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Table S1. The physical parameters used in the drift-diffusion model.

Name Symbol Numerical Value
Bandgap E, 1.5eV!
Conduction/Valence band EJ/Ey 3.9/-5.4eV !
Electron and hole mobility Uns Up 10 cm™ s %4
Density of state of conduction and valence band Nc, Ny 10! em> %3
Thickness of photon active layer L 200 nm
Photon generation G 8x10*' cm™ 57!
Radiative recombination limit R (=G)"™) 1.07x10° cm™ s™
Dielectric constant & 1043
Room temperature thermal energy kT 25.7 meV
Maximum emission angle O, 90°
Capture coefficient for electrons at trap states Cy 10% cm® s ¢
Capture coefficient for holes at trap states G, 10° cm® s ¢
Density of trap states N, 10°~10"7 cm™ %7
Energy level of trap sites E, 0.05,0.10,0.15eV
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Figure S1. (a) Electrical potential in the PVSCs with the selective and nonselective
contacts, respectively. (b) Voc of the PVSCs with the selective and nonselective contacts

using different reduction factor y. The dash-dot line represents the Ve limit (from Table

1.
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Figure S2. The J-V characteristics of PVSCs. (a) Comparisons of J-V curves under the
light illumination (denoted as photon J-V) obtained by the drift-diffusion and detailed
balance model, respectively. (b) Comparisons of J-V characteristics with the radiative
recombination determined by the black-body radiation (Eq. 8) and the Roosbroech-
Schottky expression (Eq. 3), respectively. The inset is the corresponding J-V
characteristics of PVSCs.
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Figure S3. The J-V characteristics of PVSCs with different emission angles. The PVSCs

under investigation is with selective contact and there is no trap-assisted non-radiative

(SRH) recombination in the perovskite. The decrease of the emission angle from 90° to

30° would increase the Voc from 1.30 to 1.34 V, which is mainly due to the reduction of

the radiative recombination. It should be noted that the correlation between the restricted

emission angle and Voc will become less significant if the SRH recombination is

dominant as compared to the radiative recombination.
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Figure S4. The electrical characteristics of the PVSCs with the nonselective contacts and
different surface recombination velocities (S," =S," and S, =S,"=w). (a) Voc and Jsc, (b)

FF and PCE.
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Figure S5. Schematic illustration of perovskite solar cells with the blocking layers. The
blocking layers are inserted in between active layer and electrodes for eliminating the
minority carrier recombination. The thickness of the blocking layers adopted in the
simulation is 10 nm. For simplicity, mobility and dielectric constant of the blocking layer

are set as the same as perovskite materials.

Table S2. The summary of PVSC performances with the different trap density N; and trap
energy level E,.

Trap density N, Voc Jsc FF PCE
(10%cm™) V) (mA cm™) (%) (%)
E=0.05eV 100 1.23 25.38 89.61 27.89

10 1.28 25.38 90.16 29.20

1 1.30 25.38 90.35 29.76

E,=0.1eV 100 1.18 25.37 88.45 26.51
10 1.24 25.38 89.67 28.22

1 1.29 25.38 90.11 29.40

E,=0.15eV 100 1.14 25.34 85.36 24.58
10 1.20 25.37 88.71 26.98



1 1.26 25.38 89.43 28.58

0* 1.30 25.38 90.39 29.87

*N=0 cm™ represents the recombination only includes the bulk radiative recombination.

Regarding the variability/uncertainty of the physical parameter values of CH3NH;3Pbls
perovskite, we have conducted several simulations to demonstrate the variations of the
device performance under the uncertainty of band gap (E,), density of state (Nc=Ny),

carrier mobility (u,=u,) and permittivity (e,), respectively.

Table S3. The summary of device performance with the varied values of the physical
parameters for CH3NH;Pbl; perovskite. The simulated solar cells are with the selective
contact and no defect (i.e. for predicting the PVSC efficiency limit). The physical
parameters of the control CH3;NH3Pbl; perovskite used in manuscript are E, =1.5 €V,
Ne=Ny=10*" ecm”, y,= 1, =10 and &, =10.

Selective contact Voc Jsc FF PCE
+Defect free V) (mA cm™) (%) (%)
Control 1.30 25.38 90.39 29.87
E,+0.05eV 1.30 25.38 90.39 29.87
Nc(=Ny)x10 1.30 25.38 90.40 29.87
Nc(=Ny)x0.1 1.30 25.38 90.39 29.87
Un(=14,)%x10 1.30 25.38 90.39 29.87
Un(=14,)%0.1 1.30 25.38 90.39 29.87
&x10 1.30 25.38 90.39 29.87
£x0.1 1.30 25.38 90.28 29.83

In this case, the device configurations are suitable for the prediction of efficiency limit
because there is no extrinsic loss in device modeling. In principle, the solar cell
performance is only limited by the value of the radiative recombination in this device
configuration. In our simulations, the variations of the physical parameters reveal no clear

influence on the device performance. Therefore, the prediction capability of the advanced



drift-diffusion model is very robust even there are some uncertainties of the physical
parameters value (e.g. bandgap, mobility, density of state and permittivity) for

CH;NH;Pbl; perovskite.
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