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Section: Details of Experiments

Preparation of Electronic Transport Layer

The SnO, colloidal solution was prepared by SnCly2H50, the concentration of the precursor
solution was adjusted to 0.1 M by adding 25 ml of anhydrous alcohol and 5 ml of deionized
water, the SnO, colloidal precursor solution suspension was kept stirring for 48 hours.

The TiOs precursor solution was prepared by add 3.2 ml of Ethanol into the sample
bottle, slowly add 0.8 ml of titanium tetrachloride (TiCly) to the sample bottle, Rotate at
high speed and make sure that the mixed solution is evenly, add a 16 ml Benzyl Alcohol
to the hybrid solution of TiCly and Ethanol, then placed in the oven heating at 80 °C for
overnight. Suck 2 ml TiO, precursor solution into a centrifuge tube, add 4 ml ethanol and 2
ml Diethyl Ether, Centrifugation at 5000 rpm for 2 minutes, separate the TiOy precipitate
from the upper clear liquid, then add 4 ml ethanol and 4 ml Diethyl Ether in the centrifuge
tube, this step is repeated twice, and finally, 10 ml of ethyl acetate is added to the centrifuge
tube, placed in the ultrasonic cleaning, and shaken evenly to complete the low-temperature
TiO, solution preparation.

ITO glass substrates were sequentially cleaned with deionized water, acetone, isopropyl
alcohol under an ultrasonic cleaner for 15 minutes. After drying the substrate, the substrate
is exposed to UV-Ozone for 15 minutes. For the SnO, layer, the SnO5 colloidal solution was
spin-coated on ITO substrates at 3000 rpm for 30 seconds, then annealed in air at 180 for 45
minutes; For the TiOy layer, the TiOy solution was spin-coated on ITO substrates at 2000

rpm for 40 seconds, then annealed in air at 150 for 10 minutes.

Preparation of Perovskite Film

The perovskite precursor solution was prepared in an Ny-filled glovebox by dissolving 578
mg Lead (II) iodide (Pbly) and 200 mg methylammonium iodide (MAI) in 1 ml dimethyl-

formamide (DMF). The perovskite precursor was spin-coated at 4000 rpm for 20 seconds,



200 pL of chlorobenzene (CB) was dropped on the film at 7 seconds at the beginning of the
program, form a uniform thin film. The films were annealed at 100 °C for 10 minutes in an

No-filled glove box.

Preparation of Hole Transport Layer and Electrode

Precursor solution of the Spiro-OMeTAD was produced by dissolving 80 mg of Spiro-OMeTAD,
28.5 plL of 4-tert-Butylpyridine, 17.5 uL of Li-TFSI solution, in 1 ml chlorobenzene(CB),
the Spiro-OMeTAD layer was deposited onto the perovskite film by spin-coating the Spiro-
OMeTAD precursor solution at 2000 rpm for 30 seconds in an Na-filled glove box. Finally, the
Au electrodes (thickness 800 nm) were thermally deposited on the Spiro-OMeTAD electron
transporting layer, the active perovskite solar cell area of 0.08 cm? was defined by the metal

mask used during the Au deposition.

Device Characterization

The device performances were measured using a source measurement unit instrument (Model
2420 Source Meter, Keithley Instruments) and a solar simulator (Sun 2000 Class A, ABET
technologies) under the standard AM 1.5G (100 mW /cm?).



Section: FD-TD modeling

The FD-TD algorithm solves Maxwells equation (Equs. (1)-(2)) in the time and space domain
and this method is widely used for optical simulation on nano-structures. The two major

Maxwells equations are listed below

q OH
EF=—u—- 1
V x e (1)
. OF
VXH—gﬁ (2)

Here E is electric field, H is the magnetic field, p is permeability and e is permittivity. To
accurate model wave propagation, it requires a fine mesh, where are large memory is required
if we want to model the whole area solar cell. Therefore, to avoid the computation burden,
the periodic boundary condition is used. figure S1 is the illustration of optical field modelling
domain. First, the AM1.5G solar spectrum is applied. To simplify our modelling, the incident
light intensity into the glass substrate was decided by the transmission coefficient at air/glass
interface for different wavelength. The reflectance of metal contact at the bottom was also
considered. The boundary condition on the top of device is perfectly matched layer (PML) to
prevent the problem of repeated reflections from the upper layer. And the period boundary
condition (PBC) was utilized on two sides of device (horizon direction). The model had
implemented in our previous works.?3

And the simulation result is shown in figure S2. The direction of light incident is from right
to left. The calculation domain of Poisson-DD solver is from 0 to 500 (nm), correspond to the
Spiro-OMeTAD, MAPbI; and ETL (SnO; or TiO,). In this FD-TD program, wavelengths
of 300 to 800 nm are considered. The result of all spectrum in this work shows in figure S3.

And the all parameters used in FD-TD calculation are shown in Figure. S4.
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Figure. S1. The illustration of optical field simulation domain, where Iy is the
initial intensity of light and T is transmission of glass that derived from refractive
index.
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Figure. S2. The generation is calculated by FD-TD method, and it is used in
Poisson-DD solver in this work.
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Figure. S3. The absorption from 300 to 800 nm is calculated by FD-TD program.
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Figure. S4. The refractive index and extinction coeflicient for all materials,
include ITO, MAPDI3, Spiro-OMeTAD and SnO,.

Section: (Gaussian Density of State

Some characteristics of organic materials, such as the distribution of density of state (DOS)
and the field-dependent mobility, differ from those of semiconductors. For the DOS, the
distribution of states available for charge hopping can be described by a combination multi-
level Gaussian distribution. Therefore, to describe carrier transport in the organic material,

the Gaussian distribution function can be introduced as Eqn. (3) to describe the tail states:

Ntail(E) =N, (3)
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where N, is the total density of state in Gaussian DOS, ¢ is the broadening factor of Gaussian
shape, the same as standard deviation, E}; is the central position of Gaussian DOS means
how deep is this DOS. The schematic figure of Gaussian DOS is shown in figure. S5. In this
work, the utilized organic material is Spiro-OMeTAD and the parameters of Gaussian DOS

are shown in table. I. And the model had implemented in our previous works.?*® Also, the



Gaussian DOS is utilized in the perovskite layer to simulate the tail state in perovskite.
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Figure. S5. The schematic of Gaussian density of state in organic materials.

Table 1. Parameters of Gaussian density of states used in this work.

Material LUMO HOMO Nie(ecm™3) Ete (eV) o0te (eV) Nyp (cm™3) Eyp (€V)  opp (eV)
Spiro-OMeTAD 2.10 5.20 1.0x10%T 1.95 0.15 1.0x10%T 5.3 0.10
MAPbDI;3 3.82 5.38 1.0x1018 3.82 0.09 1.0x1018 5.38 0.09




Section: Time-dependent Ion Migration Model

To evaluate the effect of the voltage scan rate on hysteresis, the time-dependent ion migration
model was coupled with the Poisson-DD solver. The ion migration model considers both the
anion (iodide, I7) and cation (methyl ammonium, MA™). However, some studies have shown
that the mobility of I~ is 10* times faster than the mobility of MA*. Due to the low mobility
of MAT, MA™ cannot respond to typical scan rates, which range from 10 to 10* mV/s. Hence,
MA™ is almost immobile in this model. Therefore, although both types of ions are considered
in the model, the net ion density in this work mainly reflects the I~ density, which is shown
in figure 1(d) and the net ion density is zero. To evaluate cation and anion migration, the

following cation and anion drift-diffusion equations were used:

cha on
qd—tt = V (q,ucation NcationE - chationvNcation) ) (4)
and
dNanion
dt = v (q,uani(m NanionE + qDam'onVNanion) ) (5)

where N is the ion density distribution; p is the ion mobility; E' is the electric field; and D
is the diffusion coefficient, which is determined by the Einstein relation D = ukgT, where
kp is the Boltzmann constant, and 7' is room temperature. The subscripts cation and anion
indicate MA™' and I, respectively.

The electric profile (electric field, potential and carrier distribution) would be affected
by ion migration, then the ion distribution would be affected by electric field at the same
time. Hence, this time-dependent ion migration model would couple with Poisson-DD solver
until these results are consist in order to model the ion migration effect correctly. And the

simulation flow chart is shown in figure S6
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Figure. S6. The refractive index and extinction coeflicient for all materials,

include FTO, MAPbDI3, Spiro-

OMeTAD and TiOs,.



Section: Experimental Data - ETL: SnO, and TiO,
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Figure. S7. The experimental J-V curve with scan rate from 10 to 1200 mV/s
for case of SnO2;.
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Figure. S8. The experimental J-V curve with scan rate from 10 to 1200 mV/s

for case of TiO2s.
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