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Supplementary Note 1 

DFT Calculation 

The density functional theory (DFT) calculations were performed by using the Vienna Ab Initio 

Simulation Package (VASP) code based on the projector augmented wave (PAW) method in 

this study 1, 2. Electron-ion interactions are described using PAW potentials, with valence 

configurations of 5s24d105p66s1 for Cs (Cs_sv_GW), 6s24f145d106p2 for Pb (Pb_sv_GW), 

5s24d105p5 for I (I_sv_GW), 2s22p2 for C (C_GW_new), 2s22p3 for N (N_GW_new),  2s22p4 

for O (O_GW_new) and1s1 for H (H_GW). The Perdew-Burke-Ernzerhof (PBE) 3, a form of 

the general gradient approximation (GGA), was employed for the electron-electron exchange-

correlation functional. The plane-wave kinetic energy cut-off was fixed at 520 eV to expand 

the smooth part of wave functions. A supercell consisting of 4 APbI3
 units was employed in the 

calculations of all cubic phase of APbI3. Here, A can be Cs, FA or a mixture of these two 

components. We partially replaced Cs with FA to model the configurations of the Cs1-xFAxPbI3 

perovskite with five stoichiometric ratios (x= 0, 0.25, 0.5, 0.75, and 1) (see Fig. S1).  During 

the geometry optimizations, all atoms were allowed to relax until the Hellmann-Feynman forces 

were smaller than 0.01 eV/Å, and the convergence criterion for the electronic self-consistent 

loop was set to 10-5 eV. The Brillouin zone was sampled using Gamma-centred (4×4×8) k-point 

grids for all bulk Cs1-xFAxPbI3 crystals. 

The cation exchange energy ΔEex was calculated as following, 

∆𝐸௘௫ ൌ  𝐸௧௢௧௔௟ െ ሾ ሺ1 െ 𝑥ሻ𝐸஼௦௉௕ூయ ൅ 𝑥𝐸ி஺௉௕ூయ  ሿ                                           (1) 

where Etotal, 𝐸஼௦௉௕ூయ and 𝐸ி஺௉௕ூయ  are the bulk phase energies of Cs1-xFAxPbI3, pure CsPbI3 and 

FAPbI3, respectively. When ΔEex< 0, it means that the A-site cation exchange process is 

thermodynamically preferred. In addition, we calculated the defect formation energies of iodine 

interstitials (Ii) and lead vacancies (VPb) defects, which can be expressed as  

∆𝐸ூ೔ ൌ 𝐸ூ೔/஼௦భషೣி஺ೣ௉௕ூయ  െ ቂ 𝐸஼௦భషೣி஺ೣ௉௕ூయ ൅
ଵ

ଶ
𝐸ூమ  ቃ                                          (2) 

∆𝐸௏ು್ ൌ 𝐸௏ು್/஼௦భషೣி஺ೣ௉௕ூయ ൅ 𝐸௉௕ െ 𝐸஼௦భషೣி஺ೣ௉௕ூయ                                                 (3) 

where ∆𝐸ூ೔  and ∆𝐸௏ು್ are the defect formation energies of Ii and VPb defects,  𝐸ூ೔/஼௦భషೣி஺ೣ௉௕ூయ 

and 𝐸௏ು್/஼௦భషೣி஺ೣ௉௕ூయ  are the energies of the Cs1-xFAxPbI3 structure with Ii or VPb defect, 

𝐸஼௦భషೣி஺ೣ௉௕ூయ and 𝐸ூమ are the energies of Cs1-xFAxPbI3 perovskite and I2 molecule, and EPb is 

the average energy of each Pb atom in its bulk, respectively. For the calculations on I2 molecules, 

a (20  20  20) Å3 unit cell and a Γ-only k-point grids were used. 
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Supplementary Note 2 

The role of OA ligands 

According to our hypothesis, OA plays a key role in solvating A-site cations (FA and Cs) from 

QD surface and reach an equilibrium in the OA-rich environment. The mobile FA-oleate and 

Cs-oleate would accelerate the cation-exchange reaction, whilst the possibility of defect 

formation is reduced with excessive OA ligands. Assuming this hypothesis is true, we should 

also be able to see the occurrence of cation exchange by directly adding Cs-oleate in FAPbI3 

QD solution or adding FA-oleate in CsPbI3 QD solution. 

First, we prepared colloidal FAPbI3 and CsPbI3 QD solutions (10 mg/mL in hexane), which 

were split into three vials, respectively, as shown in Supplementary Figure 3. Cs-oleate (Cs-

OA) and FA-oleate (FA-OA) were synthesized by reacting Cs2CO3 or formamidinium acetate 

with oleic acid at 80 °C in vacuum condition. By adding Cs-OA in FAPbI3 QD solution, the 

colour changed immediately from black to brown in the first 30 s. After 30min, the solution 

colour turned to red indicating the conversion of FAPbI3 QDs to CsPbI3 QDs. Similarly, adding 

FA-OA in CsPbI3 QD solution also leaded to rapid cation exchange reaction, which resulted in 

conversion of CsPbI3 QDs to FAPbI3 QDs. Unfortunately, such a method is not suitable for the 

synthesis of alloy Cs1-xFAxPbI3 QDs with controlled FA/Cs ratio. This is consistent with 

previous work4. To further examine the critical role of OA, we also tried caesium acetate (CsAc), 

caesium iodide (CsI), formamidinium acetate (FA-Ac), and formamidinium iodide (FA-I). 

None of them could drive the cation exchange reaction as shown in Supplementary Figure 2. 

This further confirms the critical role of OA in solvating A-site cations of QDs and validates 

the formation of mobile Cs-oleate and FA-oleate reaching an equilibrium in the colloidal 

solution. 
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Supplementary Note 3 

Ligand density estimation 

Ligand density was roughly estimated using the method as shown in the flowchart below: 

 

At each stage, 1g of QDs was dried and used to determine the ligand density. Ethanol/hexane 

mixture was used to extract the surface ligands from the QDs. The weight of the solution was 

carefully determined (W1). Then the mixture was sealed and centrifuged at 10,000 rpm for 10 

mins. The supernatant (containing surface ligands, ethanol and hexane) was decanted, and the 

agglomerate at the bottom of centrifuge tube was dried to determine its weight (W2). In addition, 

the agglomerate was used to determine the weight of lead contained in the original QDs. The 

amount of surface ligands was determined using the following equation: W1-W2-Whexane/ethanol 

(Whexane/ethanol is the weight of the hexane and ethanol). The ligand density at each stage was 

summarized in Supplementary Table 1. 

 
Supplementary Note 4 

PLQY measurement 

For PLQY measurements, all the QDs were dispersed in hexane and rhodamine 6G in EtOH 

was used as a reference. 

The PLQY can be calculated from the following equation5: 

∅୤
௜=

ி೔௙ೞ௡೔
మ

ிೞ௙೔௡ೞ
మ ∅୤

௦ 

where ∅୤
௜ and ∅୤

௦  are the photoluminescence QY of the sample and that of the standard, 

respectively. 𝐹௜  and 𝐹௦ are the integrated intensities (areas) of sample and standard spectra, 

respectively (in units of photons); 𝑓௫ is the absorption factor (also known under the obsolete 

term “absorbance”), the fraction of the light impinging on the sample that is absorbed (𝑓௫ ൌ

QDs
(1g) W1

Supernatant

W2

Centrifuge
10,000 rpm 10min+5ml ethanol+20ml hexane

QDs with ligand are
dispersed in hexane

Ligand are stripped off without
CsxFA1-xPbI3being dissolved

Ligands are extracted into hexane/ethanol
solution, leaving CsxFA1-xPbI3 agglomerate in
the centrifuge tube
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1 െ 10ି஺
ೣ
where A = absorbance); the refractive indices of the sample and reference solution 

are 𝑛௜ and 𝑛௙, respectively. 

The resulting PLQYs are the average value from 5 samples in each condition. 

Supplementary Note 5 

STEM anlaysis  

The CsPbI3 QDs in Supplementary Fig. 8f show a perfect cubic perovskite structure along the 

[001] zone axis with Pb−I atom columns exhibiting higher contrast and Cs and I atom columns 

showing weaker contrast (brightened-and-dimmed contrast distributions). However, for the 

alloy QDs containing FA, the atomic contrast distribution in the HAADF-STEM images is 

different, showing some regions with uniform atomic contrast distribution instead of 

brightened-and-dimmed contrast distribution. The HAADF-STEM image of FAPbI3 QD 

(Supplementary Fig. 8j) shows uniform contrast distribution for nearly all atom columns, and 

the atomic arrangements match very well with hexagonal PbI2 along [4ത41] direction with a 

lattice parameter of approximately 3.2 Å6, which we assume is due to the e-beam induced 

decomposition.  

The atomic arrangement of FAPbI3 QDs in Supplementary Figure 8j matches very well with 

hexagonal PbI2 along the [4ത41] direction, indicating structure evolution of cubic FAPbI3 QDs 

because of e-beam induced decomposition. Therefore, for the atomic resolution HAADF-

STEM images of the samples containing both Cs and FA, the regions with uniform atomic 

contrast distribution can be assigned to the PbI2 along the [4ത41] direction, and the other regions 

with brightened-and-dimmed distribution can be assigned to the CsPbI3 along the [001] 

direction.  

Supplementary Figure 9c shows the zoomed-in view of the region marked with a yellow square 

in experimental HAADF-STEM image (Supplementary Figure 9a) of Cs0.5FA0.5PbI3 QD sitting 

in a different direction. By comparing the experimental atom arrangements with the established 

models, we confirmed that the atomic structure of FAPbI3 along the [110] zone axis undergoes 

a structural evolution to PbI2 along the [1ത1ത0] zone axis, while the atomic structure of CsPbI3 

along the [110] zone was relatively stable under the e-beam irradiation. 
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Supplementary Note 6 

Radiative and non-radiative losses 

Quasi-Fermi level splitting in the bulk can be imagined as a VOC in the absence of surface 

recombination leading to the well-known relation: 𝜇ୠ୳୪୩ ൌ 𝑘𝑇lnሺ௃௦௖
௝బ
ሻ  derived from the 

Shockley equation where 𝑗଴ is the dark saturation current excluding a surface recombination 

contribution. Using the well-established relation between PLQY and radiative and total dark 

saturation current (𝑗଴ ൌ 𝑗଴,ோ/PLQY) we can write 𝜇ୠ୳୪୩ ൌ 𝑘𝑇lnሺPLQY ௃௦௖

௝బ,ೃ
ሻ, while the radiative 

limit of Voc is 𝑉୭ୡ,ோ ൌ
௞்

௤
lnሺ௃ೄ಴

௝బ,ೃ
ሻ. 𝑗଴,ோ is the radiative saturation dark current, which is calculated 

from integrating the product of the black body flux and external quantum efficiency measured 

sensitively to include the sub-bandgap states (Supplementary Fig. 20). This approach has 

recently been applied to perovskite thin film solar cells41. The non-radiative open circuit loss 

(excluding non-radiative surface recombination) is also determined from the PLQY so that 

Δ𝑉ை஼,ேோ ൌ
௞்

௤
lnሺPLQYିଵሻ. To undertake this analysis, we measured the PLQY of full devices 

under open circuit conditions and monochromatic (520 nm) irradiance equivalent to 1 sun. A 

small AC perturbation was superimposed on the pump light whose modulation was used to 

detect the PL signal with a high degree of sensitivity using a spectrum analyzer. The advantage 

of measuring PLQY of the full device under open circuit and operational illumination 

conditions is that the emission efficiency is measured at carrier (and indeed ion) concentrations 

and profiles relevant to operational open circuit. Furthermore, PLQY is related to the quasi-

Fermi level splitting of the bulk, thus the results are not affected by the surface recombination. 

The values of 𝑉ை஼, 𝜇ୠ୳୪୩, 𝑗଴,ோ, Δ𝑉ை஼,ேோ and Δ𝑉ை஼,ௌோ for the bulk and QD devices derived from 

this analysis are given in Supplementary Table 4.  For QD devices, PLQY values as large as 

10% were obtained (at one sun-equivalent), meaning reduced non-radiative losses versus the 

bulk perovskite cells. 
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Supplementary Figure 1. Structural models of bulk Cs1-xFAxPbI3 crystals. (a) CsPbI3; (b) 
Cs0.75FA0.25PbI3; (c) Cs0.5FA0.5PbI3; (d) Cs0.25FA0.75PbI3; (e) FAPbI3. Key: Green, Cs; dark gray, 
Pb; purple, I; brown, C; blue, N; pink, H. (f) Cation exchange energy (ΔEex) required for all 
composition of Cs1-xFAxPbI3. 
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Supplementary Figure 2. Fourier-transformed infrared (FTIR) spectra of (a), (b) CsPbI3 QDs 
and (c), (d) FAPbI3 QDs. (b) and (d) are the Zoomed-in view of (a) and (c), respectively. Blue 
line represents QDs purified once and orange line represents QDs purified twice. The vibration 
bands at 1640 cm-1 is ascribed to –C=C– group, which is the reliable signal for monitoring the 
removal of OA ligands. The vibration band at 1712 cm-1 indexes to –C=N group, which is from 
FA cations. The vibration band between 2800 cm-1 and 3000 cm-1 can be indexed to –CH2– 
group. The vibration band between 1340 cm-1 and 1460 cm-1 is ascribed to C-H group. These 
two groups may come from the OA, OLA, FA or octane solvent. The vibration bands in the 
range of 900 cm-1 to 1000 cm-1 can be indexed to =C-H bonding, which may be from OA, OLA 
or FA. 
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Supplementary Figure 3. (a) Cation exchange reaction study by adding Cs-OA, Cs-Ac, and 
Cs-I salts into FAPbI3 QD solution. (b) Cation exchange reaction study by adding FA-OA, FA-
Ac, and FA-I into CsPbI3 QD solution. Cs-OA: Cs-oleate; Cs-Ac: Caesium acetate; Cs-I: 
Caesium iodide; FA-OA: FA-oleate; FA-Ac: Formamidinium acetate; FA-I: Formamidinium 
iodide. 

 
Supplementary Figure 4. PL spectra of rhodamine 6G (R6G) in ethanol (reference), as-
synthesized Cs0.5FA0.5PbI3 QDs in OA-less environment (Cs0.5FA0.5PbI3-QD-OL), as-
synthesized Cs0.5FA0.5PbI3 QDs in OA-rich environment (Cs0.5FA0.5PbI3-QD-OR), and 
Cs0.5FA0.5PbI3-QD-OR purified once (Cs0.5FA0.5PbI3-QD*-OR). Integrated area of different 
color corresponds to the PLQY of each QD sample, as they were adjusted with equal light 
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absorbance before PL measurements. The determined PLQY: 95% for R6G; 68% for 
Cs0.5FA0.5PbI3-QD-OR; 47% for Cs0.5FA0.5PbI3-QD*-OR; 23% for Cs0.5FA0.5PbI3-QD-OL. 

 

Supplementary Figure 5. The evolution of PL emission peaks with time to form Cs0.5FA0.5PbI3 
QDs by combining parent QDs in (a) octane and (b) toluene after purification for once. The 
bottom-most spectra in these two figures show the individual PL emissions from CsPbI3 (blue) 
and FAPbI3 (orange) QDs. The remaining emission spectra are shown for the temporal 
evolution with time. 

 

Supplementary Figure 6. (a) UV-vis absorption, (b) Tauc plots (n=1/2 for direct bandgap) 
and (c) PL emission spectra of the alloy Cs1-xFAxPbI3 QDs derived in the OA-rich environment. 
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Supplementary Figure 7. (a) XRD patterns of Cs1-xFAxPbI3 QDs. (b) Zoomed-in view of the 
(200) diffraction peak showing continuous shift from pure FAPbI3 to pure CsPbI3. Note that 
because of the relatively weaker bonding of the organic cations with inorganic cages (PbI6 
octahedra) in FAPbI3 QDs compared to their inorganic counterparts, we did not perform 
thorough ligand treatment on FAPbI3 QDs. Therefore, the noise of FAPbI3 XRD data may come 
from the higher density of ligands on FAPbI3 QD surface. 
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Supplementary Figure 8. HAADF-STEM images for different Cs1-xFAxPbI3 samples. (a, f) 
CsPbI3; (b, g) Cs0.75FA0.25PbI3; (c, h) Cs0.5FA0.5PbI3; (d, i) Cs0.25FA0.75PbI3; (e, j) FAPbI3; (k) 
Enlarged image of (f) marked with lattice parameter; (l) enlarged image of (j) marked with 
lattice parameter. 
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Supplementary Figure 9. (a) HAADF-STEM and (b) BF-STEM images for Cs0.5FA0.5PbI3 
sample; the image is viewed along the cubic [110] zone axis established from the lattice 
arrangement similar with the original CsPbI3 (or FAPbI3) cubic crystal structure. (c) the 
zoomed-in view, (d) the atomic models, and (e) the simulated atomic resolution HAADF-
STEM image for the region marked with a yellow square in experimental HAADF-STEM 
image (a) of Cs0.5FA0.5PbI3 along the [110] zone axis. All the experimental STEM images of 
the samples containing FA are distortion due to the fast decomposition of local crystal structure 
from FAPbI3 to PbI2 under e-beam illumination. Scale bar in (c) and (e), 10 Å. 
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Supplementary Figure 10. Schematic device structure of QDSCs. 

 

 

Supplementary Figure 11. Photocurrent density-voltage (J-V) characteristics of QDSCs (ten 
devices for each composition) with different compositions: (a) CsPbI3 QD, (b) Cs0.75FA0.25PbI3 
QD, (c) Cs0.5FA0.5PbI3 QD, (d) Cs0.25FA0.75PbI3 QD, (e) FAPbI3 QD; and (g) bulk 
Cs0.25FA0.75PbI3 devices (four devices). 
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Supplementary Figure 12. J-V curves of a typical QD devices with different sweeping 
directions for (a) CsPbI3 QD, (b) Cs0.75FA0.25PbI3 QD, (c) Cs0.5FA0.5PbI3 QD, (d) 
Cs0.25FA0.75PbI3 QD, and (e) FAPbI3 QD.  
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Supplementary Figure 13. Certificated results from an internationally accredited PV 
laboratory (Newport, USA). The certificated efficiency is 16.55%. Our device active area was 
0.08 cm2, while certification, a mask with the area of 0.058 cm2 was attached to the device. 
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Supplementary Figure 14. (a) Certificated J-V curve and (b) Normalized EQE measured at 
Newport PV lab. 

 

Supplementary Figure 15. J-V curves of the hero device with different sweeping directions 
tested at Newport PV lab, USA. 

 

 

Supplementary Figure 16. J-V curves of additional three Cs0.5FA0.5PbI3 QD devices with 
different sweeping directions tested in our lab at the University of Queensland. 
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Supplementary Figure 17. Atomic-resolution HAADF-STEM images of Cs0.5FA0.5PbI3 QDs 
obtained in OA-less condition (a, b) and Cs0.5FA0.5PbI3 QDs obtained in the OA-rich condition 
(c, d). The circled areas indicate the defective sites. 
  

5 nm5 nm

5 nm 5 nm

c d

a b
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Supplementary Figure 18. Optimised atomic structures of bulk Cs1-xFAxPbI3 crystals with Ii 
defect. (a) CsPbI3; (b) Cs0.75FA0.25PbI3; (c) Cs0.5FA0.5PbI3; (d) Cs0.25FA0.75PbI3; (e) FAPbI3. 
Key: Green, Cs; dark gray, Pb; purple, I; brown, C; blue, N; pink, H; yellow, Ii. 

 

 

 

Supplementary Figure 19. Optimised atomic structures of bulk Cs1-xFAxPbI3 crystals with VPb 
defect. (a) CsPbI3; (b) Cs0.75FA0.25PbI3; (c) Cs0.5FA0.5PbI3; (d) Cs0.25FA0.75PbI3;(e) FAPbI3. Key: 
Green, Cs; dark gray, Pb; purple, I; brown, C; blue, N; pink, H; red dotted circle, VPb. 
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Supplementary Figure 20. Sensitive external quantum efficiencies (EQEs) of the QDs and 
bulk devices spanning nearly 5 orders of magnitude in photocurrent. 

 

Supplementary Figure 21. (a) Normalized PCEs of the typical devices fabricated with CsPbI3 
QDs and Cs0.5FA0.5PbI3 QDs (derived in an OA-rich environment) tested in ambient air without 
encapsulation as a function of storage time. The relative humidity was ca. 50-70% and the room 
temperature was ca. 25 ℃ for aging tests. J-V curves of the corresponding CsPbI3 (b) and 
Cs0.5FA0.5PbI3 (c) QDSCs. 
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Supplementary Figure 22. Parameters of (a) VOC, (b) JSC and (c) FF evolution of solar cells 
fabricated with Cs0.25FA0.75PbI3-Bulk, Cs0.25FA0.75PbI3-QD, and Cs0.5FA0.5PbI3-QD films 
monitored at open-circuit under 1-sun illumination in N2 atmosphere. Mixed-cation QDs were 
derived in an OA-rich environment. Note that when QDSCs are under prolonged light 
illumination, the photogenerated charge carriers could neutralize the defects at QD surfaces and 
device interfaces, which will enhance the electronic coupling within the QD films and thus 
improve the transport of the dissociated charge carriers to respective electrodes7.  In addition, 
the charge accumulation at the electrode interfaces would be decreased due to the built-in 
electric field under light illumination. These may explain why the FF of the QD devices shows 
slight increase with light illumination.  
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Supplementary Table 1. Ligand density in perovskite QD solutions. 

Purification times CsPbI3 FAPbI3 

0 25-40 20-35 

1 2.5-5.5 9-15 

2 0.1-0.2 1-5 

 Cs1-xFAxPbI3 

0 2.5-10 

1 1.0-5.5 

2 0.1-0.5 

The unit is molar ratio of ligand/Pb in QD solution at all stages. 

 

Supplementary Table 2. Bandgaps of Cs1-xFAxPbI3 QDs determined from their UV-vis 
absorption spectra and Tauc analysis. 

QDs Bandgap (eV) 

CsPbI3 1.76 

Cs0.75FA0.25PbI3 1.71 

Cs0.5FA0.5PbI3 1.64 

Cs0.25FA0.75PbI3 1.58 

FAPbI3 1.55 

 

Supplementary Table 3. Photovoltaic parameters of typical QDSCs using different QDs 
including CsPbI3-QD, Cs0.5FA0.5PbI3-QD-OL, and Cs0.5FA0.5PbI3-QD-OA. 

Samples PCE (%) Jsc (mA cm-2) Voc (V) FF (%) 

CsPbI3-QD 
9.0േ0.58 

(9.6) 

15.1േ0.37 

(15.4) 

1.14േ0.02 

(1.16) 

52.3േ1.39 

(53.9) 

Cs0.5FA0.5PbI3-QD-OL 
9.7േ0.46 

(10.1) 

14.2േ0.40 

(14.6) 

1.08േ0.02 

(1.08) 

63.1േ0.93 

(64.1) 

Cs0.5FA0.5PbI3-QD-OA 
15.3േ0.85 

(16.1) 

17.9േ0.46 

(18.4) 

1.13േ0.02 

(1.13) 

75.4േ2.18 

(77.9) 
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Supplementary Table 4. Key parameters extracted from detailed balance analysis. 

  

VOC 
[V] 

PLQY 
Δ𝑉୓େ,୒ୖ 

[V] 

VOC 
radiative 

limit 
[V]

 

Δ𝑉୓େ,ୗୖ 
[V] 

𝜇ୠ୳୪୩  
[V] 

Δ𝑉ை஼,ோ 
[V] 

𝑗଴,ோ 
[A/cm2] 

Cs
0.25

FA
0.75

PbI
3
-Bulk 1 0.003 0.15 1.25 0.1 1.1 0.26 1.10E-23 

Cs
0.25

FA
0.75

PbI
3
-QD 1.14 0.1 0.06 1.27 0.07 1.21 0.24 3.20E-24 

Cs
0.5

FA
0.5

PbI
3
-QD 1.13 0.075 0.07 1.27 0.08 1.21 0.24 2.60E-24 

CsPbI
3
-QD 1.11 0.065 0.07 1.26 0.09 1.19 0.25 3.00E-24 
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