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Fitting of current transients

To extract characteristic times from the current transient measurements, we fit the decays

with stretched exponential decays:

J(t) = J0e
−( t

τ
)α + Joffset

We chose to fit the transients with a stretched exponential because the quality of fits was

better compared to single exponential fits. The stretched exponential function could indicate

that a distribution of timescales describes the long-time decay most accurately.1 Figure S1

shows an example fit of the current transient in the dark at 300K.
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Figure S1: Example fit of a current transient measured in the dark at 300K

Derivation of AC recombination

We can derive the AC recombination constants of electrons R̃n and holes R̃p assuming hole

traps similar to literature.2 We start with the DC recombination rates Rp and Rn:
3

Rp = cpp(Nt − pt)− eppt (S1)

Rn = cnnpt − en(Nt − pt) (S2)
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where cn and cp are the capture coefficients for electrons and holes, n and p are the electron

and hole densities, Nt is the trap density, pt is the density of trapped holes, and en and ep

are the electron and hole emission rates. The rate of change of trapped holes is:

dpt
dt

= Rp −Rn (S3)

We then extend the different variables into DC and AC parts, for example for holes by:

p = p0 + p̃eiωt (S4)

If we assume that emission is negligible compared to recombination (as is the case for deep

traps in our simulations), we can omit the emission terms in Equations S1 and S2. Together

with Equation S3 this results in:

iωp̃te
iωt = cp(p0 + p̃eiωt)(Nt − (pt0 + p̃te

iωt))− cn(n0 + ñeiωt)(pt0 + p̃te
iωt) (S5)

We divide this into an DC and an AC part, where we omit the terms of higher order frequency:

0 = cpp0(Nt − pt0)− cnn0pt0 (S6)

iωp̃t = cp(p̃(Nt − pt0)− p0p̃t)− cn(n0p̃t + ñpt0) (S7)

Solving for pt0 and p̃t we get:

pt0 =
Ntcpp0

cnn0 + cpp0
(S8)

p̃t =
cpp̃(Nt − pt0)− cnñpt0

iω + cpp0 + cnn0

(S9)
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Substituting Equation S9 into the AC extension of Equation S1 and S2, we finally get an

expression for the AC recombination rate for holes and electrons:

R̃p = cp(p̃(Nt − pt0)− p0p̃t)

= cpcn
p̃(Nt − pt0)(n0 + iω/cn) + ñpt0p0

iω + cpp0 + cnn0

(S10)

R̃n = cnn0p̃t + cnñpt0

= cncp
n0p̃(Nt − pt0) + ñpt0(p0 + iω/cp)

iω + cpp0 + cnn0

(S11)
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2μm 

Figure S2: Scanning electron microscopy image of a MAPbI3 thin film on ITO.
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Figure S3: X-ray diffraction pattern of the MAPbI3 thin film on ITO. The crystal planes
were assigned by comparing the 2θ angles to literature.7 The peak at 30◦ is due to the ITO.
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Table S1: Parameters used for the drift-diffusion simulations.

Parameter Value Comment

Band gap perovskite (eV) 1.6 From4

Electron affinity (eV) 3.9 From4

Dielectric constant ϵr 54 Estimated from capacitance at
10 kHz and 300K

Thickness perovskite (nm) 330 Measured with profilometer

Effective density of states
conduction band N0,CB (cm−3)

8 · 1018

Effective density of states
valence band N0,V B (cm−3)

8 · 1018

Bimolecular recombination
coefficient (cm−3/s)

1 · 10−11

Hole trap density Nt (cm
−3) 9 · 1015

Capture rate electrons cn (cm
3/s) 5 · 10−7

Capture rate holes cp (cm
3/s) 5 · 10−7

Trap energy with respect to VB
Et (eV)

0.7

Mobility electrons µn (cm
2/Vs) 11 In the range of5,6

Mobility holes µp (cm
2/Vs) 11 In the range of5,6

Mobile positive ion density
Nion (cm

−3)
2 · 1018

Immobile negative ion density
Nnion (cm

−3)
2 · 1018

Diffusion coefficient of ions at
300K Dion,300K (cm2/s)

3.96 · 10−11

Activation energy of diffusion
coefficient of ions Ea,ion (eV)

0.35

Anode work function
Wf,anode (eV)

4.65

Cathode work function
Wf,cathode (eV)

4.35

Series resistance Rs (Ωcm
2) 18.375
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Figure S4: Current-density vs. voltage measurements of a ITO/MAPbI3/Au device in (a)
dark and (b) light (2.3mW/cm2) at three different temperatures. The measurements were
carried out with a scan speed of 0.5V/s from−1 to 1V. The arrows indicate the measurement
direction.
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Figure S5: Different simulations of a perovskite semiconductor at temperatures from 280-
320K in steps of 4K, using the parameters in Table S1. All figures in the left column contain
simulations in the dark. The right column contains simulations under illumination with a
white LED at an irradiance of 2.3mW/cm2. (a) Capacitance frequency simulations in the
dark and (b) in the light. (a) Phase(Z) simulations in the dark and (b) under illumination.
(c) Capacitance transient simulations in the dark and (d) in light. (e) Current transient
simulations in the dark and (f) in light.
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Figure S6: Illustration of the proportionality between the characteristic time of the phase
peak of the Cf simulations in the dark of Figure S5(a) and the ionic conductivity of the
perovskite layer.
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Figure S7: Contributions of the charge storage and recombination of electrons and holes to
the capacitance for (a) the capacitance frequency simulations under illumination shown in
2(d) and (b) capacitance transient simulations under illumination in 3(d).
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Figure S8: Nyquist plots of the impedance measurements of the device under illumination
at 280K and 320K. The lines correspond to fits with the illustrated equivalent circuit.
At 280K the majority of the low frequency semicircle is not resolved. At 300K, the low-
frequency fit diverts from the data, presumably because of the distribution of timescales for
the low-frequency regime.
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Figure S9: Simulations of mobile positive ions at 300K within the perovskite at different
times after removing a voltage pulse.
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Figure S10: Simulations of capacitance transients, illustrating the dependency of the capac-
itance rise on the (a) electron capture rate, (b) hole capture rate, and (c) probing frequency.
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Figure S11: Extracted activation energy of the amplitude J0 of the stretched exponential
decay of the transient current measurements shown in Figure 4(a) in the main text.
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