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Supplementary Figures 

 

Supplementary Figure 1. (a) Cross-sectional and (b) top view SEMs of imprinted 400 V AAM with 1000 

nm pitch. (c) Cross-sectional view of device fabricated on 1000 nm pitch AAM w/o TiO2.  

  



 

 

Supplementary Figure 2. (a) Band energy diagram of the device structure. Cross-sectional SEM 

images of (b) planar, and (c) P1000 AAM. For planar device, from bottom to top are: ITO, 

PEDOT: PSS, Br-Pero, F8 and Ca/Ag. For nanostructured devices, from bottom to top are: AAM 

with TiO2, ITO, PEDOT: PSS, Br-Pero, F8 and Ca/Ag. 

  



 

 

Supplementary Figure 3. (a) X-ray diffraction (XRD), (b) UV-visible and photoluminescence 

spectrums and (c) time-resolved PL (TRPL) of the MAPbBr3 thin film.  

  



 

 

 

Supplementary Figure 4. Transmittance of the thin film (TF), P500 AAM and P1000 AAM 

substrates with ITO. In order to achieve a good sheet resistance, we used a relatively low O2 flow 

rate (<1sccm) for sputtering ITO on P500 and P1000 nanostructured substrate thus compromised 

transmittance to certain degree. The sheet resistance is ~ 50 Ω/□ for ITO glass and ~ 90 Ω/□ for 

our sputtered ITO. 

  



 

Supplementary Figure 5. Histogram of the EQE distribution for (a) P1000 AAM, (b) P500 AAM 

and (c) thin film (TF) devices. For each kind of device, ~100 devices were counted and the 

histogram of the EQE distribution is plotted. The P1000 AAM device has an average EQE of 

15.93% with 0.96% standard deviation. The P500 AAM device has an average EQE of 2.26% with 

0.73% standard deviation. And the thin film device has 7.05% average EQE with 0.85% standard 

deviation. 

 

 

 

 



 

 

Supplementary Figure 6. Simulation model for (a) nanophotonic device and (b) planar device. Ag 

thickness is 100 nm. F8 thickness is 100 nm. Perovskite thickness is 400 nm. PEDOT: PSS 

thickness is 100 nm. AAM are hexagonal pores with pitch 500 nm, 1000 nm and 1500 nm. Pore 

sizes are 0.2×pitch, 0.4×pitch, 0.6×pitch and 0.8×pitch. AAM pores are filled with dielectric 

materials with index= 1, 1.5, 2.0 and 2.6. The simulation background is n=1.5, which is close to 

the epoxy refractive index and glass refractive index. 

  



 

 

Supplementary Figure 7. Diagram of AAM cross-section. The DP ratio is defined as diameter of 

AAM pores divided by the AAM pitch. The AAM dome shape is determined by the AAM 

geometry. The pitch 𝑝 is the x-axis in Fig. 3, and DP ratio is 
2𝑟1

𝑝
. The nanodome diameter 𝑟2 is half 

of the pitch 𝑝. 

 

Supplementary Figure 8. Top view of the unit cell of the hexagonal AAM arrays. 

 



 

Supplementary Figure 9. EQE of the P1000 AAM devices with different DP ratios 

(diameter/pitch). Here the geometry effect of AAM substrate on LED device performance has been 

studied, and we changed not only the pitches, but also the diameters. Because P1000 AAM yielded 

the best EQE, the P1000 AAM was chosen for diameter effect study. Diameter-pitch (DP) ratio 

0.3, 0.4, 0.5 and 0.6 corresponds to AAM pore size of 300 nm, 400 nm, 500 nm and 600 nm, 

respectively. The pore size can be easily controlled by the wet chemical etching time. And it was 

found the peak EQE for DP0.3, DP0.5 and DP0.6 are 0.96 times, 0.94 times and 0.82 times of the 

optimized DP0.4, which is quite consistent with our simulation result shown in Fig. 3a. 

 



 

 

Supplementary Figure 10. Modes in P100 AAM. 

 

 



 

 

Supplementary Figure 11. Modes in P500 AAM. 

  



 

 

Supplementary Figure 12. Modes in P1000 AAM. 

  



 

 

Supplementary Figure 13. Modes in P1500 AAM. 

 



Supplementary Figure 14. Extraction coefficient for AAM core with different refractive indexes. 

𝑛core = 1 corresponds to the case without TiO2 and 𝑛core = 2.6 corresponds to the case with 

TiO2. Theoretically, all materials with a refractive index 2.6 can replace the TiO2. To verify the 

core refractive index effect, we added in two more simulations, namely, 𝑛core = 1.5 and 𝑛core =

2.0. We didn’t simulate refractive higher than 2.6 because very few materials can have such high 

refractive index. Comparing Supplementary Figure 14(a)-(d), we found that 𝑛core = 2.6 performs 

the best. Intriguingly, the optimized structure is always the 1000 nm pitch with 0.4 aspect ratio. 

The best extraction coefficient is 0.359, 0.39, 0.55 and 0.736 for 𝑛core =  1, 1.5, 2 and 2.6, 

respectively.  

 

 



 

Supplementary Figure 15. Time domain E field evolution of P100 AAM. Light is propagating 

upwards.  

  



 

Supplementary Figure 16. E2 intensities of (a)P500, (b) P1000 and (c) P1500 AAM devices with 

photonic crystal (PhC) and nanodomes (NDs). E2 field intensities of (d)P500, (e) P1000 and (f) 

P1500 AAM devices with only NDs. E2 field intensities with adjusted color bars to show the focus 

point of (g)P500, (h)P1000 and (i)P1500 AAM devices with only NDs. Extraction efficiency (EC) 

for different cases are also listed below each image. Dash lines are the interface between device 

and environment (UV epoxy, n=1.5). 

 

  



 

 

 

Supplementary Figure 17. Comparison of simulated cross-sectional E2, simulated far field and 

measured far field of thin film (TF), P500 AAM and P1000 AAM devices. 

 

 

Supplementary Figure 18. Diagram of the far field measurement for thin film and nanophotonic 

devices. 

 



  

 

 

Supplementary Figure 19. Angular emission of the Lambertian profile, our thin film (TF) device, 

P500 AAM device and P1000 AAM device. (a) All intensities are normalized to the EL intensity 

of 0° emission of the TF device. (b) EL intensities are normalized to the EL intensity of 0° of each 

kind of device itself.  

 

 

 

 



 

Supplementary Figure 20. Stability test of the thin film (TF), P500 AAM and P1000 AAM devices. 

The device stability was evaluated using EL intensity decay for two minutes with 4V driving 

voltage. Note that the driving current density 50 mA cm-2 and luminance of 10,000 cd m-2 is much 

higher than many reported results1, 2. It can be seen that the normalized EL for TF device dropped 

from 1 to 0.7, the normalized EL for P500 AAM dropped from 0.37 to 0.24, and the normalized 

EL for P1000 AAM dropped from 2.11 to 1.27. Currently, all of our devices are not packaged, and 

the measurements were performed in ambient condition with 75% humidity, this also caused 

device performance decay.   



Supplementary Tables 

Supplementary Table 1. Summary of the maximum EQE of the high-performance green light 

perovskite LED and their emitting materials. For those estimated light extraction efficiencies, we 

simply calculated by dividing maximum EQE by PLQY. 

Articles Max. EQE Year Emitting materials PLQY Light extraction efficiency 

K. Lin et. al.1 20.3% 2018 CsPbBr3 /MABr quasi-core/shell 80% 25.4% (estimated) 

Z. Xiao et. al.3 9.3% 2016 BABr:MAPbBr3  Not reported Not mentioned 

H. Cho et. al.4 8.53% 2015 MAPbBr3 Not reported Not mentioned 

X. Yang et. al.5 14.36% 2018 PEA2(FAPbBr3)n – 1PbBr4 73.8% 19.6% (estimated) 

M. Ban et. al.6 15.5% 2018 PEA2Csn−1PbnBr3n+1 70% 22% (estimated) 

 

 

  



Supplementary Notes 

Supplementary Note 1 

X-ray diffraction (XRD) was carried out to characterize the composition and crystallinity of the 

films, and the results are shown in Supplementary Figure 3.  The peaks at 15°, 21°, 30° and 34° 

matched well with the (100), (110), (200) and (210) planes of cubic Br-Pero crystals, confirming 

the presence of cubic Br-Pero crystals. The carrier lifetime of Br-Pero was characterized to be 

14.82 ns by time resolved photoluminescence (TRPL) with results shown in Supplementary Figure 

3c. The lifetime here is long among reported Br-Pero and it indicates a good perovskite material 

quality. 

Supplementary Note 2 

From the simulation results, it was found that 1000 nm pitch and 0.4 aspect ratio is the optimized 

geometry. Here we calculated the photonic crystal filling fraction and effective refractive index 

for this geometry. The diagram for the hexagonal AAM is shown in Supplementary Figure 8, the 

solid line rectangular is one unit-cell. Then the filling fraction of the high-index core is given as, 

𝐹 =
2×(𝜋𝑟channel

2)

𝑝𝑖𝑡𝑐ℎ×√3𝑝𝑖𝑡𝑐ℎ
.      (1) 

Given that 
𝑟channel

𝑝𝑖𝑡𝑐ℎ
= 0.4, 𝐹 is then calculated to be 0.145. 

Therefore, the effective refractive index of the nanophotonic substrate is given as, 

𝑛eff = √𝐹𝑛TiO2
2 + (1 − 𝐹)𝑛AAO

2 .    (2) 

Given that 𝑛TiO2
= 2.6 and 𝑛AAO = 1.7, 𝑛eff can be calculated to be 1.86.  

Therefore, the optimized structure is a positive photonic crystal with fill fraction of 0.145 and 

effective index of 1.86.   

Supplementary Note 3 

Supplementary Figure 10-13 show the modes in different geometry AAMs. Note that here we only 

show the guided modes in the TiO2 core. And only the first 20 modes (from fundamental modes 

to high order modes) are calculated. As for P100 AAM (Supplementary Figure 10), there is no 

fundamental TE or TM mode. And the only guided mode 3 has an imaginary effective index and 

suffers from very high loss. This phenomenon supports our argument that the P100 AAM supports 

no guided modes, and therefore the light extraction for P100 AAM is very poor. As for the P500 

AAM (Supplementary Figure 11), there are 3 guided modes (mode 1, 2 and 9) in the center TiO2 



core. Mode 1 is TM0 fundamental mode, mode 2 is TE0 fundamental mode, and mode 9 is hybrid 

mode. 

As for the P1000 AAM (Supplementary Figure 12), there are 8 guided modes (mode 1, 2, 5, 10, 

11, 14, 15, 16). Mode 1 is TE0 fundamental mode, and mode 2 is TM0 fundamental mode. Other 

modes are hybrid modes. Mode 17, 18, 19 and 20 can be classified as leaky modes. These leaky 

modes are favorable for light to be extracted out and become radiation propagation. Mode 17 is 

TM1 mode, and mode 18 is TE1 mode. As for the P1500 AAM (Supplementary Figure 13), there 

are 12 guided modes (mode 1, 2, 7, 12, 13, 14, 15, 16, 17, 18, 19 and 20). Mode 1 is TE0 

fundamental mode, and mode 2 is TM0 fundamental mode. Mode 19 is TE1 mode, and mode 20 is 

TM1 mode. Other modes are hybrid modes. 

The mode analysis for P1000 and P1500 AAM also supports our point in the main text that the 

P1500 AAM allows more guided modes than P1000 AAM. As only the guided modes scattered 

by/ interacted with the nanostructures can be extracted out, therefore a proper amount of guided 

modes is required. This also supports the result that P1500 AAM is not as good as P1000 AAM in 

terms of light extraction.   

Supplementary Note 4 

The nanodomes in our structures are working as focusing lens to couple light into the photonic 

crystal optical antennas. The focusing effect can be supported by the Supplementary Figure 16 g-

i clearly. Note that the extraction efficiencies for P500, P1000 and P1500 AAM devices with only 

nanodomes (NDs) are 20%, 46% and 43.5%, respectively. Intriguingly, P500 and P1500 AAM 

devices show better ECs with only NDs than with both photonic crystal (PhC) and NDs. This is 

another strong support that the P1000 PhC has better capability of extracting the light out than 

P500 and P1500 PhCs. With the optimal P1000 AAM PhC, the EC has been increased from 46% 

with only NDs to 73.6% with both PhC and NDs. As a result, the combination of NDs with PhCs 

show its better strength in light extraction than NDs only, but only when the geometry of the PhC 

is properly designed.  

Supplementary Note 5 

In order to understand the function of the photonic crystal part without nanodomes, we also studied 

the light propagation through the photonic crystals. In this study, we input plane wave into the 

photonic crystals with different pitches and calculate the near field light output and the light 

extinction (1-transmittance). Fig. 6 show the near field of the P500, P1000 and P1500 photonic 



crystals, respectively. For P500 and P1500, it can be seen that the light energy is confined inside 

the TiO2 channels. The field pattern of P1000 photonic crystal near field (Fig. 6b) shows a 

scattering resonance (leaky mode). 7 The scattering resonance is also an evidence of the optical 

antennas effect which can effectively convert the confined light energy to propagating radiation, 

and the antennas effect can also be supported by the extinction spectrum pass band centering at 

530 nm (EL peak).8, 9 And this pass band has a quality factor of 30 (𝑓1 = 5.77 × 1014𝐻𝑧, 𝑓2 =

5.58 × 1014𝐻𝑧, 𝑓𝑐 = 5.675 × 1014𝐻𝑧, 𝑄 =
𝑓𝑐

𝑓1−𝑓2
). As for the P500 photonic crystal, the extinction 

(Fig. 6d) shows a typical interference pattern, which indicates the standing wave (guided modes) 

is confined inside TiO2 channels, which can also be supported by Supplementary Figure 16a and 

Fig. 6a. And if we look at the extinction of P1500 (Fig. 6f), 530 nm is at the edge of one pass band, 

which means this wavelength is not in the working range of P1500 optical antennas, and that is 

why most of the light energy is confined in the TiO2 channels, as shown in Fig. 6c. Basically, this 

explains why adding photonic crystals can help the light extraction of P1000 AAM device but not 

for P500 and P1500 AAM device.   

Supplementary Note 6 

In order to perform far field measurement, a semitransparent screen was placed 2 cm far from our 

samples and a 532 nm laser was used as light source in order to excite strong enough far field. We 

performed the far field measurement and added the result as Supplementary Figure 17. In order to 

approximate the linear polarized light source in the simulation and also in order to excite strong 

enough far field, a laser was chosen to excite far field for thin film and nanophotonic samples. 

Especially, the measured far field pattern of the P1000 AAM matches very well with the simulation 

results. On the other hand, the TF and P500 samples do not have clear far field pattern in both 

simulation and measurements. Intriguingly, when we rotate the laser, the far field pattern of our 

P1000 sample also rotates. Considering our LED device generates random and non-polarized light 

when electrically turned on, it’s difficult to see the far field pattern from the electrically pumped 

device. Similar situation has also been discussed in Z. Khokhar et. al.’s work, far field EL of their 

photonic crystal LED has no clear diffraction spots because light was uniformly generated all over 

the LED surface and couples collectively to the quasi-photonic crystal structures10. 

 

 



Supplementary Note 7 

It can be seen that the angular emission spectra, no matter thin film or nanostructured ones, 

basically follow the trend of the Lambertian profile (Supplementary Figure 19b). Generally, the 

overall EL intensity of P1000 AAM device is two times of that of the TF one. Note that the 

nanostructured devices show a marginally reduced EL intensity at emission angle larger than 30°, 

which is more obvious in Supplementary Figure 19a. This can be understood because the large 

angle emission is focused by the AAM dome shapes which can be interpreted as focusing lens, as 

can be supported by our light propagation videos in supplementary. The AAM domes help couple 

the light from perovskite layer into the AAM channels (TiO2) and form guided modes. Basically, 

these guided modes propagate vertically. Thanks to the scattering effect, the guided modes can be 

extracted out by a proper geometry (P1000), therefore, the vertically propagating light will become 

random directions again after being scattered by the nanophotonic substrates.  

Supplementary Note 8 

For our 1st generation device, we used pure MAPbBr3 without any material engineering process. 

Both device efficiency and PLQY were not high, but the enhancement factor is 5.06, which is close 

to the 7 times enhancement from simulation result of EC. For the 2nd generation device, we 

optimized the perovskite layer by crystal pining method4. The device performance was enhanced 

by the PLQY for TF and nanostructured devices started to show some difference. We attribute this 

to the surface roughness of nanostructured devices which is not favorable for film flatness during 

spin coating. Afterward, device efficiency and our thin film device baseline was enhanced to 

8.19% which is close to the 9.3% record of this particular material system.3 The performance 

improvement was due to the additive of long-chain group material BABr which helps to further 

reduce crystal size and improve the perovskite flatness/smoothness3. Then the difference of PLQY 

between thin film and nanostructured devices became more obvious. All these results indicate that 

the conventional material engineering methods targeting at crystal pining and perovskite flatness 

will show less effectiveness when applied to a nanostructured substrate. However, we still see an 

improvement in the device EQE by using the nanophotonic substrate (P1000) even though the 

PLQY was reduced to less than half of that of the thin film device. This can be a strong evidence 

of the important role of nanophotonic substrate.  

Moreover, the ITO transmittance on AAMs is not as good as our commercial ITO glass. As shown 

in Supplementary Figure 4, the ITO glass shows 80% transmittance at 550 nm while the ITO on 



AAM substrate shows only 50% transmittance. This is because the non-ideality of our sputtering 

process. In order to achieve good electrical conductance, O2 flow rate was relatively low (less than 

1sccm) during sputtering which compromised transmittance to certain degree. This ITO 

transmittance loss also made the EQE enhancement of our real device not as high as the modeled 

results. 
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