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Numerical method

The simulated impedance spectra are generated with the open-source drift-diffusion software
SIMsalabim.! Like other drift-diffusion models, SIMsalabim is based on the three funda-
mental differential equations governing charge transport in a semiconductor: the transport
equations, the continuity equations and the Poisson equation. For PSCs, these fundamen-
tal equations are extended to incorporate not only electrons and holes but also anions and
cations. The extension is essential to model hysteresis in JV curves,? and the LF peak in
impedance spectra.? Further details of the drift-diffusion software are provided by Koopmans

et al.,' and Heester et al.*

In all impedance simulations, the device is exposed to the AM1.5G spectrum at 1 sun
illumination intensity. Under illumination, the device’s resistance against changes in current
flow decreases, making the LF peak detectable.

As mentioned in the main text, to validate formula 1, it is necessary to demonstrate that
the formula holds over a wide variety of generated impedance spectra. In other words, the
characteristic frequency frr (see Figure S3) should scale with the dependent variables —
tions Liot, AE and Vpe — while remaining independent of other parameters. The indepen-
dent variables are: ion concentration, bulk trap density, interface trap density, band offset,
electron and hole mobility, etc. By fixing E. perov = 3.9 €V and Ey peroy = 5.5 €V, the band
gap — a key electronic characteristic of a (MAPI) perovskite solar cell — is preserved in the
DD simulations. All parameters that are randomly sampled are indicated in Table S1. Con-
sequently, it is not naturally expected that the calculated ion mobility (ftioneut) Will match

the input ion mobility (tion,n)-

We apply a standard algorithm to compare fiion in tO ftion,out for each generated impedance

spectrum. In the algorithm we:



1. Randomly sample a value between the lower and upper limit listed in Table S1 for all
38 device parameters

2. Store the input ion mobility ftionin, solar cell thickness Lo, and the difference in fermi-
level (work function) of the electrodes AE

3. Compute the internal voltage using ¢Viy ~ AE — ¢Vpe for Vpe =0V, 0.5 V and 1.0
V: and Vi ~ 22 — 0.4V for V.

q

4. Predict ftionin from frp using equation 1 and set the frequency interval from fu,n =
frrpred - 1072 Hz t0 fax = 10° Hz

5. Use SIMsalabim to generate the impedance spectra corresponding with the 38 ran-
domly sampled device parameters

6. Smoothen the impedance spectrum with the Gaussian filter from the scipy.ndimage
python package,® where sigma is set to 1

7. Find the characteristic frequency of the LF peak of the smoothened impedance spectra
using the scipy.signal.argrelextrema python package®

8. Compute the output ion mobility as

_ -1 2
,uion,out - 27TV£nt fLFLtot

This procedure is repeated to retrieve fiion in and flion out for hundreds of impedance spectra.
However, not all simulations generate realistic and useful impedance spectra. As the device
parameters are randomly sampled over a broad interval, some of the simulations do not
converge within the allocated time of 5 minutes. Others have a lot of noise, large error bars,
less than two impedance peaks, etc.

Only impedance spectra that exhibit two impedance peaks in the imaginary domain can be
included in the analysis. Subsequently, we set the numerical requirement that spectra that
exhibit large error bars, are only included if the minimum and maximum frequency, where
the LF peak could possibly occur, are at maximum a factor 30 apart (see Figure S1).
Afterwards, we apply the conditions that are described in the main text. These conditions

apply for experimental and simulated impedance spectra alike:



Z// 1 i
2. 7w >0

3. —Z" < —0.152",

gap —

We continue generating new impedance spectra until there are more than 500 that fulfill
the conditions for each DC voltage. All included impedance spectra are shown in Figure S6,
and their corresponding JV curves in Figure S5. Figures S10, S11, S12 and S13 show that
all input parameters exhibit more or less a uniform distribution across the whole parameter
range — with the exception of the anion & cation density. Thus the parameter space as
mentioned in Table S1, is uniformly explored for all but one parameter.

That the ion density histogram is non-uniform, is not surprising. An impedance spectrum
can only give an ion mobility when both a LF and a HF peak appear. If the ion density is
too low, the LF is so small that it is not visible. If the ion density is too high, the HF is so
small compared to the LF peak that it is not visible.

Figure S2 shows when setting as the only requirement that the spectrum should have two
peaks, the ion density histogram is still not uniform. Thus, not the selection criteria lead to

a narrowing of the ion density range, but this is an inherent property of the method itself.
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Figure S1: Some of the simulated impedance spectra show large error bars around the LF
peak. Therefore the LF peak might not actually occur at fir, but anywhere between fey min
and ferrmaz- To find these bounds, first the lower limit of —Z7,, —Z7 is drawn. Than

err,min’

ferrmin and ferrmar are located, this is where the upper limit of —Z" drops just below
~Zrmin O either side of frp. For the spectrum to be included in the analysis, we require

ferr,maac S 101'5 ' ferr,min ~ 30 - ferr,min-
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Figure S2: Histogram of the anion & cation density including all impedance spectra that
show a LF and HF peak, when Vpe isa) 0V, b) 0.5V, ¢) 1.0 V, d) V..
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Figure S3: a) Sketch of the imaginary part of impedance as function of frequency and c)
the corresponding Nyquist plot, as typically observed for PSCs. b) Sketch of the imaginary
part of impedance as function of frequency and d) the corresponding Nyquist plot, when the
low-frequency (LF) and high-frequency (HF) peak overlap. The characteristic frequencies
are marked. fip, fsap, and fur correspond to the low-frequency peak, the local minimum
in —Z" between the LF and HF peak, and the high-frequency peak, respectively. Note the
distinction between fgap and fankie, Where feap = fankle DUt fankie 7 feap @8 fankie is defined if
and only if the LF and HF features overlap.



Device materials

All materials were used as received without further purification. Photolithographically pat-
terned ITO-coated glass substrates were purchased from Naranjo Substrates. Methylam-
monium iodide (MAI, >99.0%), (2-(3,6-Dimethoxy-9H-carbazol-9-yl)ethyl)phosphonic acid
(MeO-2PACz, >99.95%), were purchased from Luminescence Technology Corp. Fullerene
Ceo (>99.95%) was purchased from Creaphys GmbH. Lead(II) iodide (Pbl,, 99.999%, trace

metals basis) in form of beads was purchased from Alfa Aesar.

Device preparation

ITO-coated glass substrates were subsequently cleaned with soap, water and isopropanol in
an ultrasonic bath, followed by 15 min UV-ozone treatment. The substrates were transferred
to a vacuum chamber integrated in a nitrogen-filled glovebox and evacuated to a pressure
of x107% mbar for the charge extraction layers’ deposition. The deposition rate for the
MeO-2PACz was 0.2 A /s. The methylammonium leadiodide perovskite films (850 nm) were
deposited on these substrates by co-evaporation of the methylammonion iodide and lead
iodide precursors in a third, dedicated vacuum chamber. Both sublimation sources have
individual QCM sensors and an additional one is positioned close to the substrates for the
overall deposition rate measurement. All sources were individually calibrated for their re-
spective materials and no cross-reading between different materials is ensured by the position
of the sources, shutters and sensors. During the MAPbI; perovskite deposition, the individ-
ual QCM deposition rates were: 2.0 A /s for Pbl, and for 2.4 A /s MAI and the pressure of
the chamber was below 5 x 107% mbar and the substrates were kept at room temperature.®
Following the perovskite layer a thin layer (10 nm) of Cg, was deposited using a sublimation

rate of 0.5 A/s. The SnO, layer (20 nm) was deposited via atomic layer deposition (ALD) at

room temperature using an Arradiance’s GEMStar XT Thermal ALD system integrated into



an N,-filled glovebox, following the procedure already published by us elsewhere.” For SnO,
deposition, the ALD chamber is heated to 60 °C, the bottle containing the Sn precursor
tetrakis(dimethylamino)tin (TDAT) was heated to 60 °C, and the bottle of water (oxidizer)
was not heated. The precursor manifolds were heated to 115 and 140 °C, respectively. The
SnO, deposition process consists of a series of purges of TDAT for 550 ms and water vapor
for 200 ms, each of them followed by N, purges to clear off the precursors from the ALD
chamber. The metal copper (Cu) electrode (100 nm) was deposited in a second vacuum

chamber using aluminum boats as sources, by applying currents ranging from 2.0 to 3.0 A.

Impedance measurements

All measurements were conducted at room temperature under ambient air, using a home-
built sample holder within a Gamry Calibration Shield. Before each impedance measurement
the sample was first pre-biased for 30 seconds at the DC voltage and illumination intensity
of interest. Impedance measurements were performed with a Gamry Interface 1000 poten-
tiostat, applying a voltage amplitude of 30 mV. A LUXEON CoB Core Range white LED
was employed to illuminate the solar cells. The light intensity was set to 1 sun eq. using a

calibrated silicon reference cell.
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Figure S4: a) Simulated imaginary parts of the impedance spectra for increasing anion
and cation mobilities where fianion 7 Heation (See Table S2 for the input parameters). b)
Corresponding Nyquist plot. ¢) The corresponding anion and cation mobilities versus the
characteristic frequency of the low and mid frequency peaks, respectively. In this case, using
fur in eq 1 gives the anion mobility, replacing frr by fur in eq 1 gives the cation mobility.



Table S1: Parameter ranges in the drift-diffusion simulations

Parameter Symbol Lower Upper Unit
limit limit
Layer parameters
[llumination side® ETL HTL
Perovskite thickness Lyerov 200 x 107 800 x 107 m
ETL thickness LgrL 20x 107 50x 107 m
HTL thickness Ly, 20x 107 50x 107 m
Perovskite relative permittivity — eperov 20 60
ETL relative permittivity EETL 3 15
HTL relative permittivity SHTL 3 15
Perovskite effective density of Nc perov 1 x 10% 1 x 10%° m=3
states
ETL effective density of states ~ Ncgrr, 1 x 10%° 5 x 10%6 m~3
HTL effective density of states  Nc¢ 1 x 10%° 5 x 10%6 m™3
ETL donor doping density Np E1L 1 x 10% 5 x 102 m~3
HTL acceptor doping density N L 1 x 102 5 x 10%* m—3
lons
Mobile an- Mobile
Ton type®
ions & cations &
immobile immobile
cations anions
Anion & cation density® Nion 1 x 10% 1 x 10* m3
Mobile ion mobility Lion 1x107"®  1x107% m?2v-tgt
Tons may enter ETL Yes No
Tons may enter HTL Yes No
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Trapping € transport of electron and holes

Bulk trap type®

Bulk trap density

Bulk electron capture coefficient
Bulk hole capture coefficient

Energy level of bulk traps

ETL/perov interface trap type®
HTL /perov interface trap type®
ETL/perov interface trap den-
sity

HTL /perov interface trap den-
sity

ETL/perov interface electron
capture coefficient

ETL/perov interface hole cap-
ture coefficient

HTL/perov interface electron
capture coefficient

HTL/perov interface hole cap-
ture coefficient

Energy level of ETL/perov in-
terface traps

Energy level of HTL/perov in-

terface traps

Perovskite electron mobility

Nt,bulk
C'n,bulk
CVp,bulk

Et,bulk

Nt int, ETL

Nt int, HTL

C111,int;,ETL

C1p,int,ETL

C1n,int,HTL

C(p,int,HTL

Es int BTL

Et,int,HTL

Hn perov

11

Acceptor

1x10%

1x 10715

1x 1071

4.01

Acceptor

Acceptor

1 x 101

1 x 10!

1x 1071

1x 1071

1x 1071

1x10°1°

4.01

4.01

1x107°

Donor

1 x 10%

1x 10713

1x 10713

9.39

Donor

Donor

1x 10

1 x 103

1x10°13

1x10713

1x 10713

1x 10713

5.39

2.39

1x10°3

eV

eV



Perovskite hole mobility
ETL electron mobility

HTL hole mobility

Band offset

ETL conduction band energy
level and its electrode’s work
function

HTL valence band energy level

and its electrode’s work function

,up,perov
Hn,ETL

/"vaHTL

Ecgrrn = Ef

EvsutL = Ex

1x107°
1x 1077

1x 1077

3.8

5.4

1x 1073
1x107°

1x107°

5.6

eV

eV

¢ For these parameters, the lower and upper "limits" represent discrete choices rather

than a range, where one of the two values is randomly selected.

> When V. is the operating point, the anion & cation density range is instead set to 1 x 10!

-5 x 10* m™3. Since at V., higher ion concentrations are necessary to observe the low-

frequency peak.
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Table S2: Device parameters used in the drift-diffusion simulation of Figure S4.

Parameter Symbol ETL Perovskite HTL Unit
Thickness L 25 x 1077 400 x 1077  10x 1077 m
Relative permittivity Er 5 24 3

Effective density of states N¢ 5 x 10%6 2.2 x 10% 1 x 10%6 m~3
Donor (acceptor) doping density Npa) 0 0 0 m~3
Ions allowed in this layer No Yes No

Anion concentration N, 0 1 x 10%? 0 m—3
Cation concentration N, 0 5 x 1022 0 m3
Bulk trap density Nt bulk 0 1 x 1020 0 m—3
Trap density with interface to the Vi i 4 x 1012 1 x 1012 - m—3
right

Energy level of traps in the bulk FEy 4.7 4.7 4.7 eV
and at the interfaces

Electron (hole) capture coefficients  C,(;,) 2x 10714 2x107H 2x 1071 m? st
in the bulk and at the interfaces

Band-to-band recombination con- k 1x10717 1x10717 1x10717 m3s7!
stant

Electron mobility fin 1x1076  1x107* 1x107? m?2Vv-lg!
Hole mobility [p 1x107 1x107* 1x1077 m?V-lgTl
Conduction band energy level Ecs 3.9 3.9 2.9 eV
Valence band energy level Evs 6.5 5.5 5.5 eV

13
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Figure S5: Generated steady-state JV curves using the same unique sets of numbers as the
impedance spectra in Figure S6. Since new unique sets are created for each DC voltage in
the impedance simulations, the JV curves differ per DC voltage. The JV curves correspond

to the unique sets generated for the impedance spectra with DC voltage operating points:
a) 0V, b) 0.5V, c) 1.0V, and d) V..
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Figure S6: Generated impedance spectra for DC voltage operating points: a) 0 V, b) 0.5 V,
c) 1.0 V, and d) V,.. Several impedance spectra exhibit an inductive region between the LF
and HF feature, causing the vertical drop in the imaginary part of impedance — an artifact
of log-log plotting, which omits negative values.
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This work (b)

Hion,in = HMion, out

Simulations,
Log RMSE = 8.6

Hion,in = Mion, out

Simulations,
Log RMSE = 0.3

(d)

HMion, out [m2v—1s—1]

~— Hion,in = Mion, out
Simulations,
Log RMSE = 2.9

Hion,in = Mion, out

Simulations,
Log RMSE = 0.7
10722

1071 10~ 10713 1012 10~ 10-0 10-14 10-13 10-12 10-11
Hion, in [mZV—ls—l] Hion, in [m2v—1s—1]

Figure S7: At 0.5V and under 1 sun of illumination the input ion mobility versus the ion mo-
bility computed via the equations provided in a) this work, b) Sajedi Alvar et al. ¢) Peng et al.
d) Clarke et al.® 'Y Each point represents one impedance spectra. A kernel density estimate of
the points is displayed in the background, computed using the scipy.stats.gaussian_kde
python package.® The same set of 602 impedance spectra served as input for (a), (b), and
(d). For (b) not all points are visible, its minimum value is 6.7 x 1072° m?V~!s7!. In (c)
369 impedance spectra are used, because the spectra are selected on Zé’ap > 1% Z['s instead
of 7! < 15% Zs.

gap —
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This work (b)

Hion,in = HMion, out

Simulations,
Log RMSE = 11.7

Hion,in = Mion, out

Simulations,
Log RMSE = 0.
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Figure S8: At 1.0 V and under 1 sun of illumination the input ion mobility versus the ion mo-
bility computed via the equations provided in a) this work, b) Sajedi Alvar et al. ¢) Peng et al.
d) Clarke et al.® 'Y Each point represents one impedance spectra. A kernel density estimate of
the points is displayed in the background, computed using the scipy.stats.gaussian_kde
python package.® The same set of 588 impedance spectra served as input for (a), (b), and
(d). For (b) not all points are visible, its minimum value is 1.9 x 107 m?V~!s7!. In (c)
244 impedance spectra are used, because the spectra are selected on Zy, . > 1% Zj instead
of 7! < 15% Zs.

gap —
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This work (b)

~— Hion,in = Mion, out
Simulations,
Log RMSE = 12.8
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Figure S9: At V. and under 1 sun of illumination the input ion mobility versus the ion mobil-
ity computed via the equations provided in a) this work, b) Sajedi Alvar et al. ¢) Peng et al. d)
Clarke et al.®'° Each point represents one impedance spectra. A kernel density estimate of
the points is displayed in the background, computed using the scipy.stats.gaussian_kde
python package.® The same set of 597 impedance spectra served as input for (a), (b), and
(d). For (b) not all points are visible, its minimum value is 3.1 x 107 m?V~!s7!. In (c)
176 impedance spectra are used, because the spectra are selected on 27, > 1% Z['s instead

gap
of Zf, < 15% Zl.
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Figure S10: The sampled parameter space for Vpc = 0 V. Each subfigure shows per parameter
indicated in Table S1, the amount of times a (range of) value(s) occurs.
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Figure S11: The sampled parameter space for Vpc = 0.5 V. Each subfigure shows per
parameter indicated in Table S1, the amount of times a (range of) value(s) occurs.
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