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Figure S1: Simulated impedance spectra at VOC under 100 W·m−2 and 50 W·m−2 of 465 nm
monochromatic illumination using parameters included in Table SS1 and surface recombi-
nation of Table SS3.
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Parameter Value Literature reference or justification
Temperature (T ) 298 K Standard conditions
Incident photon flux
(Fph)

5 - 1000 W·m−2 Wide illumination range with the 1-sun equivalent power
as upper limit

Electron transport layer (TiO2

Work function (EfE) (-) 4.0 eV Ref. [1]
Effective doping den-
sity (dE)

1.1·1026m−3 Ref. [2–4]

Width (bE) 1·10−7 m Direct measurement on similar devices
Permittivity (ϵE) 20 ϵ0 Ref. [5]
Electron diffusion co-
efficient (DE)

5.14·10−7 m2s−1 Ref. [1]

Perovskite layer (CH3NH3PbI3
Width (b) 3·10−7 m Direct measurement on similar devices
Permittivity (ϵp) 24.1 ϵ0 Ref. [6]
Absorption coefficient
at 465 nm (α)

6.5·106 m−1 Direct measurement on similar devices

Conduction band min-
imun (Ec)

(-) 3.8 eV Intermediate value between Ref. [7] and [1]

Valence band maxi-
mum (Ev)

(-) 5.4 eV Ref. [7]

Electron difusion coef-
ficient (Dn)

5·10−5 m2s−1

Gives a CCE of 100% [8, 9] with the bulk lifetime in
Table SS2. Value very close to the reported (2.05·10−5

m2) by Wehrenfennig et al [10].
Hole diffusion coeffi-
cient (Dp)

5·10−5 m2s−1 Similar value to the perovskite electron diffusion coeffi-
cient.

Conduction band den-
sity of states (gc)

8.1·1024 m−3 Ref. [11]

Valence band density
of states (gv)

5.8·1024 m−3 Ref. [11]

Mean density of anion
vacancies (N0)

1.6·1025 m−3 Ref. [12]

Diffusion coefficient
for anions (DP )

10−16m2s−1 Ref. [13]

Hole transport layer (Spiro-OMeTAD)
Work function (EfH) (-) 5.22 eV Ref. [1]
Effective doping den-
sity (dH)

1.1·1026m−3 Similar value to the effective doping density of ETL.

Width (bH) 3·10−7 m Direct measurement on similar devices
Permittivity (ϵH) 3 ϵ0 Ref. [1]
Hole diffusion coeffi-
cient (DH)

2.57·10−9 m2s−1 Ref. [14]

Table S1: Standard parameter set for the layer properties in the DD simulations.
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Parameter Value Literature reference or justification
Electron pseudolife-
time for SRH (τn)

9·10−8 s
Chosen to match an approximate VOC of 1 V under the
1 sun equivalent illumination

Hole pseudolifetime
for SRH (τp)

3·10−9 s

Two orders of magnitude smaller than the electron pseu-
dolifetime, therefore this parameter does not affect the
calculations when the perovskite is p-type (i.e. when
there is a greater density of holes than electrons in the
perovskite layer).

Table S2: SRH Recombination pseudolifetimes for electrons and holes for the simulated
spectra with pure SRH recombination.

Parameter Value Literature reference or justification
Electron recombina-
tion velocity at ETL
(vnE)

105ms−1 Make the electrons disappear as soon as they reach the
ETL, simulating the injection into the selective contact

Hole recombination
velocity at ETL (vpE)

50 m s−1

Recombination velocity to reach a similar VOC under 1
sun equivalent illumination to the obtained with pure
SRH recombination. Slightly faster than vnH to repro-
duce the differences on how selective both contacts are.

Electron recombina-
tion velocity at HTL
(vnH)

0.5 m s−1

Recombination velocity to reach a similar VOC under 1
sun equivalent illumination to the obtained with pure
SRH recombination. Slightly slower than vpH to repro-
duce the differences on how selective both contacts are.

Hole recombination
velocity at HTL (vpH)

105ms−1 Make the holes disappear as soon as they reach the HTL,
simulating the injection into the selective contact

Table S3: Surface Recombination velocities for electrons and holes at the ETL and the HTL
for the simulated spectra with pure surface recombination.
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Parameter Original Value Modified value
Perovskite layer (CH3NH3PbI3)

Electron diffusion co-
efficient (Dn)

5·10−5 m2s−1 8·10−6 m2s−1

Hole diffusion coeffi-
cient (Dp)

5·10−5 m2s−1 8·10−6 m2s−1

Conduction band den-
sity of states (gc)

8.1·1024 m−3 8.1·1025 m−3

Valence band density
of states (gv)

5.8·1024 m−3 5.8·1025 m−3

Mean density of anion
vacancies (N0)

1.6·1025 m−3 1.6·1026 m−3

Diffusion coefficient
for anions (DP )

10−16m2s−1 3·10−17m2s−1

Recombination parameters
Electron pseudolife-
time for SRH (τn)

9·10−8 s 2·10−7 s

Electron recombina-
tion velocity at ETL
(vnE)

105ms−1 or de-
activated

105ms−1

Hole recombination
velocity at ETL (vpE)

50 m s−1 20 m s−1

Electron recombina-
tion velocity at HTL
(vnH)

0.5 m s−1 7.5 m s−1

Hole recombination
velocity at HTL (vpH)

105ms−1 or de-
activated

105ms−1

Table S4: Changes introduced in the parameter set to reproduce a real device.
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Figure S2: Zoom in of the fit result (green line) reproducing the loop observed for pure SRH
recombination simulations (red line) using the parallel equivalent circuit.
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Figure S3: Charge collection efficiency obtained from applying Eq.4 to the resistances ex-
tracted from the 2-RC (up) and the parallel (bottom) equivalent circuits, for pure SRH
recombination (left) and the pure surface recombination (right) scenarios, compared to the
IQE calculated using Eq.10 with the JV curve resulting with a 0.01 mV·s−1 scan rate using
the parameters in Table SS1.
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Figure S4: Simulated impedance spectra at VOC under 100 W·m−2 of 465 nm monochromatic
illumination using parameters included in Table SS1 with the changes considered in Table
SS4
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Figure S5: Deviation between the CCE values obtained from RHF and Rrec in Figure 8
compared to the steady state JV curve.

1 Appendix. Numerical conditions of the Drift-Diffusion

model

IonMonger drift-diffusion model reproduces a three layers device, which, for the parameters
chosen in this study, consists of an electron transport layer (TiO2), a perovskite absorber
layer (CH3NH3PbI3) and a hole transport layer (Spiro-OMeTAD) [15]. In the perovskite
layer (0 < x < b), the electronic carriers (electrons and holes) densities, n and p respectively,
are driven in time, t, and one spatial dimension, x, via the continuity equations

δn

δt
− 1

q

δjn
δx

= G−R, jn = qDn

(
δn

δx
− n

kBT

δϕ

δx

)
, (1)
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δp

δt
+

1

q

δjp
δx

= G−R, jp = −qDp

(
δp

δx
+

p

kBT

δϕ

δx

)
, (2)

where q is the elementary charge, G and R the generation and recombination rates, Dn,p

the respective diffusion coefficients for electrons and holes, kB the Boltzmann constant and T
is the absolute temperature. In addition, IonMonger considers one mobile anion species with
a certain density, P , whose migration is restrained to the perovskite layer and is governed
by the following equation

δP

δt
+

δFp

δx
= 0, FP = −Dp

(
δP

δx
+

P

kBT

δϕ

δx

)
, (3)

where FP is the ionic flux and DP is the anion vacancy diffusion coefficient. Eq. (1 -3) are
coupled to Poisson’s equation for the electric potential

δ2ϕ

δx2
=

q

ϵp
(N0 − P + n− p) (4)

Here, ϵp is the relative permittivity of the perovskite and N0 is the uniform immobile cation
vacancy density, which is equivalent to the mean anion vacancy density in order to ensure
the electrical charge neutrality. Electrons and holes are generated in the perovskite layer
according to the Beer-Lambert profile for a single wavelength (465 nm in this study) of light

G(x) = Fphαe
−αx (5)

where Fph is the photon flux inciting on the device with energy above the bandgap of the
absorptive material and α is the absorption coefficient of the perovskite. Recombination
happening in the bulk of the perovskite is calculated using a combination of bimolecular
(direct relaxation across the bandgap), which is deactivated in this study, and trap-assisted
Shockley-Read-Hall (SRH) processes, given by

R(n, p) = (np− n2
i ) +

(np− n2
i )

τnp+ τpn+ k3
(6)

Here, τn and τp are the SRH pseudo-lifetimes for electrons and holes and k3 is a constant
from the deep trap approximation used by Courtier et al [15] and ni is the intrinsic carrier
density determined by

ni = gcgv exp

(
− Eg

2kBT

)
(7)

where gc and gv are the density of states in the conduction and valence bands of the perovskite
and Eg is its bandgap. For the cases where pure surface recombination was considered, this
is determined at the ETL/perovskite interface by

Rl(n, p) =
n|x=0−p|x=0+ − n2

i

p|x=0+/vnE + n|x=0−/vpE + k1
(8)

In this case, vnE and vpE are the electron and hole recombination velocities within the
ETL/perovskite interface and k1 is a constant from the deep trap approximation at the
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ETL/perovskite interface. As for the electron concentration at the interface of the ETL and
the hole concentration at the interface of the perovskite are given by n|x=0− and p|x=0+ ,
respectively. In the same way, the recombination at the perovskite/HTL interface is defined
by

Rr(n, p) =
n|x=b−p|x=b+ − n2

i

p|x=b+/vnH + n|x=b−/vpH + k2
(9)

where vnH and vpH are the electron and hole recombination velocities at the perovskite/HTL
interface and k2 is a constant from the deep trap approximation at the perovskite/HTL
interface. The electron concentration at the interface of the perovskite is denoted by n|x=b−

while the hole concentration at the HTL interface is given by p|x=b+ .
Anion migration, generation and bulk recombination are restrained to the perovskite

layer. Thus, the conservation equations for electrons in the ETL (−bE < x < 0) are given
by

δn

δt
− 1

q

δjn
δx

= 0, jn = qDE

(
δn

δx
− n

kBT

δϕ

δx

)
(10)

with
δ2ϕ

δx2
=

q

ϵE
(n− dE) (11)

Here, DE is the electronic diffusion coefficient in the ETL and ϵE and dE are the permittivity
and effective doping density of the ETL. The conservation equations for holes in the HTL
(b < x < b+ bH) are given by

δp

δt
+

1

q

δjp
δx

= 0, jp = −qDH

(
δp

δx
+

p

kBT

δϕ

δx

)
(12)

with
δ2ϕ

δx2
=

q

ϵH
(dH − p) (13)

whereDH is the hole diffusion coefficient in the HTL and ϵH and dH are the HTL permittivity
and effective doping density respectively.

To simulate the physics behind a perovskite solar cell operation, a set of boundary con-
ditions are applied to all the previously described equations. To model metal contacts at the
ETL and HTL edges, the following conditions are applied

ϕ|x=−bE = 0, n|x=−bE = dE, ϕ|x=b+bH = Vap − Vbi, p|x=b+bH = dH (14)

At the ETL/CH3NH3PbI3 interface

ϕ|x=0− = ϕ|x=0+ , ϵE
δϕ

δx
|x=b− = ϵH

δϕ

δx
|x=b+ ,

p|x=b− = kHp|x=b+ , jn|x=b = −qRlr , Fp|x=0 = 0 (15)

At the CH3NH3PbI3/HTL interface

ϕ|x=b− = ϕ|x=b+ , ϵp
δϕ

δx
|x=b− = ϵH

δϕ

δx
|x=b+ , p|x=b− = kHp|x=b+ ,
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jn|x=b = −qRlr , FP |x=0 = 0 (16)

where kE and kH accounts for the ratio of the carrier densities at either side of the perovskite
and transport layer interface. This is determined by

kE =
gc
gc,E

exp

(
−Ec − Ec,E

qkBT

)
, kH =

gv
gv,H

exp

(
−Ev − Ev,H

qkBT

)
(17)

Here, gc,E and gv,H are the density of states of the ETL conduction band and HTL valence
band respectively, Ec and Ev are the energies of the conduction and valence bands of the
perovskite layer while Ec,E and Ev,H are the energies of the conduction and valence bands
of the ETL and HTL. In this study, it is assumed that the density of states of the selective
transport layers are equal to the effective doping densities in those layers. This means
gc,E = dE and gv,H = dH . As a result of this, the band edges Ec,E and Ev,H are equal to the
Fermi levels in the ETL and HTL, denoted by EfE and EfH . Considering this, the built-in
voltage is determined by

Vbi =
1

q
(EfE − EfH) =

1

q
(Ec,E − Ev,H) (18)

The aforementioned equations with the given boundary equations were solved applying the
open-source numerical solver IonMonger [16].

12



References

[1] Stephan van Reenen, Martijn Kemerink, and Henry J. Snaith. Modeling anomalous hys-
teresis in perovskite solar cells. The Journal of Physical Chemistry Letters, 6(19):3808–
3814, 2015.

[2] Yecheng Zhou and Angus Gray-Weale. A numerical model for charge transport and
energy conversion of perovskite solar cells. Physical Chemistry Chemical Physics,
18(6):4476–4486, 2016.

[3] I. Abayev, A. Zaban, V. G Kytin, A. A Danilin, G. Garcia-Belmonte, and J. Bisquert.
Properties of the electronic density of states in TiO2 nanoparticles surrounded with
aqueous electrolyte. Journal of Solid State Electrochemistry, 11(5):647–653, 2007.

[4] H. Tang, K. Prasad, R. Sanjinès, P. E. Schmid, and F. Lévy. Electrical and optical
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