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Checking procedure for small perturbation characterization of perovskite solar cells.
To ascertain the validity of IMPS measurements we assume that we need to fulfill the same
conditions that when carrying out an EIS measurement. There is not a standard
experimental protocol for testing the accuracy of an impedance measurement, but it is well
known that the following conditions must be fulfilled: linearity, causality and stability."
Regarding linearity, the applied AC amplitude must be small enough to assure that the
response of the cell is linear. Regarding causality, the AC response of the system must be
directly correlated to the AC applied perturbation. Moreover, the cell needs to remain stable
along the duration of the measurement. One way of checking stability is measuring a cyclic
voltagram before and after the measurement and check if any change is observed. There are
also some experimental tests that have been used to check the afore-mentioned conditions
fulfilling during EIS measurements: the Lissajous plot and the resolution plot. Lissajous
plot is considered obsolete for numeric evaluation of impedance measurements, but still it

can be very useful to check linearity. In this plot, the AC current response is plotted versus



the AC input potential. When the linearity condition is accomplished, the resulting plot
exhibits an elliptical shape with a central symmetry with respect to its origin. If the
response is not linear distortions of the elliptical shape are observed.” With the aim of
adjusting this methodology for an IMPS measurement, we plotted the AC response output
(in this case AC photocurrent), versus the AC perturbation input (AC light) to check the
linearity of our response during IMPS measurements. Although the perturbation has to be
small enough to assure a linear response, it has to be also large enough for being capable of
detecting this response. The latter can be checked by using a resolution plot. For EIS
measurements, this resolution plot shows the AC current and AC potential versus time. For
an IMPS measurement, we can plot the AC perturbation together with the AC current
response versus time to check the signal/response ratio. In Figure S1 a summary of the
procedure followed for IMPS measurement validation is shown. Prior to the measurement,
short circuit photocurrent under bias illumination is measured versus time for 120 seconds

(Figure S1a).
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Figure S1 IMPS measurement of a cell of Configuration 1 (Table 1) with a perturbation of 5% of
the DC light. a) Current versus time under LED illumination, b) Lissajous plot at 2-10* Hz , ¢) AC

light illumination (red) and AC current response (blue) versus time, d) IMPS spectrum from 10° to
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During IMPS measurement, resolution plot and Lissajous plot are checked to study
linearity and causality. In Figure S1b we can observe an example of a Lissajous plot during
an IMPS measurement for a perovskite cell when the perturbation amplitude is 5% relative
to the illumination bias. This plot helps us to verify that the response to the applied
amplitude complies with the linearity condition along the frequency range analyzed. A
symmetrical plot is observed in all the frequency range, and its shape changes from a

straight line to an ellipse depending on the phase shift. Figure S1c exhibits an example of a
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resolution plot at a defined frequency and Figure S1d the obtained IMPS spectrum.



To further check if we are using proper perturbation amplitude we measured the IMPS
response at two different perturbation amplitudes: 5% and 0.5%. If the response is linear,
the IMPS spectra must be independent of the perturbation amplitude. We observe that for

both perturbations the response is the same, (see Figure S2).
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Figure S2 IMPS spectra for a Cell of configuration 1 (Table 1), measured under two different

perturbation frequencies.

In Figure S3 we can see an example of the non-linear response observed when a much

higher (25%) perturbation is used. For IMVS we checked the AC amplitude of the voltage

instead of the current and we found the response was not similar when the perturbation was

0.5 or 5%, so we chose the lower perturbation frequency for the measurements, and always

checked the linearity of the response.
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Figure S3 Lissajous plot of a cell of Configuration 1 with nonlinear response.

Electrochemical impedance spectroscopy of perovskite solar cells

Different equivalent circuits were used for the fitting depending on the features appearing
in the spectra. Rs stands for the series resistance of the cell. Good fitting were obtained
using RC elements for the high, intermediate and low frequency parts of the spectra.
Capacitors were substituted by constant phase elements. When the transmission line is
observed in the spectrum, RC element at intermediate frequencies is substituted by the
distributed element DXI1, comprising the charge transfer resistance at intermediate
frequencies (R,y), the capacitance at intermediate frequencies (C,y), and the transport
resistance (R?).
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Figure S4 Equivalent circuits used for EIS fitting




In Figure S5 the main fitting parameters are plotted as a function of the potential. At high
frequencies, the response of the back contact shows up in the spectrum (Au/HTM
interface)® and also it has been suggested that it can be affected by transport in the
perovskite.4 Although considered in the fitting, high frequency features have not been
included in the analysis. The increase of the capacitance obtained at intermediate
frequencies is not as pronounced as in the liquid based DSSC devices. There is no

consolidated interpretation about the origin of this capacitance in the literature.

10°+ 1E-5
E —o— /7 4{9E-6
ol i 18E6
% l omr 3 7E-6
: . 1ac.
c 10°4 N 656
9 ] " 15E-6
g 10 {456
2
1075 13E-6
10'4 _
E T T T T T T T T T ] 2E'6
0.5 0.6 0.7 0.8 0.9
Potential/ V

Figure S5 Fitting parameters obtained from EIS measurements at different open circuit potentials
induced by illumination: Rt, transport resistance obtained for transmission line observed in the
spectra, Rmf and RIf charge transfer resistance obtained from the feature at mid and low frequency

respectively, and Cmif, capacitance at mid frequency.



In less efficient cells, an extra feature appearing between high and mid frequencies is

observed at intermediate voltages.
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Figure S6 Nyquist plot of a PS solar cell (one step deposition), measured at open circuit under

illumination. The PCE efficiency of the cell under one sun illumination was 3.4%

Electron lifetime of perovskite solar cells

During fitting procedure constant phase elements (CPE) with relatively low ideality factors
are required to achieve a good match between the equivalent circuit simulation and the
experimental response, and the capacitance is then obtained taking into account the CPE
ideality factor. Importantly, considering this ideality factor into account we ensure that

IMVS and EIS lifetime coincide (Figure S7).
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Figure S7 Comparison of electron lifetimes obtained from IMVS with those obtained from EIS

without taken into account the ideality factor (Q), or calculating the capacitance as C =

(QR)'/n
R b

where R is the charge transfer resistance at intermediate frequencies, and 7 is the ideality factor.

Reconstruction of the IV curve from small-perturbation measurements

Eq. 8 is solved by means of the Forward Time Centered Space (FTCS) method with the

following boundary conditions:

n(x=0,t)=ny(V)

S1

Where d is the thickness of the active layer, V is the applied voltage and



no(V)=ngexp(V/k,T) S2

The generation term G is calculated as

/.

G(x)=F .f 1, (A)exp [‘ €.on ()X ]d’1 ’

S3

where Iy(4) is the solar spectrum (here taken from the standard AM1.5G) and ¢&..;(4) is the
absorption coefficient of the perovskite film in the solar cell’ Fisa prefactor that accounts

for the overall absorption and efficiency of electron-hole pair generation in the active film.

Once the equation is solved the photocurrent density for a given value of the voltage V is
obtained from the stationary density profile at x = 0 (it is assumed that collection of

electrons and holes in external contacts is the same):

_fdn(x,t)
J(V)_( dx )r:(),tﬁw
S4

Solving Eq.8 for different values of V, and using Eq. S2 and Eq. S4, the full JV-curve can
be obtained. In the procedure,’”’ F is adjusted so that the experimental short-circuit
photocurrent of the solar cell is reproduced. On the other hand, the recombination constant
ko 1s adjusted so that the photocurrent is zero at V = V,. where V,,. is the experimental open-

circuit photovoltage.



The impact of a series resistance, R, in the model is introduced in the following way: the
voltage V entering eq A-3 is replaced by V =V +JAR,, where J is the current density and A
the geometrical surface area. The continuity equation is solved for this new voltage, and the
new current obtained is utilized to modify the voltage. The process is repeated until
consistency between successive values of J is achieved for a fixed value of R;. The original
value of R;is obtained from fitting the experimental current at the maximum power point of

the IV curve.

The following parameters were used in the calculations: Dy = 10" cm’s™ (electron
diffusion coefficient for electrons/holes),8 ne’ = 10" cm’ (electron density at zero bias)9

and d = 0.5 um (thickness of the active layer PS/Ti02)."

Results for two choices of the § parameter, with and without series resistance are shown in

Figure S8.
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Figure 8 JV curves for tow choices of the f parameter, with and without series resistance (R). A is

the geometrical area.
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