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Table S1. Statistics of performance metrics of HP sky-blue LEDs from literatures and the 
current work. (TF: thin film)
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Figure S1. Characterization of Cu0 NCs and comparison with Cu30 NCs after washing with 
octane for different times. (a) TEM image of NCs without treatment of CuCl2; Normalized (b) 
absorption spectra; and (c) PL spectra of the Cu0 and Cu30 NCs dissolved in octane after 
washing once or twice. Shown in the inset of (c) is the photos of the Cu0-2wash NC film (green) 
and the Cu30-2wash NC film (blue) under UV light.
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Figure S2. Normalized PL spectra of the Cu30-octane and Cu30-hexane NC solutions.
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Figure S3. Comparison of current densities of the Cu30-octane LED and the Cu30-hexane LED 
as a function of applied voltage.
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Figure S4. Comparison of normalized PL intensity of two Cu30 NC solutions aged for different 
days.
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Figure S5. Effect of ligands on optical performance of Cu30 NCs. (a) Absorption spectra; (b) 
normalized PL intensity and (c) normalized PL spectra of the Cu30DDAB, Cu30DDABDDAC 
and Cu30DDAC NC solutions.
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Figure S6. Current density as a function of applied voltage.
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Figure S7. Performance of Cu50-octane and Cu70-octane LEDs. (a) EQE and luminance as a 
function of current density; and (b) normalized EL spectra under increasing bias of the Cu50-
octane LED. (c) EQE and luminance as a function of current density; and (d) normalized EL 
spectra under increasing bias of the Cu70-octane LED. (e) Comparison of current densities of the 
Cu30-octane LED, Cu50-octane LED and Cu70-octane LED as a function of applied voltage.
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Table S2. Performance metrics of the HP NCs-based LEDs in the current work.
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Figure S8. Study on the role of copper ions in Cu30 NCs. PL peaks of HP NCs treated with (a) 
different concentrations of CuCl2; (b) different types of metal chlorides and (c) CuBr2 or ZnBr2; 
and (d) PL peaks of HP NCs with varying compositions of halide and treated with or without 
CuCl2.

To illustrate the possible mechanism of the blue shift of PL after the addition of CuCl2, we 

carried out some series of control experiments. Firstly, we considered a series of different 

amount of CuCl2 added into the reaction system and characterized the optical performance of the 

obtained NCs, labeled sequentially as Cu0, Cu0.1, Cu0.5, Cu1, Cu5, Cu10, Cu50 and Cu100, 

where the number indicates the molar percentage of Cu added to the Pb used in the synthesis. 

The PL peak keeps almost the same spectral position and FWHM, when the amount of CuCl2 is 

no more than 1% of the mole amount of PbBr2 (Figure S8). In contrast, when the amount of 

CuCl2 is more than 5% of that of PbBr2 used in the reaction system, the PL peak displays 

gradually enlarged blue shift, moving from 513 nm for the Cu0 NCs, up to 507 nm, 506 nm, 481 

nm, and 464 nm for the Cu5, Cu10, Cu50, and Cu100 NCs, respectively. Actually, our results 

(Figure 4a) are consistent with the effect of anion exchange as reported in the literature, where it 
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was reported to have a non-linear relation to the concentration [1]. Thus, we foresee three possible 

explanations for the blue shift of the PL peak of the NCs after treatment with CuCl2. The first 

one, and most plausible, is that there may be anion exchange between bromide and chloride, 

which has been reported to be thermodynamically favorable.[2] The second one is that the 

presence of copper ions cations may be able to favor the anion exchange,[3] when CuCl2 

concentration in the reaction system is beyond a certain threshold. The third one is that the 

copper ions may be doped inside the NCs, which is reported to be able to cause lattice 

contraction and further enlarged bandgap.[4] 

To understand the role of Cu, we treated our NC solutions with different metal chlorides at a 

fixed molar ratio of 30% vs. PbBr2. The samples are individually labeled as Zn30, Mg30, Mn30, 

Pb30, and Ni30, where each label indicates the metal of the used chloride. All treated NC 

solutions show blue-shifted PL peaks (Figure 4b and Figure S9a), among which Zn30, Mg30, 

Mn30, and Pb30 NCs present a blue shift of 12 nm relative to the Cu0 NCs. Ni30 presents 10 

nm blue shift. In contrast, the PL peak of the Cu30 NCs displays a blue shift of 20 nm as 

compared to the PL peak of the Cu0 NCs, with PL FWHM 1 nm smaller than those of the other 

treated NCs. The higher blue shift of the PL peak of the Cu30 NCs may be explained by the 

assuming indeed that copper ions might have favored the anion exchange reaction between Cl- of 

the added salt and the Br- in the NCs. Experimental results on co-doping of ZnCl2, MgCl2, or 

MnCl2 with CuCl2 also confirm this. For instance, the PL peak of the Cu50 NCs is even bluer 

than the PL peak of the Cu30Zn30, Cu30Mg30, and Cu30Mn30 NCs (Figure S9b,c), although 

there is less chloride in the reaction system for the Cu50 NCs.

In order to figure out whether the effect of PL shift could be ascribed also to copper ions 

doped into the NCs, on one hand, we treated the as-synthesized NCs with either CuBr2 or ZnBr2, 

or with a mixture of the same salts and CuCl2. However, the PL peak position of the NCs 

obtained after treatment with CuBr2 or ZnBr2
[5] alone is the same as that of the untreated sample 

(Figure 4c and Figure S10). This is most likely due to the absence of anion exchange between the 

NCs and the added salts, which is reported to be necessary for metal doping inside HP NCs.[6, 7] 

In contrast, the NCs treated with CuBr2 or ZnBr2 in addition to CuCl2, display blue-shifted PL 

peak. The PL peak of the Cu30-CuBr2 NCs is more blue-shifted than that of the Cu30-ZnBr2 

NCs. Considering that the same amount of bromide should be present in both reaction systems, 
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this observation strongly suggests that not only anion exchange but also copper ions is playing a 

significant role, maybe by doping the NCs. 

On the other hand, CuCl2 was used to treat not only CsxFA1-xPbBr3 NCs, but also similarly-

synthesized CsxFA1-xPbCl3 NCs during post-synthesis, with the Cu/Pb molar ratios set at 0.3:1. 

The addition of CuCl2 leads to a blue shift of the PL peak in all the systems (Figure 4d and 

Figure S11). In particular, we observed a blue-shift of 6 nm in the PL of CsxFA1-xPbCl3 NCs 

after treatment with CuCl2 and DDAB. The Br- in DDAB could have induced anion exchange, 

but this would have caused a redshift of the PL peak. On the other hand,  the anion exchange 

could have acted as a boost for the copper doping in this system.[6] Chen et al. observed a 2-nm 

PL blue shift of CsPbCl3 NCs during treatment with CuCl2, and attributed it to the change of the 

dielectric constant due to existence of copper ions in solution and on NC surface.[3] Here, 

considering that the blue shift in our case is much larger, even in the presence of Br- from 

DDAB, we attribute it to doping of copper ions into the NCs rather than merely absorbing on NC 

surface. Thus, the blue shift of the PL peak of the Cu30 NCs in comparison with the Cu0 NCs 

could be attributed to a combination of anion exchange enhanced by copper ions and doping of 

copper ions into NCs.
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Figure S9. A scheme of the reaction mechanism of NC post-synthesis after the addition of CuCl2 
and DDAB into crude NC solutions.

Based on the observations, we speculate that after the addition of CuCl2:DDAB:toluene 

solution, the initial NCs disintegrate and re-dissolve into the solvent. With increasing reaction 

time, lead bromide and/or chloride octahedra re-connect to each other and re-crystallize, together 

with inclusion of some copper ions into the NCs and oleic acid (OA) ligands replaced by copper 

and DDAB, respectively, obtaining the final Cu30 NCs. In this way, rather than adding CuCl2 

during other stages, the prepared Cu30 NCs could stay stable, without precipitates, for more than 

half a year.
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Figure S10. Surface topography of the NC films. AFM image of (a) Cu30-hexane; (b) Cu30-
octane; and (c) Cu30DDABDDAC films.

Table S3. Roughness of the NC films corresponding to the AFM images.
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Figure S11. Half-lifetime (L50) of the running devices. Exponential fitting curves of L50 of (a) 
Cu30-octane LED and (b) Cu30DDABDDAC LED, which are operated at a constant current 
density of 100 mA/cm2.
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Figure S12. Cu 2p XPS peaks measured on the Cu30 sample. The main peak is centered at 
(932.6±0.3) eV. Together with the absence of the typical Cu(II) satellites in the 940 - 950 eV 
range,26 the data support the presence of Cu(I) in the system.
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