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Abstract:  41 

The tunable band gaps and facile fabrication of perovskites make them attractive 42 

for multi-junction photovoltaics1,2. However, light-induced phase segregation 43 

limits their efficiency and stability3-5: this occurs in wide band gap (> 1.65 eV) I/Br 44 

mixed perovskite absorbers, and becomes even more acute in the top cells of triple-45 

junction solar photovoltaics that requires a fully 2.0 eV band gap absorber2,6. We 46 

report herein that lattice distortion in I/Br mixed perovskites is correlated with 47 

the suppression of phase segregation, generating an increased ion migration 48 

energy barrier arising from the decreased average interatomic distance between 49 

A-site cation and iodide. Using a ~2.0 eV Rb/Cs mixed-cation inorganic perovskite 50 

with large lattice distortion in the top subcell, we fabricated all-perovskite triple-51 

junction solar cells and achieved an efficiency of 24.3% (23.3% certified quasi-52 

steady-state efficiency) with an open-circuit voltage of 3.21 V. This is, to our 53 

knowledge, the first reported certified efficiency for perovskite-based triple-54 

junction solar cells. The triple-junction devices retain 80% of their initial 55 

efficiency following 420 hours of operation at the maximum power point. 56 

  57 
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Multi-junction solar cells offer routes to increase power conversion efficiency (PCE) 58 

by stacking multiple light-absorbing layers with complementary band gaps and 59 

minimizing charge-carrier thermalization losses7,8. Halide perovskites with tunable 60 

band gaps, long charge carrier diffusion lengths, high light-harvesting efficiency and 61 

facile fabrication are compelling materials for multi-junction photovoltaics1,2,9-14. 62 

However, the challenge of light-induced phase segregation (LIPS) for wide band gap 63 

(> 1.65 eV) I/Br mixed perovskite absorbers in top subcells limits the PCE and stability 64 

of perovskite-based multi-junction photovoltaics, especially triple-junction solar cells 65 

(TJSCs)2-4,6,15. Perovskite-based TJSCs such as the all-perovskite, 66 

perovskite/perovskite/Si and perovskite/perovskite/CuInGa(Se,S) have a higher 67 

theoretical PCE than their double- and single-junction counterparts2,16. Nevertheless, to 68 

date, perovskite-based TJSCs have only achieved an efficiency of 20.1%, a PCE that 69 

decreases to ~5% after 1 hour of continuous operation. (Supplementary Table 1)6,17-70 

19. 71 

We noted that most previously reported I/Br mixed perovskite compositions exhibiting 72 

suppressed LIPS have enlarged lattice distortions: these have been achieved via doping 73 

with smaller A-site cations, and also by increasing the larger X-site iodide anion 74 

content3,4,20-26. Based on this observation, we hypothesized that increasing lattice 75 

distortion raises the ion migration energy barrier, thereby suppressing LIPS (Fig. 1a). 76 

For a similar range of band gaps, Cs-based inorganic perovskites, with the smaller A-77 

site cation and the higher iodide anion content, have a higher degree of lattice distortion 78 

and better stability under illumination than organic-inorganic hybrid perovskites1,27,28. 79 
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However, 2.0 eV band gap Cs-based inorganic perovskites, such as CsPbI1.4Br1.6 80 

(Supplementary Fig. 1), as the absorber in the top subcell for perovskite-based TJSCs, 81 

still face the challenge of LIPS under illumination22.  82 

We find that Rb, with a smaller cation radius than Cs, can be doped into the inorganic 83 

perovskite lattice and that the upper limit of Rb doping content is positively correlated 84 

with Br content. Rb+ lattice-doping widens the band gap of inorganic perovskites, 85 

meaning Rb/Cs solid solutions require a higher I content to achieve a band gap of ~2.0 86 

eV (such as Rb0.15Cs0.85PbI1.75Br1.25, compared to ~2.0 eV CsPbI1.4Br1.6). The ~2.0 eV 87 

Rb/Cs mixed-cation inorganic perovskites with a larger degree of lattice distortion than 88 

their Cs-based counterparts show suppressed LIPS because of the decreased average 89 

interatomic distance of the A-site cation (A = Cs or Rb) and iodide (I), and the increased 90 

energy barrier of halide ion migration. Finally, we applied the ~2.0 eV Rb/Cs 91 

perovskites in all-perovskite TJSCs and achieved an efficiency of 24.3% (23.29% 92 

certified quasi-steady-state efficiency). Our all-perovskite TJSC retains 80% of its 93 

initial efficiency after 420 hours of operation at maximum power point under room 94 

temperature and AM1.5G 1-sun illumination. 95 

Rb/Cs mixed-cation inorganic perovskites 96 

We partially replaced Cs+ with Rb+ in a Cs-based I/Br mixed inorganic perovskite 97 

CsPbI1.75Br1.25. Ultraviolet-visible (UV-Vis) absorption spectra (Fig. 1b and 98 

Supplementary Fig. 2) show a gradual blue-shift of the absorption edge from 631 nm 99 

for the pure Cs-based perovskite CsPbI1.75Br1.25 to 614 nm for the Rb/Cs mixed-cation 100 

perovskite Rb0.2Cs0.8PbI1.75Br1.25. From X-ray diffraction (XRD), we find that Rb can 101 
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be doped into the CsPbI1.75Br1.25 lattice to form a pure perovskite phase in RbxCs1-102 

xPbI1.75Br1.25 (x ≤ 0.2) films (Fig. 1c and Supplementary Fig. 2). For pure-halide 103 

Rb/Cs mixed-cation films, RbxCs1-xPbBr3 (x ≤ 0.7) and RbxCs1-xPbI3 (x ≤ 0.1) are pure 104 

perovskite phases (Supplementary Note 1 for a detailed discussion). Thus, the upper 105 

limit of Rb lattice-doping content for retaining a pure perovskite phase is positively 106 

correlated with the Br content in these Rb/Cs mixed-cation materials. 107 

Solid-state nuclear magnetic resonance (NMR) spectroscopy is used to study dopants 108 

in halide perovskites29,30. We carried out solid-state magic angle spinning (MAS) NMR 109 

measurements on materials prepared by mechanosynthesis to study the local structure 110 

of 133Cs and 87Rb. Upon Rb+ doping of single-halide and mixed-halide inorganic 111 

perovskites, the 133Cs perovskite peaks broaden and shift to higher frequencies. The 112 

87Rb spectra show peaks corresponding to Rb+ inside the perovskite phase. These 113 

observations corroborate that Rb+ can be incorporated into Cs-based inorganic 114 

perovskites (Fig. 1d, and Supplementary Fig. 3-5. Supplementary Note 2 and 3 for 115 

a detailed discussion)29.  116 

Rb/Cs mixed-cation perovskites with a band gap near 2.0 eV (Supplementary Fig. 6, 117 

Supplementary Table 2-4) including RbxCs1-xPbI2Br (x= 0, 0.05, 0.1, 0.15, 0.2), 118 

RbxCs1-xPbI1.75Br1.25 (x=0, 0.05, 0.1, 0.15, 0.2, 0.25), and RbxCs1-xPbI1.5Br1.5 (x=0, 0.1, 119 

0.15, 0.2, 0.25, 0.3) were employed as the absorbers in PSCs. Devices with perovskite 120 

absorbers of x = 0.1 in RbxCs1-xPbI2Br, x = 0.15 in RbxCs1-xPbI1.75Br1.25 and x = 0.2 in 121 

RbxCs1-xPbI1.5Br1.5 demonstrate the highest open-current voltage (VOC) (Fig. 1e and 122 

Supplementary Table 2-4). Among the various absorber compositions, 123 
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Rb0.15Cs0.85PbI1.75Br1.25 has a band gap of ~2.0 eV (Supplementary Table 3) and 124 

delivers the highest VOC in PSCs compared to other Rb-doped inorganic perovskites 125 

with band gap ≤ 2.0 eV (Supplementary Table 2-4). We therefore employed 126 

Rb0.15Cs0.85PbI1.75Br1.25 as our target ~2.0 eV Rb/Cs mixed-cation perovskite sample in 127 

the following context. We also chose a Cs-based perovskite CsPbI1.4Br1.6 with the same 128 

~2.0 eV band gap and a Cs-based perovskite CsPbI1.75Br1.25 with the same I/Br ratio as 129 

control samples compared to the target sample. 130 

The top-view scanning electron microscopy (SEM) images in Supplementary Fig. 7 131 

show that the CsPbI1.4Br1.6, CsPbI1.75Br1.25 and Rb0.15Cs0.85PbI1.75Br1.25 perovskite films 132 

are uniform and pinhole-free. These films also have a low root mean square (RMS) 133 

roughness (< 26 nm), as shown in atomic force microscopy (AFM) images 134 

(Supplementary Fig. 7). The energy-dispersive X-ray spectroscopy (EDX) mapping 135 

and depth profile X-ray photoelectron spectroscopy (XPS) of Rb0.15Cs0.85PbI1.75Br1.25 136 

films (Supplementary Fig. 8-10) show a uniform distribution of Rb at the surface and 137 

throughout the depth of the perovskite films.  138 

Density functional theory (DFT) calculations reveal a deeper Helmholtz free energy 139 

(larger thermodynamic driving force) for Rb/Cs mixed-cation perovskites with an 140 

increase in Br content (Fig. 1f). Additionally, Rb content is also correlated with the 141 

phase stability (Supplementary Fig. 4 and 5. Supplementary Note 2 for a detailed 142 

discussion)31. Thus, we attribute the positive correlation between the upper limit of Rb 143 

doping content and the Br content in inorganic perovskites to the increase in 144 ACCELE
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thermodynamic driving force and the relatively stable perovskite phase in Br-rich 145 

perovskites. 146 

Suppressed LIPS 147 

We carried out time-dependent photoluminescence (PL) measurements of encapsulated 148 

CsPbI1.4Br1.6, CsPbI1.75Br1.25 and Rb0.15Cs0.85PbI1.75Br1.25 perovskite films under 1-sun 149 

illumination (AM 1.5G). The initial PL spectrum of CsPbI1.4Br1.6 shows a PL peak at 150 

610 nm (Fig. 2a). A new lower-energy PL peak at ~680 nm appears after 10 minutes 151 

due to LIPS. With the extension of illumination time, the intensity of the peak at ~680 152 

nm increases, and simultaneously the initial peak at ~610 nm decreases in intensity. 153 

The initial PL peak of the CsPbI1.75Br1.25 film is at 630 nm, and a lower-energy PL peak 154 

at ~680 nm appears after 30 minutes of illumination (Fig. 2b). After 60 minutes of 155 

illumination, the CsPbI1.75Br1.25 film shows a lower PL intensity of the peak at ~680 nm 156 

than the CsPbI1.4Br1.6 film. Our target sample, Rb0.15Cs0.85PbI1.75Br1.25, which exhibits 157 

an initial PL peak at ~ 616 nm, shows a negligible peak shift (less than 2 nm) and an 158 

absence of a lower-energy peak after 60-minute illumination (Fig. 2c). These results 159 

indicate that the CsPbI1.75Br1.25 films with a higher iodide content undergoe weaker 160 

LIPS than do CsPbI1.4Br1.6 films, and that ~2.0 eV Rb/Cs mixed-cation perovskites 161 

show the best light stability among these. The spatial homogeneity of the PL peak 162 

position agrees with this finding (Supplementary Fig. 11).  163 

To study the mechanism of LIPS suppression in Rb/Cs mixed-cation perovskites, we 164 

grew single crystals in solid-state reactions with the loading compositions CsPbI1.4Br1.6, 165 

CsPbI1.75Br1.25, and Rb0.15Cs0.85PbI1.75Br1.25, and analyzed their single crystal diffraction 166 
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data. All compounds crystallize in a monoclinic crystal system best described by the 167 

P21/m space group (Fig. 2d, e, Supplementary Fig. 12-14 and Supplementary Table 168 

5. Supplementary Note 4 and 5 for a detailed discussion). These structures exist as a 169 

supercell (Supplementary Fig. 12. Supplementary Note 4 for a detailed discussion), 170 

presumably because of the partial ordering of the halides. To the best of our knowledge, 171 

this has not yet been reported in the literature. The single crystal XRD data 172 

unambiguously show that Rb substitutes Cs on the A-site. 173 

Substituting Rb at the Cs site leads to increased lattice distortions as evidenced by the 174 

decrease in the Pb–X–Pb (where X = I/Br mixed sites) bond angles (∠Pb–X–Pb) and 175 

the widening of the band gap when comparing Rb0.15Cs0.85PbI1.75Br1.25 versus 176 

CsPbI1.75Br1.25 (Supplementary Fig. 15, Supplementary Table 6 and 7)32,33. The Pb–177 

X–Pb angles in CsPbI1.75Br1.25 show a slight increasing distortion compared to those of 178 

CsPbI1.4Br1.6 (Supplementary Table 7. Supplementary Note 6 and 7 for a detailed 179 

discussion). 180 

We further estimated the concentration of mobile ions using a mobile ion charging-181 

discharging method that has demonstrated consistency with ion migration energy 182 

barriers34,35. The typical transient currents in devices are shown in Fig. 2f and the 183 

calculated average mobile ion concentrations are summarized in Fig. 2g. The mobile 184 

ion concentrations decrease from 1.45 × 1017 cm-3 for the CsPbI1.4Br1.6 device to 1.01 185 

× 1017 cm for the CsPbI1.75Br1.25 device and 7.89 × 1016 cm-3 for the 186 

Rb0.15Cs0.85PbI1.75Br1.25 device. 187 ACCELE
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To explore further the distortion of the I or Br sites, we analyzed the DFT-relaxed 188 

structures of CsPbI1.4Br1.6, CsPbI1.75Br1.25, and Rb0.15Cs0.85PbI1.75Br1.25. The average ∠189 

Pb–I–Pb decreases from 143.54° for CsPbI1.4Br1.6 to 143.06° for CsPbI1.75Br1.25 and 190 

then decreases further to 143.05° for I far away from Rb and 142.39° for I close to Rb 191 

in Rb0.15Cs0.85PbI1.75Br1.25, which is indicative of increased distortion of the I site with 192 

the introduction of I or Rb (Fig. 2h and Supplementary Fig. 16 and 17). Lattice 193 

distortion results in a large variation for interatomic distances of A-site cation and X-194 

site anion (A···X) compared to Pb···X interatomic distances (Supplementary Table 8 195 

and 9). Thus, we mainly focus on discussing the A···X interatomic distances in the text. 196 

The average Cs···I interatomic distance decreases from 4.04 Å for CsPbI1.4Br1.6 to 4.02 197 

Å for CsPbI1.75Br1.25. For Rb0.15Cs0.85PbI1.75Br1.25, the average interatomic distance 198 

further decreases to 3.98 Å of Cs and I, and 3.95 Å of Rb and I (Fig. 2i and 199 

Supplementary Fig. 17). The energy barrier of I migrating to an I vacancy (VI) 200 

increases from 0.33 eV for CsPbI1.4Br1.6 to 0.40 eV for CsPbI1.75Br1.25 (Fig. 2j and 201 

Supplementary Fig. 18 and 19). Additionally, the migration energy barriers for 202 

Rb0.15Cs0.85PbI1.75Br1.25 are further increased to 0.42 eV for VI far from Rb and 0.51 eV 203 

for VI close to Rb. 204 

The average A···I interatomic distance is longer than that of A···Br, and the migration 205 

energy barrier of I to VI is the lowest among all four studied ion migration transitions 206 

(Fig. 2i and 2j). In addition, the defect formation energy of VI is lower than that of VBr 207 

based on our calculations (Supplementary Fig. 20). Thus, the migration energy 208 

barriers of these materials are dominated by that of I to VI and increase with the 209 
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introduction of I and Rb. This also indicates that the most mobile ions arise from I to 210 

VI migration, consistent with previous reports34.  211 

Thus, we conclude that increasing the lattice distortion in I/Br mixed inorganic 212 

perovskites increases the I-site distortion. This is associated with a decrease in the 213 

average A···I interatomic distance, which enhances the ion migration energy barrier 214 

and suppresses ion migration and LIPS. This conclusion also offers a more 215 

comprehensive explanation for the reported phenomena of suppressed LIPS 216 

(Supplementary Note 8 for a detailed discussion). 217 

2.0 eV single-junction PSCs 218 

As ~2.0 eV perovskites are ideal absorbers as the top subcells in all-perovskites TJSCs, 219 

we compared the performance of ~2.0 eV CsPbI1.4Br1.6 and Rb0.15Cs0.85PbI1.75Br1.25 220 

devices based on the p-i-n configuration of indium tin oxide (ITO)/NiOx/[4-(3,6-221 

Dimethyl-9H-carbazol-9-yl)butyl]phosphonic acid (Me-222 

4PACz)/perovskite/phenethylammonium iodide and ethane-1,2-diammonium iodide 223 

(PEAI-EDAI2)/phenyl C61 Butyric Acid Methyl Ester (PCBM)/polyethyleneimine 224 

ethoxylated (PEIE)/SnOx/Ag (Supplementary Fig. 21). For the control 2.0 eV 225 

CsPbI1.4Br1.6 device, the PCE is 12.59% with a VOC of 1.288 V (Fig. 3a). The PCE of 226 

the Rb0.15Cs0.85PbI1.75Br1.25 device increases to 13.41% with a VOC of 1.312 V. Their 227 

stabilized power output (SPO) efficiencies are 12.1% and 13.3%, respectively (Fig. 3b). 228 

A statistical analysis of the photovoltaic parameters of 54 devices demonstrates the 229 

reproducibility of high-performance Rb0.15Cs0.85PbI1.75Br1.25 devices (Fig. 3c). The 230 

Rb0.15Cs0.85PbI1.75Br1.25 device with suppressed LIPS exhibits improved operational 231 
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stability compared to the CsPbI1.4Br1.6 device (Supplementary Fig. 21. 232 

Supplementary Note 9 for a detailed discussion). The quasi-Fermi level splitting 233 

(QFLS) of the partially-complete device stacks (ITO glass/NiOx/Me-234 

4PACz/perovskites) of these perovskites shows that the Rb0.15Cs0.85PbI1.75Br1.25 sample 235 

has high QFLS (1.417 ± 0.004 eV) with a narrow spatial distribution in comparison 236 

with the CsPbI1.4Br1.6 perovskite (1.318 ± 0.054 eV) (Fig. 3d), which is indicative of 237 

reduced nonradiative recombination36. The Urbach energy values obtained from 238 

photothermal deflection spectroscopy (PDS) measurements decrease from 45 meV for 239 

CsPbI1.4Br1.6 to 31 meV for Rb0.15Cs0.85PbI1.75Br1.25 perovskite films (Fig. 3e). This 240 

suggests decreased electronic disorder of Rb0.15Cs0.85PbI1.75Br1.25 perovskite films, 241 

consistent with suppressed LIPS and improved perovskite film quality 242 

(Supplementary Note 10 for a detailed discussion)37,38. These are correlative with the 243 

high VOC observed for the Rb0.15Cs0.85PbI1.75Br1.25 device36,37.  244 

All-perovskite triple-junction solar cells 245 

We further employed the ~2.0 eV Rb/Cs mixed-cation inorganic perovskite as the 246 

absorber for the top subcell in a monolithic all-perovskite TJSC. The configuration of 247 

the TJSC is ITO glass/NiOx/Me-4PACz/2.0 eV inorganic perovskite (170 nm)/PEAI-248 

EDAI2/PCBM/PEIE/SnOx/ITO/NiOx/Me-4PACz/1.6 eV perovskite (780 nm)/PEAI-249 

EDAI2/PCBM/PEIE/SnOx/Au/PEDOT:PSS/1.22 eV SnPb perovskite (870 250 

nm)/C60/SnOx/Ag (Fig. 4a). Fig. 4b shows the J-V curves of a champion all-perovskite 251 

TJSC. The PCE from the reverse scan is 24.33% with a VOC of 3.215 V, a short-circuit 252 

current (JSC) of 9.71 mA/cm2, and a fill factor (FF) of 77.93%. There is negligible 253 
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hysteresis between the forward and reverse J-V scans of the device (Fig. 4b). We 254 

achieved a certified quasi-steady-state (QSS) PCE of 23.29% in an accredited 255 

independent PV calibration laboratory (NREL) (Fig. 4c and Supplementary Fig. 22), 256 

which is, to our knowledge, the first reported certified PCE for perovskite-based TJSCs. 257 

The SPO efficiency over 20 minites is 24.1% (Supplementary Fig. 23). The integrated 258 

JSC values for the ~2.0 eV, ~1.6 eV and ~1.22 eV cells from EQE measurements of a 259 

TJSC are 10.18, 9.95, and 9.31 mA/cm2, respectively (Fig. 4d). J-V performance from 260 

32 devices is detailed in Supplementary Fig. 24. The efficiency of all-perovskite 261 

TJSCs will further improve via the development of new passivation strategies, 262 

improved interfacial contact, and the optimization of light management 263 

(Supplementary Table 11. Supplementary Note 11 for a detailed discussion). 264 

We tracked the PCE of an encapsulated device stored in a nitrogen glovebox. After 120 265 

days, the PCE shows a negligible decline (Supplementary Fig. 23). We also monitored 266 

the performance of an encapsulated TJSC under maximum power point tracking 267 

conditions and continuous AM1.5G one-sun illumination at room temperature in an 268 

ambient atmosphere (Fig. 4e). The optimized device based on a Rb/Cs mixed-cation 269 

perovskite retains 80% of its initial PCE after 420 hours of continuous operation. 270 

Further analysis shows that 2.0 eV Rb/Cs perovskites undergo phase segregation after 271 

450 h MPP tracking (Supplementary Fig. 25, Supplementary Table 12, 272 

Supplementary Note 12 for a detailed discussion). These results indicate that, while 273 

Rb incorporation offers a promising route to decreased light-induced phase segregation, 274 ACCELE
RATED ARTIC

LE
 PREVIEW



14 

the topic will benefit from further study along the path to a long-term operating lifetime 275 

solution. 276 
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Fig. 1 | Properties of Rb/Cs mixed-cation inorganic perovskites. a, Schematic 373 

illustration of the suppression mechanism of LIPS. The hollow circles denote 374 

vacancies. b, c, UV-Vis absorption spectra and XRD patterns of RbxCs1-xPbI1.75Br1.25 375 

(x = 0, 0.05, 0.1, 0.15, 0.2). d, 133Cs and 87Rb solid-state MAS NMR spectra of Rb-376 

doped cesium lead halides recorded at 20 T, 20 kHz MAS and room temperature. The 377 

green, purple, and blue lines represent pure-I, pure-Br, and mixed-I/Br phases. The δ 378 

and γ symbols indicate the hexagonal non-perovskite and 3D perovskite polymorphs, 379 

respectively. The light grey captions indicate secondary phases coexisting in small 380 

quantities with the main phase. Asterisks indicate spinning sidebands. e, The VOC as a 381 

function of Rb doping content for the single-junction solar cells of RbxCs1-xPbI2Br, 382 

RbxCs1-xPbI1.75Br1.25, and RbxCs1-xPbI1.5Br1.5. f, The DFT-calculated Helmholtz free 383 ACCELE
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energy ΔF (can be treated as a thermodynamic driving force) with different Rb doping 384 

content in RbxCs1-xPbI1.4Br1.6 and RbxCs1-xPbI1.75Br1.25 (see Methods for details). 385 

Fig. 2 | The phenomena and mechanism of suppressed LIPS. a-c, PL spectra of 386 

CsPbI1.4Br1.6, CsPbI1.75Br1.25 and Rb0.15Cs0.85PbI1.75Br1.25 perovskite films under 1-sun 387 

AM 1.5G illumination for 60 minutes, respectively. d, e, The structures of the crystals 388 

from the loading compositions CsPbI1.4Br1.6 & CsPbI1.75Br1.25 (d) and 389 

Rb0.15Cs0.85PbI1.75Br1.25 (e) as viewed down the crystallographic b-axis. The halide 390 

positions are labeled by X (X = I/Br), and the labeling scheme for the atoms is consistent 391 

between the two structures. The Rb, Cs, Pb, I, and Br atoms are labeled in blue, yellow, 392 

grey, pink, and green, respectively. The fractional occupancy of the halide sites is 393 

shown as partially filled sectors. Halide sites X1–X4 propagate in the a-c plane, and 394 

halide sites X5–X8 propagate down the b-axis.  f, g, Transient ion-migration currents 395 

(f) and calculated mobile ion concentrations (g) of CsPbI1.4Br1.6, CsPbI1.75Br1.25 and 396 

Rb0.15Cs0.85PbI1.75Br1.25 PSCs. h-j, DFT-calculated average ∠Pb–Χ–Pb (X = I, Br) (h), 397 

average A···X interatomic distance (i), and ion migration energy barrier of I (or Br) to 398 

VI (or VBr) (j) for CsPbI1.4Br1.6, CsPbI1.75Br1.25, and Rb0.15Cs0.85PbI1.75Br1.25. The arrows 399 

represent their trends. For Rb0.15Cs0.85PbI1.75Br1.25, the information around the Rb atoms 400 

is labeled with stars. Due to the supercell limitations, the real compositions used in 401 

calculations are CsPbI1.375Br1.625 (for CsPbI1.4Br1.6), CsPbI1.75Br1.25 (for CsPbI1.75Br1.25), 402 

and Rb0.125Cs0.875PbI1.75Br1.25 (for Rb0.15Cs0.85PbI1.75Br1.25). 403 

Fig. 3 | PV performance of 2.0 eV single-junction PSCs. a, b, J-V curves and SPO of 404 

~2.0 eV CsPbI1.4Br1.6 and Rb0.15Cs0.85PbI1.75Br1.25 PSCs. c, Statistics of PCE, VOC, 405 
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short-circuit current (JSC), and fill factor (FF) of the CsPbI1.4Br1.6 devices (41 samples) 406 

and the Rb0.15Cs0.85PbI1.75Br1.25 devices (54 samples). d, Histogram of QFLS pixel 407 

values of CsPbI1.4Br1.6, and Rb0.15Cs0.85PbI1.75Br1.25 perovskites taken from larger 100 408 

µm x 100 µm images. e, Near-Eg absorption coefficient (α) spectra from PDS for 409 

CsPbI1.4Br1.6 and Rb0.15Cs0.85PbI1.75Br1.25 thin films. Inset is Urbach energy extracted 410 

from the PDS measurements. 411 

Fig. 4 | PV performance and stability of all-perovskite TJSCs. a, Schematic diagram 412 

of device structure and corresponding cross-sectional SEM image of the all-perovskite 413 

TJSC. The scale bar is 400 nm. b, J-V curves of reverse and forward scans for a 414 

champion all-perovskite TJSC. The J-V performances of the single-junction cells in all-415 

perovskite triple-junction solar cells based on Ag electrodes are shown in 416 

Supplementary Table 10. c, NREL-certified QSS J-V curve of the all-perovskite 417 

triple-junction device. d, EQE curves of the ~2.0 eV, ~1.6 eV and ~1.22 eV subcells 418 

within the TJSC. e, The maximum power point stability tracking of an encapsulated 419 

TJSC at room temperature under simulated AM1.5G 1-sun illumination.  420 

 Materials and Methods 421 

Materials  422 

All materials were used as received without further purification. Lead iodide (PbI2, 423 

99.99%), lead bromide (PbBr2, 99.999%), and [4-(3,6-Dimethyl-9H-carbazol-9-424 

yl)butyl]phosphonic Acid (Me-4PACz) were purchased from TCI chemicals. Cesium 425 

iodide (CsI, 99.999%), Cesium bromide (CsBr, >99.9%), rubidium bromide (RbBr, 426 ACCELE
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99.6%), tin (Ⅱ) iodide (SnI2, 99.99%, Beads), tin (Ⅱ) fluoride (SnF2, 99%), glycine 427 

hydrochloride (99%), guanidine thiocyanate (GuaSCN, 99%), ethane-1,2-diammonium 428 

iodide (EDAI2 98%), Polyethyleneimine, 80% ethoxylated solution (PEIE, 37 wt% in 429 

water), nickel(ii) nitrate hexahydrate (Ni(NO3)2·6H2O, 99.999%) and sodium 430 

hydroxide (NaOH, ≥99.99%) were purchased from Sigma-Aldrich. Methylammonium 431 

iodide (MAI), formamidinium iodide (FAI), formamidinium chloride (FACl) and 432 

phenethylammonium iodide (PEAI) were purchased from GreatCell Solar Materials. 433 

Phenyl C61 Butyric Acid Methyl Ester (PCBM, 99.5%) and C60 were purchased from 434 

Nano-C. Tetrakis(dimethylamino) tin (iv) (99.99%-Sn, 50-1815 Tin) was purchased 435 

from Strem Chemicals.  436 

Dimethyl sulfoxide (DMSO, 99.9%), N,N-dimethylformamide (DMF, 99.8%), 2-437 

propanol (IPA, 99.5%), chlorobenzene (CB, 99.8%), anisole (99.7%) and 1-propanol 438 

(99.7%) were purchased from Sigma-Aldrich. Toluene (99.8%) was purchased from 439 

Alfa Aesar.  Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate aqueous 440 

solution ((PEDOT: PSS, Al-4083) was purchased from Ossila. Commercial ITO 441 

substrates (20 Ω/sq) with 25 mm x 25 mm dimension were purchased from TFD Inc. 442 

Quartz substrates were purchased from Shenzhen Weina Technology Electronic Co. 443 

Ltd. 444 

Preparation of inorganic perovskite precursor solutions 445 

The precursor chemicals were mixed stoichiometrically with anhydrous dimethyl 446 

sulfoxide solvent and stirred until completely dissolved. Before used, the perovskite 447 ACCELE
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precursor solution was filtered through a 0.22 μm polytetrafluoroethylene (PTFE) 448 

membrane.  449 

FACl (FACl:Pb2+ = 0.1 mmol:1 mmol) was added into the I/Br mixed precursor 450 

solutions as an additive to improve the interfacial contact of inorganic perovskite and 451 

substrate39. FACl was evaporated during the annealing process at 180 ºC 452 

(Supplementary Fig. 9)40. For simplicity, we did not show the 0.1 mmol FACl additive 453 

and 1 ml DMSO in the following recipes. 454 

1 M Rb0.15Cs0.85PbI1.75Br1.25 = 0.15 mmol RbI + 0.85 mmol CsI + 0.375 mmol PbI2 + 455 

0.625 mmol PbBr2 456 

1 M CsPbI1.4Br1.6 = 1 mmol CsI + 0.2 mmol PbI2 + 0.8 mmol PbBr2 457 

1 M CsPbI1.75Br1.25 = 1 mmol CsI + 0.375 mmol PbI2 + 0.625 mmol PbBr2 458 

1 M RbPbI1.75Br1.25 = 1 mmol RbI + 0.375 mmol PbI2 + 0.625 mmol PbBr2 459 

1M CsPbI2Br = 1 mmol CsI + 0. 5 mmol PbI2 + 0.5 mmol PbBr2 460 

1M RbPbI2Br = 1 mmol RbI + 0. 5 mmol PbI2 + 0.5 mmol PbBr2 461 

1M CsPbI1.5Br1.5 = 1 mmol CsI + 0. 25 mmol PbI2 + 0.75 mmol PbBr2 462 

1M RbPbI1.5Br1.5 = 1 mmol RbI + 0. 25 mmol PbI2 + 0.75 mmol PbBr2 463 

For pure Br precursor solutions, the concentration is 0.5 M without additives because 1 464 

M cannot be dissolved in DMSO. 465 

0.5 M CsPbBr3 = 0.5 mmol CsBr + 0.5 mmol PbBr2  466 

0.5 M RbPbBr3 = 0.5 mmol RbBr + 0.5 mmol PbBr2 467 
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DMAI (DMAI:Pb2+ = 1 mmol:1 mmol) is added into the following pure-I precursor 468 

solutions as an additive to promote the formation of pure-I inorganic perovskites41. 469 

DMAI was evaporated during the annealing process at 250 ºC42. For simplicity, we did 470 

not show the 1 mmol DMAI additive and 1 ml DMSO in the following recipes. 471 

1M CsPbI3 = 1 mmol CsI + 1 mmol PbI2  472 

1M RbPbI3 = 1 mmol RbI + 1 mmol PbI2 473 

RbxCs1-xPbX3 (X = I, Br) precursor solutions can be obtained by mixing the CsPbX3 474 

and RbPbX3 precursor solutions based on volume ratios.  475 

Nickel oxide nanoparticle synthesis 476 

The NiOx nanoparticles were prepared via the hydrolysis of nickel nitrate following 477 

previous work43. Briefly, Ni(NO3)2·6H2O (20 mmol) was dissolved in deionized water 478 

(20 ml) to obtain a dark-green solution. Then, NaOH aqueous solution (4 ml, 10 M ) 479 

was slowly added to the dark-green solution with stirring. After being stirred for 20 480 

minutes, the colloidal precipitate was washed thoroughly using deionized water three 481 

times and dried at 80 °C for 6 hours. The obtained green powder was then calcined at 482 

270 °C for 2 hours to obtain a black powder. The NiOx nanoparticle ink was prepared 483 

by dispersing the obtained NiOx nanoparticles in a mixed solution of deionized water 484 

and IPA (3:1, v/v) for a concentration of 5mg/ml. 485 

Inorganic perovskite device fabrication 486 

The configuration of inorganic perovskite devices is ITO glass/NiOx/Me-487 

4PACz/Inorganic perovskite/ PEAI-EDAI2/PCBM/PEIE/SnOx/Ag. 488 
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1. ITO glass. The pre-patterned ITO glasses were sequentially sonicated in acetone and 489 

IPA each for 20 minutes. After drying with nitrogen, the substrates were exposed to 490 

UV-ozone treatment for 20 minutes to remove organic contaminants. 491 

2. NiOx layer. NiOx layers were prepared by spin-coating 100 μL NiOx nanoparticle 492 

solution on ITO substrates at 3,000 rpm for 25 s in the air without any post-treatment, 493 

then immediately transferred to a nitrogen-filled glovebox. 494 

3. Me-4PACz layer. 100 μL Me-4PACz (0.5 mg/ml) solution in ethanol was spin-495 

coated on the NiOx film at 3,000 rpm for 30 s in a nitrogen-filled glovebox. Then the 496 

prepared film was annealed at 100 °C for 10 minutes. 497 

4. Inorganic perovskite layer. For Br-based or I-Br mixed perovskite films, 100 μL 498 

inorganic perovskite precursor solution was spin-coated on the substrate at 3,000 rpm 499 

for 70 s. The film was firstly annealed at 40 °C until the color of the film started to turn 500 

brown (5–20 s in our lab), then quickly moved to a 180 °C hotplate for five-minute 501 

annealing.  502 

For pure I-based inorganic perovskite, 100 μL inorganic perovskite precursor solution 503 

was spin-coated on the substrate at 3,000 rpm for 70 s. Then the film was annealed at 504 

250 °C for 5 minutes. 505 

5. PEAI-EDAI2 modified layer. The treatment solution was prepared by dissolving 1 506 

mg PEAI and 1 mg EDAI2 into 1 ml IPA. 130 μL filtered solution was spin-coated on 507 

the inorganic perovskite film at 4,000 rpm for 25 s. Then the film was annealed at 100 508 

°C for 5 minutes.  509 
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6. PCBM layers. 70 μL PCBM (15 mg/ml) solution in CB was spin-coated on the 510 

inorganic perovskite/PEAI-EDAI2 film at 1,000 rpm for 30 s.  511 

7. PEIE layers. 100 μL PEIE (0.025 wt%) solution in IPA was spin-coated on the PCBM 512 

film at 4,000 rpm for 30 s.  513 

8. SnOx layer. The film was then transferred to the atomic layer deposition (ALD) 514 

system (Picosun) to deposit 20 nm SnOx at 100 ºC using precursors of 515 

tetrakis(dimethylamino) tin (iv) (99.9999%) and deionized water. 516 

9. Ag electrode. 140-nm-thick Ag electrode was deposited by thermal evaporation. 517 

Fabrication of all-perovskite triple-junction solar cells 518 

The configuration of the triple-junction solar cells is ITO/NiOx/Me-4PACz/2.0 eV 519 

inorganic perovskite (170nm)/PEAI-EDAI2/PCBM/PEIE/SnOx/ITO/NiOx/Me-520 

4PACz/1.6 eV perovskite (780nm)/PEAI-521 

EDAI2/PCBM/PEIE/SnOx/Au/PEDOT:PSS/1.22 eV SnPb perovskite (870 522 

nm)/C60/SnOx/Ag.  523 

1. ~ 2.0 eV inorganic perovskite top cell. The fabrications of ITO glass, NiOx, Me-524 

4PACz, PEAI-EDAI2, PCBM, PEIE, and SnOx layers are the same as inorganic 525 

perovskite single-junction devices. The PEIE layer can increase the compatibility of 526 

SnOx, which can protect the perovskite layer from degradation when spin-coating the 527 

following NiOx and perovskite layers44. For 2.0 eV inorganic perovskite layers, 100 μL 528 

0.8 M Rb0.15Cs0.85PbI1.75Br1.25 inorganic perovskite precursor solution was spin-coated 529 ACCELE
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on the substrate at 3,000 rpm for 70 s. The film was firstly annealed at 40 °C for 15 s, 530 

then quickly moved to a 180 °C hotplate for 5 minutes.   531 

2. ITO layer. The top cell was then transferred to the radio-frequency magnetron 532 

sputtering system. The ITO target used in this study is a commercial grade of purity of 533 

>99.99% with a size of 3.00" Dia x 0.125" Thick. The target composition is In2O3/SnO2 534 

90/10 wt%. The process pressure is 3 mTorr at Ar flow of 18 sccm. The average 535 

deposition rate is about 0.24A/s at 33 W power. A total ITO layer thickness of 20 nm 536 

is deposited. 537 

3. ~ 1.6 eV perovskite middle cell. The fabrication procedures of the NiOx, Me-4PACz, 538 

PEAI-EDAI2, PCBM, PEIE, and SnOx layers are very similar to those described above 539 

for the single-junction inorganic perovskite devices. The only difference is that the 540 

subcell was treated by plasma etching for 30s to increase its surface wettability before 541 

spin-coating the NiOx nanoparticle solution. For the 1.6 eV perovskite film, the 542 

Cs0.05FA0.9MA0.05Pb(I0.9Br0.1)3 perovskite precursor solution (1.5 M) was prepared by 543 

dissolving 0.075 mmol CsI, 0.075 mmol MABr, 1.35 mmol FAI, 0.1875 mmol PbBr2, 544 

and 1.3125 mmol PbI2 in a mixed solvent of DMF and DMSO with a volume ratio of 545 

4:1. The perovskite precursor solution was filtered through a 0.22 μm PTFE membrane 546 

before use. 100 μL of perovskite solution was dropped on the substrate and spin-coated 547 

at 1000 rpm for 10 s followed by 5000 rpm for 30 s. 150 μL anisole was dropped onto 548 

the substrate at the last 5 s of the spin-coating, resulting in the formation of dark brown 549 

films that were then annealed on a hot plate at 100°C for 10 minutes.  550 

4. Au layer. A 1-nm-thick Au electrode was deposited by thermal evaporation. 551 
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5. ~ 1.22 eV SnPb perovskite bottom cell. The PEDOT:PSS layer was prepared by spin-552 

coating 100 μL diluted PEDOT:PSS solution with n-propanol at a volume ratio of 1:1 553 

on the substrate at 4,000 rpm for 30 s and then annealing at 100 °C for 15 minutes in 554 

ambient air. After cooling, we immediately transferred the substrates to a nitrogen-filled 555 

glovebox to deposit perovskite films. 1.8 M SnPb perovskite precursor solution with a 556 

composition of Cs0.05FA0.7MA0.25Pb0.5Sn0.5I3-0.05SnF2 was prepared by dissolving 0.09 557 

mmol CsI, 1.26 mmol FAI, 0.45mmol MAI, 0.9 mmol SnI2, 0.9mmol PbI2 and 0.09 558 

mmol SnF2 in a 1 ml mixed solvent of DMF and DMSO with a volume ratio of 3:1. Tin 559 

powders (5 mg), GuaSCN (4 mg), 4F-PEABr (2 mg) and glycine hydrochloride (4 mg) 560 

were added to the precursor solution. The precursor solution was then stirred at room 561 

temperature for 1 hour. The precursor solution was filtered using a 0.22 μm PTFE 562 

membrane before deposition. 70 μL of perovskite solution was deposited on the 563 

substrate and spin-coated with a two-step spin-coating procedure: 1000 rpm for 10 s 564 

and 3800 rpm for 45 s. 300 µl CB was dropped onto the substrate during the second 565 

spin-coating step at the last 20 s of the spin-coating. The substrates were then annealed 566 

at 100 oC for 10 minutes. 20 nm C60, 20 nm SnOx, and 140nm Ag were sequentially 567 

deposited on the top of SnPb perovskite layer by organic thermal evaporation, ALD, 568 

and metal thermal evaporation, respectively. 569 
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