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Supplementary Figure 1. Characterizations of cesium-copper-iodide films with 

Tween. a, Time-resolved PL decay curves. b, Evolution of PL intensity of the 

unencapsulated film stored in air with different time.  
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Supplementary Figure 2. Characterizations of cesium-copper-iodide films without 

Tween. a, Normalized PLE spectra at various emission wavelengths. b, XRD pattern. 

c, SEM image. Scale bar, 1 m.  
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Supplementary Figure 3. Cross-sectional STEM image of the metal halide film 

(Scale bar, 100 nm). The STEM measurement was performed on a sample with 

structure of ITO/PEDOT:PSS/metal halides/Au. The layers in the right panel were 

tinted. Tween lies between the discrete cesium-copper-iodide crystallites, with a 

thickness of ~9 nm.   
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Supplementary Figure 4. Characterizations of devices fabricated from the cesium-

copper-iodide films without Tween. a, Dependence of current density and luminance 

on the driving voltage. b, EQE versus current density. c, EL spectrum.  
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Supplementary Figure 5. Characterizations of films and devices fabricated from 

different ratios of CsI:CuI with Tween. a, PL spectra. b, Dependence of current 

density on the driving voltage. c, Dependence of luminance on the driving voltage. d, 

EQE versus current density. e, EL spectra. f, SEM images. Scale bar, 1 m. 
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Supplementary Figure 6. Electronic properties of cesium-copper-iodide films. a, 

UPS spectra. After adding Tween, the valence band of cesium-copper-iodide film was 

changed from 5.46 to 5.07 eV. b, Schematic flat-band energy level diagram. The energy 

level values of cesium copper iodides were measured by UPS. c, J-V characterization 

of single-hole device with a structure of ITO/PEDOT:PSS/metal halide/TFB/MoO3/Au. 

d, J-V characterization of single-electron device with a structure of ITO/SnO2/PEIE/ 

metal halide/TmPyPB/LiF/Al.  
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Supplementary Figure 7. XPS spectra. a, O 1s spectra.  The O 1s lines were 

decomposed into two or three peaks. The red lines represent the raw data, while the 

blue, green lines represent the PEDOT:PSS and the purple lines represent the Tween. It 

shows that the peak of C=C-O group in PEDOT:PSS located at ~531.5 eV1,2 shifts to 

531.9 eV in the samples with CsI or CuI, which indicates that the PEDOT:PSS substrate 

has a strong coupling with CsI, CuI, and CsI:CuI films. But the Tween additive can 

reduce this interaction, which shows the corresponding C=C-O peak locating at 

~531.5 eV. The peak at ~532.8 eV assigned to the oxygen of Tween has no shift after 

the inclusion of CuI, but shifts to higher binding energy in Tween:CsI sample. b, Cu 3d 

and I 3d spectra of CuI, Tween:CuI, CsI:CuI and Tween:CsI:CuI films.  
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Supplementary Figure 8. Calculations of the interaction between cesium copper 

iodides and Tween. a-b, Optimized structures of CsCu2I3 (010)-additive (a) and 

Cs3Cu2I5 (001)-additive (b), with listed binding energy between the free additive and 

the crystalline surfaces. c-d, Charge density differences (∆𝜌 ൌ  𝜌ሺ௬௦௧/ௗௗ௧௩ሻ െ

 𝜌௬௦௧ െ 𝜌ௗௗ௧௩) of the CsCu2I3 (010)-additive (c) and Cs3Cu2I5 (001)-additive (d). 

The yellow and cyan regions indicate charge accumulation and charge depletion, 

respectively. e-f, Calculated projected density of states of the CsCu2I3 bulk, with Cs+ 

exposed on the (010) facet and additive passivated CsCu2I3 (e) and those of the Cs3Cu2I5 

bulk, the (001) facet with Cs+ exposure and the additive passivated Cs3Cu2I5 (f). The 

Fermi levels are highlighted by the blue dash lines. The copper-based compounds with 

crystalline facets exposed with Cs+ create a sub-gap state highlighted by the red circles.
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Supplementary Figure 9. Time-resolved GIWAXS profiles of cesium-copper-

iodide films. a, Without Tween. b, With Tween.  
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Supplementary Figure 10. Optoelectronic characteristics of the devices based on 

PEO. a, FTIR spectra. After adding PEO to CsI, the 1120 cm-1 peak ascribed to C-O-C 

stretching vibration of PEO is shifted to 1106 cm-1, which is similar in the PEO:CsI:CuI 

sample. Inset, the structure of the PEO molecule. b, Dependence of current density and 

luminance on the driving voltage. c, EQE versus current density. The PEO-based 

devices reach a peak EQE of 1.7% and a maximum luminance of 890 cd m-2, 

respectively. d, EL spectra at different voltages.
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Supplementary Table 1. Comparison of our device with reported white metal 

halide LEDs. 

Emitter 
EL peak 

(nm) 

Maximum luminance

(cd m-2) 

Peak EQE 

(%) 
Reference

CsPbBrxCl3-x+MEH:PPV 470, 560 ~150† - 3 

PA2CsPb2I7+CsPb(Br/Cl)3 493, 693 - 0.22 4 

MAPb(Br0.6Cl0.4)3+organic compound ~500, 700 ~14† ~0.001 5 

(C6H5C2H4NH3)2PbCl2Br2 ~475† ~70 - 6 

Cs2Ag0.60Na0.40InCl6 ~559† ~50† - 7 

CsCu2I3+mCP ~554 ~14† ~0.15† 8 

Tween-(Cs3Cu2I5:CsCu2I3) 565 1570 3.1 This work
†These data were estimated from the figures in refs 3,5–8. 
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