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Figure S1. Charge carrier distribution in perovskite layers of different voltage scanning direction:

(a) electrons; (b) holes.

E

G20 ]

< <

Eis E

2 2

2 10 2 10}

[ [

©° ©°

€t 5|-=R Tt 5| =R
g ——F g ——F
3 N,,_m=‘1.8x1lﬂz‘ mf 3 N,o,,=_1.sx1_u“ m?‘

0 02 04 06 08 10 12 1.

oo

0 02 04 06 08 10 12 14

4 0
Voltage (V) Voltage (V)
c) (d)
(€)~ -
§ 20} E 20}
< <
E s} E sl
2 2
210} 210}
] o
© °
t 5l =R t 5l-=R
:'-:" ——F g —F
6 Nion=1.6x10%° m* 5 Non=1.6x10%" m*
e 0 P
00 02 04 06 08 1.0 12 14 00 02 04 06 08 1.0 12 14

Voltage (V) Voltage (V)
Figure S2. The simulation of J-V curves for PSCs with same negligible recombination and with
different density of mobile ions: (a) 1.6 x 10** m; (b) 1.6 x 10> m; (c) 1.6 x 10?® m3; (d) 1.6 x

10% m,
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Figure S3. The distribution of mobile ions at different voltages near the interface between charge
transporting layers and perovskite films. The density of mobile ions for the simulation is 1.6 x 10%°

m>. (a) ETL/Perovskite interface; (b) HTL/Perovskite interface.
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Figure S4. (a) J-V curves for a PSC with negligible bulk recombination and negligible density of

mobile ions; (b) J-V curves for a PSC with negligible bulk recombination and high density of mobile

ions; (¢) J-V curves for a PSC with severe bulk recombination and negligible density of mobile ions;

(d) J-V curves for a PSC with severe bulk recombination and high density of mobile ions.
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Figure S5. (a) only severe bulk recombination coupling with negligible ion migration; (b) only

severe interface recombination at ETL/perovskite interface coupling with negligible ion migration;

(c) only severe interface recombination at HTL/perovskite interface coupling with negligible ion

migration; (d) severe bulk recombination with severe interface recombination at both interfaces

coupled with negligible ion migration.
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Figure S6. J-V curves for interface recombination at ETL/Perovskite and HTL/Perovskite interface

respectively: (a) same thickness, same permittivity and same diffusion coefficient for transporting

layers; (b) different thickness, same permittivity and same diffusion coefficient for transporting

layers; (c) different thickness, same permittivity and same diffusion coefficient for transporting

layers; (d) different thickness, same permittivity and same diffusion coefficient for transporting

layers.
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Figure S7. J-V curves for both N-I-P and P-I-N PSCs under same condition: (a) N-I-P; (b) P-I-N.

Figure S8. SEM images for the perovskite films on different substrates. (a) SnO»; (b) SnO> NC;

(¢) TiO2. The scale bar is 1 um.
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Figure S9. (a) TRPL data for perovskite films with the structure of glass/MAPbIs. (b) Urbach

energy for perovskite films with the structure of glass/MAPbI.
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Figure S10. The effect of scan rates on hysteresis in PSCs. The carrier lifetime is 500 ns. The

interface recombination velocity is 100 cm/s for both holes and electrons at both ETL/Perovskite

and HTL/Perovskite interface. (a) 0.1 V/s; (b) 0.6 V/s; (c) 1.2 V/s; (d) 1.8 V/s.



Table S1. Device parameters used for simulations

Parameter Symbol Value Unit
Thickness of HTL dyrL 200 nm
Thickness of perovskite dpero 400 nm
Thickness of ETL derL 100 nm
Valence band maximum of HTL Ey yri —-5.4 eV
Conduction band minimum of perovskite E¢pero -39 eV
Valence band maximum of Perovskite Ey pero —54 eV
Conduction band minimum of ETL EcprL -39 eV
Relative dielectric constant of HTL EnTL 3 /
Relative dielectric constant of perovskite €pero 24.1 /
Relative dielectric constant of ETL €ETL 10

Effective density of states in HTL Neyv ure 5x 10%° m3
Effective conduction band density of states in perovskite N¢ pero 8.1 x 1024 m™3
Effective valence band density of states in perovskite Ny pero 5.8 x 10%4 m™3
Effective density of states in ETL Neyv pre 5x 10%° m3
Hole diffusion coefficient in HTL Dy urL 1x107° m?s~1
Hole diffusion coefficient in perovskite Dp pero 1.7 x 107* m?s~1
Electron diffusion coefficient in perovskite De pero 1.7 x 10~* m?s~1
Electron diffusion coefficient in ETL DeprL 1x1075 m?s~1
Effective doping density in HTL Ny urL 1 x 10%* m™3
Effective doping density in ETL NperL 1x 10%* m™3
Density of ion vacancy Nion 1.6 X 10%5 m~3
Ton migration activation energy Ea 0.5 eV
Temperature T 298 K

The charge carrier lifetime can be fitted according to a biexponential decay
function: [ = A;exp (— i) + A, exp (— L) (Where [ is the intensity of
T1 T2
photoluminescence. 7; and 72 are the fast and slow decay lifetimes. 47 and A4: are pre-
exponential factors. ¢ is the time.). The fitting results are listed in Table S2.

Table S2. Fitting results of TRPL results.

Aix 71 (ns) Az 72 (ns)
Glass/MAPDI3 0.24 4.27 0.66 56.40




