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Fig. S1. The contact angle of (a) Water and (b) DMF:DMSO (V:V=4:1) on SBS and
PU films, respectively. (c) Photographs of SBS and PU in DMF:DMSO (V:V=4:1)
solvent.

The differences in contact angle and photographs of solubility can verify the insoluble
property of SBS and soluble property of PU.
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Fig. S2. SEM images of PVK films with different concentrations PU (wt% in
precursor solution) or SBS (mg/ml in chlorobenzene anti-solvent) on
PDMS/PEDOT:PSS electrode. All the scale bars, 500 nm.

As pervious reported!, PU can enhance the grain size of PVK due to the retardation of
crystal growth. However, it shows obvious voids when the PU concentration over
0.04 wt%, it could be ascribed to excessive interaction between PU with PbX, (X =1
and Br). Meanwhile, SBS can also enhance the grain size of PVK because the
hydrophobic and insoluble properties of SBS can reduce the number of nucleation
sites during PVK crystal growth. On the other hand, for Csgs >0.6 mg/ml, excessive
SBS could aggregate on the surface. Based on the above results, the concentration of
SBS and PU is defined as 0.04 wt% and 0.6 mg/ml in the following discussion.
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Fig. S3. The top-view and cross-section SEM images of SBS- and PU-based PVK
films.
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Fig. S4. AFM height images of (a) Reference, (b) SBS-based, (c) PU-based and (d)
SBS-PU-based PVK films on PDMS/PEDOT:PSS electrode. All the scale bars, 1um.
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78 Fig. SS. Histogram of grain-size distributions. (a) Reference, (b) SBS-based, (c¢) PU-
79 based and (d) SBS-PU-based PVK films on PDMS/PEDOT:PSS electrode.



80
81 Fig. S6. 2D-XRD images of Reference, SBS- and PU- based PVK films.
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Fig. S7. Photographs of different PVK films on Glass/PDMS/PEDOT:PSS substrate
during initial crystallization at 100 °C via the high-speed camera. (a) standard
concentration of PVK precursor solution for PSCs fabrication. (b) 30% standard
concentration of PVK precursor solution to demonstrate the phenomenon clearly.
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Fig. S8. (a), FTIR spectra of various PVK films on KBr substrate. The C=0
stretching vibration bond? is at 1710 cm!. (b), X-ray photoelectron spectroscopy of

various PVK films on Glass/ITO substrate.
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Fig. S9. The simulated carriers’ generation rate is based on the optical electric field
structure via the transfer matrix method on Matlab’. The optical refractive index and
extinction coefficient of films were analyzed on silicon substrate by an ellipsometer.

It clearly shows that the polymer matrix can improve the carriers’ generation rate. The

carriers’ generation rate of SBS-PU-based devices is nearly twice that of reference
devices.
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102
103 Fig. S10. Photoluminescence of PVK films on PDMS substrate with polymer matrix.

104 A more distinct fluorescence enhancing is observed for SBS-PU-based PVK film.
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105
106 Fig. S11. Current-voltage curves of the PVK films with polymer matrix for space
107 charge limited current (SCLC) analysis*°. The inset depicts the SCLC architecture. (a)
108 The trap density (ny,p) of different PVK films. (b) The carrier mobility (i) of different
109 PVK films. (C) The dark J—V curves of the device based on different PVK films (the
110 device structure is PDMS/PEDOT:PSS/PVK/PEI/PEDOT:PSS/PDMS).
111
112 The trap density (ny,p) of PVK films are determined from the SCLC model, using a
113 device of PDMS/PEDOT:PSS/PVK/Au and measuring the current-voltage from 0 V
114 to 1 V. The ny,, can be calculated by following equation:
115
2V, fie8
n =—- "
16 trap eLZ
117
118 where e (1.6x10°1%) is the elementary charge, L (~600 nm) is the thickness of PVK
119 films, € is the relative dielectric constant of PVK films (~68, determined by the
120 impedance spectroscopy), € is the vacuum dielectric constant and V is the trap-filled
121 limited voltage. The V,; value of reference, SBS, PU and SBS-PU devices is 0.34 V,
122 0.24 V, 0.20 V and 0.08 V, respectively. So the calculated ny,, of reference, SBS, PU
123 and SBS-PU devices is ~7.1x10"° cm?3, ~5.0x10"° cm?3, ~4.2x10'5 c¢cm3 and
124 ~1.7x10°15 cm3, respectively.
125 In addition, the carrier mobility (i) can be determined according to the Mott—Gurney
126 law:
127
A
128 9V2€€0
129
130 where J is the current density, and the effective area is 1.01 cm?. The calculated p of
131 reference, SBS, PU and SBS-PU devices is 2.2x10* cm? V! S°1, 2.6x10* cm? V! S-1,
132 3.0x10*cm? V-1 St and 1.1x1073 cm? V-1 S°1, respectively.
133
134 To further determine the quality of the PVK films, the dark current—voltage (J—V)

13




135 characteristics for the devices based on different PVK films are presented in Fig. S11c.
136 The much lower dark current density of the devices with SBS-PU matrix means
137 enlarged shunt resistance, restrained leakage current, and higher rectification ratio,
138 which also prove less defects and recombination centers with the biomimetic
139 crystallization®.

140
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Fig. S12. Current-sensing (CS) AFM measurements. (a) Diagram of testing structure:
The PVK sample surface is illuminated while a conductive AFM tip measures the
photocurrent with an applied bias of 6 V. (b) Corresponding height AFM images (all
scale bar, 1 um) and c, Current-sensing AFM images of various PVK films on
Glass/ITO substrate.
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Fig. S13. Universality of the biomimetic crystallization on rigid substrate. (a)
Performance distribution of the reference and SBS-PU-based rigid devices for 50
samples in five batches. (b) The corresponding IPCE spectra of the rigid PSCs.

The rigid devices were prepared according to our previous report!’. The structure of
devices is Glass/ITO/NiO/PVK/PCsBM/BCP/Ag. The NiOy ink was spin-coated on
pre-clean Glass/ITO electrode, then thermal annealing to obtain the HTL. The PVK
films were deposited as the same method with the wearable devices. The PCqBM
layer was modified by bathocuproine before vacuum evaporating the Ag electrode.
The effective area was 1.01 cm? defined by the certified mask. The measurement
conditions were in agreement with the wearable devices.
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162 Fig. S14. (a) Configuration of the wearable PSCs and semi-transparent property. (b)
163 Device preparation process of the wearable PSCs from the bottom substrate to top
164 passivation layer, the unit of length is millimeter.
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Fig. S15. Photographs are (a) not taken through and (b) taken through the SBS-PU-
based PSCs. The PSCs are attached to the camera. The two photographs verify a
certain amount of semi-transparency of the wearable PSCs (The photographs are
taken by Xiaotian Hu). (c¢) The transmittance of PDMS/PEDOT:PSS electrode
(Average T: 92.3%).
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173 Tab. S1. Averaged photovoltaic parameters of wearable PSCs with different matrix.
174 Data in the parentheses indicate the maximum value. All the average values are
175 calculated by at least fifty samples.

Device Jse Voc FF PCE Integrated J
(mA cm™) V) (%) (mA cm?)
Reference 13.86 (14.55) 1.01(1.04) 0.57(0.62)  7.98(9.38) 14.51
SBS 15.92(16.45) 1.03(1.05) 0.65(0.70) 10.36(12.09) 16.04
PU 16.32(16.74) 1.03(1.05) 0.68(0.71) 11.66(12.48) 16.43
SBS-PU  18.46(18.70) 1.06(1.07) 0.76(0.78) 15.01(15.61) 18.07

176
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178 Fig. S16. The corresponding IPCE spectra of the wearable PSCs.
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180 Tab. S2. Photovoltaic parameters of SBS-PU-based devices from ten batches of
181 devices counting 100 cells in total (both the results of the backward and forward
182 directions are included).

Jse Voc PCE Jse Voe PCE
Sample No. FF Sample No. FF
(mA cm?) (V) (%) (mA cm?) (V) (%)

1 18.50 1.07 0.77 15.24 51 18.35 1.07 0.77 15.12
2 18.70  1.06 0.78 15.46 52 1843 1.06 0.77 15.04
3 1847 1.06 0.77 15.07 53 18.70  1.06 0.74 14.67
4 18.57 1.05 0.72 14.04 54 18.46 1.07 0.78 15.40
5 1834 1.05 0.76 14.64 55 18.66 1.07 0.78 15.57
6 18.58 1.06 0.78 15.36 56 18.70  1.07 0.78 15.61
7 18.51  1.06 0.78 15.30 57 18.37 1.05 0.74 14.28
8 18.69 1.06 0.77 1525 58 18.59 1.07 0.77 1532
9 1798 1.07 0.78 15.01 59 18.58 1.06 0.76 14.97
10 18.70 1.06 0.77 15.26 60 18.27 1.07 0.76 14.85
11 18.08 1.07 0.74 1431 61 1858 1.06 0.76 14.97
12 18.16  1.07 0.77 14.96 62 18.64 1.06 0.71 14.03
13 18.67 1.07 0.77 1538 63 18.62 1.07 0.77 15.34
14 18.62 1.07 0.77 1534 64 18.63 1.07 0.78 15.55
15 18.16 1.04 0.77 14.54 65 18.16 1.07 0.74 14.38
16 18.56 1.05 0.76 14.81 66 18.27 1.07 0.77 15.06
17 18.65 1.07 0.76 15.17 67 18.61 1.06 0.78 15.39
18 17.73  1.07 0.78 14.79 68 18.70  1.07 0.78 15.61
19 18.59 1.04 0.77 14.89 69 18.44 1.06 0.78 15.25
20 18.18 1.07 0.76 14.78 70 18.70  1.06 0.76 15.06
21 18.38 1.07 0.72 14.16 71 18.66 1.07 0.78 15.57
22 1855 1.07 0.77 15.28 72 18.19 1.05 0.74 14.14
23 17.87 1.06 0.73 13.83 73 18.35 1.07 0.78 15.31
24 1775  1.07 0.75 14.24 74 18.63 1.07 0.78 15.55
25 18.61 1.07 0.78 1553 75 18.64 1.06 0.74 14.62
26 18.70 1.07 0.78 15.61 76 18.61 1.05 0.75 14.65
27 18.37 1.05 0.73 14.08 77 18.59 1.07 0.73 14.52
28 18.47 1.07 0.78 1541 78 18.31 1.07 0.77 15.08
29 18.19 1.07 0.78 15.18 79 18.66 1.07 0.75 14.97
30 1821 1.06 0.75 14.48 80 1826 1.06 0.73 14.13
31 18.59 1.07 0.73 14.52 81 1836 1.07 0.78 1533
32 18.52  1.07 0.78 15.46 82 18.59 1.07 0.75 14.92
33 18.62 1.06 0.73 1441 83 18.63 1.07 0.77 15.35
34 18.31  1.07 0.75 14.70 84 18.66 1.07 0.75 14.97
35 1850 1.07 0.76 15.04 85 18.61 1.07 0.77 15.33
36 18.63 1.07 0.76 15.15 86 18.05 1.07 0.72 13.91
37 18.66 1.06 0.77 1523 87 18.70  1.07 0.77 15.41
38 18.64 1.06 0.76 15.02 88 18.61 1.06 0.77 15.19
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197 Tab. S3. Several representative performances of flexible PSCs for comparison to this

198 work.
. Device chip Module
Configuration Notes Ref.
(PCE %; area cm?) | (PCE %; area cm?)
Composition- 14.0-16.0 Adv. Mater., 2017, 29,
PET/ITO/PTAA . 0.1 - -
Tailored PVK (18.1 best) 1605900
Pb(SCN), Nano Energy, 2017, 35, 223—
PET/ITO/ETL/... . 17.96 (best) | 0.08 - -
additive 232.
Adv. Mater., DOI:
PEN/ITO/SnO,/... SnO, QD 16.97 (best) | 0.09 - -
10.1002/adma.201706023
o Adv. Mater., 2016, 28, 5206-
PET/ITO/ETL ionic liquid ETL 16.0 0.08 - - 13
J. Mater. Chem. A, 2016, 4,
PEN/ITO/PTAA/... ZnO ETL 15.6 0.16 - -
1572-1578.
PEN/ITO/Zn,SnOy/. .. Zn,SnO,4 ETL 15.3 0.10 - - Nat. Commun., 2015, 6, 7410.
PEN/Graphene- Graphene 15.0 0.09 Energy Environ. Sci., 2017,
MoOy/... electrode ’ ’ 10, 337
PET/Ag mesh . . Nat. Commun., 2016, 7,
Ultralight device 14.0 0.1 - -
/PEDOT:PSS/... 10214.
Low temperature
PEN/ITO/Zn,Sn0O, 13.7 0.10 - - Nat. Commun., 2015, 6, 7410.
process
. NiOy ACS Nano, 2016, 10,
PET/ITO/NiOy/... . . 13.4 0.07 - -
nanoparticles ink 3630-3636.
. nanostructured ACS Nano, 2016, 10,
PET/ITO/NiOy/... 13.3 0.06 - -
HTL 1503—1511.
PET/ITO layer by layer 123 0.2 Adv. Mater., 2015, 27, 1053-
/PEDOT:PSS/... perovskite ’ ) 1059.
) . Energy Environ. Sci., 2015, 8,
PEN/ITO/TiO4 ALD TiOy 12.2 - - - 916
PI/ In203:H/ .
semi-transparent 9% 0.29 - - Nat. Energy, 2017, 2, 16190.
PTAA/PVK/...
PET/hc- ultrathin Nat. Mater., 2015, 14, 1032-
12.5 0.15 ~8.4 8.64
PEDOT:PSS/... substrate 1039.
Pbl, vacuum )
PEN/ITO/Cygy/... . 11.6 1.20 7.8 16.00 Sci. Rep. 2018, 8, 442.
deposition
PDMS/PEDOT:PSS/
Wearable; 7.9 .
PVK/PEl/ 15.0 1.01 . 56.02 This work
Stretchable (certified)
PEDOT:PSS/PDMS

199 *The values of PCE are usually referred to the average PCE. “-”means not mentioned. HTL

200 and ETL are hole transport layer and electron transport layer, respectively.

201
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202

203 Fig. S20. Normalized average PCE of PSCs as a function of bending cycles with
204 radius of (a) 5 mm, (b) 4 mm and (c) 3 mm, respectively. (d) Normalized average
205 PCE of PSCs under crumpling test for 5000 cycles.
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Dynamical mechanics simulation

To investigate the mechanical stability of different perovskite films, we used the
finite-element method to simulate the deformation of perovskite films under bending
and stretching. Due to the thickness of functional layers is much thinner than that of
PDMS. The PDMS layers are omitted under vertical bending and the stretching model
is defined as an elastomer under horizontal stretching.

Firstly, the basic theories for finite-element simulation were discussed.
The bending test: For the multilayer films, the relationship between film stress and
curvature radius is shown in: equation (1)

2
Bk
Op=——"—

oris the value of stress, E,is the Young's modulus of film, h,is the thickness of film,
v, 1s the poisson's ratio of film and R is curvature radius.
The relationship of film stress and displacement: equation (2)

n Ze T
Dl.j = Z f Q(g‘j)zzdz
k=1 ), (2)
Where Dj is bending rigidity of system, k is the number of films and Q; is strain

under stress of £ film. We can write the general control equation of film stress and
deformational displacement: as equation (3)

D atw N 2(D + 2D a*w +D atw N 9*w N 9w 9*w
1lax4 12 23}axzay2 226y4 xaxz yayz Xyaxay
9? h 9° h  9? h
= —(N )— + 2—(N )— + —(N —
ax® 2 oxdyr 72 52 y)Z

)

The stretching test: The tension of each layer and displacement: as equation (4)

F £ Al
_—= f—
Where F is tension, S is cross-sectional area of film, E,is the Young's modulus of film,
Al is displacement and 1, is length of film.

The corresponding mechanical finite-element simulations: The Young's modulus of
different perovskite and PEDOT:PSS films is obtained from force-separation curves
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239 by AFM, as shown in Fig. S21. The other mechanical properties were obtained from
240 the Poisson's ratio tester (DP-4/2) or references®!0. All the mechanical properties of

241

242
243
244
245
246

films are summarized in Tab. S4.

a, b
= —s— Reference = SHS
— 3_ > —rp—
s 260 MPa T a3 MPa
£ g
E 21 2 3l
5
g 14 g 24
= 0 B
7 z 14
> E
-1
L) L L L] L L) 0 T T T T T T
0 50 100 150 . _200 250 300 350 0 50 100 150 200 250 300 350
Tip Position (nm) Tip Position (nm)
C: d
; 4 —t—PU E 24
— Q
é ’ 225 MP; E —a—SBS-PU 193 Mpa
3 7] g
E E 14
s 2 2
3 ]
2 =
§ - 3
-] - 0
E o £
-
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
e Tip Position (nm) f Tip Position (nm)
3 3
= )
% 2L % 2L
3 3
5 1} s f
5 ol 5 of
E E
-t =3 al
k 0 5I0 1(;0 15.:0 2(;0 25.0 360 350 0 5;0 1(.]0 1%0 2(;0 25:0 3(;0 350
Tip Position (nm) Tip Position (nm)
Fig. S21. Limit deflection curves of (a-d) different PVK films and (e,f) PEDOT:PSS
films.
Tab. S4. Mechanical properties of each functional film for finite-element simulation.
) Thickness Young's Densit . )
Materials & y3 Poisson's ratio
(um) modulus (Mpa) (p, gecm™)
PEDOT:PSS 0.15 173 1.39 0.32
260;223;
PVK 0.60 N 4.1 0.31
225;193
PCsBM 0.06 385 1.6 0.36
PEI/
0.13 167 1.37 0.32

PEDOT:PSS




247

17 PEDOTPSS
= PVK

] PC:/BM
0 PEPEDOT:PSS

243 = 4 %5 4 6 8 10 12

249 Fig. S22. The geometric model of PSCs for bending and stretching simulation. The
250 design of this two dimensional model is proportional, and the size of geometric unit is
251 0.5 pm which can match with the grain size of PVK films.

252
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Fig. S23. Statistics of the mechanical stability. (a) Four distinct mechanical
morphology of SEM results by bending or stretching test on wearable PSCs. Red is
uniform, blue is cracked, yellow is broken and green is exfoliated ones. (b) Stacked
column of the corresponding frequency of the PSCs after 5000 cycles bending test. (c)
Stacked column of the corresponding frequency of the PSCs after 5000 cycles
stretching test. (d) Stacked column of the corresponding frequency of the PSCs after
5000 cycles crumpling test. Both of the statistics are over 100 views.
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Fig. S24. Long-term stability. (a) The PSCs W/O or with PDMS cover under ~25 °C
and ~30% relative humidity (RH) conditions in the air. The device W/O PDMS cover
is peeling off the PDMS after film-transfer lamination. (b) The PSCs with PDMS
cover under the humid long-term stability test (~25 °C and ~80% RH). (c) The PSCs
with PDMS cover under the thermal long-term stability test (~85 °C and ~80% RH).
All the PSCs are stored in dark condition.

The top PDMS serves as a passivation for the device encapsulation, leading to an
enhanced long-term stability as shown in Fig. S24a. Moreover, the PSCs with SBS-
PU matrix can improve the humid and thermal long-term stability, which could be
attributed to the surface SBS layer on the PVK film and high quality of PVK film
with this biomimetic crystallization. The results show evident improvement of long-
term stability with different humid and thermal conditions.
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Movie S1. The video shows the wearable PSCs power source can charge a
smartwatch in a variety of body movements (~20 klx solar irradiance).

Movie S2. The video shows different PVK films on Glass/PDMS/PEDOT:PSS
substrate during initial crystallization at 100 °C via the high-speed camera.
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