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Figure S1 a, b) FESEM c, d) AFM and e) XRD of the ITO/PEDOT: PSS/FAPDI3 thin
films.
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Electrochemical Impedance Response

The charge carrier kinetics at perovskite-electrolyte (Pe-E) and polymer-aqueous
electrolyte (Po-aqE) interface was investigated by performing the electrochemical
impedance spectroscopy measurements. The impedance measurements were performed in
two- electrode setup with perovskite or polymer coated ITO as working electrode and
platinum as the counter electrode. The impedance measurements were performed under
the illumination of intensity 400 W/m?in the frequency range of 1 MHz to 100 mHz at
different applied dc bias of 0, 0.2, 0.4, 0.6, 0.8 and 1 V. The Nyquist and Bode plots of
both are shown in Figure 1. Generally, the Nyquist plot for Pe-E and Po-agE interface is
high frequency semi-circle followed by low frequency arc. The high frequency semi-
circle corresponds to the electronic charge transfer/transport and recombination at the
interfaces. The absence of high-frequency semicircle here can be attributed to very fast
interfacial recombination process at frequency which is out of the measured range. In Pe-
E device, the low-frequency arc is associated to ion trapping and migration in the
perovskite or diffusion to the electrolyte, dielectric relaxation in the perovskite active
layer, electronic-ionic interaction and redox reaction at the solid-liquid junction.
However, unlike perovskites, organic semiconductors such as poly(3-hexylthiophene-2,5-
diyl) (P3HT) are not mixed electronic-ionic conductor. The kinetics due to the migration
of ions through vacancies and interaction with electronic charge carriers are absent in this
organic semiconductor. For the P3HT-electrolyte devices the high frequency Kinetics is
mostly because of the electronic charge carrier recombination, transfer and trapping at the
solid-liquid interface whereas the low frequency kinetics can be attributed to the photo-

oxidation along with enhanced percolation of electrolyte through polymer bulk.?
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Figure S2. Nyquist and Bode plots for Po-agE interface (a, b, ¢) and Pe-E interface (d, e,

f) respectively.
It can be noted that the impedance at Pe-E interface varies gradually with the applied
bias, whereas it follows different behavior in Po-agE interface. In case of polymer-
electrolyte interface, the impedance is very high (~ MQ) for lower applied bias and
reduces suddenly after 0.2 V applied bias. Even after 0.2 V applied bias, it is not much
bias dependent. This can be speculated to the diffusion limited transport of electronic
charge carriers at short-circuit or low bias (0 — 0.2 V) conditions which turns to drift
current only after 0.4 V applied bias. This will be explained in more detail in the next
section where the IMPS Nyquist plot for Po-aqE device shows the diffusion controlled

anodic behavior under short-circuit condition and flips to cathodic on application of

external field. In contrast, the bias dependent and comparatively low impedance in Pe-E
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devices can be attributed to the electronic-ionic interaction under the combined effect of

built-in field, photogenerated potential and external applied bias.??

To get more insight into the charge transfer and accumulation at these two types of
interfaces real and imaginary capacitance were calculated from the measured impedance

according to the following equations:

Im(Z) _ Re(Z)

DIZE Cm(w) = —(— 5

CR((U) = - CUlle

where w is the applied ac frequency, |Z| is the modulus of measured impedance Z, Re(Z)
and Im(Z) are real and imaginary part of the impedance. Figure 2 (a, b, ¢, d) shows the
frequency dependance of the real and imaginary capacitance for the Pe-E and Po-agE
devices. Real capacitance is related to the energy storage whereas imaginary capacitance
is associated with the dielectric loss relating to dissipation of energy. In the high
frequency region, Cim vs. f plot shows ~1/f dependance and hence follows Jonscher’s
power law (JPL). At mid-frequency regime, frequency independent plateau leading to
nearly constant dielectric loss (NCL) is present in Pe-E device. However, in Po-agE
device slight NCL region can be seen only for low applied bias (0 and 0.2 V). Moreover,
unlike Pe-E interface the capacitance at low frequency (< 100 Hz) increases with bias till
0.2 or 0.3 V and saturates thereafter in Po-agE interface. This is in agreement with the
variation of Helmholtz capacitance with bias observed by Tullii et. al.* The high
capacitance at very low frequency is due to a pseudo-capacitance contribution originated
from the reversible intercalation of redox ions at the polymer-electrolyte interface,
enhanced by the occurrence of faradaic processes.* However, in Pe-E interface correlated

ion transport and accumulation is responsible for this.*
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Figure S3. Real capacitance (Cr), Imaginary capacitance (Cim), and ac conductivity (cac)
for Po-aqgE (a, c, e) and Pe-E (b, d, f) interface respectively.

The a.c. conductivity is determined using the JPL equation o, . = €5¢"'w from impedance
spectroscopy data according to the previous reports.>® The a.c. conductivity vs. frequency
feature for both Po-aqE and Pe-E shows similar nature of high frequency plateau followed

by decrease in conductivity with decrease in frequency (Figure 2 e, f). The ac
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conductivity in Pe-E device is bias dependent both at high and low frequency regime with
a NCL feature at mid-frequency. However, in Po-aqE interface it is bias independent over
the whole range of applied ac frequency. For frequencies < 100 Hz, a small difference can
be seen on changing the bias from 0.2 to 0.4 V. This behavior could be attributed to the
absence of bias dependent migration of ions in P3HT. There is a possibility of
contribution from the ions in the electrolyte though at very low frequency. It is reported
that, the aqueous electrolyte polarizes the polymer outermost layer and localizes the
photogenerated charge carriers together with p-(photo) doping by dissolved oxygen.’
Under illumination, the Po-agE interface is negatively charged and attracts positive ions
from the electrolyte solution, perturbing the ion-distribution in agqueous electrolyte. This
process might be assisted by the applied external bias to the interface leading to sudden

change after Vapp = 0.2 V.
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Methods
Intensity-Modulated Photovoltage Spectroscopy

IMVS measurements were performed using Zahner CIMPS system. The measurements
were carried out at open circuit condition in the frequency range 10 kHz to 100 mHz. A
white light source (1312wlr02) emitting at a wavelength of 600 nm with a spectral half
width of 105 nm was used for all the measurements under DC bias of 300 W/m? with an

AC amplitude of 10% of the DC light intensity used.
Transient Photovoltage Measurement

The photovoltage measurements were performed in the two-electrode electrochemical
setup. A white light LED was used as light source regulated by a function generator. The
photovoltage spectrum was recorded by a digital oscilloscope. Crocodile clips were used

to connect the electrodes with the external circuit.
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Figure S4. IMVS Nyaquist plot of a) Pe-E (perovskite-electrolyte interface), b) Po-agE
(polymer-aqueous electrolyte interface), c) Po-E (polymer-electrolyte interface) and d)
Pe-Po-E (perovskite-polymer-electrolyte interface).



Transient Photovoltage Spectroscopy

Small-perturbation transient photovoltage (TPV) decay response of perovskite-electrolyte
(Pe-E) and polymer-aqueous electrolyte (Po-agE) interface was measured at different
illumination frequency as an assay of charge-carrier recombination kinetics at the
interface. The TPV measurements are desirable to quantify recombination times and

charge extraction rate. The transient photovoltage is given as

t
AV = AVye = (54)

Here, AV (V) is photovoltage response, t is the time, and t is the recombination life time.
The recombination lifetime calculated from typical transient photovoltage responses of
both devices are shown in the Figure S5. It can be noted that the recombination life time
of perovskite-electrolyte and polymer-electrolyte devices are in order of 0.1 ms and 0.01
us, respectively. The higher life time in the perovskite materials might be related to
halide ion migration in the perovskite bulk, while as in polymer-electrolyte the

recombination life time is related to the electronic charge carrier.
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Figure S5. Recombination lifetime at different frequency for Po-agE and Pe-E interface

from TPV.
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