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 23 

Supplementary Figure 1. The photographs of flexible PSMs prepared by meniscus-coating and 24 

the corresponding wearable applications.  25 
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Supplementary Figure 2. Atomic force microscope (AFM) images of perovskite films based on 27 

PEDOT:EVA and PEDOT:PSS HTLs.  28 

29 
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Supplementary Figure 3. X-ray diffraction (XRD) patterns of perovskite films based on 31 

PEDOT:EVA and PEDOT:PSS HTLs.  32 
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Supplementary Figure 4. The cross-sectional SEM images of perovskite films based on PEDOT: 34 

EVA and PEDOT:EVA HTLs.  35 
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Supplementary Figure 5. Measurement of the contact angle for the PEDOT:EVA and 37 

PEDOT:PSS films.  38 
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Supplementary Figure 6. The CPMD of MAI-terminated with EVA.  40 
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Supplementary Figure 7. The CPMD of PbI2-terminated with PEDOT:PSS.  42 
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Supplementary Figure 8. The CPMD of MAI-terminated with PEDOT:PSS.  44 
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Supplementary Figure 9. Binding energy variation of PbI2 with EVA or PSS and MAI with EVA 46 

or PSS.  47 
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 48 

Supplementary Figure 10. XPS spectra depicting the Pb 4f and I 3d peaks of the perovskite films 49 

based on PEDOT:EVA and PEDOT:PSS HTLs.  50 
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Supplementary Figure 11. Steady-state performance of flexible PSCs based on PEDOT: EVA 52 

and PEDOT:PSS.  53 
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 54 

Supplementary Figure 12. J-V curves of the PSCs (glass/ITO) based on PEDOT:EVA and 55 

PEDOT:PSS layers measured in both the reverse and forward directions.  56 
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Supplementary Figure 13. The effect of perovskite film thickness based on different meniscus 58 

moving speed, meniscus spacing and VASP pressure for the device performance.  59 
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Supplementary Figure 14. The corresponding IPCE spectra of rigid PSCs.  61 
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 62 

Supplementary Figure 15. Voc and Jsc dependence of the PSCs prepared on PEDOT: EVA and 63 

PEDOT:PSS substrates at various illumination intensities. 64 

 65 

Then, the J-V measurement under different illumination intensities is investigated to analyze the 66 

charge carrier recombination details (Supplementary Figure 15), the slope of Voc versus 67 

illumination intensity is kT/q (where k is the Boltzmann constant, T is the kelvin temperature and 68 

q is the elementary charge). The lower slope for the device prepared on PEDOT:EVA substrate 69 

(1.39 kT/q compared with 1.54 kT/q of the reference) means that the trap-assisted recombination 70 

is effectively suppressed under open-circuit condition. The power law dependence between Jsc with 71 

illumination intensity can be expressed as Jsc ∝ Iα (where I is the light intensity and α is the 72 

exponential factor), and the higher value of α for the device prepared on PEDOT:EVA substrate 73 

(0.995) proves the reduction in bimolecular recombination under short-circuit condition compared 74 

with the reference device (0.949).  75 
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 76 

Supplementary Figure 16. Dark J-V curves of the PSCs for PEDOT:PSS or PEDOT:EVA 77 

substrate. 78 

 79 

As shown in Supplementary Figure 16, dark J-V curves are characterized to investigate the 80 

transport performance of photogenerated carriers, the lower dark current density for the device 81 

based on PEDOT:EVA indicates that the more photogenerated carriers can be transmitted through 82 

the perovskite films instead of direct shunt, which results in the effective suppression of charge 83 

carrier recombination and leakage current. The above results indicate that the PEDOT:EVA HTLs 84 

can indeed reduce the trap-assisted and bimolecular recombination, which also means the better 85 

perovskite film quality and interfacial ohmic contact.  86 
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 87 

Supplementary Figure 17. The electrical impedance spectroscopy (EIS) data of the ACI devices 88 

based on different HTLs.  89 
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 90 

Supplementary Figure 18. The space-charge-limited-current (SCLC) module for perovskite with 91 

PEDOT:EVA or PEDOT:PSS hole-only devices. 92 

 93 

The PEDOT:EVA HTLs mobility and charge transfer performance are further investigated via the 94 

electrical impedance spectroscopy (EIS) and space-charge-limited-current (SCLC) 95 

(Supplementary Figure 17 and Supplementary Figure 18), and the measurement results indicate 96 

that PEDOT:EVA HTLs can significantly improve the optoelectronic properties of the perovskite 97 

films, which is due to the enhanced charge mobility, reduced trap state density and the optimized 98 

contact resistance at the charge extraction layer. These improvements are beneficial for more 99 

perfect Voc and FF in the PSCs.  100 
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Supplementary Figure 19. The statistics of the flexible PSCs based on PEDOT:EVA.  102 
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Supplementary Figure 20. Steady-state performance of flexible PSMs based on PEDOT:EVA.  104 
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Supplementary Figure 21. The device efficiency certification report for perovskite solar cell 106 

module with a 36 cm2 effective area (by National Institute of Metrology, China). 107 

  108 
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Supplementary Figure 22. Randomly selected 12 pieces from the PSMs are used to investigate 110 

the reproducibility. The ultraviolet–visible light absorption spectra and steady state 111 

photoluminescence spectra of perovskite films deposited on PEDOT:PSS:EVA of the each piece.  112 
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Supplementary Figure 23. The stress-strain curves for the PET material bonded with 114 

PEDOT:EVA and PEDOT:PSS.  115 
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Supplementary Figure 24. The SEM images of PET/ITO/PEDOT:EVA and 117 

PET/ITO/PEDOT:PSS bent with 4500 cycles within a curvature radius form flat to 3 mm.  118 
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Supplementary Figure 25. Averaged sheet resistance of PET/ITO/PEDOT:EVA and 120 

PET/ITO/PEDOT:PSS measured after bending 4500 cycles with a curvature radius.  121 
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 123 

Supplementary Figure 26. The SEM images of flexible PSCs bent with 7000 cycles within a 124 

curvature radius form flat to 3 mm.  125 
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Supplementary Figure 27. XRD spectrum of flexible perovskite films under different cycle 127 

bending times prepared on PEDOT:EVA and PEDOT:PSS. 128 

 129 

The X-coordinate of XRD pattern in Supplementary Figure 27. is the incident angle, Y-coordinate 130 

is the bending times, and the color represents the peak intensity. For the perovskite film prepared 131 

on PEDOT:EVA layer, the peak intensity of (110), (220) and (310) did not change significantly 132 

after 7000 bending times, which means the structure is not damaged. However, the the peak 133 

intensity of (110), (220) and (310) of the perovskite film prepared on the PEDOT:PSS layer has 134 

gradually weakened after bending. The characteristic peak of PET at about 26 degree is detected, 135 

which proves that the PET is exposed on the surface.  136 
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 137 

Supplementary Figure 28. Young’s Modulus measured by peak-force model of AFM. 138 

 139 

Young’s Modulus is a common parameter in engineering design for selecting the materials of 140 

mechanical parts and is also a physical quantity describing the deformation resistance of solid 141 

materials. The Young’s Modulus can be regarded as an index to measure the difficulty of elastic 142 

deformation. The larger the value of Young’s Modulus usually means the greater the stress causing 143 

certain elastic deformation, and the more significant rigidity of the material. As for the flexible 144 

device, too rigid films will be prone to appear more micro cracks after bending conditions, and the 145 

mechanical stability of photoelectric device will be also pessimistic. The introduction of 146 

PEDOT:EVA buffer layer not only improves the grain size for the perovskite films, but also reduces 147 

the stress accumulation for the flexible films under various bending radius. Therefore, the 148 

mechanical stability of flexible device is significantly optimized.  149 
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 150 

Supplementary Figure 29. Normalized averaged PCE of flexible PSCs chip measured after 151 

bending 7000 cycles with a curvature radius.  152 
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 153 

Supplementary Figure 30. The schematic diagram of bending efficiency measurement.  154 
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 155 

Supplementary Figure 31. The summary of residual PCE for the recently reported flexible PSCs 156 

after bending cycles. The blue dots, orange dots and purple dots represent the reports based on ITO 157 

electrode, graphene electrode and other electrodes, respectively. The red dots represent our 158 

previous work and the red solid stars represent this work  159 
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Supplementary Figure 32. Normalized PCE of encapsulated PSCs based on different electrodes.  161 
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Supplementary Figure 33. Raman spectra of PEDOT:EVA and PEDOT:PSS.  163 
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Supplementary Figure 34. Particle size distribution of PEDOT:EVA and PEDOT:PSS solution.  165 



35 

 

 166 

Supplementary Figure 35. XPS spectra depicting the C 1s peaks of PEDOT:EVA and 167 

PEDOT:PSS films.  168 
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Supplementary Figure 36. The acid base (pH value) of PEDOT:EVA and PEDOT:PSS ink.  170 
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Supplementary Figure 37. Atomic force microscope (AFM) images of ITO/PEDOT and 172 

ITO/PEDOT:EVA films.   173 
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 174 
Supplementary Figure 38. Transmission spectra of glass/ITO/PEDOT:EVA, 175 

glass/ITO/PEDOT:PSS, PET/ITO/PEDOT:EVA and PET/ITO/PEDOT:PSS.  176 
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Supplementary Figure 39. Finite-elements simulation model of flexible PSCs upon 178 

PEDOT:EVA and PEDOT:PSS.  179 
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Supplementary Figure 40. Finite-elements simulation for the perovskite and ITO layers upon 181 

PEDOT:EVA and PEDOT:PSS.  182 
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Supplementary Figure 41. The conductivity of ITO film coated with PEDOT:EVA and 184 

PEDOT:PSS under different bending angles after 1500 cycles.  185 
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 186 

Supplementary Figure 42. The structure of perovskite solar modules.  187 
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Supplementary Figure 43. The conductivity of ITO film coated with PEDOT:EVA and 189 

PEDOT:PSS under different bending angles after 1500 cycles.  190 
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 191 

Supplementary Figure 44. The statistical diagram of the relation between specific parameters of 192 

meniscus-coating with grain size and device efficiency.  193 
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 194 

Supplementary Figure 45. X-ray diffraction (XRD) patterns of perovskite films prepared with 195 

different meniscus-coating parameters.  196 
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Supplementary Table 1. Water contact angle value of PEDOT:EVA and PEDOT:PSS films.  197 

Time (s) PEDOT:EVA PEDOT:PSS 

0 93.4 32.5 

10 93.2 32.3 

20 92.6 32.2 

30 93.1 32.1 

40 93.0 31.2 

50 92.5 30.5 

60 93.1 29.8 

70 93.2 29.4 

80 92.8 28.2 

90 93.2 28.0 

100 93.1 27.6 

150 93.0 25.3 

200 92.8 23.1 

250 93.2 20.3 

300 93.2 17.5 

350 92.9 15.3 

400 93.1 13.2 
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Supplementary Table 2. The carrier recombination lifetime. 198 

HTLs Fast phase lifetime (τ1) Slow phase lifetime (τ2) 

PEDOT:EVA 9.8 ns 544.1 ns 

PEDOT:PSS 14.6 ns 994.5 ns 

  199 
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Supplementary Table 3. Photovoltaic performance of the PSCs based on different rigid substrates. 200 

Devicea)  Jsc (mA cm-2) Voc (V) FF PCE (%) 

Reference Reverse 21.32 1.02 0.81 17.61 

 Forward 21.31 1.00 0.77 16.34 

 Average 21.12 ± 0.44 1.01 ± 0.01 0.77 ± 0.03 16.43 ± 1.02 

PEDOT:EVA Reverse 22.91 1.18 0.82 22.16 

 Forward 22.90 1.18 0.81 21.95 

 Average 22.84 ± 0.21 1.18 ± 0.01 0.80 ± 0.01 21.56 ± 0.45 

The average and standard deviation values are based on 50 cells and the “±” is defined as the error bar. a) 201 

The effective area for devices is 1.01 cm2. The average and standard deviation values are based on 50 cells.  202 
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Supplementary Table 4. The effect of meniscus-coating parameters for the device performance. 203 

Constant Moving speed (mm s-1) Film thickness (nm) PCE (%) 

Meniscus spacing  

(50 mm) 

VASP pressure (20 Pa) 

5 211 ± 17.1 16.11 ± 0.51 

6 233 ± 17.7 16.52 ± 0.28 

7 259 ± 18.4 17.62 ± 0.32 

8 293 ± 16.7 18.01 ± 0.35 

9 323 ± 17.3 18.53 ± 0.23 

10 355 ± 17.5 19.51 ± 0.21 

12 386 ± 16.8 18.83 ± 0.24 

14 417 ± 17.2 18.21 ± 0.32 

16 440 ± 18.3 17.45 ± 0.31 

18 475 ± 20.1 16.76 ± 0.27 

20 512 ± 18.6 15.42 ± 0.42 

Constant Moving spacing (μm) Film thickness (nm) PCE (%) 

Meniscus moving speed 

(10 mm s-1) 

VASP pressure (20 Pa) 

10 52 ± 5.2 5.22 ± 1.21 

20 150 ± 9.4 12.12 ± 0.79 

30 244 ± 10.3 16.21 ± 0.85 

40 301 ± 11.3 17.83 ± 0.29 

50 352 ± 10.6 19.35 ± 0.37 

70 431 ± 17.3 18.23 ± 0.33 

90 492 ± 24.5 16.65 ± 0.44 

110 525 ± 36.4 14.23 ± 1.21 

130 629 ± 40.2 11.34 ± 2.32 

Constant Pressure (Pa) Film thickness (nm) PCE (%) 

Meniscus spacing (50 

mm) 

Meniscus moving speed 

(10 mm s-1) 

10 324 ± 6.7 18.51 ± 0.34 

20 342 ± 7.6 19.12 ± 0.36 

50 345 ± 6.5 18.41 ± 0.51 

80 364 ± 9.4 18.12 ± 0.44 

110 361 ± 10.5 18.01 ± 0.46 

150 367 ± 9.7 17.45 ± 0.62 

300 375 ± 11.4 17.26 ± 0.71 

500 381 ± 10.9 16.21 ± 1.22 

700 392 ± 12.6 15.23 ± 1.34 

900 394 ± 11.0 14.21 ± 1.65 

1100 401 ± 13.1 13.02 ± 2.01 

  204 
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Supplementary Table 5. The mobility of hole-only devices for the PSCs based on different 205 

substrates. 206 

Sample Hole mobility (cm2V-1s-1) 

PEDOT:PSS 9.35 × 10
-5

 

PEDOT:EVA 1.19 × 10
-4

 

  207 
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Supplementary Table 6. Photovoltaic parameters of the flexible PSCs (1.01 cm2) based on 208 

PEDOT:EVA HTLs. 209 

 210 
Each kind of devices are from five batches counting 50 cells in total.211 
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Supplementary Table 7. Photovoltaic parameters of the flexible PSCs (36.00 cm2) based on 212 

PEDOT:EVA HTLs. 213 

 214 
Each kind of devices are from five batches counting 50 cells in total.  215 
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Supplementary Table 8. Mechanical properties of flexible ITO/HTLs. 216 

Materials 

Thickness 

(nm) 

Young’s modules 

(Mpa) 

Density  

(ρ, g cm-3) 

Poisson’s ratio 

ITO/PEDOT:EVA 45 139 1.34 0.25 

ITO/PEDOT:PSS 45 258 1.41 0.36 

Young’s Modulus is measured by the peak force mode of atomic force microscope. 217 

  218 
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Supplementary Table 9. Devices performance of flexible PSCs with different bending angle. 219 

Test condition PCE Integration PCE 

Bending angle (0 degree) 19.86 - 

Bending angle (10 degree) 19.51 19.82 

Bending angle (20 degree) 18.57 19.76 

Bending angle (30 degree) 16.83 19.43 

Bending angle (40 degree) 14.36 18.75 

Bending angle (50 degree) 12.08 18.79 

Bending angle (60 degree) 9.31 18.62 

Bending angle (70 degree) 6.30 18.41 

Bending angle (80 degree) 0.53 3.06 
  220 
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Supplementary Table 10. Summary of residual PCE for the recently reported flexible PSCs. 221 

Structure 
PCE 

(%) 

Bending cycles/ 

bending radius 

Residual 

PCE 

(%) 

Journal 

PET/ITO/E-SnO2/PVK/Spiro- 

OMeTAD/Au 
18.28 500 cycles/7 mm 16.84 Nat. Commun.21 

PET/ITO/SnO2/PVK/C60- 

SAM/PVK/ Spiro-OMeTAD/Au 
17.96 340 cycles/5 mm 14.30 Nano Energy22 

PEN/ITO/SnO2/PVK/Spiro- 

OMeTAD/Au 
19.38 500 cycles/10 mm 17.83 

Adv. Funct. 

Mater.23 

Cellophane/OMO/CPTA/PVK/ 

Spiro-OMeTAD/Au 
13.00 1000 cycles/1 mm 12.45 Sol. Energy24 

PET/ITO/SnO2/C60-SAM/PVK/ 

Spiro-OMeTAD/Au 
17.43 1000 cycles/10 mm 13.28 

ACS Energy 

Lett.25 

PES/Graphene/NiOx/PVK/PCBM/ 

AZO/Ag/AZO 
14.00 1000 cycles/1.5% 12.60 Nano Energy26 

MgF2/PET/ITO/Nb2O5/ 

Spiro-OMeTAD/Au 
18.40 5000 cycles/4 mm 15.20 Adv. Mater.27 

PET/ITO/SnO2/PVK/ 

Spiro-OMeTAD/Au 

15.22 

(30 cm2) 
1800 cycles/- 10.66 Nat. Commun.28 

PEN/ITO/WB-SnO2/PVK/ 

Spiro-OMeTAD/Ag 
18.00 1000 cycles/3 mm 10.98 

Adv. Funct. 

Mater.29 

PEN/ITO/SnO2/PVK/ 

Spiro-OMeTAD/Ag 
19.51 6000 cycles/8 mm 18.53 

Adv. Energy 

Mater.30 

PET/ITO/NiOx/PVK/Bis-C60/Ag 14.53 100 cycles/- 11.62 ACS Nano31 

PEN/ITO/HT-SnO2/PVK/ 

PCBM/Ag 
17.30 1000 cycles/14 mm 15.57 

Adv. Funct. 

Mater.32 

PET/ITO/NC-PEDOT:PSS/PVK 

PCBM/Ag 

12.32 

(1 cm2) 
1000 cycles/2 mm 11.46 Adv. Mater.33 

PET/ITO/NiOx/PVK/PCBM/ 

BCP/Ag 
15.12 5000 cycles/2.5 mm 12.85 

Adv. Funct. 

Mater.19 

PET/PEDOT:PSS:CFE/PVK/ 

PCBM/BCP/Ag 
19.00 5000 cycles/3 mm 16.15 Joule1 

PET/ITO/PEDOT:EVA/PVK/ 

PCBM/Ag 

19.87 

(1 cm2) 
7000 cycles/3 mm 17.09 This work 

  222 
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Supplementary Table 11. The sheet resistance of different conductive films. 223 

Samples Sheet resistance (ohm sq-1) 

PEDOT:EVA 43.23 ± 7.43 

PEDOT:PSS - 

Glass/ITO 8.45 ± 0.76 

Glass/ITO/PEDOT:PSS 463.43 ± 12.23 

Glass/ITO/PEDOT:EVA 12.33 ± 1.29 

PET/ITO 13.82 ± 1.22 

PET/ITO/PEDOT:PSS 682.12 ± 18.23 

PET/ITO/PEDOT:EVA 18.47 ± 1.45 

  224 
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Supplementary Table 12. Mechanical parameters for finite element simulation of PEDOT:PSS-225 

based PSCs. 226 

Materials 
Thickness 

(μm) 

Young's modulus 

(Mpa) 

Density 

(ρ, g cm
-3

) 
Poisson ratio 

ITO 0.185 840 6.80 0.25 

PEDOT:PSS 0.035 471 1.39 0.32 

PVK 0.35 843 4.1 0.27 

PC
61

BM 0.06 385 1.6 0.36 

Ag 0.1 11435 10.5 0.38 

The corresponding mechanical parameters and thickness of each layer are measured by the multifunctional 227 

mechanical tester and step tester.  228 
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 229 

Supplementary Table 13. Mechanical parameters for finite element simulation of PEDOT:EVA-230 

based PSCs. 231 

Materials 
Thickness 

(μm) 

Young's modulus 

(Mpa) 

Density 

(ρ, g cm
-3

) 
Poisson ratio 

ITO 0.185 840 6.80 0.25 

PEDOT:EVA 0.035 6 0.96 0.42 

PVK 0.35 587 4.1 0.23 

PC
61

BM 0.06 385 1.6 0.36 

Ag 0.1 11435 10.5 0.38 

The corresponding mechanical parameters and thickness of each layer are measured by the multifunctional 232 

mechanical tester and step tester.  233 
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Supplementary Table 14. Device performance of rigid PSCs with various synthetic conditions. 234 

Dibenzoyl peroxide 

(g) 

3,4-ethylenedioxythiophene 

 (g) 

Benzene methyl sulfonic acid 

(g) 

EVA 

(mg ml-1) 

PCE  

(%) 

0.85 0.60 2.50 20 20.31 

1.05 0.60 2.50 20 22.16 

1.25 0.60 2.50 20 20.87 

1.05 0.45 2.50 20 18.32 

1.05 0.75 2.50 20 19.44 

1.05 0.60 1.50 20 17.75 

1.05 0.60 3.50 20 20.32 

1.05 0.60 2.50 5 17.32 

1.05 0.60 2.50 10 19.97 

1.05 0.60 2.50 30 19.65 

  235 
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Supplementary Table 15. Slope of the Mott-Schottky plots and doping densities of HTLs. 236 

HTLs slope Nd (cm-3) Vbi (V) Wp (nm) 

PEDOT:EVA -5.089E14 6.409E14 0.535 12.141 

PEDOT:PSS -1.023E15 3.188E13 0.443 10.053 

  237 
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Supplementary Note 1.  238 

The preparation of perovskite modules and PEDOT:EVA suspension. The preparation 239 

condition of PSMs is exactly the same as that of the small area optoelectronic devices, but the 240 

effective area is different. There are four sub-cells on a 60 × 60 mm2 ITO/PET substrate and the 241 

length and width of one sub-cell is 60 mm and 13 mm, respectively. All the scribing techniques 242 

are performed by the rectification unit, and the dislocation of each layer is about 0.1 mm1 (see 243 

Supplementary Figure 42). 244 

The PEDOT:EVA suspension is prepared by miniemulsion method2,3. 1.05 g dibenzoyl peroxide 245 

(Sigma-Aldrich.), 0.6 g 3,4-ethylenedioxythiophene (Sigma-Aldrich.) and 2.5 g benzene methyl 246 

sulfonic acid (Sigma-Aldrich.) are mixed for 4 hours under N2 condition. Then EVA is dissolved 247 

in chloroform at a concentration of 20 mg ml-1, the solution is added dropwisely to the EDOT 248 

solution for ultrasonic in ice bath, and finally the mixed solution is continued to be ultrasonic in 249 

the ice bath for 20 hours to complete the preparation of PEDOT:EVA. The structural formula for 250 

PEDOT:EVA is shown in Supplementary Figure 43. 251 

Next, Raman spectroscopy is used to study the interaction between PEDOT and EVA, and the 252 

results are shown in Supplementary Figure 33. In general, the Cα = Cβ vibration peak at 1436 cm-253 
1 is a typical characteristic peak of clew benzenoid structures of PEDOT. For the PEDOT:EVA, 254 

the characteristic peak without significant displacement and intensity changes means that the 255 

EDOT is polymerized to PEDOT. And the particle size distribution measurement (Supplementary 256 

Figure 34) proves that the size distribution and ink stability of the PEDOT:EVA solution are 257 

comparable to the commercial PEDOT:PSS. We also characterize the PEDOT:EVA and 258 

PEDOT:PSS films by X-ray photoelectron spectroscopy (XPS, Supplementary Figure 35), the 259 

appearance of binding energy intensity about 288.7 eV is the characteristic peak of carboxyl group, 260 

indicating the effective dispersion of EVA. The bandgap of PEDOT:EVA was measured by 261 

spectroelectrochemistry, which showed a 1.56 eV (λonset=795nm). And the acid-base property of 262 

PEDOT:EVA and PEDOT:PSS ink is measured by the pH-meter. The pH value of hydrophobic 263 

PEDOT:EVA is 6.49, which is more optimal than 1.20 for PEDOT:PSS, this can avoid the erosion 264 

of perovskite by acidic PEDOT:PSS (Supplementary Figure 36). Meanwhile, the device 265 

performance of rigid perovskite solar cells under different synthetic conditions is shown in the 266 

Supplementary Table 14. The PEDOT:EVA HTLs used in the manuscript is a printing ink prepared 267 

under optimal synthetic conditions. 268 

The choice of EVA material benefits from the following three advantages: 269 

1. For other molecules containing carboxyl group, exploring whether they interact with 270 
perovskite materials require recalculation and simulation based on the DFT molecular model, 271 
because different molecular structure, molecular conformation, functional group diversity, 272 
functional group number and steric hindrance effect will have important effects on simulation 273 
results. 274 
2. Another feature of EVA is its remarkable adhesiveness, which is crucial for optimizing the 275 
mechanical stability of the PSCs and is also one of the starting points for selecting this material. 276 
3. At the same time, it is also worth noting that the EVA can prepare the PEDOT ink by 277 
microemulsion method. For other materials containing carboxyl group, actual synthesis or 278 
treatment is needed to prove whether they have the potential to be applied to hole transport layers. 279 

  280 
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Supplementary Note 2.  281 

The selection of meniscus-coating parameters. For the meniscus-coating technology, some 282 

printing parameters should be optimized, such as slot spacing (distance between the meniscus and 283 

substrate), meniscus-coating speed, Vacuum flash–assisted solution processing (VASP) treatment 284 

pressure, ratio of solution and so on. We have carries on the statistics and research to the above 285 

three basic variables, the relationship among device performance, grain size and specific 286 

parameters is shown in below. It can be clearly found that with the increase of DMSO content in 287 

the solvent (DMF), average grain size gradually is enhanced. The device PCE increases firstly and 288 

then decreases, so the DMSO content for the best efficiency is 50% (DMF:DMSO = 1:1). 289 

As for the VASP treatment pressure, the grain size is also gradually increased with the enhancement 290 

of VASP pressure, but the device performance reaches the peak value at about 20 Pa, after that the 291 

device performance will decrease significantly. The above two conclusions can also be confirmed 292 

by XRD characterization as shown in below. The variation of peak strength and half peak width of 293 

typical perovskite crystals corresponding to 14.2° (110) and 28.4° (220) is completely consistent 294 

with the variation rule of the device performance, which confirms the correctness of the statistical 295 

diagram for meniscus-coating parameters. 296 

The influence of meniscus-coating speed (v) on the device performance is mainly reflected in the 297 

film thickness (t). The dependence of film thickness with meniscus-coating speed follows two 298 

modes, just like the infiltration process. When the meniscus-coating speed is below 4 mm s-1, the 299 

slope for the log(v) versus log(t) is about -0.97, indicating the meniscus-coating is in evaporation 300 

mode. In this mode, the ink dries immediately after the meniscus moves away from the ink surface, 301 

the solution evaporation between the meniscus and substrate determines the deposition of 302 

precursor solution. When the meniscus-coating speed is above 20 mm s-1, the slope for the log(v) 303 

versus log(t) is about 0.65, which is characteristic of Landau-Levich mode theory. In this mode, 304 

the ink is still wet after meniscus-coating due to the very fast meniscus-coating speed, and 305 

additional process is required to ensure the film quality (see Supplementary Figure 44 and 306 

Supplementary Figure 45.). 307 

Based on the above statistics, we determined the specific parameters of meniscus-coating4: the slot 308 

spacing is 50 μm, solvent ratio of DMF:DMSO is 1:1, VASP pressure is 20 Pa and the meniscus-309 

coating speed is 10 mm s-1. 310 

  311 
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Supplementary Note 3.  312 

Analysis of crystal growth of perovskite based on different HTLs. In addition to the basic 313 

morphological measurements (Figure 2a and Supplementary Figure 2), we also characterize the 314 

cross-section SEM for the perovskite films based on different HTLs (Supplementary Figure 4). 315 

For the perovskite films prepared on PEDOT:PSS substrate, it is not only clearly found that the 316 

small size grains, but also many obvious transversal grain boundaries. The severe transversal grain 317 

boundaries will affect the transport of charge carriers and make the defects caused by ion diffusion 318 

(ion diffusion can be proved by the results of Tof-SIMS (Figure 4i)). Satisfactorily, perovskite 319 

films upon PEDOT:EVA have almost no transverse grain boundaries, and the perovskite grains 320 

grow oriented with larger grain size. This result can be confirmed by the XRD patterns 321 

(Supplementary Figure 3). The XRD pattern with no significant change in peak position ((110), 322 

(220)) proves that the perovskite films prepared on PEDOT:EVA did not change in lattice 323 

arrangement. While an obvious increase in peak strength indicates that better perovskite crystals 324 

are formed.   325 
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Supplementary Note 4.  326 

LaMer diagram of crystallization kinetics. In the film forming processing of crystallizable ink, 327 

three distinct regimes of nucleation and crystal growth for perovskite precursor solution on 328 

different substrates are important and would have a crucial effect on the crystallization: 329 

(I) pre-nucleation: with the rapid evaporation of DMF and DMSO solvent, the concentration of 330 

PbI2 and MAI free intermediates in the precursor are promptly increased. This process continues 331 

until t1 (Fig. 2c). In this process, the solution concentration gradually exceeds the supersaturated 332 

concentration (Cs), but remains below the minimum nucleation concentration (C
nu 

min). 333 

(II) nucleation and crystallization growth: Pb-MA-I complex in the precursor nucleates rapidly 334 

and completes the crystallization pre-growth. This process could continue from t1 to t2, and the 335 

solution concentration is always between the C
nu 

min and the maximum nucleation concentration (C336 
nu 

max). 337 

(III) crystallization: the nucleation in precursor solution stops, crystallization growth until a 338 

complete dense perovskite film is formed. This process sustains from t2 to t3, the solution 339 

concentration is always between the C
nu 

min and Cs. The crystallization growth will stop when the 340 

concentration of precursor solution is lower than Cs.  341 

From the above description of crystallization kinetics, it can be found that the best way to increase 342 

the grain scale and quality of perovskite solar cells is to reduce the nucleation sites appropriately 343 

and extend the grain growth process. According to the classical nucleation theory, nucleation rate 344 

is controlled by a critical free energy (ΔGc), which represents the free energy required for nuclei 345 

to be stable without being dissolved in the solution. And the critical free energy is also defined as 346 

activation energy of nucleation, which is used to describe nucleation rate by the Arrhenius type 347 

equation5-8: 348 

                            
ⅆ𝑁

ⅆ𝑡
= 𝐴𝑒𝑥𝑝 (−

𝛥𝐺𝐶

𝑘𝐵𝑇
)                              (1) 349 

Where t is time, N is number of nuclei, so dN/dt is the nucleation rate, A is pre-exponential factor, 350 

kb is the Boltzmann’s constant, and T is temperature. In addition to affecting the crystallization rate, 351 

the crystal free energy (ΔGc) itself is also affected by variety of factors and can be defined as: 352 

                            𝛥𝐺𝐶 =
16𝜋𝛾3𝑣2

3𝐾𝐵
2𝑇2(𝑙𝑛 𝑆)2

                                (2) 353 

Where the γ is the surface energy, v is the molar volume, S is supersaturation of solution. It can be 354 

seen from the equation (1) and (2) that ΔGc is affected by the above four parameters, and then has 355 

a significant impact on the nucleation rate of crystallization. In general, larger surface energy 356 

means the greater gibbs free energy (ΔGc), lower crystallization rate and reduces nucleation site, 357 

which can be derived from the equation (1) and (2) for this transformation relation. Meanwhile, 358 

shorter nucleation time also provides more time for grain growth to ensure grain quality and form 359 

a perfect perovskite film (This phenomenon corresponds to the results of SEM images and 2D-360 

XRD measurements in Fig. 2). 361 

  362 
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Supplementary Note 5.  363 

Calculation results using the AIMD-RDF code. Density function theory calculation is performed 364 

by using the CP2K package.9 PBE functional10 with Grimme D3 correction11 is used to describe 365 

the system. Kohn-Sham DFT has been used as the electronic structure method in the framework 366 

of the Gaussian and plane waves method.12,13 The Goedecker-Teter-Hutter (GTH) 367 

pseudopotentials14,15, DZVP-MOLOPT-GTH basis sets12 are utilized to describe the molecules. A 368 

plane-wave energy cut-off of 500 Ry has been employed. We perform ab-initio molecular 369 

dynamics (AIMD) for the perovskite surface. 370 

We have considered two terminations of the surface, PbI2-termination and MAI-termination, as 371 

shown in the Fig. 2g and Supplementary Figure 6-9. We place four EVA molecules and two 372 

PEDOT:PSS molecules on the top of two surface terminations to study the interaction between 373 

perovskite and molecules. The NVT ensemble has been performed at 300K using Canonical 374 

sampling through velocity rescaling16 with the time step of 0.5 fs. The simulation is carried out in 375 

a three-dimensional periodic boundary box of 17.390 × 17.390 × 50 Å3 for MAPbI3 surface. We 376 

equilibrate the system for about 5 ps and a time length of 15 ps used to analyze and calculate the 377 

radial distribution function (RDF) of the molecules when interacting with perovskite surface.  378 
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Supplementary Note 6.  379 

The intrinsic properties of PEDOT:EVA films. The optical transmittance of 380 

PET/ITO/PEDOT:EVA or PEDOT:PSS (the thickness of PET/ITO transparent electrode is 0.125 381 

mm) and glass/ITO/PEDOT:EVA or PEDOT:PSS is shown in Supplementary Figure 38. 382 

Benefiting by the ultra-thin transparent electrode materials, the difference in the final transmittance 383 

for different substrate materials is not obvious, which means that the substrate materials have a 384 

little effect on the light absorption of perovskite films. The conductivity of PEDOT:EVA and 385 

ITO/PEDOT:EVA is then characterized, and the results are shown in Supplementary Table 9. It 386 

can be found that the conductivity of PEDOT:EVA film is better than PEDOT:PSS, and due to the 387 

excellent conductivity of ITO electrode, the conductivity of ITO/PEDOT:EVA is not significantly 388 

different from ITO/PEDOT:PSS, proving that the influence of different substrate materials on the 389 

performance of the PSCs is limited. Finally, the PEDOT:EVA and PEDOT:PSS films are 390 

morphologic characterized by AFM, as shown in Supplementary Figure 37. Different from the 391 

typical morphology of PEDOT:PSS, the PEDOT:EVA films appear an obvious fibrous structure, 392 

which is related to the significant reduction of PSS content on the film surface. In general, the 393 

overall performance of PEDOT:EVA film is better than PEDOT:PSS, which is conducive to the 394 

improvement of device performance. Meanwhile, more importantly, the optimization of perovskite 395 

crystal quality caused by PEDOT:EVA films is also not negligible. 396 

  397 
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Supplementary Note 7.  398 

Mott-Schottky plots for PSCs. The intersection of X-axis and the straight-line in the cures is 399 

defined as the flat-band potential (Vbi). Excluding the constant parameters during the device 400 

preparation, only the HTLs of the PSCs has changed in this work, so the Vbi of devices is directly 401 

correlated to different HTLs. 402 

We also calculate the doping density by the Mott-Schottky equation: 403 

                           
1

𝐶2
=

2

𝜀𝜀0𝑞𝐴2𝑁
(𝑉𝑏𝑖 − 𝑉)                              (3) 404 

and 405 

                          𝑊𝑝 = [
2𝜀𝜀0

𝑞𝑁
(𝑉 − 𝑉𝑏𝑖)]

0.5

                             (4) 406 

where the C is capacitance, Ɛ is the dielectric constant (46.9), Ɛ0 is the permittivity of free space, 407 

q is the elementary charge, A is the effective area (1.01 cm2), N is the doping density of the 408 

semiconductor, V is the applied bias and Wp is depletion zone width. The calculation results are 409 

shown in Supplementary Table 15. For the PSCs devices, the improved doping density (Nd) will 410 

optimize the charge collection efficiency obviously and the depletion zone reflects a bulk 411 

resistance from perovskite to HTL, which can be expressed as depletion zone width (Wp)
17,18. 412 

 413 

414 
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Supplementary Note 8. 415 

Analysis of HTLs mobility and charge transmission performance. Electrical impedance 416 

spectroscopy is used to detect contact resistance information at the interface between perovskite 417 

and HTLs. The series resistance (Rs) and recombination resistance (Rrec) in devices with the 418 

structure of ITO/HTLs/perovskite/PCBM/BCP/Au are evaluated. The Nyquist plots for all devices 419 

are shown in Supplementary Figure 17. The Rs value for the devices prepared on PTDOT: EVA is 420 

5.63 Ω cm-2, which is smaller than 6.98 Ω cm-2
 for the PEDOT:PSS devices, along with the 421 

corresponding Rrec values changing from 3150 to 2314 Ω cm-2. The lower Rs value and higher Rrec 422 

value indicate that the series resistance at the interface between perovskite and HTLs will be 423 

significantly suppressed by the EVA modification. 424 

Next, the mobility of PEDOT: EVA and PEDOT:PSS films (the device structure prepared by 425 

meniscus-coating is glass/ITO/HTLs/perovskite/Au) is measured by the space-charge-limited-426 

current module (SCLC), the results are shown in Supplementary Figure 18 and Supplementary 427 

Table 5. The mobility of perovskite films upon PEDOT:EVA is calculated to be 1.19 × 10-4 cm2 V-428 
1 s-1, which is much higher than that of reference (9.35 × 10-5 cm2 V-1 s-1). The higher mobility 429 

value can better match with the electron mobility of PCBM, and further realize the charge carrier 430 

migration balance devices19. The above characterization results indicate that PEDOT:EVA HTLs 431 

can significantly improve the optoelectronic properties of the perovskite films, which is due to the 432 

enhanced charge mobility, reduced trap state density and the optimized contact resistance at the 433 

charge extraction layer. These improvements are beneficial for more perfect Voc and FF in the 434 

PSCs20.  435 

  436 
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Supplementary Note 9.  437 

The mechanical stability of ITO flexible transparent electrode. The flexible transparent 438 

electrode materials for the preparation of flexible devices are ITO/PET substrate with a thickness 439 

of 0.125 mm. It can be found from the SEM images that ITO substrates covered with PEDOT:EVA 440 

verify the excellent mechanical stability under various bending radius compared with those 441 

covered with PEDOT:PSS, and no obvious micron-scale cracks appear on the surface of the film, 442 

which is due to the bonding property of PEDOT:EVA material (Supplementary Figure 24 and 443 

Supplementary Figure 25). Meanwhile, in order to prove the substantive characteristics of 444 

PEDOT:EVA cohesiveness, we conducted the bond performance measurement. The PET film 445 

bonded with PEDOT:EVA material showed distinguished tensile performance, which is similar to 446 

the result in Figure1b, and this is significantly better than PEDOT:PSS ink (Supplementary Figure 447 

23). To determine the mechanical performance, we also summary the recent representative reports 448 

of flexible PSCs with different approaches1,19,21-33, and the results are shown in Supplementary 449 

Figure 31 and Supplementary Table 10. 450 

To illustrate this phenomenon, We construct a mechanical model with structure of ITO/HTL 451 

(PEDOT:EVA or PEDOT:PSS)/perovskite/PCBM/Ag. By combining the Young’s Modulus, 452 

poisson’s ratio and film thickness for different layers, the stress distribution of the whole devices 453 

in the bending process is deeply analyzed and simulated (As shown in Supplementary Figure 39 454 

and Supplementary Table 12 and Table 13). After applying the stress, we simulate the overall 455 

mechanical distribution for the corresponding ITO and perovskite layers respectively, and the 456 

results are shown in Supplementary Figure 40. It can be clearly found that PEDOT:EVA buffer 457 

layer  can significantly reduce the overall stress distribution for the films in bending process, no 458 

matter for perovskite and ITO layers. This is due to the lower Young’s Modulus (The mechanical 459 

parameters and thickness of each layer were measured by the multifunctional mechanical tester 460 

and step tester respectively) and density for the PEDOT:EVA film and optimized poisson ratio, 461 

compared with PEDOT:PSS film, which provide a preliminary explanation for the improved 462 

mechanical stability of the ITO film. 463 

In addition, we explain the contribution of PEDOT:EVA layer to the mechanical stability of ITO 464 

layer from the mechanical structure analysis. As a conductive film, ITO conducts electricity by the 465 

carrier migration between the crystal lattice. When external forces are applied to the ITO film and 466 

obvious deformation occurs, once the inherent microstructure of the film is destroyed, the carrier 467 

migration channel will be affected, which is manifested as a sharp deterioration in electrical 468 

conductivity macroscopically. When the strain variable increases to a certain value, the structure 469 

of the ITO film will be seriously damaged, and its resistance value will have an obvious mutation, 470 

which is called critical strain34-36. Previous reports have shown that the binding ability between the 471 

buffer layer and ITO layer will significantly affect the bending resistance for the brittle ITO 472 

layer37,38. Due to the adhesiveness, PEDOT:EVA shows impressive binding ability with perovskite 473 

and ITO layers through the adsorption and Van Der Waal force of PEDOT:EVA glue, which is 474 

also crucial for improving the mechanical stability of ITO layer. In order to explore the change of 475 

critical strain, we conducted in-situ measurements for the original ITO/PEDOT:EVA and 476 

ITO/PEDOT:PSS films (R0) with the ITO/PEDOT:EVA and ITO/PEDOT:PSS films at different 477 
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bending angles (R). The results are shown in Supplementary Figure 41. For the ITO film coated 478 

with PEDOT:EVA, after 1500 bending cycles, the conductive property does not change 479 

significantly at the bending angle from 10 to 70 degree, which means the  structure of ITO film 480 

is not damaged. However, for the ITO films coated with PEDOT:PSS, the electrical conductivity 481 

not only degrades obviously, but also increases with the increase of bending angle, suggesting the 482 

film structure is destroyed. 483 

Meanwhile, in order to further explain the optimization of mechanical stability, we also calculate 484 

the mechanical mismatch coefficient. The damage condition of film mainly depends on the 485 

material property, but once the damage occurs, its further extension will depend on the release rate 486 

of strain energy in the film39-41. Therefore, we analyze the above experiment results by the Dundurs 487 

coefficient (α and β). 488 

                                 𝛼 =
𝐸̅−𝐸𝑠̅̅ ̅

𝐸̅+𝐸𝑠̅̅ ̅
                                   (5) 489 

                              𝛽 =
𝐸̅(

1−2𝑣𝑠
1−𝑣𝑠

)−𝐸𝑠̅̅ ̅(
1−2𝑣

1−𝑣
)

2(𝐸̅+𝐸𝑠̅̅ ̅)
                             (6) 490 

Where E and Es are the Young’s Modulus of the PEDOT:EVA (PEDOT:PSS) and ITO layers, v 491 

and vs are the poisson’s ratio of the PEDOT:EVA (PEDOT:PSS) and ITO layers. In addition, E
___

 492 

and E
___

s can be calculated by the following formula: E
___

 = E/(1-v2) and E
___

s = Es/(1-vs
2). In the 493 

absence of energy loss, the value of β tends to zero and the α describes the mismatch degree of the 494 

Young’s Modulus between the HTL and ITO layers, with values ranging from -1 to 1. The lower 495 

α value implies a worse mismatch degree and indicates a more effective inhibition for the 496 

microcracks. Due to the more optimized Young’s Modulus of PEDOT:EVA, the 497 

ITO/PEDOT:EVA film (-0.703) exhibits superior mechanical stability, compared with the 498 

ITO/PEDOT:PSS film (-0.506). We also calculated the strain energy stored in per unit width for 499 

the films before fracture (G0) and the strain energy release rate (Gten). The calculation of G0 and 500 

Gten are shown below. 501 

                                 𝐺0 =
1

2
𝐸̅ℎ𝜀2                                (7) 502 

                                𝐺𝑡𝑒𝑛 = 𝐺0𝑔(𝛼, 𝛽)                             (8) 503 

Where h is the film thickness, 𝜀 is the strain at a certain bending radius, g (α, β) is a function 504 

which is proportional to α. For the different films with similar thickness and bending radius, lower 505 

Young’s Modulus means lower G0. In combination with the direct proportional relationship 506 

between g (α, β) and α, these will lead to a lower Gten. Excessive strain energy release rate will not 507 

limit the extension of the damaged area in the film, on the contrary, the damaged area will be 508 

difficult to extend on the interface. This is consistent with the change of conductivity and surface 509 

morphology for the ITO/PEDOT:EVA and ITO/PEDOT:PSS films under 4500 bending cycles.   510 
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Supplementary Note 10.  511 

Analysis of the film’s resistance to strain and specific parameters. The ratio of stress and strain 512 

is elastic modulus. Young’s modulus is a physical quantity that describes the material’s resistance 513 

to deformation, which is one of the most common elastic modulus. The value of Young’s modulus 514 

reflects the difficulty of elastic deformation for the materials. Rigidity modulus is the ratio of shear 515 

stress to strain, the larger modulus means that the material is more rigid and vice versa. Rigidity 516 

modulus can be calculated by the following formula: 517 

                               G = E/(2·(1+ v))                               (9) 518 

where G is the rigidity modulus, E is the Young’s modulus and v is the poisson ratio. The Young’s 519 

modulus can be measured by AFM mechanical model, and the values are 139 MPa and 258 MPa 520 

for the PET/ITO/PEDOT:EVA and PET/ITO/PEDOT:PSS substrates, respectively. The poisson 521 

ratios based on the above conditions are 0.36 and 0.25. By this way, the rigidity modulus of 522 

different HTLs can be easily calculated, with specific values of 51.10 MPa and 67.21 MPa. This 523 

result indicates that PEDOT:EVA is more flexible than PEDOT:PSS.  524 
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Supplementary Note 11.  525 

The mechanism of “vertebrae” bionics. The mechanism of “vertebrae” bionics mainly comes 526 

from two aspects (structure bionics and crystal bionics). In terms of structure bionics, articular 527 

cartilage is between the two vertebrae, either hyaline cartilage or fibrous cartilage, which is similar 528 

to the characteristics of fibrous PEDOT:EVA layer (Supplementary Figure 37). Social activities 529 

in a person’s life are inseparable from the normal function of articular cartilage. Articular cartilage 530 

can ensure that the vertebrae are not damaged, one of the reasons is that the articular cartilage has 531 

the function of the force absorption. Articular cartilage can distribute the force evenly and enlarge 532 

the bearing surface. This not only maximizes the mechanical load, but also protects the vertebrae 533 

from damage, which is due to the elasticity and adhesiveness of the articular cartilage. This feature 534 

is also similar to the PEDOT:EVA attribute (Supplementary Figure 23). Therefore, we compare 535 

the structure of ITO/PEDOT:EVA/PVK to the flexural structure of vertebrae/cartilage/vertebrae, 536 

and considered it reasonable. 537 

In terms of crystal bionics, we regard the nucleation process of perovskite precursor and the growth 538 

process of vertebrae as the bionic key point. Vertebrae growth is a mineralization process that 539 

involves four main steps: 540 

1. Preorganization of organic matter: the insoluble organic matter in organisms forms an 541 

organized microreactive environment before mineral deposition, which determines the location 542 

of inorganic matter nucleation and the function of mineral formation. 543 

2. Interface molecular recognition: under the control of the assembled organic macromolecules, 544 

inorganic materials nucleate at the organic-inorganic interface in solution by electrostatic force, 545 

chelation, hydrogen bond, van der Waals force, etc. 546 

3. Growth modulation: the morphology, size, orientation and structure of the crystals are 547 

regulated by the organic matter of organisms during the growth of inorganic mineral phases, and 548 

subunits are initially assembled. 549 

4. Crystal epitaxial growth. 550 

It can be clearly found from the above description, for the growth of vertebrae, the hydrophobic 551 

organic interface, organic-inorganic interaction sites and crystal growth conditions are critical. 552 

This nucleation regulation process is very similar to the regulation mechanism of PEDOT:EVA 553 

HTL on nucleation in the manuscript. Therefore, we call the regulation of PEDOT:EVA on the 554 

perovskite crystallization as crystal bionics.  555 
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