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Figure S1. The comparison of two Gaussian fitted peaks from PL spectra of MBNCs-PVDF after aging in N2: 

(a) integrated PL intensity; (b) PL emission peak energy and (d) FWHM of the fitted peaks obtained by two-

peak Gaussian fitting. (c) PL spectra at 15 K, 50 K and 90 K of MBNCs-PVDF after aging in N2, illustrating the 

evolution of multipeak PL emission at low temperature. 

 

 

Figure S2. The comparison of two Gaussian fitted peaks from PL spectra of MBNCs-PVDF after aging in 

vacuum: (a) integrated PL intensity; (b) PL emission peak energy and (d) FWHM of the fitted peaks obtained 

by two-peak Gaussian fitting. (c) PL spectra at 15 K, 60 K and 90 K of MBNCs-PVDF after aging in vacuum, 

illustrating the evolution of multipeak PL emission at low temperature. 
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Figure S3. The comparison of two Gaussian fitted peaks from PL spectra of MBNCs-PVDF after aging in air: 

(a) integrated PL intensity; (b) PL emission peak energy and (d) FWHM of the fitted peaks obtained by two-

peak Gaussian fitting. (c) PL spectra at 15 K, 70 K and 90 K of MAPbBr3 NCs embedded in PVDF film after 

aging in air, illustrating the evolution of multipeak PL emission at low temperature. 

 

 

Figure S4. X-ray diffraction (XRD) patterns of MAPbBr3 NCs embedded in PVDF film: (a) after aging in N2; 

(b) after aging in vacuum; (c) after aging in an air atmosphere and (d) pristine. For reference, (e) provides 

XRD of PbBr2 and (f) provides a standard XRD pattern of NH4Br (PDF#85-0785, Tetragonal, P4/nmm). Vertical 

lines indicate diffraction peaks at 21.5° and 37.8° correspond to reflections from the (001) and (201) crystal 

planes of NH4Br. 
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Figure S5. X-ray diffraction (XRD) patterns of MAPbBr3 NCs embedded in PVDF film: (a) after aging in N2; 

(b) after aging in vacuum; (c) after aging in air atmosphere and (d) pristine. For reference, (e) provides XRD 

of PbBr2 and (f) provides a standard XRD pattern of NH4Br (PDF#85-0785, Tetragonal, P4/nmm). Vertical 

dashed lines indicate the diffraction peak at 37.8° corresponding to the reflection from (201) crystal planes of 

NH4Br. 
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Figure S6. X-ray diffraction patterns of MAPbBr3 NCs embedded in PVDF film: (a) after aging in N2; (b) after 

aging in vacuum; (c) after aging in air atmosphere and (d) pristine sample. For reference, (e) and (f) provide 

standard XRD pattern of NH4Pb2Br5 (PDF#74-0969) and calculated pattern of CH3NH3Pb2Br5 (MAPb2Br5), 

respectively. 
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Figure S7. X-ray diffraction patterns of MAPbBr3 NCs embedded in PVDF film after aging in three different 

atmospheres at a temperature of 300 K under 368 nm UV light illumination with an intensity of 5.6 mW/cm2, 

comparing with that of the pristine sample. 

 

 

Figure S8. X-ray diffraction patterns of MAPbBr3 NCs embedded in PVDF film after aging in three different 

atmospheres at a temperature of 300 K without UV light illumination, comparing with that of the pristine 

sample. 
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Figure S9. Normalized PL spectra of MBNCs-PVDF after aging in three different atmospheres at a 

temperature of 300 K under 368 nm UV light illumination with an intensity of 5.6 mW/cm2. Normalized to the 

PL peak of the pristine MBNCs-PVDF. (a) PL spectra of the pristine MBNCs-PVDF and the sample after aging 

in N2; (b) PL spectra of the pristine MBNCs-PVDF and the sample after aging in vacuum and (c) PL spectra of 

the pristine MBNCs-PVDF and the sample after aging in air atmosphere. 

 

 

Figure S10. Normalized PL spectra of MBNCs-PVDF after aging in three different atmospheres at a 

temperature of 323 K without UV light illumination. Normalized to the PL peak of the pristine MBNCs-PVDF. 

(a) aging in N2; (b) aging in vacuum and (c) aging in air atmosphere. 

 

 

Figure S11. Absorption spectra of pure PVDF film after aging in three different atmospheres at a temperature 

of 300 K without UV light illumination, comparing with that of the pristine sample. The temperature and 368 

nm UV light illumination density during aging are 323 K and 5.6 mW/cm2. 
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We further analyzed the electron-phonon coupling in MBNCs-PVDF, from the temperature-

dependent PL broadening. The relationship between the FWHM of the PL spectra and temperature 

was determined to be [1]: 

Γ(T) = Γ0 + 𝛾𝑎𝑐𝑇 + 𝛾𝐿𝑂
1

𝑒𝐸𝐿𝑂/𝑘𝐵𝑇 − 1
 (S1) 

where Γ0 denotes the temperature-independent inhomogeneous broadening of the FWHM, 𝛾𝑎𝑐 

the coupling coefficient between exciton and acoustic phonon, 𝛾𝐿𝑂  the coupling coefficient 

between exciton and longitudinal optical phonon (LO-phonon), 𝐸𝐿𝑂 the LO-phonon energy, 𝑘𝐵 

and Boltzmann’s constant. 

 

 
Figure S12. (a-d) The FWHM of PL spectra as a function of temperature, from 100 K to 300 K, of MBNCs-PVDF 

combined with the fitted curve using Equation S1. (e-h) The integrated PL intensity as a function of temperature 

combined with the fitted curve using Equation S2. The corresponding values of 𝐸𝐿𝑂 fitted from (a-d) are used during 

the fitting in (e-h). 

 

By extracting and fitting FWHM of PL spectra above 100 K, we exclude the additional 

broadening of PL spectra due to emission from two types of excitons below 90 K [2]. FWHM versus 

temperature and curves fitted by equation 1 are plotted in Figures S12a-S12d. The fitted results of 

are collected in Table S1. The fitted 𝐸𝐿𝑂  of pristine MBNCs-PVDF equals 46 meV, which is 

consistent with the previously reported value of 42.2 meV for 3.3 nm MAPbBr3 NCs [3], and larger 

than the value of 24.9 meV for 10 nm NCs [1]. 

Furthermore, taking into account the contribution of thermally activated trapped carriers to 

the enhancement of PL, thermal dissociation of exciton, and thermal escape of carriers, the 

temperature dependence of integrated PL intensity is given by [1,4]: 

𝐼𝑃𝐿(𝑇) =
𝑁0 +𝑁0

′𝑒−Δ𝐸/𝑘𝐵𝑇

1 + 𝐵𝑒−𝐸𝑏/𝑘𝐵𝑇 + 𝐶(𝑒𝐸𝐿𝑂/𝑘𝐵𝑇 − 1)−𝑚
 (S2) 
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where 𝑁0
′ denotes the density of interface trap states, ΔE activation energy of interface trap states, 

𝐼𝑃𝐿(𝑇)  the integrated PL intensity at temperature T, 𝑁0  the initial carrier population, 𝐸𝑏  the 

activation energy for exciton dissociation, m the number of longitudinal optical phonon (LO-

phonon) for assisted thermal escape of carriers, 𝐸𝐿𝑂  LO-phonon energy, 𝑘𝐵  Boltzmann’s 

constant, B and C fitting parameters. 

 

Table S1. Extracted photoluminescence linewidth broadening parameters. 

Sample 
Γ0 

(meV) 

𝜸𝒂𝒄 

(meV) 

𝜸𝑳𝑶 

(meV) 

𝑬𝑳𝑶 

(meV) 

Pristine 50.8±1.8 0.0245±0.015 214.8±14.7 46.0±1.9 

Aging in N2 34.7±1.4 0.0078±0.013 177.7±8.1 35.2±1.0 

Aging in vacuum 28.9±0.3 0.0097±0.012 273.1±2.1 40.4±1.9 

Aging in air 30.5±1.6 0.0056±0.016 158.8±8.3 32.1±0.9 

 

Table S2. The parameters fitted by Equation S2. 

Sample 
𝑬𝒃 

(meV) 
m 

∆𝑬 

(meV) 

𝑵𝟎
′  

Pristine 103.1±3.1 0.35±0.01 18.7±2.2 36±13 

Aging in N2 109.3±4.9 0.47±0.19 17.4±3.8 916±41 

Aging in vacuum 108.7±4.1 0.23±0.01 17.0±1.6 370±26 

Aging in air 108.5±3.6 0.56±0.02 19.1±2.7 280±32 

 

Using the extracted 𝐸𝐿𝑂  by Equation 1 in Figures S12a- S12d, we fit the temperature-

dependent integrated PL intensity by Equation S2 (Figures S12e- S12h). Assuming that there exist 

trap states above the exciton ground state, we replace the LO-phonon-assisted thermal escape term 

in Equation S2 with another exponential term which denotes the thermally-activated trap of 

excitons [5], and then rewrite the temperature dependence of integrated PL intensity as: 

𝐼𝑃𝐿(𝑇) =
𝑁0 +𝑁0

′𝑒−Δ𝐸/𝑘𝐵𝑇

1 + 𝐵𝑒−𝐸𝑏/𝑘𝐵𝑇 + 𝐷𝑒−𝐸𝑎/𝑘𝐵𝑇
 (3) 

In Equation S3, D is a fitting parameter, 𝐸𝑎 the activation energy of thermally activated trap. The 

fitted curves by Equation S3 are exhibited in Figures S13a- S13d, and the fitted results are collected 

in Table S3. For the same sample, the values of 𝐸𝑏 , or 𝛥𝐸, fitted by Equation S2 (Table S2) and S3 

(Table S3) are consistent. The values of 𝐸𝑎 (Table S3) fitted by Equation S3 are close to the products 

of m (Tables S2) and 𝐸𝐿𝑂 (Table S1) of each sample, respectively. 
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Figure S13. The integrated PL intensity as a function of temperature combined with the fitted curve using Equation S3. 

 

Table S3. Exciton binding energy and other parameters fitted by Equation S3. 

Sample 
𝑬𝒃 

(meV) 

𝑬𝒂 

(meV) 

∆𝑬 

(meV) 

𝑵𝟎
′  

Pristine 102.1±2.7 16.2±2.2 17.1±3.7 62±12 

Aging in N2 108.9±3.8 16.9±8.7 16.9±3.8 911±97 

Aging in vacuum 108.3±4.5 8.9±0.3 18.6±2.2 374±33 

Aging in air 109.3±3.1 20.1±5.6 21.7±3.6 329±30 

 

The exciton binding energy (𝐸𝑏) of MBNCs-PVDF after aging become larger than that of pristine 

MBNCs-PVDF (Table S3), suggesting the enhancement of quantum confinement after aging [1,3,6]. 
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