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1. Physical model and numerical details

Planar perovskite solar cell (PSC), as indicated in Figure S1, is configured as electron selective
layer(ESL)|perovskite(PS)|hole selective layer(HSL). The transport of photo-generated electrons and
holes throughout PSC is described by drift-diffusion (D-D) equations in 1 D. Current densities of

electron (j,) and hole (j,) are given by

ov on
Jpn= - un(qna - kBT&) (S1)
= A (52)
Ip= Mp(qpax B Ox)

where ¢ is the elementary charge, kg is Boltzmann constant, 7 is absolute temperature, V is the profile
of electrostatic potential, n and p are electron and hole densities, u, and u, represent the mobility of

electron and hole, respectively.

Perovskite

Fig. S1 Schematic of perovskite device. Symbols “ESL” and “HSL” stand for electron selective layer
and hole selective layer, respectively. Cartesian coordinates of PS/ESL and HSL/PS interfaces are

marked as “d,” and “d,”, respectively.

Movable cations and anions are assumed to redistribute in perovskite layer in response to the

variation of electric field. Thereby, current densities of the ions are written as
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where a and ¢ are anion and cation densities, u, and y. account for the motilities of anion and cation,

respectively.

The profile of electrostatic potential is obtained by solving Poisson’s equation, which takes the form,
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where €0 is vacuum permittivity, €E, €Ps, and €H are relative permittivity for SEL, perovskite layer, and
: N7 NT . .. . o
HSL, respectively. Parameters =" 4 and ** D indicate the densities of ionized n-type and p-type dopants

in hole and electron selective layers, respectively.

When PSC is operating in steady state, the distributions of electron, hole, anion, and cation obey the

continuity equations,
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where subscript “T” stands for n, p, a, and c. The prefactor V is given by
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The rate of electron/hole generation Gj, is assumed to be invariant. Charge loss is attributed to bulk
recombination inside perovskite layer and surface recombination at the contacts between perovskite
and charge selective layers. Bulk recombination is described by using bimolecular model. Accordingly,

recombination rate is written as
2
Ry = krb(np—ni) (58)

Where £, is bimolecular recombination rate constant, #; is intrinsic carrier density. In addition, surface
recombination is assumed to occur via trapping states. It follows that surface recombination rate is
evaluated based on Shockley—Read—Hall (SRH) equation, !

np—n?

T () kg, + (0 + p0) ke

Rgry (59)

where n; and p; are the densities of electron and hole at trapping state, kg, and kg, are the rate constant.
According to the model by Courtier et al., surface recombination at ESL/PS boundary is limited by the
density of trapped electrons and free holes in PS surface, while the recombination at PS/HSL boundary

is determined by the density of trapped holes and free electrons.> Eqn S9 is reduced to

RSRHJdp = kspp (510)
RSRHJdn = kgn (511)
Note that kSPand Kon are assumed to be equal. They are both termed as ks in our simulations for
simplicity.
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Boundary conditions for solving drift-diffusion equations s5 and s6 are summarized as follows:

p(0) =p,
n(L) =n,
Jn(dy) =0
Jp(dy) =0

V() =V, —Vyi/2

Vbi
V(L) =—
)=

where V,,, is the bias voltage applied to the metallic contacts of PSCs, V4, is built-in electric field.

The electric displacement at the ESL/PS and PS/HSL interfaces is formulated by
6-PSVxV(dn)| + = EvaV(dn)l - (518)
EHVxV(dp)l L = GPSVxV(dp)| _ (519)

Charge transfer crossing ESL/PS and PS/HSL interfaces is assumed to is driven by the difference of

the Fermi-level at two sides of each contact. Assuming equal exchange rate constant (ket) for the

forward and reverse charge transfer direction, charge transfer current (j;,) is given by,

Jo = qket[exp (-an,) - expisi((1 - a)nn)] (520)

jbt= qket[exp (- anp) — expiEi((1 - a)np)] (521)

where « is charge transfer coefficient, and "mand "p are the Fermi-level difference at ESL/PS and

PS/HSL boundaries, respectively. The " and "p are given by,
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nn=EF,n(dr_l) _EF,n(d-rll_) (522)

Ny =Epn(d}) - Ep,(d;) (523)
where subscripts “-” and “+” indicate the right and left side of the interface, respectively.

The operation of DSCs is mimicked by solving the D-D equations (eqns S5 and S6) numerically.
Kinetics of charge extraction at HSL/PS and PS/ESL contacts is considered by incorporating eqns S20
and S21 into the equation set. The resultant equation system was solved by using finite-difference
scheme in conjunction with relaxed iterative algorithm. Parameters utilized for simulation are enlisted
in Table S1. Spatial variables, such as n, p, a, ¢, and V, are discretized with non-uniform grid meshing.
As indicated in Figure S2, fine-meshing of 0.1 nm is applied to the domains of 20 nm centering at the
PS/ESL and HSL/PS boundaries. Those red domains are demonstrated to be wide enough to cover the
narrow Debye layer, and hence give rise to a good convergence. In the rest of the domains, coarse-

grained grid of 5 nm is employed for balancing computation time and the precision of solution.

When simulating j-V hysteresis, model device is firstly preconditioned at the bias voltage of 0 and
1.2 V for forward and reverse scans, respectively. In this scenario, both charge carriers and movable
ions are allowed to relax to their equilibrium profiles. After the preconditioning, swift j-J scanning is
performed in which the distribution of electron and hole evolve at each scan step while mobile ions are

frozen at their initial position.

I |20 nm
Perovskite
| ]
100 nm ! 400 nm 100 nm
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Fig. S2 Schematic of spatial meshing in perovskite device. Red girds highlight the parts where fine-

grid meshing is employed in simulation.

Table S1 Parameters for Device Simulation.

Parameter Symbol Unit Value References
Conduction band edge in perovskite E PCS eV -3.93 4
Valence band edge in perovskite E 1:,5 ev -5.43 4
Conduction band edge in ESL E E eV -4.0 3
Valence band edge in HSL E IZ eV -5.22 6
relative permittivity of perovskite €ps - 6.5 7
Relative permittivity of ESL €g - 80.0

Relative permittivity of HSL €l - 3.0 7
Electron mobility in perovskite ,uljf em?V-1s71 990 8
Hole mobility in perovskite ,uf;,s em?V s~ 990 7
Electron mobility in ESL u’f; em*v st 40x10°% °
Hole mobility in HSL ‘ulg em?V-ls71 1x1073 ?
Charge generation rate Gip cm 351 3.4 x 10%1 10
Bimolecular recombination rate constant krb cm3s~1 2 i 18 : ?2
Exchange rate constant kg cm st 0.01~0.1

Charge transfer coefficient, a - 0.5 1
Density of states (DOS) N, cm ™3 6 x 10%°

Mobile cation concentration N, cm ™3 1x 108 12
Mobile anion concentration N, cm 3 1x 108 12
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Acceptor concentration N, cem ™3 5x 107 13

Donor concentration N -lD_ cm ™3 5x 107 13
Position of HSL/PS contact dp nm 100

Position of PS/ESL contact dn nm 500

Thickness of device L nm 600

Sparse grid size Axg nm 5

Fine grid size Axp nm 0.1

2. Effect of charge transfer rate constant on photovoltaic performance of PSCs
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Fig. S3 Photovoltaic parameters for PSCs with variable charge transfer rate constant. Green and yellow

curves are obtained under forward and reverse scans, respectively. In images a and b, recombination
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rate constant &y, equals to 6x10-12 and 6x10®% cm?s’!, respectively. V,.: open circuit voltage, j.: short

circuit current density, #: energy conversion efficiency, FF: fill factor.

3. Expression of open circuit voltage

When an irradiated PSC is measured at open circuit, photogenerated electrons and holes are
recombined entirely in device, namely light harvesting flux equals to recombination rate. The
recombination rate is evaluated herein by considering the contributions of both radiative recombination

in the bulk and surface recombination. By using eqns S8 and S9, the relationship is formulated by

d
j‘ np - nj
Ign iy = np— ) dx (524)
) ) ) ey + (0 + )y
p

where Ssurf is the Dirac symbol which ensures the trap-mediated recombination occurs at the PS/ESL

and HSL/PS contacts.

As demonstrated in Figure S3, the Fermi-level of either electron or hole is invariant to coordinate.
The product of n and p is thereby related to the difference between open circuit voltage and the band

gap, which is given by
q

np = Noexp( T(VOC - Eg)) (525)
kg

where V. is open circuit voltage, which is defined as the difference of the quasi-Fermi level between
electron and hole, N, is the density of state. After the insertion of eqn S23 into eqn S22, V. is

expressed as
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kgT [Igny wi,
VOC=Eg+—ln —2 ka+

q No x = dn'dp(n + nl)/ksp + (P + pl)/ksn

-1

(526)

where wy is the width of the domain that the traps are localized adjacent to the interfaces.

If surface recombination is neglected, one will find V. is independent of the density profiles of
electron and hole, not to mention the electric field. Thereby, the j-V curves under forward and reverse

scans will meet at the point of V. once charge carriers are only consumed by bulk recombination.

4. Energy diagram of an operating PSC at short and open circuit
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Fig. S4 Energy diagram of the PSC at short circuit (a, b) and open circuit (c, d). Charge transfer rate

constant in images (a, ¢) and (b, d) is 0.2 and 10 cm™ s°!, respectively. Recombination rate constant ky,

1S 6x10°12 cm3s!.
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5. Profiles of electrostatic voltage and the screening of electric field

a b
@ . (b)
10 -
i
0.2 lr.l lem™s™
> 100 ——0.5
—10 =--=:0.2
__Q -0.4 1
>
2
B DOl R e e
S \ 3
0.8 L
1.0 ) . . L i 70 A MV )
0.0 0.1 02 03 04 05 06 0.05 0.10 015 045 0.50 0.55
X /pm Xx/um

Fig. SS Profiles of electrostatic voltage (a) and electric field (b) at short circuit. Recombination rate

constant ky, 18 6x10 cm3s!.
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