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Supplementary Figure 1. a-b, X-ray photoelectron spectroscopy (XPS) S 2p spectra (a), and 

I 3d spectra (b) of CQD inks after surface halogenation (red) and surface functionalization with 

TG ligands (blue). After functionalization, bound thiolate (C-S) peak appears as marked in 

orange line in (a), while iodine 3d peaks decrease strongly (b). c, S to Pb and I to Pb atomic 

ratio of CQDs. 
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Supplementary Figure 2. a-b, UPS spectra in the secondary cutoff region (a), and 

semilogarithmic valence band region (b) for CQD inks with different surface: halogenated and 

reprogrammed with TG, CTA, and ME ligands. 
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Supplementary Figure 3. a-b, Atomic force microscopy topographic image (a), and 3-

dimensional KPFM potential image (b) at the boundary between p-type CQDs (top layer) and 

n-type CQDs (bottom layer). The sharp decrease of surface potential is observed at the interface 

due to the Fermi level difference. 



5 

 

 

Supplementary Figure 4. a, The structure of electron-only SCLC diodes and electron mobility 

of n-type CQDs (red) and p-type CQDs (blue). b, The structure of hole-only SCLC diodes and 

hole mobility of n-type CQDs (red) and p-type CQDs (blue). Black line indicates SCLC regime 

following Mott–Gurney’s law (J ~ V2). The below equation is used to calculate the mobility: 
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where  andr are the vacuum and relative dielectric permittivities, V is the applied voltage, 

and L is the film thickness. A value of 18.7 is used for dielectric constant of PbS CQD films1. 
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Supplementary Figure 5. a, Photographs of CSM-programmed CQD inks dissolved in BTA 

with different functional ligands. b, The degree of precipitation of CQD inks as a function of 

time when they are dissolved in BTA. 
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Supplementary Figure 6. Azimuthal integration of the diffraction pattern shows an average 

inter-dot distance of CQD films fabricated by pure n-type CQDs (3.30 nm), pure p-type CQDs 

(3.35 nm), and CQD bulk homojunction (3.32 nm). 
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Supplementary Figure 7. a, UPS spectra in the secondary cutoff region and semilogarithmic 

valence band region for acceptor CQD film (Eg = 1.0 eV) for carrier diffusion length 

measurement. b, Energy level diagram of donor CQD film (Eg = 1.3 eV, n-type CQD and p-

type CQD) and acceptor CQD film. 
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Supplementary Figure 8. The n and k values for n-type CQD film and p-type CQD film (CTA-

reprogrammed). 
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Supplementary Figure 9. Photoluminescence intensity of blend CSM inks consisting of n-

type (halogenated) and p-type CQDs (CTA-reprogrammed). Consistent PL intensity of blend 

CQD inks indicates chemical orthogonality of blend CQD inks. 
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Supplementary Figure 10. Absorbance and photoluminescence of CQD films prepared by 

CQD inks after surface halogenation and CTA-reprogramming, respectively. Because of S 

attachment, the optical band gap of CQDs slightly decreases after CTA-reprogramming. 
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Supplementary Figure 11. a-b, Chemical orthogonality studies of blend CQD inks using 

absorbance (a) and PL (b) measurement. Both in absorbance and PL, there are no shift of 

excitonic peak of n-type CQDs in blend CQD inks while direct injection of thiols renders red-

shift. It clearly indicates thiol ligands at p-type CQDs do not move to n-type CQDs, proving 

chemical orthogonality in blend CQD inks. 
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Supplementary Figure 12. a, Schematics of carrier transfer between n-type CQD and p-type 

CQD in the CQD bulk homojunction film. b, The PL intensity of n-type CQD, p-type CQD, 

and bulk homojunction film (1:1 ratio). 
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Supplementary Figure 13. Transient absorption spectra of blend CQD films consisting of n-

type (Eg = 870 nm) / n-type (Eg = 1090 nm) (a), and p-type (Eg = 870 nm) / n-type (Eg = 1090 

nm) (b). The narrow bandgap CQDs (Eg = 1090 nm) are selectively populated using a 

photoexcitation wavelength of 1100 nm. Rapid increase of absorption at 980 nm in (b) indicates 

hole transfer from n-type CQDs to p-type CQDs. 
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Supplementary Figure 14. Certified record AM1.5 PCE to date for CQD solar cells. This 

device is made by CQD bulk homojunction films made from CSM inks. 
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Supplementary Figure 15. Histograms of PCE for n-type CQD devices, p-type CQD devices, 

and CQD bulk homojunction devices with Gaussian fits overlaid. The bulk homojunction 

devices exhibit reproducible high efficiencies. 45 devices (n-type), 43 devices (p-type), and 78 

devices (bulk homojunction) are used for histograms, respectively. 
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Supplementary Figure 16. Long term device stability with continuous device operation at 

maximum power point under AM1.5 illuminations in N2 atmosphere. 
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Supplementary Figure 17. a, Photograph image of large-area device fabricated with CQD 

bulk homojunction solid (active area = 1.1 cm2; substrate area = 2.5 cm x 2.5 cm). b, J-V 

characteristics and device performance of large-area device. c, EQE spectra of large-area 

device. 
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Supplementary Figure 18. a, Schematic and photographs of CQD layers before and after 

butylamine soaking. While the donor CQD layer is completely redispersed with the addition of 

butylamine, the acceptor CQD layer does not redisperse nor change. b, UV/visible absorbance 

spectra of the acceptor CQD layer before and after butylamine soaking. The acceptor CQD 

layer shows the same absorbance spectra before vs. after butylamine soaking. 
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