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Supplementary Table 1 The comparison of thermal evaporation method with traditional 

solution-processed methods for PeLEDs. 

Fabrication 
process Scalability Repeatability Pixelability Manufacturability Ref. 

Spin-coating Low Moderate Difficult Low 1,2 

Inkjet 
printing High Moderate Easy Moderate 3-6 

Blading-
coating High Moderate Difficult Low 7,8 

Thermal 
evaporation High High Easy High This 

work 

 

 
 
 
 
 
 

  

 
 
Supplementary Fig. 1 Thermogravimetric analyses of all-inorganic CsPbBr3 and organic-

inorganic hybrid perovskites conducted under N2 atmosphere with a heating rate of 10 ℃/min. 

CsPbBr3 inorganic perovskite begins weight loss at over 500℃.  
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Supplementary Fig. 2 Schematic diagram of co-evaporation for Cs-Pb-Br film deposition. The 

stoichiometry of the as-deposited film is controlled by adjusting the evaporation rate ratio of 

CsBr and PbBr2. To further enhance the confinement strength, a high evaporation rate and low 

substrate temperature (RT) are adopted to expect forming small grain size. 

 
 
 
 
Supplementary Note 1 
 

The evaporation rate is a key parameter in determining the optoelectronic properties of 

thermally evaporated perovskite films. The growth mechanism of thermally evaporated 

perovskite follows well with Volmer-Weber growth (Supplementary Fig. 3a), where the initial 

nucleus will grow to grains and then determine the final grain size. Generally, The more the 

initial nucleus (larger condensation rate Nd), the smaller final grain size, and the condensation 

rate Nd is further related to evaporation rate Ne according to the following equation: 

Nd=
NeAcosθ
4πr2 α2 

where A is the area of the source (Supplementary Fig. 3b). 

It is clear that evaporation rate Ne will influence the grain size and morphology of our 

thermally evaporated perovskite films. To gain a better understanding, we have performed 

additional SEM images of thermally evaporated perovskite films with different evaporation 

speeds (Supplementary Fig. 3c). The average grain size of the film with a 1 Å/s evaporation 

rate is relatively smaller than that of 0.5 Å/s, which matches well with the above analysis. Small 
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grain size is generally beneficial for confining electrons and holes to improve radiative 

recombination in PeLEDs9.  

 

 
 
Supplementary Fig. 3 The film growth mechanism. a Schematic illustration of the Volmer-

Weber growth mechanism. b Parameter description in the formula of condensation rate. c SEM 

of films with different evaporation rates. 

 
 
 

Supplementary Table 2 Energy-dispersive spectrometer (EDS) results of Cs-Pb-Br films 

with different Cs/Pb ratios. 

 
 
 
 
 
 
 
 
 
 
 
 

PL peak  Cs At% Pb At% Cs/Pb ratio 

516 nm 17.08 13.72 1.24 

508 nm 25.91 16.64 1.56 

500 nm 28.19 15.90 1.77 

492 nm 26.31 13.63 1.93 

480 nm 27.46 12.01 2.28 
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Supplementary Fig. 4 Photographs of Cs/Pb=1.56 and Cs/Pb=1.24. Under daylight, the 

former is transparent while the latter is semi-transparent, consistent with the absorption 

character. 

 
 
 
 
 

  
 
Supplementary Fig. 5 The PL tunability is dependent on the size-induced spatial confinement. 

a Moisture in the air that easily extracts CsBr could trigger the transformation of non-

luminescent Cs4PbBr6 to PL-active CsPbBr3
10. b The PL evolution of extremely cesium-rich 

film with the permeation of the external air: at the beginning, the film encapsulated in a nitrogen 

environment is non-nonluminous (XRD in (a) indicates it is the mixture of Cs4PbBr6 and CsBr); 

after exposure to the air, it emitted bright fluorescence, along with the phase transportation of 

Cs4PbBr6/CsPbBr3. We explain this phenomenon by the reversible reactions: 

CsPbBr3+3CsBr⇋Cs4PbBr6. c XRD of Cs-Pb-Br films whose PL peaks correspond to 480 nm, 

492 nm, and 500 nm, respectively. It indicates Cs4PbBr6 is the dominant phase for these films. 
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d The blue-fluorescence gradually changed to green-fluorescence after exposure to the air, we 

attribute to the reduced confinement strength of Cs4PbBr6 to CsPbBr3 for moisture decreases 

the CsBr concentration.  

 

 

 

 

 

 

 
 

Supplementary Fig. 6 The integrated PL intensity as a function of carrier density. Herein, the 

carrier density is estimated through the absorption coefficient combined with excitation photon 

numbers (excitation wavelength: 375 nm). 
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Supplementary Fig. 7 Temperature-dependent PL spectra of Cs/Pb=1.56 and Cs/Pb=1.24. a,b 

The integrated PL intensity as a function of temperature for Cs/Pb=1.56 (a) and Cs/Pb=1.24 (b). 

The PL quenches with the increase of temperature, which always for the thermal dissociation 

of excitons. Then the fitted activation energy (through equation I(T)=I0/(1+A*exp(-Eb/KT))) 

corresponds to the exciton binding energy11. c,d PL spectra at different temperatures of the two 

films. 
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Supplementary Fig. 8 Time-resolved fluorescence spectra of Cs/Pb=1.56 and Cs/Pb=1.24 

under extremely low carrier density. The effective lifetime is 1.4 ns and 0.59 ns for Cs/Pb=1.56 

and Cs/Pb=1.24. Under low carrier density (~1012 cm-3), the bimolecular recombination and 

Auger recombination are negligible, and the monomolecular recombination constant k1 can be 

obtained through the equation (τ1/e=1/(k1+k2*n/2+k3*n2/3))12. 

  

8 
 

javascript:;


  

 
 

Supplementary Fig. 9 a, b The I-V curves of Cs/Pb=1.56 (a) and Cs/Pb=1.24 (b) devices with 

structure of ITO/PEDOT/perovskite/TAPC/MoO3/Al. c, d The I-V curves of Cs/Pb=1.56 and 

Cs/Pb=1.24 devices with structure of ITO/ZnO/perovskite/TPBi/LiF/Al. The defect density is 

evaluated through the equation of n=2ε·VTFL/e·d2, where the d (400 nm) is the thickness of 

perovskite in the whole device and the value of ε for CsPbBr3 was reported as 4.813. The 

mobility can be extracted from the child region according to the equation of J=9εμV2/8d3. The 

Cs/Pb=1.56 film shows lower defect density and mobility than Cs/Pb=1.24. 

 
 
 
 
Supplementary Table 3 The carrier mobility of Cs-Pb-Br films, which is extracted from 

Supplementary Fig. 9. The Cs/Pb=1.24 film processes a larger gap between hole mobility and 

electron mobility causing charge imbalance. 

Materials hole mobility (cm2/V/s) electron mobility (cm2/V/s)  electron/hole 

Cs/Pb=1.56 1.98 (±0.09) 10-2 3.38 (±0.15) 10-2 ~1.7 

Cs/Pb=1.24 2.58 (±0.25) 10-2 0.21±0.01 ~8.1 
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The calculation of carrier recombination constants 

In perovskite materials, there are always three pathways of mono-, bi-, and tri-molecular 

recombination, which can be described as following equation 2: 

- dn(t)
dt

=k1·n(t)+k2·n2+k3·n3       (2)  

The absorption intensity ΔA(t) of the ground-state blenching peak indicates the excited carrier 

density n(t), and the linear relationship between n(t) and ΔA(t) can be described as equation S1: 

n(t)=C·ΔA(t)                         (S1) 

Where C is the conversion coefficient between excited carriers and the absorption intensity. 

Usually, the value of C could be extracted from the equation S2: 

C= n0
ΔA0

                                 (S2) 

The n0 and ΔA0 are the initial carrier density and maximal absorption intensity after pulsed 

excitation, respectively. Finally, we got C from the average of n0/ΔA0 at three excitation powers 

P within the non-saturated absorption region (in Supplementary Fig. 10a and Supplementary 

Fig. 10c, the ΔA0 grows linearly with P). Assuming that all the photons absorbed are converted 

to excited carriers, the n0 could be estimated through the equation S3 below: 

n0= P
f·Epd·π·r2                           (S3) 

Where P is the energy power absorbed by perovskite films, f is the laser repetition rate, Ep is 

the photon energy of the pump laser, d is the film thickness, and r is the radius of the laser spot. 

Put the values of C into equation S1, we could obtain the carrier density n(t). Taking the time 

derivative of n(t), the curves of - dn(t)
dt

 verse n(t) is plotted in Fig. 2e and Fig. 2f. Then k2 and k3 

could be extracted through the curve global fitting using equation 214,15. 
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Supplementary Fig. 10 Transient absorption spectra. a, c Initial TA bleach signal plotted over 

pump power for Cs/Pb=1.56 and Cs/Pb=1.24, which indicate they are in the unsaturated 

absorption region. b, d The pseudo-color maps of Cs/Pb=1.56 and Cs/Pb=1.24 under the 

excitation power of 7.9 μW and 18.1 μW. 
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Supplementary Fig. 11 Ultraviolet Photoelectron Spectroscopy (UPS) spectra of NiOx 

sputtered at low temperature (LT-NiOx) and high temperature (HT-NiOx). a The Fermi level 

(Ef=Ecut-off -21.22) and the valence band (Ef - Ev ≈ 0.4 eV for LT-NiOx and 0.5 eV for HT-NiOx). 

b The lower barrier between NiOx and perovskites for LT-NiOx is believed to promote the hole 

injection. 

 
 
 
 

  

Supplementary Fig. 12 The conductive atomic force microscope (c-AFM) characterization of 

the sputtered NiOx layer. a The c-AFM of ITO film. b The c-AFM of ITO/ NiOx layer. The 

ITO/NiOx film shows uniform conductivity without significant leakage, suggesting the good 

quality of the sputtered NiOx. 
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Supplementary Fig. 13 EL spectra of Cs/Pb=1.56 (a) and Cs/Pb=1.24 (b) at different voltage 

bias. As bias voltage increased from 3.0 to 6.0 V, the EL peak positions remain unchanged. 

 

 

 

 

 

Supplementary Fig. 14 Histogram of max. EQE of 30 devices. 
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Supplementary Fig. 15 The spatial distribution maps of PL peak fluctuation (a) and FWHM 

(b) indicating outstanding uniformity of thermally evaporated perovskite film in the micro area. 

Noted that the scale bar in (a) is leveled. 

 

 

 

 
 

Supplementary Fig. 16 Morphology characterization of the large-area perovskite film. a The 

measured morphology of five regions covering the center and edge in the film. b-f Top-view 

SEM images (low magnification) of the spot 1-5, which are almost the same. 
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Supplementary Fig. 17 EDS mapping of the large-area perovskite film. a-e Cs, Pb, and Br 

mapping, which corresponding to the 1-5 regions illustrated in Supplementary Fig. 16a. 
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Supplementary Fig. 18 Composition characterization of the large-area perovskite film. We 

extracted the Cs/Pb ratios of EDS from 25 spots evenly distributed in the large-area film, and 

the fluctuations are negligible. 

 
 
 
 
Supplementary Table 4 The reported large-area PeLEDs 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Active layer Emission region Fabrication process Area Ref. 

FAPbI3 near-infrared Spin-coating 900 mm2 16 

FAPbI3 near-infrared Spin-coating 120 mm2 17 

FAPbBr3 Green QD 400 mm2 18 

MAPbI3 near-infrared blade-coating 2800 mm2 7 

CsPbBr3 Green Thermal evaporation 1400 mm2 19 

CsPbBr3 Green Thermal evaporation 4000 mm2 This work 
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Supplementary Note 2 
 

The thermal evaporated Cs-Pb-Br films show fascinating morphology with dense grains over 

the substrate20, which is a prerequisite for highly efficient LEDs. As shown in Supplementary 

Fig. S19, the Cs/Pb ratio will affect the morphology of thermally evaporated films, and the 

average grain size decreases from 93(±24) nm to 42(±10) nm as the Cs/Pb ratio increases from 

1.24 to 1.77. The reason for that is because Cs4PbBr6 with zero-dimensional (0D) structure 

impede the growth of the CsPbBr3 crystals21-23. Thereby, excess Cs4PbBr6 may lead to lower 

crystallinity of our CsPbBr3/Cs4PbBr6 films (Supplementary Fig. S19c), and inadequate 

Cs4PbBr6 will enlarge grain sizes and induce rough morphology (Supplementary Fig. S19a). A 

moderate Cs/Pb ratio of 1.56 possesses a uniform and dense morphology (Supplementary Fig. 

S19b), laying the foundation for large-area and efficient PeLED fabrications. 

 

 
 
Supplementary Fig. 19 The top-view SEM of Cs-Pb-Br films and their corresponding grain 
size distributions are presented below. The films exhibit excellent compactness. From a to c, 
the Cs/Pb ratio is increased from 1.24 to 1.77. The scale bar is 200 nm. 
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