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Supplementary Note S1.

In this study, the numerical simulations were performed. The corresponding 

electrical stimulation could be carried out by coupling Poisson’s equation, drift-

diffusion equations, and current continuity equations. Among them, Poisson's equation, 

which calculates the potential distribution, is given by

(S1)

∂2φ(x)

∂2x2
=-

q
ε0εr

(p(x) - n(x) + ND(x) - NA(x))

where  is a local electric potential,ߙ  is the permittivity of vacuum,ߙ  is the φ(x) ε0 εr

relative permittivity,  is the elementary charge,  and  are the electron density q n(x) p(x)

and hole density.  and  are the donor and the acceptor densities. However, ND(x) NA(x)

when the ionic migration behavior within the perovskite is taken into account, the 

influence of the change in ionic concentration on the local electric potential  needs φ(x)

to be additionally considered. Therefore, the Poisson's equation needs to be transformed 

as follows

(S2)

∂2φ(x)

∂2x2
=-

q
ε0εr

(p(x) - n(x) + c(x) - a(x) + ND(x) - NA(x))

where  and  are the cation density and anion density.c(x) a(x)

The entire perovskite satisfies the neutral condition through the following equation

(S3)
1/wt∬a(x)dx = 1/wt∬c(x)dx = NI

where  is the total width of perovskite,  is the total thickness of perovskite and  is w t NI

ion density.

The electric field distribution  is calculated from the relation F(x)

(S4)
F(x) =

∂φ(x)
∂x



Based on the approximate and simplified Boltzmann statistical distribution, the 

current density of PSCs can be approximated using the drift-diffusion model, where the 

behavior of electrons and holes is quantitatively described by the following drift-

diffusion equations

(S5)
Jn(x) = qμnn(x)

∂φ(x)
∂x

+ qDn
∂n(x)

∂x

(S6)
Jp(x) = qμpp(x)

∂φ(x)
∂x

+ qDp
∂p(x)

∂x

where the , ,and  are the electron (hole) current densities, Jn(Jp) μn(μp) Dn(Dp)

electron (hole) mobility, and electron (hole) diffusion coefficients, respectively.

Similar to electrons and holes, the current densities of anions and cations can also 

be approximated using the drift-diffusion equations

(S7)
Ja(x) = qμaa(x)

∂φ(x)
∂x

+ qDa
∂a(x)

∂x

(S8)
Jc(x) = qμcc(x)

∂φ(x)
∂x

+ qDc
∂c(x)

∂x

where the , ,and  are the anion (cation) current densities, anion Ja(Jc) μa(μc) Da(Dc)

(cation) mobility, and anion (cation) diffusion coefficients, respectively.The diffusion 

constants could be obtained via Einstein relations as

(S9)
D =

μkBT

q

where  is the Boltzmann constant and  is the absolute temperature. kB T

The continuous equations used in this work describe generation, recombination, 

and transport processes given by 



(S10)

∂n(x)
∂t

= Gn(x) - Rn(x) +
1
q

∂Jn(x)

∂x

(S11)

∂p(x)
∂t

= Gp(x) - Rp(x) -
1
q

∂Jp(x)

∂x

where  and  are the generation rate for electrons and holes,  and  Gn(x) Gp(x) Rn(x) Rp(x)

are recombination rates for electrons and holes.

The mobile ions within the perovskite also satisfy the continuous equations. 

Unlike electrons and holes, ions are not generated by light or recombination. Therefore, 

the continuous equations for anion and cation can be expressed as

(S12)

∂a(x)
∂t

=
1
q

∂Ja(x)

∂x

(S13)

∂c(x)
∂t

=
1
q

∂Jc(x)

∂x

The generation rate is given by

(S14)

G(x) =

λmax

∫
λmin

α(λ)Nphoto(λ,x)dλ

where  is the wavelength and  is the photon flux at each position, ߙ  is the λ Nphoto α(λ)

wavelength-dependent absorptivity calculated from complex refractive index of 

material by

(S15)
α(λ) =

4πk(λ)
λ

where  is the extinction coefficient.k(λ)

The recombination rate in the continuity equations was obtained by employing 

different recombination models. Herein, direct recombination, Shockley-Read-Hall 

(SRH) recombination, and Auger recombination are considered as



(S16)R(x) = RDirect + RSRH + RAuger

The direct recombination model equation is given by

(S17)RDirect(x) = C(n(x)p(x) - n2
i(x))

where  and  are direct recombination coefficient and intrinsic carrier density, C ni(x)

respectively.The  is given byni

(S18)
n2

i(x) = NCNVexp( -
Eg

kBT
)

where  is the bandgap, ,  are the effective density of states (DOS).Eg NC NV

The Auger recombination equation is given by 

(S19)RAuger(x) = (Cnn(x) + Cpp(x))(n(x)p(x) - n2
i(x))

where  and  are electron and hole auger coefficient for electrons and holes, Cn Cp

respectively. 

The Shockley-Read-Hall (SRH) recombination equation is given by 

(S20)
RSRH(x) =

n(x)p(x) - n2
i(x)

τn(p(x) + p1(x)) + τp(n(x) + n1(x))

where  and  are the SRH lifetimes for electrons and holes, which could be obtained τn τp

by

(S21)
τn =

1

NtV
e
thσe

(S22)
τp =

1

NtV
h
thσh

where is the trap density,  and  are thermal velocity for electrons and holes, ߙNt V e
th Vh

th

 and  are capture cross section for electrons and holes, respectively. The parameters σe σh

 and  are given by n1(x) p1(x)



(S23)
n1(x) = NCexp( -

EC - Et

kBT
)

(S24)
p1(x) = NVexp( -

Et - EV

kBT
)

wheres  and  are the edge of conduction band and valance band, and  is the trap EC EV Et

energy level that located in the middle of bandgap.

By solving these equations, the electrical parameters/properties including J-V 

characteristic curves and distributions of electric field, current density, recombination 

rate, etc., could be obtained by employing the key parameters listed in Table S1.



Supplementary Figure S1. The distribution of anion concentration under (a) reverse 

scanning and (b) forward scanning at MPP, and the distribution of cation concentration 

under (c) reverse scanning and (d) forward scanning at MPP.



Supplementary Figure S2. The distribution of hole concentration under (a) reverse 

scanning and (b) forward scanning at MPP, and the distribution of electron 

concentration under (c) reverse scanning and (d) forward scanning at MPP.



Supplementary Figure S3. (a) The distribution of electric field intensity along the cut 

line shown in the inset. (b) Carrier concentration and (c) ion concentration along the 

cut line for void devices.

Supplementary Figure S4. (a) Voc and (b) FF of void devices with GB at various 

defect density.



Supplementary Figure S5. Jsc (a) , Voc (b) and FF (c) of PSCs at various ion 

concentrations. Jsc (d) , Voc (e) and FF (f) of PSCs at various carrier mobilities.



Supplementary Figure S6. (a-b) Jsc , (c-d) Voc and (e-f) FF contour maps under 

forward and reverse voltage scans with various carrier mobility and ion concentration .



Supplementary Figure S7. HI contour maps for void devices under various carrier 

mobility and ion concentration.



Supplementary Figure S8. PCE contour maps for device with relatively large (a-b) 

height or (c-d) width under forward and reverse voltage scans with various carrier 

mobility and ion concentration.



Table S1. Key parameters used in the simulation.

Parameter Symbol Unit
Perovskit

e

Spiro-

OMeTAD
PCBM

Thickness t nm 400 150 40

GB width d nm 1 / /

Permittivity εr / 6.6 3 3.9

Bandgap Eg eV 1.47 3 2

Electron affinity Ea eV 3.85 2.2 3.9

Effective DOS for 

electrons
NC cm - 3 1.2 × 1019 1 × 1020 1 × 1018

Effective DOS for 

holes
NV cm - 3 2.9 × 1018 1 × 1020 2.4 × 1019

Mobility of 

electrons
μn cm2 V - 1 s - 1 2.7 2 0.2

Mobility of holes μp cm2 V - 1 s - 1 1.8 0.01 0.2

Doping 

concentration
NA/ND cm - 3 1.3 × 1016 1 × 1018 1 × 1018

Anion mobility μa cm2 V - 1 s - 1 1 × 10 - 12 / /



Parameter Symbol Unit
Perovskit

e

Spiro-

OMeTAD
PCBM

Cation mobility μc cm2 V - 1 s - 1 1 × 10 - 12 / /

Ion density NI cm - 3 5 × 1017 / /

Auger 

recombination

coefficient

Cn/Cp cm6 s - 1 1 × 10 - 28 / /

Direct 

recombination

coefficient

C cm3 s - 1 3 × 10 - 11 / /

Capture cross 

section
σe/σh cm2 2 × 10 - 15 / /

Thermal velocity V e
th/Vh

th cm s - 1 1 × 107 / /

Bulk trap density Nt cm - 3 5 × 1014

HTL/ETL interface 

density
Nt cm - 2 1 × 1010

GB interface trap 

density
Nt cm - 2 3 × 1011
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