghai Tech 
University, Shanghai, China. 6Department of Chemistry, University of Kentucky, Lexington, Kentucky, USA. 7Frontiers Science Center for Critical Earth Material Cycling, Nanjing University, 
Nanjing, China. 8These authors contributed equally: Renxing Lin, Jian Xu, Mingyang Wei, Yurui Wang, Zhengyuan Qin. ✉e-mail: ted.sargent@utoronto.ca; hairentan@nju.edu.cn

https://doi.org/10.1038/s41586-021-04372-8
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-021-04372-8&domain=pdf
mailto:ted.sargent@utoronto.ca
mailto:hairentan@nju.edu.cn


74 | Nature | Vol 603 | 3 March 2022

Article

increase the diffusion length in thick Pb–Sn perovskite films. This will 
enable thicker absorber layers in Pb–Sn PSCs and thus higher matched 
photocurrent densities in all-perovskite tandem solar cells. We note 
that this requires further progress to be made in the rational molecular 
design of passivators. Previous works have designed passivating mol-
ecules based on a static picture of the interaction between passivators 
and perovskite surfaces29; here we instead explore the dynamic process 
of passivator adsorption on grain surfaces using ab initio molecular 
dynamic simulations, an approach that guided our experimental design.

Density functional theory studies
Here we investigated the passivation capability of ammonium cations 
for mixed Pb–Sn perovskite surfaces30–32. Three aromatic ammonium 
cations, phenethylammonium (PEA), phenylammonium (PA) and 
4-trifluoromethyl-phenylammonium (CF3-PA), were selected to study 
how the molecular properties influence the adsorption and binding 
on mixed Pb–Sn perovskite surfaces (Fig. 1a). The electrostatic poten-
tials (φmax) at the –NH3

+ side are different for the three passivators:  
φmax,PEA < φmax,PA < φmax,CF3-PA (Fig. 1a). We posited that this electrostatic 
potential difference could affect the surface adsorption of ammonium 
cations33. We carried out density functional theory (DFT) simulations 

to study the surface adsorption and defect passivation for the three 
ammonium cations (see details in the Methods). As illustrated in Fig. 1b, 
the three passivators interact with acceptor-like defects at the Pb–Sn 
perovskite surfaces through ionic bonding and hydrogen bonding, and 
are therefore anchored on the surfaces. We note that this mechanism 
of passivator adsorption is distinct from that of Lewis base molecules18.

The passivator adsorption is a dynamic process that occurs during 
perovskite crystallization at elevated temperatures. We first investi-
gated, using ab initio molecular dynamics simulations, the dynamic 
process of passivator adsorption on the grain surface (see details in 
the Methods and Supplementary Fig. 1). CF3-PA has the strongest 
tendency to anchor on the perovskite surface during film formation  
(at a temperature of approximately 400 K), with all 16 cations adsorbed 
completely on the surface (Fig. 1c, d). In comparison, one PA cation and 
three PEA cations are not adsorbed into the A-site vacancies. Iodide 
ions are also seen to escape from the surface at 400 K in the PA and 
PEA cases (Fig. 1c), which indicates that CF3-PA not only increases the 
probability of adsorbed ammonium cations on the perovskite grain 
surface but also suppresses the formation of iodine vacancies on the 
surface at elevated temperatures. Reduced iodide desorption may also 
suppress the formation of iodine interstitial (Ii) defects34.
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Fig. 1 | Interaction between passivator and Pb–Sn perovskite surface. a, The 
molecular structures of three passivators (PEA, PA and CF3-PA). PA and CF3-PA 
exhibit molecular structures similar to that of PEA, but without any alkyl chain 
between the benzene ring and ammonium group. Corresponding Gaussian 
calculated electrostatic potentials (φ) are shown. The right colour bar from red 
to blue marks the increase of electropositivity. b, Schematic diagram of the 
interaction between ammonium cations with the acceptor-like defects, that is, 
formamidinium (FA) vacancy (VFA), methylammonium (MA) vacancy (VMA), Sn 
vacancy (VSn), Pb vacancy (VPb), I substituted at Sn site (ISn) and I substituted at 

Pb site (IPb). Both the A-I and B-I terminated (001) perovskite surfaces are 
considered. c, Ab initio molecular dynamics snapshots and top views of the 
CF3-PA, PA and PEA adsorbed perovskite surfaces at a temperature of 400 K.  
F atoms, green; N atoms in PA and PEA cations, red. The desorbed molecules are 
highlighted with blue dashed circles in the top views. d, The number of 
adsorbed molecules for CF3-PA, PA and PEA at temperatures of 300 and 400 K. 
A molecule number of 16 represents complete surface coverage in the 
simulation unit. e, The binding energy (Eb) between passivators and various 
acceptor-like defects.
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The binding energies (Eb) shown in Fig. 1e indicate that CF3-PA has 
the strongest binding with acceptor-type defects on the perovskite 
grain surface. The highly electronegative fluorine atom in CF3-PA 
withdraws electron density strongly from the neighbouring atoms, 
leaving a higher electropositivity at the NH3

+ side, thus enhancing 
the binding with the negatively charged defects. Looking at the 
electronic structures, one can see that the deep in-gap states from 
the ISn and IPb antisite defects are eliminated (Supplementary Fig. 2). 
In addition, CF3-PA passivation is predicted to increase the defect 
formation energy of the Sn vacancy (VSn), reducing the numbers of 
vacancies (Supplementary Fig. 3). CF3-PA passivation also reduces 
the formation of donor-type defects (Supplementary Note 1 and Sup-
plementary Figs. 4 and 5).

PV performance of Pb–Sn PSCs
DFT calculations indicated that CF3-PA has the potential to provide 
more effective grain surface passivation than does conventional PEA. 
To test this idea, we fabricated mixed Pb–Sn PSCs with a thick absorber 
layer (approximately 1.2 μm) to evaluate the effect of passivating agents 
on materials and device characteristics. We incorporated the passivat-
ing agents onto the grain surfaces of Pb–Sn perovskite films by adding 
PEA, PA and CF3-PA directly into the perovskite precursor solutions 
(Methods). The optimal concentrations of PEA, PA and CF3-PA were 
0.2, 0.3 and 0.3 mol%, respectively (Extended Data Fig. 2).

Figure 2a and Supplementary Table 1 compare the PV parameters of 
the control, PEA PA and CF3-PA solar cells (15 devices for each type) with 
an absorber layer thickness of 1.2 μm fabricated over several identical 
runs. Compared with control devices, Pb–Sn PSCs with passivating 
agents showed improved performance across all PV parameters. Among 
the three passivators investigated here, CF3-PA resulted in the best 
performance values of open-circuit voltage (Voc), short-circuit current 
density (Jsc), fill factor (FF) and thus PCE.

We also fabricated control and CF3-PA devices with a range of 
absorber thicknesses; the corresponding current density–voltage 
J–V curves and PV parameters are summarized in Fig. 2b, Extended 
Data Fig. 3 and Supplementary Table 2. The Jsc values of the CF3-PA 
devices increased with thickness, reaching approximately 33 mA cm−2 at 
a thickness of 1.2 μm. The increased Jsc with thicker absorber is ascribed 
to higher light absorption at the near-infrared range, as indicated by 
the external quantum efficiency (EQE) spectra in Fig. 2c. By contrast, 
the Jsc values of the control devices did not exhibit an increase when 
the thickness was increased from 900 to 1,200 nm, whereas the Voc and 
FF values (and thus PCE) dropped considerably with thickness beyond 
900 nm (Extended Data Fig. 3). This indicates that the photogenerated 
carrier transport limits the performance in thick devices based on 
the control material processing strategy (Extended Data Fig. 4a).  
By adding CF3-PA, we increased the diffusion length to achieve higher 
Jsc, Voc and FF values.

We fabricated more than 200 CF3-PA mixed Pb–Sn PSCs with 
1.2-μm-thick absorber; a histogram of their PCE values is shown in the 
inset of Fig. 2d. The devices exhibited an average PCE of 20.8 ± 0.5%, 
which is a narrow distribution compared with typical Pb–Sn perovskite 
statistics. The best CF3-PA device showed a PCE of 22.2% (stabilized 
22.0%), with a Voc of 0.841 V, a Jsc of 33.0 mA cm−2 and a FF of 80% under 
reverse scan (Fig. 2d and Extended Data Fig. 4b, c). Figure 2e presents 
the EQE spectra of the best CF3-PA device, with the integrated Jsc value 
of 32.5 mA cm−2, in good agreement with the J–V characterization.

Characterization of Pb–Sn perovskites
To understand the improvement of device performance by passivating 
agents, we performed structural and optoelectronic characterization 
of Pb–Sn perovskite films. We first investigated the effect of passivat-
ing agents on the morphology and crystal structure of Pb–Sn perovs-
kite films. Scanning electron microscopy (SEM) images show that 
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Fig. 2 | PV performance of Pb–Sn perovskite solar cells. a, PV parameters of 
devices with different passivating agents (15 devices for each type).  
b, c, Representative J–V (b) and EQE (c) curves of CF3-PA devices with absorber 

layer thicknesses of 750, 900 and 1,200 nm. d, e, J–V (d) and EQE (e) curves of 
the best CF3-PA device (with 1.2-μm-thick absorber). The inset in d shows the 
PCE distribution of 237 CF3-PA devices, showing an average PCE of 20.8 ± 0.5%.
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introducing the passivator additives did not notably affect the surface 
morphology (Fig. 3a, b and Supplementary Fig. 6 and Extended Data 
Fig. 5a, b). The presence of passivating agents (for example, CF3-PA) in 
the perovskite films is indicated by X-ray photoelectron spectroscopy 
(XPS) measurements (Extended Data Fig. 5c). The spatial distribution 
of the CF3-PA cations within the perovskite film was investigated using 
time-of-flight secondary ion mass spectrometry (ToF-SIMS, Extended 
Data Fig. 5d). This revealed that passivators were anchored on the top 
and bottom film surfaces as well as at the grain boundaries within 
the film. X-ray diffraction (XRD) patterns of the control and the films 
modified by the passivating agent exhibited a single three-dimensional 
(3D) perovskite phase without a 2D (reduced-dimensional) phase and 
without non-perovskite phases (Fig. 3c and Supplementary Fig. 7).  
We found no diffraction peaks relating to 2D layered perovskites even 
when a large amount of CF3-PA (for example, 20 mol%) was added to 
the precursor solution (Supplementary Note 2 and Supplementary 
Fig. 8). The absence of 2D perovskite is beneficial for charge transport 
and extraction throughout the thick Pb–Sn perovskite absorber in 
solar cells. We also extended the structural characterization to dif-
ferent thicknesses of Pb–Sn perovskite films (Supplementary Note 2 
and Supplementary Fig. 9–11). The above results indicate that the 
introduction of a trace amount of passivating agent is not likely to 
change the film formation.

To examine the extent of surface Sn2+ oxidation, we performed 
angle-dependent XPS measurements (Extended Data Fig. 6a). Spectra 
were recorded at electron take-off angles of 0o, 45o and 75o, with the 
probing depth varying from approximately 6–8 nm at 0o to 1.5–2 nm at 
75o (ref. 28). The XPS spectra for the control film only show a Sn4+ peak 
for the most surface sensitive angle at 75o (Extended Data Fig. 6b), 
which indicates that Sn4+ primarily forms on the surface28. Surface Sn2+ 
oxidation was successfully suppressed after anchoring of CF3-PA on 
the grain surfaces (Extended Data Fig. 6f), indicating that passivation 

of surface defects (for example, undercoordinated Sn atoms and Sn 
vacancies) could retard the Sn2+ oxidation21,30.

The three passivators were then assessed using steady-state photo-
luminescence (PL). The PL intensity was increased noticeably with the 
CF3-PA passivating agent (Fig. 3d), implying suppressed non-radiative 
charge recombination through the defects. An enhanced PL intensity 
was also observed in perovskite films passivated with PEA and PA, 
but it was not as strong as that with CF3-PA. In addition, we carried 
out time-resolved PL to study the charge-carrier dynamics (Fig. 3e).  
The perovskite films with passivating agents exhibited effective carrier 
lifetimes (CF3-PA, τ = 966 ns; PA, τ = 437 ns; PEA, τ = 365 ns) that were much 
longer than that of the non-passivated control film (τ = 159 ns). The longer 
charge-carrier recombination lifetime with CF3-PA was also confirmed 
by transient photovoltage decay measurements (Supplementary Fig. 12).

We further performed femtosecond-resolved optical-pump 
terahertz-probe spectroscopy to obtain the carrier mobility of 
Pb–Sn perovskite films35–37. The control and CF3-PA films exhibited 
similar effective d.c. charge-carrier mobilities (μd.c.) of approximately 
80 cm2 V−1 s−1, where μd.c. is the sum of the electron and hole mobili-
ties (μd.c. = μe + μh, Supplementary Note 3 and Supplementary Fig. 13). 
Although it is challenging to obtain directly the exact mobility of elec-
trons versus holes, we found the mobility of the limiting carrier (μe,h) 
to be 11.7 ± 1.5 and 8.2 ± 1.2 cm2 V−1 s−1 for the CF3-PA and control Pb–Sn 
perovskite films, respectively (see details in Supplementary Note 3 
and Supplementary Fig. 14). Because of the longer carrier lifetimes, 
the diffusion length (Ld) of the CF3-PA passivated films was increased 
threefold when compared to that of the control films (5.4 μm versus 
1.8 μm) (Fig. 3f). Overall, device performance and film characterization 
demonstrate improved grain surface passivation in mixed Pb–Sn per-
ovskite films with CF3-PA. The DFT studies suggest one possible mecha-
nism for the origin of the improvement: the higher surface adsorption 
of the passivating agent enables better passivation in perovskite films.
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Performance and stability of tandem solar cells
We fabricated monolithic all-perovskite tandem solar cells using 
the optimized NBG perovskite layers described above (see details 
in the Methods). The WBG solar cells exhibited a PCE of 17.3%, with 
a Voc of 1.22 V, a Jsc of 17.4 mA cm−2 and a FF of 81.6% (Extended Data 
Fig. 7). The NBG perovskite films were fabricated using the CF3-PA 
additive. The thicknesses of the WBG and NBG absorber layers for the 
front and back subcells were optimized to be approximately 380 and 
1,200 nm (Fig. 4a), respectively, to obtain a high matched current den-
sity between the subcells.

Figure 4b presents the J–V curves of all-perovskite tandem devices with 
various thicknesses (750, 900 and 1,200 nm) for the NBG absorber; the 
corresponding PV parameters are summarized in Supplementary Table 3.  

The Jsc values, as determined from the J–V curves, were increased 
from 15.4 to 16.5 mA cm−2 when the thickness of the NBG perovskite 
absorber increased from 750 to 1,200 nm (the WBG perovskite thick-
ness was kept at approximately 380 nm). Correspondingly, the PCE was 
increased from 25.0% for the 750-nm-thick NBG subcell to 26.4% for 
the 1.2-μm-thick NBG subcell. The higher Jsc is due mainly to the higher 
spectral response (light absorption) in the back subcell, as shown in 
Fig. 4c and Supplementary Fig. 15.

We fabricated 96 all-perovskite tandem solar cells (with aperture 
area of 0.049 cm2) with 1.2-μm-thick NBG subcells; the devices had an 
average PCE of 25.6 ± 0.5% (Extended Data Fig. 8a). Figure 4d shows 
the J–V curves of the best-performing tandem device measured from 
both reverse and forward scans, showing very minor hysteresis.  
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curve of a large-area tandem device (aperture area = 1.05 cm2). g, Continuous 
MPP tracking of the encapsulated CF3-PA and control tandem solar cells (with 

aperture area of 0.049 cm2) under simulated 1 Sun illumination (equivalent to 
AM1.5G, 100 mW cm−2, multicolor LED simulator) in ambient air with a humidity 
of 30–50%. The CF3-PA and control tandem devices had initial PCEs of 25.6% 
and 24.3% measured under a two-lamp simulator, respectively. The device 
temperature was approximately 35 oC during operation, which was a result of 
self-heating under solar illumination. There was no active cooling during 
device operation and the environmental temperature was kept at 
approximately 25 oC. T90 represents the lifetime at which the PCE declines to 
90% of its initial value.
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The best tandem cell had a PCE of 26.7% from the reverse scan (with a 
Voc of 2.03 V, a Jsc of 16.5 mA cm−2 and a FF of 79.9%) and exhibited a sta-
bilized PCE of 26.6% (Extended Data Fig. 8b and Extended Data Table 1).  
The integrated Jsc values of the front and back subcells from EQE spectra 
(Fig. 4e) were 16.7 and 16.8 mA cm−2, respectively, agreeing well with 
the Jsc value determined from the J–V measurements. The Jsc achieved 
(≥16.5 mA cm−2) was considerably higher than those reported in previ-
ous works (typically <16 mA cm−2)12,13,38, mainly because of the use of 
thicker NBG perovskite without sacrificing the electrical performance 
(that is, Voc and FF) with the use of CF3-PA additive. We also fabricated 
tandem cells with larger area; our best-performing large-area device 
(aperture area = 1.05 cm2) exhibited a PCE of 25.3% with a Voc of 2.03 
V, a Jsc of 16 mA cm−2 and a FF of 78% (Fig. 4f and Extended Data Fig. 9).  
The relatively modest performance gap between small-area and 
large-area devices was ascribed to improved film uniformity in Pb–Sn 
perovskites films as a result of the addition of formamidine sulfinic 
acid (FSA) in the precursor solutions10.

We sent tandem solar cells to an accredited independent PV calibra-
tion laboratory ( Japan Electrical Safety and Environment Technology 
Laboratories, JET). These delivered certified stabilized PCEs of 26.4% 
and 26.1% (Supplementary Fig. 16). This value of the PCE has been 
included in recently published Solar Cell Efficiency Tables (version 58)9.  
The certified PCE of 26.4% exceeds that of other thin-film solar 
cells and is comparable to that of the best single-crystalline silicon 
solar cells (Supplementary Table 4). We anticipate that the PCE of 
all-perovskite tandem solar cells can improve further (Supplemen-
tary Note 4).

To assess the stability of tandem solar cells, we first tracked their 
shelf life by storing the unencapsulated devices under dark condi-
tions in an N2 glovebox. The tandem devices exhibited no obvious 
PCE degradation after 2,400 h of aging (Supplementary Fig. 17).  
In addition, we investigated the operating stability of the CF3-PA and 
control tandem devices: we kept the encapsulated devices in ambient 
air and used maximum power point (MPP) tracking under simulated 
1 Sun illumination (using a multicolour light-emitting diode (LED) solar 
simulator with intensity equivalent to 100 mW cm−2). The spectrum of 
the LED simulator is presented in previous work39. CF3-PA-passivated 
tandem devices maintained 90% of their initial PCE after 600 h of MPP 
operation and exhibited improved operating stability compared to 
unpassivated devices (Fig. 4g). The high efficiency together with the 
promising stability achieved here indicate a step towards viability for 
all-perovskite tandem solar cells.
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Methods

DFT simulation
Ab initio molecular dynamic simulations were performed with the 
CP2K package40 in the constant-volume and constant-temperature 
(NVT) ensemble. The temperature was controlled with a Nosé–Hoover 
thermostat41 at room temperature (300 K) and 400 K. The time step was 
set to 1.0 fs. A PBE-D3 functional was used with double-zeta basis sets 
(DZVP-MOLOPT)42 and Goedecker–Teter–Hutter pseudopotentials43. 
The cut-off was set to 560 Ry. We constructed the FA0.75MA0.25Pb0.5Sn0.5I3  
(001) surface (approximately 25 × 25 Å2) with a 25 Å vacuum in the z 
direction. The ammonium cations were initially placed in the z direction 
away from the perovskite surface with a distance of 2.5 Å. The ab initio 
molecular dynamic simulations were run for approximately 10–20 ps 
to ensure equilibrium. First-principles calculations based on DFT were 
carried out using the Vienna Ab initio Simulation Package44. The gener-
alized gradient approximation of Perdew–Burke–Ernzerhof functional 
was used as the exchange-correlation functional45. In addition, we used 
the DFT-D3 method for the van der Waals correction and also dipole 
corrections for the slab calculations46. A plane-wave cut-off energy of 
400 eV was used. The energy and force convergence criteria were set 
to 10−5 eV and 0.03 eV Å−1, respectively. The Brillouin zone was sampled 
with Γ-centred k-mesh densities of 2π × 0.02 Å−1 in the calculations of 
the energetic and electronic properties. We used a vacuum of 20 Å to 
separate neighbouring surfaces in the z -direction. The binding ener-
gies (Eb) of different ammonium cations (CF3-PA, PA and PEA) with the 
perovskite surface were calculated as Emol/pvsk – Epvsk – Emol, where Emol/pvsk, 
Epvsk and Emol are the total energies of the adsorption system, the perovs-
kite system and CF3-PAI/PAI/PEAI (I represents iodide), respectively. 
The electrostatic potentials (φ) of the passivators were calculated using 
the Gaussian 09 package at the B3LYP/def2TZVP level with DFT-D3. The 
maximum φ (φmax) of the NH3

+ terminal group in these passivators was 
obtained with the help of Multiwfn code47.

Materials
All materials were used as received without further purification.  
The organic halide salts (FAI, FABr, MAI, FAI, PEACl, PACl,  
CF3-PACl) were purchased from GreatCell Solar Materials (Australia). 
Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) 
aqueous solution (Al 4083) was purchased from Heraeus Clevios 
(Germany). N4,N4'-Di(naphthalen-1-yl)-N4,N4'-bis(4-vinylphenyl)
biphenyl-4,4'-diamine (VNPB) was purchased from Lumtec.  
PbI2 (99.99%), CsI (99.9%) and CsBr (99.9%) were purchased from TCI 
Chemicals. SnI2 (99.999%) was purchased from Alfa Aesar. SnF2 (99%), 
dimethylformamide (DMF, 99.8% anhydrous), dimethyl sulfoxide 
(DMSO, 99.9% anhydrous), formamidine sulfinic acid (≥98%), ethyl 
acetate (99.8% anhydrous) and chlorobenzene (99.8% anhydrous) were 
purchased from Sigma-Aldrich. C60 was purchased from Nano-C (USA). 
Bathocuproine (BCP) (>99% sublimed) was purchased from Xi’an Polymer  
Light Technology (China).

Perovskite precursor solution
NBG FA0.7MA0.3Pb0.5Sn0.5I3 perovskite. The precursor solution was 
prepared in mixed solvents of DMF and DMSO with a volume ratio of 2:1.  
The molar ratios for FAI/MAI and PbI2/SnI2 were 0.7:0.3 and 0.5:0.5, 
respectively. The molar ratio of (FAI+MAI)/(PbI2+SnI2) was 1:1. SnF2 
(10 mol% relative to SnI2) was added to the precursor solution.  
The precursor solution was then stirred at room temperature for 2 h. 
Tin powders (5 mg ml−1) and formamidine sulfinic acid (0.3 mol%) were 
added to the precursor to reduce Sn4+ in the precursor solution and to 
improve film uniformity. For solution with passivating agents, PEACl, 
PACl or CF3-PACl was added to the precursor solution at their optimized 
concentrations. It is noted that we introduced additives at a concen-
tration lower than 0.4 mol% relative to the B-site metal cations, which 
is below the concentration of large A-site cations required to form 

2D/3D heterostructures. The precursor solution was filtered through 
0.22 μm Polytetrafluoroethylene (PTFE) membrane before making 
perovskite films.

WBG FA0.8Cs0.2Pb(I0.62Br0.38)3 perovskite. The precursor solution 
(1.2 M) was prepared from six precursors dissolved in mixed solvents 
of DMF and DMSO with a volume ratio of 4:1. The molar ratios for  
FAI/FABr/CsI/CsBr and PbI2/PbBr2 were 0.48:0.32:0.12:0.08 and 
0.62:0.38, respectively. The molar ratio of (FAI+FABr+CsI+CsBr)/
(PbI2+PbBr2) was 1:1. The precursor solution was stirred at 50 oC for 
2 h and then filtered through a 0.22 μm PTFE membrane before use. 
We found in our previous work that the six precursor approach im-
proved the photostability and suppressed phase-segregation of the 
WBG perovskites, compared with those fabricated from four precur-
sors (CsI, FAI, PbI2 and PbBr2)10. We also noted that the halide segre-
gation in WBG perovskites was dependent on illumination intensity 
(Supplementary Fig. 18). The WBG perovskite films had a composi-
tion Cs0.2FA0.8PbI1.86Br1.14 and a slightly lower bandgap (approximately 
1.76 eV) than that used in our previous work10, in order to obtain a higher 
matched current density in all-perovskite tandem solar cells, enabled 
by a thicker Pb–Sn perovskite absorber.

Device fabrication
Mixed Pb–Sn perovskite solar cells. The prepatterned indium tin 
oxide (ITO) glass substrates were sequentially cleaned using acetone 
and isopropanol. PEDOT:PSS was spin-coated on ITO substrates at 
4,000 rpm for 30 s and annealed on a hotplate at 150 °C for 10 min in 
ambient air. After cooling, we transferred the substrates immediately 
to a nitrogen-filled glovebox for the deposition of perovskite films. 
The perovskite films were deposited with a two-step spin-coating pro-
cedure: (1) 1,000 rpm for 10 s with an acceleration of 200 rpm s–1 and 
(2) 4,000 rpm for 40 s with a ramp-up of 1,000 rpm s–1. Ethyl acetate 
(300 μl) was dropped onto the spinning substrate during the second 
spin-coating step at 20 s before the end of the procedure. The sub-
strates were then transferred on to a hotplate and heated at 100 °C for 
10 min. After cooling down to room temperature, the substrates were 
transferred to the evaporation system. Finally, C60 (20 nm)/BCP (7 nm)/
Cu (150 nm) were sequentially deposited on top of the perovskite by 
thermal evaporation (Beijing Technol Science). The thickness of the 
Pb–Sn perovskite layer was varied by changing the concentration of 
the precursor solution: 1.6 M for 750 nm, 2.0 M for 900 nm, 2.2 M for 
1,050 nm, 2.4 M for 1,200 nm and 2.8 M for 1,450 nm.

All-perovskite tandem solar cells. NiO nanocrystal (25 mg ml−1 in 
water) layers were first spin-coated on ITO substrates at 3,000 rpm 
for 30 s and annealed on a hotplate at 130 °C for 30 min in air. NiO na-
nocrystals were synthesized as reported previously48. After cooling, 
the substrates were immediately transferred to the glovebox. VNPB 
(1 mg ml−1) in chlorobenzene without doping was spin-coated on the NiO 
film at 6,000 rpm for 30 s and was then annealed at 150 oC for 10 min. 
The WBG perovskite films were deposited on top of the VNPB-modified 
NiO with a two-step spin-coating procedure: (1) 2,000 rpm for 10 s 
with an acceleration of 200 rpm s–1 and (2) 6,000 rpm for 40 s with a 
ramp-up of 2,000 rpm s–1. Chlorobenzene (200 μl) was dropped onto 
the spinning substrate during the second spin-coating step at 20 s 
before the end of the procedure. The substrates were then transferred 
onto a hotplate and heated at 100 °C for 15 min. After cooling down to 
room temperature, the substrates were transferred to the evapora-
tion system and a 20-nm-thick C60 film was subsequently deposited on 
top by thermal evaporation at a rate of 0.2 Å s–1. The substrates were 
then transferred to the atomic layer deposition (ALD) system (Veeco 
Savannah S200) to deposit 20 nm SnO2 at low temperatures (typically 
100 oC) using precursors of tetrakis(dimethylamino) tin (iv) (99.9999%, 
Nanjing Ai Mou Yuan Scientific Equipment Co., Ltd) and deionized 
water. After ALD deposition, the substrates were transferred back to 
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the thermal evaporation system to deposit an ultra-thin layer of Au 
clusters layer (approximately 1 nm) on ALD-SnO2. PEDOT:PSS layers 
were spin-cast on top of the front cells and annealed in air at 120 oC for 
20 min. After the substrates had cooled, we immediately transferred 
them to a nitrogen-filled glovebox for the deposition of NBG perovskite 
films with identical procedures used for the single-junction devices. 
Finally, 20 nm C60, 7 nm BCP and 150 nm Cu films were sequentially 
deposited by thermal evaporation (Beijing Technol Science). Details on 
the deposition of ALD-SnO2 layers can be found in our previous work10.

Characterization of solar cells
For single-junction solar cells, the J–V characteristics were measured 
using a Keithley 2400 sourcemeter under the illumination of a solar 
simulator (EnliTech, Class AAA) at a light intensity of 100 mW cm−2 
as checked with NREL calibrated reference solar cells (KG-5 and KG-0 
reference cells were used for the measurements of the WBG and NBG 
solar cells, respectively). Unless otherwise stated, the J–V curves 
were all measured in a nitrogen-filled glovebox with a scanning rate 
of 100 mV s−1 (with voltage steps of 20 mV and a delay time of 100 ms). 
The active area was determined by the aperture shade masks (0.049 
or 1.05 cm2) placed in front of the solar cells. EQE measurements were 
performed in ambient air using a QE system (EnliTech) with mono-
chromatic light focused on the device pixel and a chopper frequency 
of 20 Hz. For tandem solar cells, the measurements of the J–V charac-
teristics were carried out under the illumination of a two-lamp high 
spectral match solar simulator (SAN-EI ELECTRIC, XHS-50S1). The 
spectrum from the simulator was finely tuned to ensure that spectral 
mismatch was in the region of 100 ± 3% for each 50 nm interval in the 
wavelength range of 400–1,000 nm. The solar simulator was set at a 
light intensity of 100 mW cm−2 as checked with a calibrated crystalline 
silicon reference solar cell with a quartz window (KG-0). We note that a 
dual-lamp solar simulator, rather than a single Xe lamp, is preferred for 
the characterization of tandem solar cells, due to the better spectral 
match with AM1.5G solar irradiance (see the detailed discussion in 
Supplementary Note 5). EQE measurements were performed in ambi-
ent air and the bias illumination from very bright LEDs with emission 
peaks of 850 and 460 nm were used for the measurements of the front 
and back subcells, respectively. No bias voltage was applied during the 
EQE measurements of the tandem solar cells.

Stability tests of solar cells
The operating stability tests were carried out under full AM1.5G illu-
mination (Class AAA, multicolour LED solar simulator, Guangzhou 
Crysco Equipment Co. Ltd)39 with an intensity of 100 mW cm−2 using a 
home-made LabVIEW-based MPP tracking system and a Perturb and 
observe method in ambient conditions (under a humidity of 30–50%). 
The solar cells were encapsulated with a cover glass and ultraviolet 
(UV) epoxy (Three Bond), which was cured under an UV-LED lamp 
(peak emission at 365 nm) for 3 min. No UV filter was applied during 
operation. The environmental temperature was kept at around 25 oC. 
The solar cell temperature increased to approximately 35 °C under 
illumination as no active cooling was implemented at the measurement 
stage. The illumination intensity was regularly calibrated to check the 
degradation of the LED lamp. The assessments of the dark long-term 
shelf stability of the solar cells (without encapsulation) were carried 
out by repeating the J–V characterizations at various times and the 
devices were stored in a N2 glovebox.

Femtosecond-resolved optical-pump-terahertz probe 
spectroscopy
A commercial Ti:Sapphire amplified laser (Libra, Coherent) with a pulse 
duration of 90 fs, centre wavelength of 800 nm and repetition rate of 
1 kHz was used to generate terahertz radiation by optical rectification 
in a 0.5-mm-thick ZnTe(110) nonlinear single crystal. The radiation was 
detected using free-space electro-optic sampling in a 0.5-mm-thick 

ZnTe(110) crystal. Perovskite thin films deposited on z-cut quartz 
substrates were photoexcited at 800 nm with fluences in the range of 
1.5–50 μJ cm−2. The change in terahertz amplitude was monitored as a 
function of the time delay between the 800 nm optical pump pulse and 
the terahertz probe pulse using a translation stage. All measurements 
were carried out in a nitrogen-purged environment to avoid potential 
degradation of the perovskite films in ambient air.

Optical simulation of tandem solar cells
A validated optical model GenPro4 as developed by Delft University 
of Technology was used for the optical modelling of the tandem solar 
cells49. The complex refractive index of each layer was measured by a 
spectroscopic ellipsometer ( J.A. Woollam). The implied photocurrent 
density of each subcell can be calculated using GenPro4 by assuming 
that the individual absorptances of the front and back cells are equiva-
lent to the EQE of the two cells, respectively. The current density of 
the tandem cell is determined by taking the lower value between the 
two subcells.

Other characterizations
SEM images were obtained using a TESCAN microscope with an 
accelerating voltage of 2 kV. XRD patterns were collected using a 
Rigaku MiniFlex 600 diffractometer equipped with a NaI scintilla-
tion counter and using monochromatized Cu Kα radiation (wave-
length λ = 1.5406 Å). The grazing-incidence wide-angle X-ray scattering 
data were recorded using an Xeuss 2.0 system with an X-ray beam size 
of 100 × 100 μm2. The photon energy was 8 keV (λ = 1.54 Å) and the 
incident angle was 0.05° (relative to the top surface of the perovs-
kite films) or 0.5°. The diffracted X-rays were collected by a Pilatus 
300k detector at a distance of 160 cm. XPS analysis was carried out 
using a Thermo Scientific Al K-Alpha XPS system with energy steps 
of 0.1 eV. Angle-dependent XPS characterizations were performed 
with a PHI 5600 ultrahigh vacuum system with a hemispherical elec-
tron energy analyser, an Al Kα source (1,486.6 eV, PHI 04-548 dual 
anode X-ray source) for excitation and a pass energy of 23.5 eV for XPS 
acquisition28. Optical absorption measurements were carried out on 
a Lambda 950 UV/Vis spectrophotometer. Transient photovoltage 
decays were measured on a home-made system. A 540 nm green LED 
was used to modulate Voc with a constant light bias and the repetition 
rate was set to 2,000 Hz. A white LED was illuminated on the active 
area of the solar cell under study for constant light bias. The intensity 
of the pulsed illumination was set in such a way that the modulated 
Voc was approximately 10 mV, to ensure a perturbation regime. The 
open circuit voltage transient, induced by the light perturbation, was 
measured with a digital oscilloscope set to an input impedance of 1 MΩ. 
The charge recombination lifetime was fitted by a single exponential 
decay. Steady-state PL and time-resolved PL were measured using a 
Horiba Fluorolog time-correlated single-photon-counting system with 
photomultiplier tube detectors. The light was illuminated onto the top 
surface of the perovskite film. For steady-state PL measurements, the 
excitation source was a monochromated Xe lamp (peak wavelength 
at 520 nm with a line width of 2 nm). For time-resolved PL, the excita-
tion source was a green laser diode (λ = 510 nm) with an excitation 
power density of 5 mW cm−2. The PL decay curves were fitted with 
biexponential components to obtain fast and slow decay lifetimes. The 
mean carrier lifetimes τ for the biexponential fit were calculated by the 
weighted average method. ToF-SIMS was performed using ToF-SIMS6 
from IONTOF GmbH. Samples were analysed in the dual-beam profil-
ing mode. All profiles were performed in the non-interlaced mode. 
Spectral data were acquired in the high mass-resolution mode. The 
primary ion for analysis was 30 keV Bi3+ at 0.3 pA (with Bi liquid metal 
ion source). This ion beam was applied over a 50 × 50 μm2 area at the 
centre of the sputter crater. The sputter ion was 1 keV Ar+ at 120 nA 
(with Ar electron impact ion source). A 200 × 200 μm2 sputter crater 
was used. During the sputtering process, the mass spectra in the same 



layer were consistent and different layers had well-defined profiles, 
which means that beam damage was not observed. The MA cation, FA 
cation, CF3-PA cation, Pb+ and Sn+ were identified based on masses of 
32.0483 amu, 45.0430 amu, 162.0551 amu, 207.9715 amu and 119.8997 
amu, respectively.
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Extended Data Fig. 1 | Optical simulation of all-perovskite tandem solar cells. The implied photocurrent density ( Jsc) of tandems was calculated as function of 
wide-bandgap and narrow-bandgap perovskite layer thicknesses.



Extended Data Fig. 2 | PCEs of mixed Pb-Sn perovskite solar cells with various concentrations of passivating agents. a, PEA; b, PA; c, CF3-PA. The absorber 
layer thickness is ~1,200 nm.
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Extended Data Fig. 3 | Performance of control and CF3-PA mixed Pb-Sn 
perovskite solar cells with various absorber thicknesses. For regular 
thinner Pb-Sn perovskite solar cells (thicknesses of 750 and 900 nm), the 
diffusion lengths are sufficiently long to ensure charge transport within 
devices. This agrees with the finding that no obvious improvement was 

observed in regular thinner devices after we added the CF3-PA passivating 
agent. The abrupt drop in performance at the thickness of 1.45 μm comes 
because the precursor solution fails to form high-quality films, a result of finite 
solubility of metal halides in DMF/DMSO solvent.



Extended Data Fig. 4 | Performance of champion mixed Pb-Sn perovskite 
solar cells. a, EQE spectra of champion control and CF3-PA mixed Pb-Sn solar 
cells. The EQE values of CF3-PA device are substantially higher than those of 
previous works at wavelengths above 800 nm, mainly due to the use of thicker 

absorber while maintaining sufficient carrier transport. It is noted that such a 
high Jsc value is obtained herein together with high Voc and FF even when using a 
1,200 nm absorber. b, Reverse and forward J-V curves of the champion CF3-PA 
mixed Pb-Sn solar cell. c, The steady-state PCE of the champion CF3-PA device.
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Extended Data Fig. 5 | Characterization of control and CF3-PA mixed Pb-Sn 
perovskite films. a–b, Cross-sectional SEM images of 1200-nm-thick (a) 
control and (b) CF3-PA mixed Pb-Sn perovskite solar cells. c, The F 1s XPS 

spectra of the control and CF3-PA perovskite films. d, TOF-SIMS spectra of 
mixed Pb-Sn perovskite film with CF3-PA additive. The additive is accumulated 
on the top perovskite surface and at the perovskite/HTL interface.



Extended Data Fig. 6 | Schematic of angle-dependent XPS measurements. 
a, Schematic of angle-dependent XPS measurements with dashed yellow lines 
indicating the relative photoelectron probing depth. Angles were defined as 

normal of the sample to detector. b–c, Angle-dependent XPS spectra of the Sn 
3d at detector take-off angle θ = 0, 45, and 75° for (b) control and (c) CF3-PA 
perovskite films. Red peaks are fitted to Sn2+ and the blue peaks are fitted to Sn4+.
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Extended Data Fig. 7 | Photovoltaic performance of wide-bandgap perovskite solar cells. a, Statistics of PV parameters among 34 devices. b, c, J-V and EQE 
curves of the best-performing device.



Extended Data Fig. 8 | Photovoltaic performance of all-perovskite tandem 
solar cells. a, The PCE histogram of all-perovskite tandem solar cells (96 devices) 
with 1,200-nm-thick NBG subcell. The devices were measured with a  

mask having aperture area of 0.049 cm2. b, Steady-state output of the 
champion all-perovskite tandem solar over 600 s. The device exhibited a 
stabilized PCE of 26.6%.
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Extended Data Fig. 9 | Photovoltaic performance of large-area all-perovskite tandem solar cells. a, EQE spectra of large-area tandem solar cell. b, PCE 
distribution of 21 large-area tandem devices.



Extended Data Table 1 | Photovoltaic parameters of champion WBG subcell, NBG subcell and all-perovskite tandem solar 
cell

The devices have aperture area of 0.049 cm2.
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