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Table S1. Inductively coupled plasma mass spectrometry (ICP-MS) analysis results of 

pure QD and BCP-QD films.  

 

 
 
Table S2. Absolute PL QY of pure QD and BCP-QD films.  
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Table S3. Analysis of PL decay components. Decay time constants τ , τ , and τ  represent 

the components of surface defects, radiative recombination, and inner defect states, 

respectively, and B1, B2, and B3 represent normalized intensities of each component. The 

average lifetime was calculated as 𝜏 𝜏 𝐵 + 𝜏 𝐵 + 𝜏 𝐵 . The ratio of the radiative 

component (B2) in the QD solution and the BCP-QD film is comparable whereas that of the 

QD film is much lower, indicating efficiently reduced FRET in the BCP-QD film. 
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Figure S1. Characteristics of polymer-QD composites. (a) Fourier transform-infrared (FT-

IR) characterization result of QD, BCP and BCP-QD films. All samples were prepared with 

equal mass of each component on Si wafers. The graphs were measured with attenuated total 

reflection (ATR) mode and normalized by the value of a Si wafer. Distinctive peaks of 

dimethylformamide (DMF), pyridine, and -OH are shown. The -OH peak (3300 - 3400 cm
-1

) 

of the BCP-QD is clearly smaller than that of QD film, indicating successful hydrogen bond 

linkages between the QDs and P4VP. (b) Water contact angle on P4VP-, PS-, and BCP-QD 

films. The distribution of the measured contact angle is shown. Insets are optical images of 

water droplets on the films. The P4VP-QD film has the largest degree of hydrophilicity. (c) 

Cross-sectional SEM images of pure BCP and BCP-QD films with different RH (all scale bars 

= 5 μm). (d) Cross-section and top-down SEM images of PS-QD films (75% RH, scale bars = 

5 μm). Both images show morphological characteristics of the PS such as a smooth surface and 

cracks. 
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Figure S2. Morphological and optical changes with warm solvent-vapor annealing (WSA). 

(a) 3D atomic force microscope (AFM) images and (b) optical images (1 x 1 cm) of BCP-QD 

composites (15 wt% BCP and 3 wt% QD in a blended solution) treated with WSA. (c) PL 

spectra (λex = 450 nm) of pure QD films (3 wt%) treated with WSA. Similar PL intensities 

indicate a negligible annealing effect of WSA on pure QDs. 
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Figure S3. Correlation between porosity and light absorption/extraction. (a) Porosity of 

BCP-QD composites (15 wt% BCP - 3 wt% QD in the solution) is plotted as a function of RH. 

The porosity was calculated from the difference in thickness of as-spun and warm solvent-

vapor annealed (WSA, 120 seconds) films because the condition of WSA 120s transforms the 

porous structure of the as-spun film into a completely non-porous structure. The thickness of 

each film confirmed by cross-sectional SEM images is presented in the graph. (b) Porosity-

dependent refractive index distribution for the optical simulation (scale bars = 5 μm). To set 
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equal amounts of materials in each film, the product of the fill factor (1 - porosity) and the 

average thickness of the film is fixed to the thickness of a non-porous structure (experimentally 

confirmed 1.88 μm thickness for the 120s WSA-treated sample). Enhancement factors of (c) 

light absorption and (d) extraction as a function of porosity. Each enhancement factor was 

calculated compared to the intensity of the non-porous structure. 
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Figure S4. PL spectra (λex = 450 nm) of QD solution, QD film, BCP film, and BCP-QD 

film. Vertical dashed lines in the PL spectra indicate the positions of emission peaks. The 

emission spectrum of QD solution is plotted as dotted lines. 
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Figure S5. Quasi-random structure of BCP-QD composite. (a) x-z cross-sectional SEM 

image of BCP-QD film (75% RH, 15 wt% BCP - 3 wt% QD in blended solution) and (b) an 

imported image from the SEM image (20 x 6 μm). (c) x-z cross-sectional (20 x 6 μm) and (d) 

x-y cross-sectional (20 x 20 μm) morphology of a 3D quasi-random structure. (e) Absorption 

spectra and (f) total light extraction efficiency (LEE) of the x-z imported image and quasi-

random structure (2D FDTD). To calculate the total LEE, emitting dipoles were positioned with 

increasing distance from the substrate. The detailed calculation method for the total LEE is 

described in the section of Methods. 
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Figure S6. Light extraction efficiency (LEE) in BCP-QD films. (a, b) LEE at the emission 

wavelength of BCP-QD composite (654 nm). LEE of (a) nonporous and (b) porous structures 

as a function of dipole positions in the films. The table at the middle summarizes the LEEs of 

horizontally oriented (p ) and vertically oriented (p ) dipoles and the overall LEE averaged 

over the dipole positions. (c, d) LEE over a broad spectral range. (c) Total LEE in BCP-QD 

films and (d) extraction enhancement factor are plotted as functions of wavelength. Both results 

show consistent extraction enhancement over a broad spectral range by the random scattering 

medium. 
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Figure S7. Cylindrical morphologies of P4VP domains in BCP-QD composite films. (a) 

Scheme for selective dispersion of QDs in the cylinder P4VP domains of BCP-QD samples. (b) 

Top-down SEM image of Pt-decorated patterns of P4VP domains from a monolayer BCP-QD 

film (0.5 wt% BCP – 0.1 wt% QD). The image shows the cylindrical P4VP domains with an 

average width of 6.7 nm. The inset image shows 10-nm-diameter Pt-decorated P4VP dot 

patterns from a pure BCP film (all scale bars = 100 nm). These images confirm that the addition 

of QDs into the BCP induces volume expansion of P4VP domains, leading to a morphology 

transition from spheres to cylinders. (c) Plan-view high angle annular dark field (HAADF) 

scanning TEM (STEM) image of multilayer BCP-QD film (75% RH, 15 wt% BCP - 3 wt% 

QD) (scale bar = 10 nm).  
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Figure S8. Results of PL peak shift in QD samples. (a) Comparison of PL red-shift for solid-

state QD samples in comparison with solution-state QDs. The BCP-QD composite recorded 

the smallest degree of red-shift, indicating superior dispersion status compared to other samples. 

(b) PL spectra of BCP-QD films with different BCP concentration in solution (3 wt% QD, λex 

= 450 nm). Vertical dashed lines in the PL spectra indicate the positions of emission peaks. The 

emission spectrum of QD solution is plotted as dotted lines. In the case of the 1 wt% BCP 

sample, the peak position is equal to that of the pure QD film (667 nm). However, with 
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increasing BCP concentration, the emission peaks of the films exhibit a substantial blue-shifts 

toward that of the solution state (the solution peak at 644 nm). 
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Figure S9. PL spectra (λex = 350 nm) of QD solution, QD film, and BCP-QD film (with 

green-emitting CdSe/ZnS QDs). Vertical dashed lines in the PL spectra indicate the positions 

of emission peaks. The emission spectrum of QD solution is plotted as dotted lines. Table below 

the PL graph shows the comparison of peak positions of QD samples (CuInS2/ZnS vs 

CdSe/ZnS). 
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Figure S10. Morphological stability of pure BCP and BCP-QD films. (a) Cross-section 

SEM images of pure BCP and BCP-QD films before and after a thermal test (100 ℃ for 1 day) 

(all scale bars = 2 μm). (b) Schematic for the stabilization of BCP-QD structure via hydrogen 

bond linkage. While the pure BCP chains are free to move at a sufficiently high temperature, 

the interlinked P4VP block in the BCP-QD film limits the rearrangement of the chain, 

providing thermal stability of the porous morphology. 
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Figure S11. Optical stability of down-conversion QD-LEDs with pure QD and BCP-QD 

films (LED operation voltage = 2.5 V). Under the illumination of a blue LED, the luminance 

of the LED/BCP-QD device decreases less than 20%, whereas the luminance of the LED/QD 

device exhibits a 42% reduction. Error bars in the graph represent the standard deviation of 

luminance in each sample.  
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Figure S12. Morphological and optical stability of BCP-QD film under water immersion 

(75% RH, 15 wt% BCP – 3 wt% QD). (a) Cross-section SEM images of BCP-QD film before 

and after water immersion (all scale bars = 5 μm). (b) Normalized PL spectra (λex = 450 nm) of 

pure QD and BCP-QD films before and after water immersion.  
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Figure S13. Formation of BCP-QD composites on flexible substrates. BCP-QD films 

formed on flexible substrates under ultraviolet light (λex = 340 nm). BCP-QD films were spin-

casted on (a) polyethylene terephthalate (PET) and (b) polyimide (PI) substrates. Inset images 

show photographs of bent films without delamination, showing good adhesion. 
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Supplementary Note 1. 

Correlation between porosity and light absorption/extraction. Porosity of BCP-QD film 

can be controlled by altering RH (Figure S3a). The film obtained under 75% RH shows almost 

60% porosity while the film under 35% RH has a porosity less than 5%. To analyze the 

dependency of the light absorption/extraction on the porosity of the film, we performed a series 

of full-wave optical simulations based on the finite difference time domain (FDTD) method 

(Figure S3c and S3d). The light absorption at 450 nm (the excitation wavelength for PL 

measurement) and the light extraction at 654 nm (the emission wavelength of BCP-QD 

composite) are both enhanced as the porosity of the film increases. We speculate that these 

enhancements originate from the increased light scattering in the porous film, as previously 

reported.1 

 

Supplementary Note 2. 

Absolute PL QY of pure QD and BCP-QD samples. Absolute PL QY values of pure QD and 

BCP-QD samples (in reference to the QD solution) were measured with an integrating sphere 

and are shown in Table S2. A 1.2-fold increase of absolute PL QY was obtained for the BCP-

QD composite and this is much smaller, compared to the 21-fold PL enhancement (Figure 4a). 

As described in the manuscript, the three factors (enhanced absorption efficiency and extraction 

efficiency and reduced FRET) contribute to the 21-fold PL enhancement, and the large 

difference in PL and PL QY can be understood from the definition of the absolute PL QY based 

on the following points. 

(1) Absorption efficiency: Because absolute QY is defined as the ratio of the number of 

photons absorbed to the photons emitted by a sample, the enhanced absorption in our BCP-QD 

does not contribute to the absolute PL QY. In other words, absorption is a normalization factor 

in the absolute PL QY. (2) Extraction efficiency: For QD films, the trapped light inside the 
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film due to internal reflection can diffuse out through the edges, which is not detected by a 

normal PL measurement setup. However, the integrating sphere configurations can collect all 

the emitted light from a sample even including the edge-emitted light. This would give similar 

extraction efficiency in both pure QD and BCP-QD samples. In real display applications, only 

the front emission contributes to viewers. (3) FRET: Preferential segregation of QDs in the 

P4VP block of BCP enables the reduced FRET efficiency compared to the pure QD film, 

providing the nearly sole contribution to absolute PL QY enhancement.  

 
Supplementary Note 3. 

Quasi-random structure of BCP-QD composite. To reliably implement the complex 

geometry of the porous BCP-QD structure in optical simulations, we generated 3D quasi-

random structures that share important features with the actual structure: the average thickness 

of unit layers (550 nm), porosity (60%), and bi-continuous morphology (Figure S5a and S5b 

for the real BCP-QD structure, and S5c and S5d for the generated quasi-random structure). We 

checked the validity of the generated structures by comparing their absorption spectra and LEE 

with those of the actual geometry extracted from the cross-sectional SEM image (Figure S5e, 

S5f). Recognizing the optical robustness of random structures,2, 3 the quantitative 

correspondence between the optical responses of the two structures indicates that the generated 

quasi-random structure accurately represents the core characteristics of the porous BCP-QD 

composite. Note that, here, the comparison was done by using 2D FDTD simulations due to 

the inability to extract the full 3D tomography of the real BCP-QD structure. To simulate the 

optical behavior of the full 3D structure, we generated and used 3D quasi-random structures. 
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