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DFT calculations

Surface energies are calculated using the crystal cleaving and surface relaxation method1,2, following

+ , (1)𝐸𝑠𝑢𝑟𝑓(𝑡) =  𝐸𝑐𝑙 𝐸𝑟𝑒𝑙(𝑡)

where  is the crystal-cleaving energy, and  is the energy gain due to the surface relaxation 𝐸𝑐𝑙 𝐸𝑟𝑒𝑙(𝑡)

of the slab with termination .  𝑡

Here, the crystal-cleaving energy  is defined as𝐸𝑐𝑙 

, (2)𝐸𝑐𝑙 = [𝐸𝑢𝑛𝑟𝑒𝑙
𝑠𝑙𝑎𝑏 (𝑡1) +  𝐸𝑢𝑛𝑟𝑒𝑙

𝑠𝑙𝑎𝑏 (𝑡2) ‒ 𝑛𝐸𝑏𝑢𝑙𝑘]/4𝑆

where  and are the total energies of unrelaxed -terminated and -terminated 𝐸𝑢𝑛𝑟𝑒𝑙
𝑠𝑙𝑎𝑏 (𝑡1) 𝐸𝑢𝑛𝑟𝑒𝑙

𝑠𝑙𝑎𝑏 (𝑡2) 𝑡1 𝑡2

slab pairs, respectively. In this work, we have considered three cases ( , ) = (FABr, PbBr2), ( , 𝑡1 𝑡2 𝑡1

) = (Br2, FAPbBr), and ( , ) = (FABr3, Pb), respectively.  is the bulk energy per formula 𝑡2 𝑡1 𝑡2 𝐸𝑏𝑢𝑙𝑘

unit in the cubic FAPbBr3,  is the total number of bulk formula units in the two slabs, 1/4 means the 𝑛

four surfaces in total are created upon crystal cleavage when considering two slabs, and  refers to  𝑆

the area of the surface.

Since both sides of the slab are allowed to relax, the relaxation energy  for each of the surfaces 𝐸𝑟𝑒𝑙

can be obtained by

, (3)𝐸𝑟𝑒𝑙(𝑡) = [𝐸 𝑟𝑒𝑙
𝑠𝑙𝑎𝑏(𝑡) ‒  𝐸𝑢𝑛𝑟𝑒𝑙

𝑠𝑙𝑎𝑏 (𝑡)]/2𝑆

where  is the  -terminated slab energy after structural relaxation.𝐸 𝑟𝑒𝑙
𝑠𝑙𝑎𝑏(𝑡) 𝑡

In the presence of the PEA or 4-F-PEA cation, we additionally consider following reactions with 

enthalpy ,∆𝐻

, (4)𝑅 ‒ 𝐹𝐴 +  𝑚𝑃𝐸𝐴𝐵𝑟 ‒>  𝑅 ‒ 𝑃𝐸𝐴 +  𝑚𝐹𝐴𝐵𝑟  (∆𝐻)

and

, (5)𝑅 ‒ 𝐹𝐴 +  𝑚(4 ‒ 𝐹 ‒ 𝑃𝐸𝐴𝐵𝑟) ‒>  𝑅 ‒ (4 ‒ 𝐹 ‒ 𝑃𝐸𝐴) +  𝑚𝐹𝐴𝐵𝑟  (∆𝐻)

where  represents the slab. , , and are notations for the FA, PEA, 𝑅 𝑅 ‒ 𝐹𝐴 𝑅 ‒ 𝑃𝐸𝐴 𝑅 ‒ (4 ‒ 𝐹 ‒ 𝑃𝐸𝐴) 

or 4-F-PEA cation binding at the slab surface.  is the number of ligands replaced in the reaction. 𝑚

The corresponding reaction enthalpy is then defined as

, (6)∆𝐻 = 𝐸(𝑅 ‒ 𝑃𝐸𝐴) + 𝑚𝐸(𝐹𝐴𝐵𝑟) ‒ 𝐸(𝑅 ‒ 𝐹𝐴) ‒ 𝑚𝐸(𝑃𝐸𝐴𝐵𝑟)
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and

, (7)∆𝐻 = 𝐸(𝑅 ‒ (4 ‒ 𝐹 ‒ 𝑃𝐸𝐴)) + 𝑚𝐸(𝐹𝐴𝐵𝑟) ‒ 𝐸(𝑅 ‒ 𝐹𝐴) ‒ 𝑚𝐸(4 ‒ 𝐹 ‒ 𝑃𝐸𝐴𝐵𝑟)

where  refers to the total energies of the corresponding configurations.𝐸( ∗ )

Taking the chemical reactions into account, the surface energy of the slab with the addition of PEA 

or 4-F-PEA cation is then given by  .𝐸 '
𝑠𝑢𝑟𝑓(𝑡) = 𝐸𝑠𝑢𝑟𝑓(𝑡) + ∆𝐻/2𝑆

3



0.035 0.260 0.2600.040 0.2540.064

F F

F

NN N

Supplementary Figure 1. PEA cations. Calculated electrostatic potentials (a.u.) of pFPEA, mFPEA, and 

oFPEA cations. The dipole moment of pFPEA (4-F-PEA) is larger compared to other cations (mFPEA, 

oFPEA, PEA, and FA). We anticipate that this larger dipole moment will lead to stronger interactions with 

perovskite precursors and reduced crystallographic disorder3. We also note that all PEA derivatives exhibit a 

higher dipole moment than FA, suggesting more favourable interactions with lead halide species.
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Supplementary Figure 2. Crystallinity of perovskite films. a,b, GIWAXS patterns of the reference film 

Cs0.2FA0.8Pb(I0.6Br0.4)3 (a) and the film with the addition of 5 mol% 4-F-PEACl (b). c, Out-of-plane line 

profiles obtained by integrating sectors at χ = 0 to 20°. d, Azimuthal integration of the (100) peak at χ = 0 to 

90°.
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Supplementary Figure 3. Crystal structure of 4-F-PEA added wide-bandgap perovskites. The zoomed-

in XRD patterns of wide-bandgap perovskite thin films at varying 4-F-PEA concentrations (0–10 mol%). 

Asterisk: n = 1 2D phase; Triangle: PbI2 phase; Star: 3D phase. For the perovskite film containing 10 mol% 

4-F-PEA, we assign the peaks at 5.4°, 10.8°, and 16.4° to the (002), (004), and (006) crystallographic planes 

of the n = 1 phase (4-F-PEA2PbI4), respectively. As mentioned in our Methods section, we incorporated an 

equal molar amount of 4-F-PEA to replace FAI. When only the n = 1 phase is formed, 4-F-PEA reacts with 

PbI2 in a 2:1 ratio, leaving a small amount of unreacted PbI2 in the film. This is consistent with the PbI2 phase 

observed in the XRD pattern. We also note a slight decrease in the lattice parameter for films with 1 and 2 

mol% 4-F-PEA (Fig. 1f), which can be attributed to the introduction of the smaller Cl anion into the perovskite 

structure (4-F-PEACl), while 4-F-PEA cation does not incorporate to the crystal lattice. At 5 mol%, we expect 

that a small amount of the larger 4-F-PEA cation may incorporate into the crystal and/or distort the octahedral 

structure, resulting in a lattice expansion. By the time we reach 10 mol%, phase separation between the 3D 

and 2D structures begins to occur; the majority of 4-F-PEA forms n = 1 phases, while the increased Cl content 

further contracts the crystal lattice.
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Supplementary Figure 4. Composition profile of perovskite films. Depth profile of Cs0.2FA0.8Pb(I0.6Br0.4)3 

films (reference) with 1 mol% of PEACl and 4-F-PEACl treatment. The dashed line is an indication of the 

perovskite/HTL interface. The sputtering time is normalised to the thickness of perovskite films (~400 nm) 

estimated from the cross-sectional SEM image. In the initial experiments, Me-4PACz was used instead of 

MPA-CPA as the HTL and an equivalent mole of PbCl2 was added together with PEACl and 4-F-PEACl. We 

note that compared to the cations, the Cl anion is uniformly distributed through the perovskite films.
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Supplementary Figure 5. Termination-dependent surface states and ligand passivation. a, Localised 

charge density (yellow cloud) due to the presence of the BrPb
3– antisite defect at the FABr (100) and PbBr2 

(100) surfaces. Orange, Br; Grey, Pb; Light blue, N; Brown, C; Light red, H. b, Charge transfer after 

passivation by PEA+ and EDA2+
 on both surfaces, where the yellow (blue) cloud refers to accumulation 

(depletion) of the local charge density. Atomic structures without clouds are shown in Supplementary Fig. 7.
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Supplementary Figure 6. Termination-dependent surface states induced by defects. Calculated projected 

density of states (PDOS) for FABr (100) (a) and PbBr2 (100) (b) surfaces after introducing VBr
+, VFA

–, BrFA
2–, 

and VPb
2– defects. Top, pristine surface.
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Supplementary Figure 7. Ligand passivation process. The local structure of FABr (100) and PbBr2 (100) 

surfaces with BrPb
3– antisite defects after PEA+ and EDA2+ passivation. Orange, Br; Grey, Pb; Light blue, N; 

Brown, C; Light red, H. The antisite Br anion (dotted red circle) moves to position “1” of the outmost atomic 

layer and kicks out the Br anion at this position to position “2”. The migration paths are indicated by dotted 

lines.
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Supplementary Figure 8. Termination-dependent passivation for wide-bandgap perovskite interface. 

a,b, Calculated projected density of states (PDOS) for Br2 (110) (a) and FABr3 (111) (b) surfaces. Top, pristine 

surface; Middle, surface with a BrPb
3– antisite defect; Bottom, surface passivated by PEA+ and EDA2+ cations. 

States related to organic molecules are not shown as they have low contributions near the band edges. The 

Fermi energy level is set to zero.
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Supplementary Figure 9. Optical property of wide-bandgap perovskite films. a,b,c, PLQY of reference 

and 4-F-PEA (1 mol%) wide-bandgap perovskite films processed on glass/ITO/HTL measured from the glass 

(a) and perovskite top side (b), and on bare glass substrates (c). The samples shown in Supplementary Fig. 

9a–c and Fig. 2d were fabricated in the same batch. d, PLQY of wide-bandgap perovskites processed on glass 

and covered by an ETL (ETL stack) and in a p-i-n stack, these samples were prepared in a different batch than 

shown in Fig. 2d to show the reproducibility of the trend. Samples with PEA/EDA surface passivation are 

displayed with cross-hatched patterns.
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Supplementary Figure 10. Crystal structure of wide-bandgap perovskites before and after surface 

treatment. a, XRD patterns and b, cubic lattice parameters of reference and 1 mol% 4-F-PEA-added 

perovskite thin films deposited on glass/ITO/HTL before and after surface treatment. Interestingly, we find 

that the (100)/(110) peak ratios slightly increase after the surface treatment for both samples. This can be 

attributed to a recrystallisation effect that occurs during the post-treatment, which somehow reorients the 

perovskite towards a more thermodynamically favourable facet (Fig. 1d). Based on the PLQY data 

(Supplementary Fig. 9a–b), we infer that these post-treatments globally enhance crystal quality of the films, 

thus also contributing to the mitigated non-radiative recombination losses at the buried interface. We consider 

that an enhanced (100) orientation may also positively affect the HTL interface, although this effect appears 

to be saturated, as comparable PLQY values are observed for both the reference/passivated and 4-F-

PEA/passivated samples deposited on the HTL. This interesting additional finding further verifies our claim 

that a more (100)-oriented perovskite presents inherently less defect density.
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Supplementary Figure 11. Emission properties of perovskite films. Mean CL spectra of reference and 4-

F-PEA-added (1 mol%) perovskite films before and after e-beam induced phase separation (a). We note that 

compared with the PL spectra (b), the peak position of the CL spectra is slightly blue-shifted. This can be 

attributed to reduced reabsorption caused by a smaller carrier-generation volume produced by e-beam 

excitation4. Furthermore, the addition of a small amount of Cl (4-F-PEACl) also induced a minor blue shift in 

the emission spectra.
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Supplementary Figure 12. Nanoscale optical properties of wide-bandgap perovskite films. a, Top-view 

SEM images of reference and 4-F-PEA (1 mol%) perovskite films with and without e-beam-induced phase 

separation. b–d, CL maps with 690  40 nm, 760  20 nm, and 530  10 nm filters to acquire emissions from 

the original and segregated (I-rich) perovskite phases, and PbI2 phases, respectively. e, CL intensity 

(panchromatic) mapping. The scale bars are 500 nm.
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Supplementary Figure 13. Phase stability. Time-dependent PL spectra of reference (a) and 4-F-PEA (b) 

perovskite films under 1-sun equivalent illumination using 530 nm laser. The PL spectra were collected every 

30 s during a 60 min tracking period. A more rapid light-induced phase separation is seen in the reference 

sample (a) compared to the 4-F-PEA sample (b). This is consistent with the CL data (Supplementary Fig. 

11), suggesting enhanced phase stability after the modification.
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Supplementary Figure 14. Nanoscale phase heterogeneity of perovskite films after e-beam exposure. a,b, 

Hyperspectral (a) and CL intensity images (b) of the reference film with a spectral window of 660–720 nm 

(high energy). The mean emission wavelength is 683.1 ± 5.2 nm. c,d, Hyperspectral (c) and CL intensity 

images (d) of the reference film with a spectral window of 720–800 nm (low energy). The mean emission 

wavelength is 746.6 ± 11.6 nm. e,f, Hyperspectral (e) and CL intensity images (f) of the 4-F-PEA film with a 

spectral window of 660–720 nm (high energy). The mean emission wavelength is 685.5 ± 6.2 nm. The scale 

bars are 500 nm.
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Supplementary Figure 15. Single-junction wide-bandgap PSCs. a,b, Device layout (a) and cross-sectional 

SEM image of single-junction p-i-n wide-bandgap PSCs. The scale bar is 500 nm.
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Supplementary Figure 16. Photovoltaic performance of wide-bandgap PSCs. PV parameters (reverse 

scans, left; forward scans, right) of reference and 4-F-PEA (1 mol%) devices. For each variation, 30 devices 

from 3 different batches are shown. In the boxplots, the mean (open square), median (centre line), 25th and 75th 

percentiles (box limits), minimum (–) and maximum (+), outliers (△), and 10th and 90th percentiles (whiskers) 

are shown.
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Supplementary Figure 17. Photovoltaic performance of wide-bandgap single-junction PSCs. PV 

parameters (reverse scans, left; forward scans, right) of reference and 4-F-PEA (1–10 mol%) devices. For each 

variation, 12 devices from the same batch are shown. In the boxplots, the mean (open square), median (centre 

line), 25th and 75th percentiles (box limits), minimum (–) and maximum (+), outliers (△), and 10th and 90th 

percentiles (whiskers) are shown. In our initial device optimisation, we found that adding 4-F-PEA at 

concentrations of 1–2 mol% can positively increase the VOC of 1.77 eV PSCs. This is crucial for improving the 

overall performance of tandem solar cells. However, as the concentration of 4FPEA increases to 5–10%, we 

observe a gradual decrease in all cell parameters. This can be attributed to increased shunt losses in the solar 

cells, which stem from higher film roughness at increased additive concentrations. Additionally, the formation 

of thicker low mobility species, such as 2D phases and/or insulating organic layers, can hinder charge 

collection. This particularly impacts the JSC and FF, despite the increase in the PLQY and implied VOC values5.
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Supplementary Figure 18. EQE spectrum and bandgap-dependent VOC for p–i–n single-junction PSCs. 

a, The EQE and its first derivative as a function of photo energy for single-junction wide-bandgap PSCs. b, 

The cell data were acquired from an open-access perovskite database6. In the plot, the DB (detailed balance) 

limit (solid line), 90% of the DB limit (dashed line), the highest VOC of this work (solid star) and open-source 

data (open brackets) are shown. Data from our recent multijunction work is shown as green solid dots7.
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Supplementary Figure 19. EQE spectrum. Semilogarithmic plot of the sensitive EQE spectrum of reference 

and 4-F-PEA devices. This was measured using a sensitive EQE setup using a lock-in-amplifier. The Urbach 

energy is calculated to be 16.3 meV for both devices.
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Supplementary Figure 20. Photovoltaic performance of wide-bandgap PSCs during ageing. Dark and 

light (AM1.5G) J–V characteristics of single-junction wide-bandgap PSCs measured (in the ambient) after 

storing in N2 in an 85 °C ageing chamber.
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Supplementary Figure 21. Photovoltaic performance of wide-bandgap PSCs during ageing. The PV 

parameters of a, JSC, b, VOC, c, FF, and d, PCE (MPP efficiency) of encapsulated solar cells measured after 

storing at 85 °C in ambient under full-spectrum simulated sunlight (~76 mW cm–2). The solid lines are data 

points from reverse scans while the dashed lines are from the forward scans. The RH is a measure of the room 

of the ageing box.
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Supplementary Figure 22. Morphology of wide-bandgap perovskites after ageing. a–d, Cross-sectional 

SEM images of reference (a,c) and 4-F-PEA (b,d) perovskite before ageing (a,b) and after storing at 85 °C in 

ambient (50–60 RH%) under full-spectrum simulated sunlight (~76 mW cm–2) for more than 240 hours. Note 

that the top ETL and metal contact were delaminated from the perovskite layer after removing the 

encapsulation glass on top. The scale bars are 500 nm.
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Supplementary Figure 23. Stability of wide-bandgap PSCs. Histograms of the charge collection quality 

(Qcoll, by comparing the QFLS measured at the device OC and SC, Fig. 3d) for reference and 4-F-PEA devices, 

measured after 0 h (fresh) and 2100 h of 85 °C dark ageing in N2. Interestingly, we find that the QColl 

distribution in the aged 4-F-PEA device is slightly broader than that of the reference. We hypothesise that the 

main degradation pathways are located near the perovskite/charge-transporting layer interfaces, which hinder 

charge collection quality and consequently affect the JSC and FF values (Supplementary Fig. 20). For the 

reference device, we anticipate a more rapid decay at both the HTL and ETL interfaces, creating barriers for 

charge extraction. For the 4-F-PEA device, the better-passivated top surface may preserve some percolation 

pathways for charge-carrier extraction. While it would be interesting to investigate whether QColl could 

converge after even longer ageing tests, we believe it is justified to conclude that the material modification 

enhances thermal stability.
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Supplementary Figure 24. Photovoltaic performance of narrow-bandgap single-junction solar cell. The 

J–V characteristics of champion tandem solar cells measured with an aperture area of 0.25 cm2. The inset 

shows the PCE after 30 s of MPPT.
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Supplementary Figure 25. EQE response. The EQE spectra of wide- and narrow-bandgap sub-cells in all-

perovskite tandem solar cells. The JSC was obtained by integrating with the AM 1.5G spectrum. The calculated 

mismatch factor for the current-limiting junction is 0.994.
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Supplementary Figure 26. Certified MPPT results (25.96%) from the National Institute of 

Advanced Industrial Science and Technology (AIST, Japan) of a 1 cm2 double-junction cell.
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Supplementary Figure 27. Photovoltaic performance of all-perovskite tandem solar cells. PV parameters 

(reverse scans, left; forward scans, right) of reference and 4-F-PEA (1 mol%) devices. For each variation at 

least 20 devices from 2 different batches are shown. In the boxplots, the mean (open square), median (centre 

line), 25th and 75th percentiles (box limits), minimum (–) and maximum (+), outliers (△), and 10th and 90th 

percentiles (whiskers) are shown.
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Supplementary Figure 28. Solar spectrum. AM1.5G and Wavelabs SINUS-220 simulator spectra7. The 
calculated mismatch factor for the current-limiting junction is 0.994.
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Supplementary Figure 29. Emission spectra of integrated tandem solar cells. Injection current-dependent 

EL spectra of tandem solar cells measured from 0 to 41 mA cm–2.
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Supplementary Figure 30. Optical simulations. a,c, Simulated EQE (a) and absorption profiles (c) of 

tandem solar cells by decreasing the thickness of the 1.77 eV film from 365 to 275 nm and increasing the 

thickness of the 1.26 eV film from 840 to 992 nm. b,d, Simulated EQE (b) and absorption profiles (d) of 

tandem solar cells after eliminating the PEDOT:PSS HTL. Practical absorber layer thicknesses of 368 nm for 

the 1.77 eV perovskite and 985 nm for the 1.26 eV perovskite are used to obtain an EQE-integrated JSC of 

~17.1 mA cm–2. e, Experimental and reconstructed J–V characteristics shifted to the simulated EQE-integrated 

currents (~17.1 mA cm–2) and assumed a VOC of 95% of the detailed-balance limit in each sub-cell. The sub-

cells used to construct the tandem J–V are from the measured single-junction cell data.
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Supplementary Figure 31. Photovoltaic performance of all-perovskite tandem solar cells during ageing. 

The PV parameters of a, JSC, b, VOC, and c, FF of encapsulated solar cells measured after storing at 85 °C in 

the dark in N2 (Fig. 4e). The solid lines are data points from reverse scans while the dashed lines are from the 

forward scans. Within the first 30 hours of ageing, we observe a decrease in the mean JSC of 1.1 (1.0) mA cm–2, 

a drop in the VOC of 0.16 (0.22) V, and a reduction in the FF of 2 (3)% for reverse (forward) scans. The mean 

MPP efficiency decreased to 77%. This significant decay in all the parameters is attributed to poor charge 

extraction and degraded contact properties. We believe that further investigations into surface passivation 

materials capable of creating a strong binding affinity with the perovskite surface, such as the amino-silane 

molecules8, may significantly enhance device stability under elevated temperature light-soaking ageing 

conditions.
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Supplementary Figure 32. Photovoltaic performance of all-perovskite tandem solar cells during ageing. 

The PV parameters of a, JSC, b, VOC, c, FF, and d, PCE (MPP efficiency) of encapsulated solar cells measured 

after storing at 85 °C in ambient under full-spectrum simulated sunlight (~76 mW cm–2). The solid lines are 

data points from reverse scans while the dashed lines are from the forward scans. The RH is a measure of the 

room of the ageing box.
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Supplementary Table 1. PEA cations. Dipole moment of PEA and FA cations.

Cation Dipole moment (Debye)
pFPEA 12.43
mFPEA 11.25
oFPEA 8.89

PEA 9.42
FA 0.22
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Supplementary Table 2. Film crystallinity. Fitted peak areas of (100), (110), and (111) planes and their 

summed values using 1D XRD from Fig. 1e.

Integrated area (a.u.) (100) (110) (111) Sum
Reference (0%) 89.7 143.7 35.6 269.0

4-F-PEA 1 mol% 223.5 143.5 33.1 400.1
4-F-PEA 2 mol% 256.4 121.5 32.7 410.6
4-F-PEA 5 mol% 309.6 106.6 35.2 451.4
4-F-PEA 10 mol% 360.4 104.5 36.5 501.4
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