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Electric fields arising from the distribution of charge in metal-halide perovskite solar cells are critical
for understanding the many weird and wonderful optoelectronic properties displayed by these devices.
Mobile ionic defects are thought to accumulate at interfaces to screen electric fields within the bulk of the
perovskite semiconductor on application of external bias, but tools are needed to directly probe the dynam-
ics of this process. Here, we show that electroabsorption measurements allow the electric field within the
active layer to be tracked as a function of frequency or time. The magnitude of the electroabsorption
signal, corresponding to the strength of the electric field in the perovskite layer, falls off for externally
applied low-frequency voltages or at long times following voltage steps. Our observations are consistent
with drift-diffusion simulations, impedance spectroscopy, and transient photocurrent measurements. They
indicate charge redistribution on timescales ranging from 10 ms to 100 s, depending on the device inter-
layer material, perovskite composition, dominant charged defect, and illumination conditions. The method
can be used on typical solar-cell structures and has the potential to become a routine characterization tool
for optimizing hybrid perovskite devices.

DOI: 10.1103/PhysRevApplied.18.044056

I. INTRODUCTION

Metal-halide perovskites combine broad light absorp-
tion spectra, good electronic properties, and solution pro-
cessability, making them promising materials for solar
cells [1]. Possibly the most peculiar feature of hybrid per-
ovskite solar cells is the observation of electronic and opto-
electronic dynamics that extend to very long timescales
(milliseconds to hundreds of seconds) [2,3]. This includes
the presence of hysteresis in current-voltage measurements
and transient photocurrent measurements, switchable
photovoltaic behavior, and huge values of apparent
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capacitance [4,5]. Among the explanations for the slow
dynamics, the migration of ionic defects within the
perovskite layer is now the generally accepted cause
[6–9]. While hysteresis effects in hybrid perovskites can be
exploited in some other fields [10,11], they remain a con-
cern for solar-cell applications, where a stable and reliable
power output upon illumination is desirable. In particular,
various reversible but also irreversible performance degra-
dation pathways related to ion motion in perovskite solar
cells are reported [12–15]. Recent advances in interlayer
engineering, perovskite composition, and crystal growth
superficially appear to solve the problem of hysteresis and,
in some cases, improve the stability of devices. However,
measurements and simulations indicate that an absence of
hysteresis does not rule out ionic migration in the cell
[16]. Understanding and controlling ion migration in per-
ovskites remains crucial to achieving stable and reliable
photovoltaic modules [17].

An equivalent-circuit model recently proposed by some
of us, based on ionically gated transistors representing the
interfaces between the hybrid perovskite and the contact
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layers, can describe most features in the electrical response
of hybrid perovskite devices [18]. The model assumes that,
when no external bias is applied to the device, the ionic
charge carriers (which are also assumed to be the majority
carriers) in a perovskite solar cell accumulate at the inter-
faces to screen the built-in potential due to the difference in
work functions of the contact materials [Fig. 1(b)]. Thus,
assuming sufficiently large concentrations of mobile ionic
defects, only the narrow (relative to the thickness of the
active layer) space-charge regions close to the interfaces
with the contacts experience a significant electric field. On
the other hand, the bulk of the perovskite layer remains
almost free of electric field.

If the electrical potential across the device is changed
(through application of a bias or generation of a pho-
tovoltage) this results in an instantaneous electric field
within the perovskite bulk [Figs. 1(c) or 1(d)] that is sub-
sequently screened with a time constant corresponding to
the timescale for ionic charge redistribution [Figs. 1(e) or

1(f)]. Ionic redistribution changes the electrostatic poten-
tial at the interface and this “gates” the transfer of elec-
tronic charge across the interface (recombination or injec-
tion processes) in a manner similar to how charge transfer
through a bipolar transistor is governed by its base voltage
[18].

Although a coherent picture of the underlying device
physics is emerging, independent methods to directly inter-
rogate the processes at work are needed. In particular,
probes of the electrostatics in the perovskite active layer
will help to elucidate the physical process of ionic migra-
tion and identify the parameters controlling its dynamics.
Measurements of electric field at the surface of exposed
device cross sections are reported using Kelvin-probe
microscopy or indirectly using electron-beam-induced cur-
rent measurements [19–22]. While these techniques can
give access to the field distribution in devices, their sur-
face sensitivity and resolution can pose challenges to data
interpretation [23].

(a)

(b)

(c)

(d)

(e)

(f)- -

FIG. 1. Schematic energy-level diagrams and electric field direction of a p-i-n perovskite solar cell. Schematics show the effect
of mobile-ion redistribution, comparing the behavior under applied voltage bias with high or low frequency, as illustrated in (a). (b)
Device at zero bias in the dark. p-Type, intrinsic, and n-type layers are indicated by pink, white, and blue regions, respectively. Hole
and electron (quasi-)Fermi levels are indicated by the respective red and blue dashed lines. Resulting energy-level diagrams upon
the application of high-frequency voltage for the case of (c) forward bias and (d) reverse bias, or of low-frequency voltage for (e)
forward bias and (f) reverse bias. Time constant, τion, is associated with ionic redistribution in the perovskite and internal electric
field screening. Below each energy-level diagram, arrows indicating the direction of the electric field in the contacts and in the active
layer are included. Schematics show approximately flat quasi-Fermi levels in the perovskite layer, corresponding to the high electronic
mobility limit (i.e., where the rate of electronic transport is much greater than the rate of recombination and thermal generation in the
bulk of the active layer).
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Spectroscopic nondestructive techniques are also pre-
sented. Electroabsorption (EA) enables changes in optical
properties of the materials induced by an electric field to
be monitored. Electroabsorption (also referred to as Stark
spectroscopy) has previously been applied to hybrid per-
ovskite layers processed in architectures that include one
or two insulating layers [e.g., poly (methyl methacrylate),
PMMA], in lateral devices, or in solar cells [24–29].

The technique offers insights into the photophysics of
charge generation in perovskite solar cells at steady state,
as well as the ability to quantify the exciton binding energy
and effective mass [25,30,31]. The measured EA signal
for methylammonium lead iodide (MAPI) based devices
is interpreted in terms of the Stark effect [24,32–35] as
well as Franz-Keldysh-Aspnes theory [25,31]. Measure-
ments of EA on complete perovskite solar cells are only
explored to a limited extent, with an observed hystere-
sis in the measured built-in potential value extracted from
reflection-mode EA during solar-cell potential scans being
attributed to ionic migration by Li et al. [34]. EA mea-
surements applied with time or frequency dependence have
the potential to give useful information with respect to
the dynamics of ion migration and charge distribution
in devices. While frequency-dependent EA was recently
used to investigate the effect of light intensity on the
shape and magnitude of the EA spectrum for MAPI-
based devices that included an insulating PMMA layer,
[36] the method has not been reported, to date, for solar
cells.

In the low-field limit, Franz-Keldysh-Aspnes theory and
the quadratic Stark effect predict that an electric field
applied to a material will modulate its optical transmit-
tance in proportion to the (energy-dependent) imaginary
part of the third-order nonlinear optical susceptibility of
the material, χ(3)(hν), and can be approximated using
superposition of different-order derivatives of the material
absorption coefficient [25,29,37–39]. If an electric field, F,
with a static and oscillating component is applied (F =
F̄ + �F sin[2π ft], where F̄ is the steady-state electric
field, �F is the amplitude of the oscillation with frequency
f, and t is the time), then the transmittance is modulated
(due to a periodic variation in the material’s dielectric con-
stant): T = T̄ + T̃, where T̄ and T̃ are the steady-state and
oscillating parts of the transmittance signal. The quantity
T̃ can be split into components varying at the frequency
of the applied field, T̃f (the first harmonic), at twice the
frequency, T̃2f (the second harmonic), as well as higher-
order components [see Fig. 2(a) and more details in Sec.
II]. The amplitude of the first-harmonic signal, �Tf , is pro-
portional to the product of the static field and the amplitude
of the oscillating component:

�Tf

T̄
(hν) ∝ F̄�F Im[χ(3)(hν)]. (1)

The amplitude of the second-harmonic signal, �T2f ,
is proportional to the square of the amplitude of the
oscillating field:

�T2f

T̄
(hν) ∝ �F2 Im[χ(3)(hν)]. (2)

Regardless of whether Franz-Keldysh-Aspnes theory
and/or the quadratic Stark effect represent the underlying
physical mechanism relating T to F, the form of the rela-
tionship described by Eqs. (1) and (2) is expected to be the
same. Thus, the relative electric field strength within a per-
ovskite solar cell can be probed by measuring the intensity
of the first- and second-harmonic EA signals.

Here, we use frequency-domain and time-resolved EA
to investigate the dynamics of the internal electric field,
and we observe internal field screening at low modula-
tion frequencies for all perovskite solar cells we measure.
The cutoff frequency below which the screening is detected
ranges between 10 and 1 kHz, depending on the active-
layer material and device architecture measured. We verify
the measurements by comparing the frequency of this
transition, which corresponds to a timescale of electric
field screening, with additional independent experimen-
tal techniques: step-dwell-probe (SDP) photocurrent mea-
surements and impedance spectroscopy. We finally show
examples of how these techniques can be used to investi-
gate the influence of perovskite morphology, composition,
and thickness, as well as the effect of applied dc volt-
age or light bias. Using these combined spectroscopic and
optoelectronic methods, we show a self-consistent multi-
method approach that can be directly applied to solar-cell
devices and integrated to other routine measurements, such
as current voltage and impedance spectroscopy.

II. METHODS

A. Device fabrication

Solar cell devices are fabricated on fluorine-doped
tin oxide (FTO) substrates and include an oxide (TiO2
or SnO2) interlayer, a hybrid perovskite active layer,
a 2,2’,7,7’-tetrakis-(N,N -di-p-methoxyphenylamine)-9,9’-
spirobifluorene (spiro-OMeTAD) hole-transporting mate-
rial, and a semitransparent (∼40-nm-thick) gold top con-
tact. Details of the fabrication process are described in
Appendix A.

B. Electroabsorption measurements

Transmission-mode EA spectroscopy is performed on
solar-cell devices [Fig. 2(a)]. A xenon lamp is used for
continuous probe light. The light beam is passed through a
monochromator before being focused onto the active area
of the device. The sample is oriented so that the probe
light is incident on the metal contact to reduce the inten-
sity of the probe reaching the active layer of the solar
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FIG. 2. Schematics for the electroabsorption, step-dwell-probe, and impedance spectroscopy setups. (a) Schematic of the experi-
mental setup and measured photodiode signals in response to an applied voltage (V = V̄ + Ṽ) across the device composed of a static
dc component (V̄) and a periodic component (Ṽ) with amplitude �V oscillating with frequency f. Intensity of the probe light (I 0)
transmitted through the sample (I ) oscillates in response to V. Two components of the oscillating transmittance (T̃) signal are mon-
itored: the first harmonic, which varies at frequency f with an amplitude �Tf , and the second harmonic, which varies at frequency
2f with an amplitude �T2f. Measurements can be made while the device is illuminated by a bias light. (b) Relative phase between
the applied voltage in an EA experiment and the other relevant components: square of the applied voltage, V2; change in electric
field, F̃ , averaged through the perovskite layer, resulting from the applied voltage but reduced by any screening in the device; and
average square of the change in electric field, F̃2. Diagram shows the definition of φeff with respect to the measured phase, φ2f , during
the second-harmonic measurement. φeff is representative of the phase lag between the change in field and applied voltage. (c) For
step-dwell-probe experiments, the device is left at a preset voltage for t < 0. Voltage is then stepped to a probe voltage at t = 0, and
photocurrent �J induced by a light pulse applied to the solar cell after dwell time �t at the probe voltage is measured. Bias light
can optionally be used during measurements. In this study, the bias light (white light-emitting diode, LED) is switched on at t = 0. (d)
Impedance spectroscopy measurements are run on devices in the dark or under light. (e) Equivalent-circuit model used in the analysis of
data.
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cell. The probe intensity is estimated to be in the order
of 0.01 sun (∼300 µW cm−2 at 760 nm for measurements
of MAPI devices) by measuring the photocurrent of the
device and by accounting for a beam size of approximately
2 mm2. The probe beam is then passed through a second
monochromator, using filters at the output slit to remove
higher-order diffraction components. Finally, the beam is
focused on a silicon photodiode connected to the input of
a SR830 lock-in amplifier (Stanford Research Systems) or
of a HF2LI Zurich instrument lock-in amplifier (the latter
is used for frequency-dependent EA measurements). The
baseline transmitted signal, T̄, is recorded before perform-
ing the EA measurements by using a chopper at 560 Hz
placed between the probe light and the first monochroma-
tor and recording the signal from the silicon photodetector
through the lock-in amplifier referenced to the external
trigger of the chopper. Fractional changes in optical trans-
mission are then calculated as �T/T̄, as explained below.
Two different photodiodes are used for the measurement:
a low-noise slow (∼10 kHz) photodetector is used to mea-
sure EA spectra at 1 kHz; a second high-speed (5 MHz)
photodetector is used for the frequency-dependent mea-
surements from 1 Hz up to 1 MHz. An oscillating voltage
with angular frequency 2π f applied to the cell is taken
from an auxiliary output of the lock-in amplifier (Ṽ) and
combined with a dc voltage (V̄) using a custom-made
unity gain amplifier circuit to give an output voltage, V =
V̄ + Ṽ = V̄ + �V sin[2π ft], applied to the solar cell. Val-
ues of �V ≤ 0.8 V are used to limit injection of electronic
charge carriers in the solar cell (which can result in addi-
tional charge-induced electromodulation features, see, e.g.,
Ref. [40]) and to limit degradation of the perovskite mixed
conductor. The resulting amplitude of the averaged change
in electric field across the solar cells is in the range of
�F ≈ 0.01–0.06 MV cm−1, depending on the device and
type of measurement.

For the time-domain electroabsorption measurements,
a preset dc voltage superimposed on an oscillating volt-
age (�V = 0.5 V at 1 kHz) is applied to the solar cell
via the unity-gain amplifier circuit. After equilibration,
the dc voltage is switched to a new value. The first-
or second-harmonic EA signal is collected continuously
before and after application of the voltage step from the
lock-in amplifier (SR830). The time resolution of the
measurement is limited by the minimum time constant
(typically 100–300 ms) needed to obtain an acceptable
signal-to-noise ratio.

C. Analysis of electroabsorption data

As discussed in Sec. I, T̃ can oscillate at the fun-
damental voltage-perturbation frequency, f, and also at
higher-order harmonic frequencies, nf, where n is an inte-
ger. The time lag of internal screening processes means
that changes in electric field can be out of phase with

the applied voltage, which, in turn, is reflected in the
phase of T̃. Consequently, a phase term must be included
when considering the full expression of T̃, such that T̃ =∑∞

n=1 �Tnf sin[2πnft + φnf ]. For the nth harmonic of the
signal at angular frequency 2πnf , we can define in-phase
and out-of-phase components, �Tnf sin[2πnft + φnf ] =
�T ′

nf sin[2πnft] + �T ′′
nf cos[2πnft], with amplitudes �T ′

nf
= �Tnf cos φnf and �T ′′

nf = �Tnf sin φnf , respectively.
On this basis, for the first-harmonic measurements,
�T ′

f is in phase and �T ′′
f is out of phase with the

applied voltage. For the second-harmonic measurements,
−�T ′′

2f is in phase and �T ′
2f is out of phase with

the square of the applied voltage (since V 2sin2[2π ft] =
V 2(1 − sin[2π2ft + π/2])/2).

Therefore, we use −�T ′′
2f /T̄ to illustrate the compo-

nent of the second-harmonic EA spectrum in phase with
the square of the applied voltage. Furthermore, we present
the magnitude and phase of the second-harmonic signal as
a function of frequency. To give a more intuitive inter-
pretation of the measured second-harmonic signal as it
varies with the frequency of the applied potential, we plot
the square root of the EA signal, which is proportional
to the change in field, �F , as indicated by Eq. (2). The
magnitude corresponds to (�T2f /T̄)1/2, while the result-
ing effective phase is φeff = φ2f /2 + π/4 (in radians). The
phase shift, φeff, is 0° when the change in absorption (and
therefore, the square of the electric field in the active layer)
is in phase with the square of the applied potential. If φeff is
nonzero, it refers to a phase shift with respect to the applied
voltage. Therefore, φeff is representative of the phase lag
of the electric field in the absorber layer, which oscillates
at the frequency of the applied perturbation, as shown in
Fig. 2(b). Note that φeff, as defined above, corresponds to
φf in the simplest case, where F̃ has a sinusoidal pro-
file. This is not expected to be necessarily the case for our
experiments, where large values of �V are used (see Sec.
S1 of the Supplemental Material for more details [41]).
Nevertheless, defining φeff still provides insights into the
charge-screening effects occurring in the perovskite layer.
For all the �T/T̄ results, we account for the fact that data
obtained from the lock in is the root mean square of the sig-
nal, and we also correct the amplitude of the signal for the
trapezoidal shape of T during the measurement of T̄ with
chopped light.

D. Optoelectronic transient measurements

SDP measurements [see Fig. 2(c)] are performed using
an automated transient optoelectronic measurement rig
(TRACER), as described in Ref. [42]. The measurement is
described in Ref. [43] and consists of a photocurrent mea-
surement performed with a specific protocol for the voltage
bias of the device: the cell is left at a preset voltage (0 V in
this work) in the dark for long enough to reach an approx-
imately steady state (between 1 and 100 s, depending on
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previous measurements). The device is then stepped to a
probe voltage (a positive voltage below the open-circuit
voltage, VOC, in this work) for a particular dwell time,
which is long enough to allow complete electronic capac-
itive charging of the device leaving only the residual dark
current. Following this dark dwell time, a LED light pulse
of 6 µs is applied to the cell, and the resulting photocurrent
during the pulse is recorded 4 µs after application of the
pulse [see Fig. 2(c)]. �J is the amplitude and direction
(positive or negative) of the corresponding photocurrent
pulse. The current-density value averaged between 6 and
2 µs before the pulse is subtracted from the total mea-
sured value of J during the pulse to obtain �J . The sign
of �J is, in part, related to the direction that the internal
electric field in the perovskite layer carries the photogen-
erated charge. The measurements are repeated under the
same conditions but with different dwell times, such that a
�J versus dwell-time plot can be obtained. The measure-
ment can be performed with or without an additional bias
light (in our case, white LEDs are used). A green LED is
used for the pulsed source with an intensity of 2-sun equiv-
alents for devices using methylammonium lead bromide
(MAPbBr3) as the active layer. A red LED with 1-sun-
equivalent intensity is used for all other cells. To make sure
that the cell is in a comparable state when probing at dif-
ferent dwell times, a control measurement at the shortest
dwell time is made before every measurement to check that
the inverted photocurrent (negative �J ) has not changed
for this shortest-dwell-time condition.

E. Impedance spectroscopy

Impedance measurements are performed following the
method described in Ref. [18]. In short, a voltage ampli-
tude of 20 mV is used for all measurements and a
1 MHz–0.1 Hz frequency range is used in all cases. For
measurements under light bias at open circuit, a chronopo-
tentiometry measurement is performed for 100 s to obtain
an estimate of the steady-state open-circuit voltage. The
device is then left to equilibrate under light (or dark, if
applicable) by applying the final voltage measured dur-
ing chronopotentiometry measurements for a further 100-s
period. The impedance measurement is then made. The
impedance spectra are interpreted using the equivalent-
circuit model presented in Ref. [18]. The model [see
Fig. 2(e)] includes an ionic and dielectric branch (gray
elements) and an electronic branch (blue and red ele-
ments). The former involves resistor Rion, representing
ionic transport in the perovskite layer. Resistor Rion is
connected on either side to a capacitor associated with
the space-charge layer in the contact (CA and CD) and a
capacitor associated with the space-charge layer or Debye
layer in the perovskite (CB and CC). The series of two
capacitors at either interface represents the total interfacial
capacitance and is referred to as C⊥

ion. The resulting circuit

determines the characteristic time constant, τion (e.g.,
assuming symmetrical interfaces, C⊥

ion = C⊥
ion,1 = C⊥

ion,2,
one obtains τion = RionC⊥

ion/2 ). Bipolar transistors are used
to approximate the electronic branch. These elements
reproduce the gating of injection and recombination cur-
rents at the interfaces by the changes in electrostatic poten-
tial. In this work, we consider a single transistor associated
with the surface-recombination process occurring at one
of the interfaces to dominate the electronic component of
the measured impedance. Finally, a geometric capacitor,
Cbulk,per, is connected in parallel to Rion. The overall geo-
metric capacitance, Cg , is determined by the series of all
the capacitors described above.

F. Simulations

Drift-diffusion simulations are performed using the
open-source software package Driftfusion [44]. Driftfu-
sion solves Poisson’s equation and the continuity equations
for electrons, holes, and mobile ions and the electrostatic
potential for a one-dimensional device and their evolution
over time. Further details of the simulation methods can be
found in Appendix B. We perform simulations of the EA,
SDP, and impedance measurements.

III. RESULTS

A. Electroabsorption of perovskite solar cells

Figure 3(a) shows EA spectra measured by applying a
1-kHz sinusoidal voltage of varying amplitude to a MAPI
solar cell and probing the changes in optical transmission
at the second harmonic of the frequency of the applied
potential. Data correspond to the component of the sig-
nal that is in phase with the square of the applied voltage.
The EA spectra obtained by applying voltage perturba-
tions, Ṽ, with amplitudes �V = 0.3, 0.5, and 0.8 V show
the same profile. We observe a quadratic dependence of the
EA signal with the applied voltage in this voltage range
[see inset in Fig. 3(a)]. Figure 3(b) shows a similar mea-
surement performed using �V = 0.5 V on devices with the
same structure but different active-layer thicknesses. The
magnitude of the signal increases for thinner active lay-
ers, suggesting a correlation of the signal with the average
electric field present in the bulk of the material for these
devices. The sublinear dependence of the square root of the
EA signal versus perovskite thickness suggests a signifi-
cant drop in field through the contacts and the possibility
that most electric field variations occur at the interface with
the contacts (see Sec. IV).

We also observe a slight variation of the EA spectral
profile for the three devices, which can be ascribed to opti-
cal interference effects due to the different thicknesses of
the active layer, as discussed in Ref. [25]. Modifications
to the line shape can also arise due to field nonuniformity
in the active layer, a potentially interesting question for
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(a) (b)

FIG. 3. Second-harmonic electroabsorption of TiO2/MAPI/spiro-OMeTAD solar cells measured by applying a sinusoidal voltage
at 1 kHz with V̄ = 0 V. (a) Effect of different applied-voltage amplitudes, �V, on second-harmonic −�T ′′

2f /T̄, plotted as a function
of probe-light photon energy, hν, for a solar cell with a MAPI thickness of about 380 nm. Inset in (a) shows a log-log plot of the
signal amplitude, �T2f /T̄, as a function of �V for photon energies corresponding to minima (hν = 1.57 and 1.68 eV) and maxima
(hν = 1.63 eV). (b) Effect of the MAPI active-layer thickness on the second-harmonic EA for �V = 0.5 V.

future investigation [45,46]. Finally, inherent variations in
spectral shape due to changes in average photogenerated
charge density in the films due to the probe beam may also
occur [36].

The quadratic dependence of the EA signal on the
applied voltage is consistent with both Franz-Keldysh-
Aspnes and Stark theories, as discussed in previous reports
[25,29,45] and in Sec. I. It also suggests that the electric
field in the MAPI layer varies in proportion to the applied
potential. In the next section, we proceed to investigate the
dynamics of the absorber layer’s electric field by varying
the frequency of the applied voltage (Ṽ).

B. Frequency-dependent electroabsorption

Figure 4(a) shows the second-harmonic EA spectra of
a MAPI solar cell measured at different frequencies of
applied voltage, using a constant amplitude (�V = 0.8 V)
and no dc bias (V̄ = 0 V). When decreasing the frequency
of the voltage perturbation from 1 kHz to 30 Hz, we
observe a decrease (with approximately unchanged spec-
tral shape) in the in-phase EA signal and an increase in the
out-of-phase EA signal with respect to Ṽ2 [Fig. 4(a)].

By measuring the EA signal at a peak wavelength
of 760 nm (1.63-eV photon energy) as a function of
applied frequency, we obtain the frequency-dependent EA
response in the device. Since we expect the EA signal to
be related to the square of the change in electric field in
the perovskite, in Fig. 4(b), we show the Bode plot of the
square root of the EA measured at 760 nm. The equiva-
lent Nyquist representation of the change in electric field
is also displayed in the inset of Fig. 4(b), where we plot
�F ′ versus �F ′′, which are, respectively, in phase and out
of phase with the applied potential.

The frequency spectrum of (�T/T̄)1/2 in Fig. 4(b)
shows a plateau region at intermediate frequencies

(between 100 Hz and 200 kHz), where the effective phase,
φeff, is close to 0°. This is consistent with the field in the
perovskite layer being in phase with the applied-voltage
perturbation. The signal shows a decrease in magnitude
and a phase shift when either high or low frequencies
of the applied voltage are used. At high frequencies,
we expect the intrinsic RC time constant of the cell (in
the order of 1 µs for the device under consideration) to
limit the maximum rate at which the applied potential
changes across the solar-cell stack. We therefore ascribe
the decrease in magnitude above about 200 kHz to an
increasing drop of potential on the series resistance (Rs)
of the cell and the capacitive charging of the geometric
capacitance associated with the high-frequency dielectric
properties of the whole device stack (Cg). In the low-
frequency region (for f < 100 Hz), a process with slow
dynamics appears to screen the internal electric field in
the active layer, thus decreasing the EA signal, also con-
sistent with data in Fig. 4(a). In Sec. IV we discuss
the nature of this screening process, which appears to
be due to ionic charge migration. Notably, based on the
approximately unvaried spectral shape detected at differ-
ent frequencies shown in Fig. 4(a), we ignore potential
distortion in the electromodulated spectral shape of the
second-harmonic signal due to inhomogeneity in the field
distribution within the active layer. Such distortion can
potentially lead to a reduction in the magnitude of the
EA peak monitored at 1.63 eV at low frequency, due to
an increase in electric field nonuniformity in the active
layer [45,46]. While different in its physical origin, such an
effect can also be associated with electric field screening
in the bulk of the active layer. To validate the observa-
tion described in Fig. 4, in the next section, we com-
pare the frequency-dependent EA results with two other
independent techniques.
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(a) (b)

FIG. 4. Frequency-dependent electroabsorption measurement on a solar cell with TiO2/MAPI/spiro-OMeTAD architecture. (a)
Second-harmonic EA spectra recorded at different frequencies of applied voltage (�V = 0.8 V). Top and bottom panels refer to the
components in phase and out of phase with the square of the applied potential, respectively [see Fig. 2(b)]. (b) Bode plot of the square
root of the EA peak at 1.63-eV photon energy (760 nm) measured at different frequencies. Inset in (b) shows the equivalent Nyquist
representation of the change in electric field in the perovskite using frequency as an implicit parameter. Phase φeff is calculated as
φeff = φ2f /2 + π/4 (see Sec. II).

C. Measuring electric field screening using
electroabsorption, step-dwell-probe, and impedance

spectroscopy

Figure 5 shows five different measurements of a
TiO2/MAPI/spiro-OMeTAD solar cell in the dark (for EA
experiments, a weak probe light is applied, see Sec. II).
Figure 5(a) compares frequency-dependent EA data from
Fig. 4(b), with SDP data where the photocurrent is plot-
ted against the reciprocal of the dwell time, �t. This is
done to compare the estimated timescales of electric field
screening on the frequency scale. Finally, the capacitance
extracted from the impedance of the cell is shown.

The three measurements highlight the spectroscopic,
optoelectronic, and electrochemical responses of the
device. Data from each measurement show two frequency
regions with different behavior, a high-frequency region
(fast timescale, white background in Fig. 5) and a low-
frequency region (long timescale, purple background in
Fig. 5):

(a) Electroabsorption: an approximately constant EA
signal is observed in the 100 Hz–100 kHz region, with a
drop in signal magnitude for f < 10–100 Hz. This is con-
sistent with (partial) screening of the electric field [see 	F
in Fig. 5(c)] by ionic charges occurring at low frequencies.

(b) Step-dwell-probe: the photocurrent induced by a
light pulse incident on the cell at different times after the
application of a step potential [see direction of electron
transport and hole transport in Fig. 5(c)] is positive

(charges moving away from their respective selective
contact) for �t < 0.1 s and changes sign for light pulses
applied at later times. This is consistent with changes in
direction for the driving force (affected by the electric field
in the perovskite layer) of the photocurrent [43,47].

(c) Impedance spectroscopy: for high frequencies, the
capacitance of the solar cell remains constant, which we
attribute to the geometric capacitance contribution. Its
value increases for f < 10–100 Hz due to ion redistri-
bution within the perovskite active layer [see electronic
charge accumulating at the contacts and change in ionic
distribution in Fig. 5(c)].

For each technique, we highlight the transition in behav-
ior described above by defining a parameter, f0, to be the
frequency (or inverse dwell time for SDP measurements)
that divides the high-frequency “plateau” from the low-
frequency electric-field-screening regime. We extract f0 as
the frequency value obtained from the intersection between
a (constant) line fitted to the high-frequency plateau and
a line fitted to the transition to low-frequency behav-
ior (see black dashed lines in Fig. 5). While the type
and degree of perturbation is different among the three
techniques, we observe a very similar trend and similar
estimates of f0 at which we expect the electric field screen-
ing to occur. Notably, f0,C is not strictly associated with
the low-frequency impedance time constant. However, it
is easily accessible and seems to correlate qualitatively
with the results from other techniques. In Fig. 5(a), we
also include results from simulations obtained using the

044056-8



DYNAMICS OF INTERNAL ELECTRIC. . . PHYS. REV. APPLIED 18, 044056 (2022)

(a)

(b)

(c)

FIG. 5. Frequency and time-resolved techniques measuring
the dynamics of electric field screening for a MAPI solar cell
in the dark. (a) Experimental data and drift-diffusion simulation
results of frequency-dependent EA, SDP vs inverse dwell-time
(�t−1) and capacitance extracted from impedance. The green
area indicates the limitations due to series resistance and geo-
metric capacitance RsCg . Values of f 0 are obtained from the
intersection of fitting lines to the high-frequency region and to the
transition to the low-frequency region. (b) In-phase 1st harmonic
(top) and 2nd harmonic (bottom) transient EA signal at 760 nm on
application of a voltage step, V̄ = 0 V → 0.5 V, at t = 0 s super-
imposed on Ṽ (�V = 0.5 V and 1 kHz). Dwell-time dependent
SDP data shown in (a) are superimposed on the 1st harmonic tran-
sient. (c) Energy-level diagrams for the early (white background)
and long-timescale (purple background) response to a voltage
step, and implications in terms of electric field, photocurrent
direction, and charge distribution.

Driftfusion software [44], where we simulate the EA, SDP,
and impedance measurements on a solar-cell stack with
representative parameters (Appendix B). The general trend
discussed above is well reproduced, with a high-frequency
response that can be attributed to the dielectric proper-
ties of the simulated device without the contribution of
ion transport, and a low-frequency behavior that matches
the electric-field-screening effect due to the redistribution
of mobile ionic defects. Discrepancies observed between
experimental and simulated data are due to the simpli-
fied system considered for the simulations, which assume
nondispersive transport and a single mobile ionic species.
For �Fsim, which is representative of the simulated EA sig-
nal, we observe an increase in magnitude for frequencies
below 1 Hz, a frequency region that cannot be resolved
experimentally. We provide more detail on this and fur-
ther simulated results in Sec. S2 of the Supplemental
Material [41], where we show that the increase in the low-
frequency simulated signal is obtained when using similar
(or larger) values of the interfacial capacitance on the con-
tact side to that on the perovskite side (e.g., CC ≈ CD for
the simulations in Fig. 5).

To investigate the very-low-frequency behavior of
devices further, we develop a time-resolved transient EA
technique. Figure 5(b) shows an experiment performed on
the same type of solar cell as that described in Fig. 5(a),
where we apply a voltage V = V̄ + Ṽ and measure the
first- or second-harmonic signal at 760 nm as a function
of time following a step change in V̄. While in the pre-
vious EA experiments we kept V̄ = 0 V throughout the
measurement, here we apply a step in the dc voltage such
that V̄ = 0 V for t < 0 s and V̄ = 0.5 V for t > 0 s. An
oscillating voltage (Ṽ) with �V = 0.5 V at 1 kHz is super-
imposed on the step potential to allow the evolution of field
to be monitored using the lock-in technique. As shown in
Fig. 5(b) (top graph), the change in absorption related to
the first harmonic due to the step potential presents a sharp
peak at early times (t < 1 s) and tends to stabilize over a
timescale on the order of 10–100 s. In the same figure, we
also include SDP data from Fig. 5(a) for comparison of
the long-timescale response between the two techniques.
This result, combined with the observations above, shows
that the process of electric field screening occurs over a
large range of timescales. After decay, the baseline in the
measurement also shifts slightly, suggesting a detectable
change in F̄ at long timescales (after the screening process)
on application of the forward bias [see Eq. (1)].

When the V̄ step is reversed, the time-resolved signal
is inverted (Appendix C), as would be expected since Eq.
(1) predicts that the EA signal depends on the sign of F̄ .
We note that the first-harmonic EA spectrum for MAPI
solar cells shows a similar shape to that of the second-
harmonic spectrum [as expected from Eqs. (1) and (2)].
According to Eq. (1), the detection of a nonzero signal
for the first-harmonic measurement, even for V̄ = 0 V,
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implies the presence of a steady-state electric field in the
solar cell’s active layer. This is consistent with space
charges forming at the interfaces with the contacts (see
simplified schematics in Fig. 1). In Ref. [48], noncen-
trosymmetry of the halide perovskite is discussed as an
important factor to explain the detection and V̄ dependence
of the first-harmonic EA measurements. Similar behavior
for first-harmonic measurements to that shown in Fig. 5(b)
is observed for different active-layer compositions (see
Appendix C). On the other hand, a much larger change
in baseline at long timescales is observed for transient
EA measurements on MAPI solar cells with SnO2 con-
tacts (Fig. S11 within the Supplemental Material [41]).
Following a peak in the data at early timescales similar to
the one in Fig. 5(b), these cells show a long-time base-
line change that is opposite to the case with TiO2. We
check that this measurement is not affected by electrolumi-
nescence contributions (Fig. S12 within the Supplemental
Material [41]). This result cannot be explained on the basis
of the interpretation presented in this study. As a general
note, the analysis of the first-harmonic EA signal is com-
plex, because of changes in spectral shape over several
measurements, possibly due to additional contributions
from other induced absorption features (see Appendix C).
We also find that changes in the magnitude and sign of
the first-harmonic signal vary over very long timescales.
This makes it difficult to perform, for example, frequency-
dependent first-harmonic EA measurements. The second-
harmonic EA yields more consistent results, especially for
TiO2/MAPI/spiro-OMeTAD cells, showing almost identi-
cal spectra for measurements on the same device run over
several days and across different devices. The frequency-
dependent EA on these solar cells is also generally repro-
ducible, with some variability from sample to sample (see,
for example, Fig. S21 within the Supplemental Material
[41]).

The transient EA measurement for the second-harmonic
signal [bottom graph of Fig. 5(b)] does not present a clear
peak at t = 0 s like the one observed for the first-harmonic
measurement. Instead, data show a small step, followed by
a very slow variation occurring over similar timescales to
the slow transient of the first-harmonic signal. The absence
of a peak is consistent with Eq. (2) (second-harmonic
signal is independent of F̄). The increase in signal mag-
nitude upon application of the forward bias is likely to
be due to the increase in the capacitance of the contacts
at forward bias, which increases the fraction of applied Ṽ
dropping across the absorber layer during measurements.
On the basis of these considerations, the dependence of
the EA signal on the applied dc voltage (see Appendix D)
can provide information on the voltage dependence of the
capacitances involved in the cell.

The consistency between the results obtained via these
different techniques shows that each can be used to probe
the timescale of electric field screening within the active

layer of perovskite solar cells. These tools are, therefore,
suitable to test the effect of different optical bias and device
parameters on this process, as we show in the next section.

D. Effect of bias light; interlayers; and absorber film
thickness, morphology, and composition

We perform EA, SDP, and (apparent) capacitance mea-
surements on a number of different device architectures
under both dark and a range of bias-light conditions. Figure
6 shows a summary of these measurements and the fre-
quencies at which the field-screening transition, f0, occurs.
First, we describe the observed changes in dynamics for
each measurement technique when the device is exposed
to bias light with respect to measurements performed in
the dark. Figure 6(a) shows that, for all measurements
on the reference solar cell (TiO2/MAPI(360 nm)/spiro-
OMeTAD), the field-screening transition shifts to higher
frequencies as the bias-light intensity increases. The cor-
responding values of f0 are shown in Fig. 6(b), where
the increasing trend with light can be observed (ranging
between 1 and 104 Hz). The values of f0,EA and f0,C show
close agreement, while the values for f0,SDP show a sim-
ilar trend with light intensity but with an offset to lower
frequencies; this offset is likely to be intrinsic to the tech-
nique, resulting from a time lag required before sufficient
ionic redistribution has occurred to start influencing the
photocurrent direction. The latter is sensitive to the direc-
tion of the quasi-Fermi-level gradient rather than the field
only. Figure 6(a) also shows that the abruptness of this
transition for SDP data is reduced by bias light, with the
appearance of a high-frequency decay in photocurrent to
about 0 mA cm−2, followed by the roughly unchanged
low-frequency transition to negative photocurrent values
(for more examples for other device structures, see Sec. S4
of the Supplemental Material [41]).

When the first harmonic of EA is monitored following a
potential step, we observe that the initial, rapidly changing,
component of the signal can no longer be resolved as the
bias-light intensity is increased [Fig. 6(c)]. Consistent with
the observations in Fig. 6(a), the slow-timescale compo-
nent of the first-harmonic signal remains at all light inten-
sities. Figure 6(d) shows the values of f0 extracted from
measurements on other device architectures and active-
layer thicknesses (impedance and current-voltage curves
of the devices can be found in Secs. S7 and S8 of the
Supplemental Material [41]). In all cases, f0 increases
with increased light intensity, implying more rapid field
screening. The perovskite-layer thickness appears to have
a relatively weak influence on f0,EA or on the dynamics
of the long-timescale measurements (see Figs. S20 and
S25 within the Supplemental Material [41]). As we dis-
cuss below, the contribution of the probe light and different
surface-recombination performances for devices with dif-
ferent thicknesses can explain this observation. The value
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(a) (b)

(c)

(d)

FIG. 6. Effect of different solar-cell parameters on electroabsorption, step-dwell-probe, and capacitance measurements. (a),(c) Mea-
surements on TiO2/MAPI/spiro-OMeTAD solar cells, as in Figs. 5(a) and 2(b), also showing the effect of light on f0 (MAPI thickness
360 nm). Purple and yellow backgrounds indicate the approximate frequency range of screening regime 1 (SR1, observed only under
illumination) and screening regime 2 (SR2, observed under dark and light conditions). In (c), smoothed data (15 points, ∼3 s window)
are shown superimposed on raw data. (b) Values of f0 extracted from data plotted in (a). (d) Summary of data obtained in the dark (left)
and under light (right) for solar cells with different architectures. Inset of (d) shows the device structure and parameters investigated in
this study: interlayer material, hybrid perovskite composition, and thickness d. Circled data points indicate an additional characteristic
frequency extracted from the EA of some devices. * For EA data measured without bias light, the cell is exposed to a weak probe light
(see Sec. II).

of f0,C is also insensitive to the change in thickness, which
is expected, given the counteracting effects of increased
ionic resistance and decreased geometric capacitance on
increasing active-layer thickness (see below). Only val-
ues of f0,SDP show an appreciable increase with decreasing
layer thickness. In Sec. S5 of the Supplemental Material
[41], we also show that f0,EA is not influenced by very

different MAPI-layer morphologies, suggesting a negli-
gible contribution of grain boundaries to the screening
dynamics probed with EA.

In contrast, the electron-transporting material (ETM)
appears to have a significant influence on f0. When TiO2
is replaced by SnO2, the values of f0 increase by up
to 50 times, depending on the measurement and device
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[Fig. 6(d)]. A lower capacitance at high frequencies for
SnO2 compared to TiO2, consistent with the trend in f0,C
(Fig. S18 within the Supplemental Material [41]), can
explain this effect (see also next section). We note that
measurements on devices with SnO2 as the ETM show
lower reproducibility compared with the TiO2 case, in
terms of EA signal magnitude and frequency-dependent
EA spectral shape (see Figs. S16–S18 within the Sup-
plemental Material [41]). Nevertheless, a relatively large
value of f0,EA is consistently observed for all devices
with SnO2. Changing the hole-transporting material, spiro-
OMeTAD doped with lithium ions, to undoped spiro-
OMeTAD does not significantly influence f0,EA (Fig. S22
within the Supplemental Material [41]). This observation
suggests that lithium ions are not directly involved in the
screening behavior at the frequencies monitored in this
experiment.

Finally, Fig. 6(d) also shows the influence of chang-
ing the perovskite-layer composition. For the frequency-
dependent EA spectrum of MAPbBr3 or MAPb(I0.8Br0.2)3
(see Appendix E), we identify a mild decrease in signal for
frequencies below about 1 kHz, followed by a sharp drop
below about 10 Hz. In Fig. 6(d), we indicate both these
frequencies (the latter is highlighted by a dashed circle).
Higher values of f0 for MAPbBr3 compared to MAPI are
also recorded using SDP and capacitance measurements.
We also record an increase in f0,SDP with light for this
device, similar to MAPI cells, while we observe a drop
in signal magnitude but no clear shift for f0,EA to higher
frequencies when illuminating the MAPbBr3 cell. More
complex behavior for MAPb(I0.8Br0.2)3 is observed under
light with a nonmonotonic drop in signal with decreasing
frequencies (see Appendix E). We also perform measure-
ments on mixed-cation hybrid perovskite solar cells. In
Appendix E, we show that, for all compositions contain-
ing between two and four different A cations, the value of
f0,EA in the dark increases to about 1 kHz compared to the
case of MAPI on TiO2 (100–200 Hz). This effect is present
regardless of using TiO2 or SnO2 as the interlayer (Fig. 15).

IV. DISCUSSION

A. Interpretation of measurements in the dark

The frequency- and time-dependent EA techniques that
we developed allow a direct measurement of the timescale
for electric field screening in the metal-halide perovskite
layers of solar cells. The results show good qualita-
tive agreement with indirect measurements of this field-
screening process inferred from SDP photocurrent mea-
surements and impedance spectroscopy measurements.
These screening dynamics depend on the details of the
device architecture, composition, and operation. We now
discuss possible interpretations of the screening mecha-
nisms based on the experimental observations reported in
this work.

The field screening that we observe is likely to be
due to redistribution of ionic charge in the hybrid per-
ovskite layer. This is consistent with many previous reports
suggesting that ion transport in these photovoltaic mate-
rials is responsible for the slow optoelectronic dynamics
observed in solar-cell devices, resulting in behavior such
as current-voltage hysteresis [6,7,16,18,49]. Our observa-
tions are consistent with this interpretation, also discussed
by Rana et al. [36], and provide a direct nondestructive
measurement of field screening within the active layer of
complete devices. Specifically, Ref. [36] considers MAPI-
based devices including an insulating PMMA layer, for
which a drop in EA signal intensity at low frequency is
detected only for large enough probe intensities. When
using low probe intensities, no significant change in sig-
nal is instead detected in the range between 40 Hz and
1 kHz, stressing the critical role of light, even at relatively
low intensities. We also note that larger applied fields are
considered in Ref. [36] (0.3 MV cm−1) compared to our
investigation, which may affect the screening behavior of
the mobile ionic defects and the relative contribution of
injected electronic carriers.

Device architecture can influence the screening timescale.
When device contact materials are changed, there is an
associated change in the capacitance of the interfaces [C⊥

ion,
see also Fig. 5(c)] which leads to a change in the ionic
screening time of the device (∼RionC⊥

ion/2 for the symmet-
rical case), assuming that electrode polarization dominates
such dynamics. For example, a lower doping density in
SnO2 relative to TiO2 would lead to a smaller capacitance,
and thus, shorter screening time. Active-layer composition
can similarly influence both the capacitance of the inter-
faces (due to defect density, energetic offset, and dielectric
constant, all of which would influence space-charge layer
widths, and thus, capacitance) and ionic resistance (due
to different mobile defect concentrations and mobility). A
further contribution from electronic charge carriers cannot
be ruled out, as we discuss below.

B. Electric field screening under light

We now consider the effect of light on the measured
characteristic frequency of electric field screening. Clearly,
the techniques used in this study offer different probes
with different sensitivity to electric field screening and,
especially for the case of measurements under light, they
point towards complex, possibly multiprocess, behavior.
When light is applied to the reference device structure,
TiO2/MAPI/spiro-OMeTAD, we observe a pronounced
shift to higher values of frequency f0, below which field
screening is “activated” [Figs. 6(a) and 6(b)]. We refer
to this behavior under light and the frequency range
where it occurs as SR1. This effect is also visible from
time-resolved transient EA measurements [smaller initial
amplitude of the signal at early timescales for cells under
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illumination, Fig. 6(c)]. At longer times, following a volt-
age step for the time-resolved EA and SDP measurements,
a second slower component to the change in electric field
is also detected, the rate of which is relatively uninfluenced
by light. We refer to this as SR2. The light independence
of SR2 is also displayed by the similar transient dynamics
observed for time-resolved EA measurements, where the
bias light is switched on or off, while keeping V̄ unchanged
(see Fig. S19 within the Supplemental Material [41]). For
impedance measurements, the appearance of SR1 can be
associated with the increase in apparent capacitance under
light at low frequencies, which increases the value of f0,C
[18]. As mentioned above, f0,C does not have an intuitive
physical meaning, and it is used here to track the changes
in magnitude and/or dynamics of the low-frequency capac-
itance component (see Appendix F). We note that, because
the use of a probe light is necessary to carry out EA
measurements, it is not possible to evaluate f0,EA for the
completely dark case. Based on the trend discussed above,
the value of f0,EA extracted from measurements without
bias light may be affected by the probe light intensity,
as also reported by Rana et al. [36]. Different average
charge densities induced by the probe light in different
devices can potentially contribute to some of the observed
trends in f0,EA as a function of active-layer composition and
ETM, as discussed below (see also Sec. S8 of the Supple-
mental Material [41]). In this context, the comparison in
Figs. 5 and 6 of EA data with the results obtained from the
other techniques, for which measurements in the dark are
possible (here SDP and impedance), is particularly useful.

The two regimes of electric field screening, SR1 and
SR2, detected by these techniques highlight the possibil-
ity for two processes with different dynamics and different
dependence on illumination to occur. These processes
can be electronic or ionic in nature. Regarding elec-
tronic charge carriers, an additional contribution to electric
field screening from photogenerated charges and injected
charges needs to be considered. As for the ionic contri-
bution, it is well established that iodide vacancies are the
majority carriers in MAPI [6,7]. Lower diffusion coef-
ficients are evaluated for methylammonium cations and
other defects, which may also provide a further screening
ability [50–52].

In the first scenario, SR1 can be due to injected and pho-
togenerated electronic charges redistributing in the cell to
screen the electric field induced by the externally applied
potential. SR2, which is similar between measurements
on the same device irrespective of the illumination level,
may be related to ionic relaxation, e.g., due to redistribu-
tion of iodide vacancies. Analysis of simulations suggest
that electronic screening, while active at faster timescales
compared to experiments, is present and increases in mag-
nitude under light because of the contribution from the
photogenerated electronic charge carriers (see Sec. S2
of the Supplemental Material [41]). Furthermore, we

test the frequency-dependent EA for a TiO2/MAPI/spiro-
OMeTAD device by including a dc offset, V̄ = 0.5 V, to
the applied ac voltage. We observe a slight drop in the
signal at frequencies below about 500 Hz (Appendix D),
which is consistent with an increase in the background
electronic concentration in the device. This would suggest
that electronic currents are playing some role in the fast
component of the screening process. This effect may also
be related to the accumulation of photogenerated charge in
trap states, which is not accounted for explicitly in our sim-
ulations at present (transport is described by constant elec-
tronic mobilities of typical magnitude [53]). Trapping of
electronic charges can explain the observation of relatively
low values for f0 (kHz range) observed under light for
some of the devices investigated here. We also emphasize
that screening can lead to a decrease and to an increase of
the EA signal magnitude, depending on the ratio between
the interfacial capacitance on the perovskite and on the
contact side, as shown for the very-low-frequency simu-
lated EA data in Fig. 5(a). Such aspects can explain the
different EA behavior observed for solar cells under light
with TiO2 or SnO2 as electron-transporting-layer materi-
als (Fig. S16, see Sec. S2 of the Supplemental Material for
discussion [41]). We note that ionic redistribution may also
contribute to faster screening at high-bias-light intensity
(SR1) based on the possible increase in ionic conductiv-
ity under light, which is reported to be relevant for iodide
defects [54–56]. The long-timescale behavior (SR2) can
then also be related to a second ionic species, which is
comparatively unaffected by the background light inten-
sity [57]. A detailed investigation of these screening effects
deserves future work.

C. Spatial distribution of the electric field

We now comment on the spatial distribution of the
changes in electric field that we measure. The fact that the
magnitude of the second-harmonic EA signal scales with
the square of the applied potential (with some fluctuation;
this is the case for all devices, see Fig. S23 within the Sup-
plemental Material [41]) suggests that the square root of
the EA signal might be used to evaluate the electric field
strength in the active layer. However, the weak dependence
of both signal magnitude and some of the time constants
extracted from the measurements on active-layer thick-
ness indicates a more complex situation. Regarding the
thickness-dependent magnitude of the EA signal at high
frequencies, we note that the contribution to the EA sig-
nal will be more significant from the regions of the device
where the active layer is thinnest (because of the large
electric field in those regions for a certain applied high-
frequency voltage). It follows that, if the surface roughness
of the active layer were to increase superlinearly with
thickness, this could also contribute to the trend shown
in Fig. 3(b). The thickness dependence of the EA signal
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magnitude is also consistent with only a small fraction of
the changes in potential dropping in the active layer, while
a large fraction of it drops across the contact materials (see
Secs. S2 and S9 of the Supplemental Material [41]). It is
also possible that, if screening were fast enough within the
active layer bulk, most of the potential drop would be con-
fined to its interfaces (e.g., across the depletion layer at the
MAPI/TiO2 interface [58]). A mixed situation between the
cases described above is likely.

D. Screening dynamics and photovoltaic response

We briefly discuss to what extent the electric field
screening dynamics can be further evaluated in relation to
device performance. Our simplified model already shows
how such a relationship can be rather complex. Parameters
such as the contact materials and active-layer composi-
tion influence the screening dynamics, as discussed above,
but also most processes that are key to the photovoltaic
function, such as bulk and surface recombination, charge
extraction, and light harvesting efficiency, to name a few.

While a general relationship between the screening
dynamics and device performance cannot be drawn, we
can identify some correlations between these two aspects
and discuss potential causality questions. First, we relate
the values of f0 extracted in our study and the hystereses
of current-voltage curves measured for the same solar-cell
structures under 1 sun at a scan rate of about 0.1–0.2 V s−1.
Here, we consider f0 measured in the dark (once again,
for EA measurements, a probe light is used), to focus our
attention on the ionic contribution. From data in Fig. 7(a),
where f0 values are plotted against the hysteresis index of
devices, as defined in Ref. [59], we highlight the follow-
ing points. An overall inverse correlation is found between
the hysteresis index and the lowest value of f0 measured
for each device. For solar cells with TiO2 as the ETM, we
find generally higher hysteresis indexes at the selected scan
rate than for cells using SnO2. As discussed above, this
may be due to the low interfacial capacitance associated
with the perovskite-SnO2 interface. This allows for faster
screening dynamics, implying the ability of the device to
“follow” the voltage scan at a faster rate compared with
devices using TiO2 as the ETM. For almost all cells with
TiO2, at least one of the values of f0,EA extracted for each
device is as low as f0,SDP and f0,C. On the other hand, f0,EA
values for devices with SnO2 are larger than both f0,SDP and
f0,C, highlighting the potential role of the probe light during
the EA measurement. This observation is consistent with
the electronic charges photogenerated by the probe light
in devices with low surface recombination contributing to
the screening dynamics, increasing the value of f0,EA. We
find that this hypothesis is supported by the low hysteresis
index detected in the J -V curve characterization [16] and,
importantly, also by the large values of VOC for devices
with large f0,EA [see Fig. 7(b) and full analysis in Sec.

(a)

(b)

OC

FIG. 7. f0 and photovoltaic response. Characteristic frequen-
cies extracted from electroabsorption, step-dwell-probe, and
capacitance measurements under dark conditions plotted against
(a) hysteresis index, and (b) VOC measured for the reverse scan
(from forward bias to V = 0 V) under 1-sun-equivalent illumina-
tion. For each device, values of f0 extracted with different tech-
niques appear vertically aligned. The hysteresis index is defined
from the power conversion efficiencies (η) evaluated during for-
ward and reverse scan as (ηreverse− ηforward)/ηreverse. Data points
referring to cells with TiO2 and SnO2 electron-transporting lay-
ers are shown by orange and blue markers, respectively. In
(b), only devices with “bromide-poor” compositions [APbI3 and
APb(I0.83Br0.17)3] are considered.

10 of the Supplemental Material [41] ]. The correlation
between VOC and screening dynamics is also there when
considering the trend of f0,SDP, while it is less clear for f0,C.
Note that only devices based on perovskite compositions
with comparable values of the band gap are considered in
Fig. 7(b) (from the EA spectra, we expect differences in
band gap <50 meV between these active layers, assuming
similar exciton-binding energies).

To summarize this section, we find that active-
layer compositions and device architectures showing fast
screening dynamics correlate, as expected, with a low
degree of hysteresis (at slow enough scan rates), and show
large values of open-circuit voltage. While devices with
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negligible ion transport (and therefore, with f0 → 0 Hz)
are commonly considered desirable for photovoltaic appli-
cations, our results point to electric field screening as a
potentially key feature, enabling the high performance of
hybrid perovskite solar cells.

V. CONCLUSIONS

In this work, we developed frequency-dependent
and time-domain transient electroabsorption spectroscopy
techniques that can be applied to solar-cell devices to
probe their internal electric field dynamics. By varying
the frequency of the applied potential, we investigate the
timescale of electric field screening for different solar-
cell architectures and test the effects of experimentally
accessible parameters on the internal electrostatics of the
device. We compare the results with data from other
techniques, such as optoelectronic transient step-dwell-
probe and impedance spectroscopy, to extract independent
(although indirect) evaluations of the electric field screen-
ing dynamics in devices. This set of techniques provides
a number of characteristic frequencies (f0) that define the
transition in behavior from the high-frequency electronic
and dielectric response of the hybrid perovskite to a low-
frequency response, where a change in applied electric
field becomes screened in the perovskite. For dark con-
ditions, we ascribe the latter to ionic defect transport and
redistribution in the active layer. Under light, we find that,
in addition to the process occurring at long timescales, a
faster process is responsible for part of the screening. The
process can be attributed to screening by a photogenerated
electronic charge or to a photoenhanced ionic conduc-
tivity effect. Our analysis shows the potential of using
time-resolved and frequency-domain electroabsorption to
evaluate the internal electric field dynamics in hybrid per-
ovskite solar cells and to validate the interpretation of data
obtained using other optoelectronic and electrochemical
techniques.
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APPENDIX A: DEVICE FABRICATION

1. Perovskite precursor solutions

MAPI: stoichiometric amounts of PbI2 (576 mg,
1.25 mmol, TCI Co., Ltd.) and methylammonium iodide

(MAI, 199 mg, 1.25 mmol, Greatcell Solar) are dissolved
in 1 ml of a 4:1 (v:v) solvent mixture of dimethylfor-
mamide (DMF, anhydrous, Sigma-Aldrich) and dimethyl
sulfoxide (DMSO, anhydrous, Sigma-Aldrich) by heat-
ing to 100 °C in a closed vial. This about 1.25M MAPI
precursor solution is diluted in appropriate amounts of
the DMF-DMSO solvent mixture to obtain about 0.75
and 0.625M MAPI solutions. All solutions are filtered
through a 0.45-µm syringe filter before use. According to
SEM cross sections, MAPI solutions with concentrations
of 1.25, 0.75, and 0.625M result in average perovskite film
thicknesses of 367, 150, and 106 nm, respectively.

MAPbBrI: methylammonium bromide (MABr, Great-
cell Solar, 56 mg, 0.25 mmol), MAI (119 mg, 1 mmol),
and PbI2 (576 mg, 1.25 mmol) are dissolved in 1 ml
DMF-DMSO (4:1, v:v) at 100 °C to obtain the nomi-
nal composition of MAPb(Br0.2I0.8)3 in the mixed-halide
perovskite precursor solution.

MAPbBr: MABr (140 mg, 1.25 mmol) and PbBr2 (TCI
Co., Ltd., 459 mg, 1.25 mmol) are dissolved in 1 ml DMF-
DMSO (4:1, v:v) at 100 °C.

FAMAPI: formamidinium iodide (FAI, 183 mg,
1.06 mmol), MAI (30 mg, 0.19 mmol), and PbI2 (576 mg,
1.25 mmol) are dissolved in 1 ml DMF:DMSO (4:1,
v:v) at 100 °C to obtain the nominal composition of
FA0.85MA0.15PbI3.

FAMA: following the protocol reported by Saliba et al.
[60], a multiple-cation mixed-halide perovskite solution is
prepared by dissolving PbI2 (508 mg, 1.1 mmol), PbBr2
(80.7 mg, 0.22 mmol), FAI (171.97 mg, 1 mmol), and
MABr (22.4 mg, 0.2 mmol) in 1 ml of a 4:1 (v:v) mixture
of anhydrous DMF and DMSO. This nonstoichiometric
precursor solution for (FA0.83MA0.17Pb(I0.83Br0.17)3 con-
tains a 10 mol% excess of both PbI2 and PbBr2, which is
introduced to enhance the device performance. The FAMA
solution is filtered through a 0.45-µm syringe filter before
use. We would like to note that volume changes upon
dissolving the salts are expected.

FAMAC: CsI (389.7 mg, 1.5 mmol) is dissolved in 1 ml
DMSO and filtered through a 0.45-µm syringe filter. To
obtain the desired triple-cation perovskite composition of
about 5% Cs, 42 µl of the about 1.5M CsI stock solution
is added to 1 ml FAMA solution, yielding a nominal com-
position of Cs0.05[(FA0.83MA0.17)]0.95Pb(I0.83Br0.17)3. The
change in the I : Br ratio is neglected, and we note that vol-
ume changes upon dissolving CsI in DMSO are not taken
into consideration.

FAMAR: RbI (318.5 mg, 1.5 mmol) is dissolved in
1 ml of a 4:1 (v:v) DMF-DMSO mixture and filtered
through a 0.45-µm syringe filter. To obtain the desired
triple-cation perovskite composition of about 5% Rb, 42 µl
of the about 1.5M RbI stock solution is added to 1 ml
of FAMA solution, yielding a nominal composition of
Rb0.05[(FA0.83MA0.17)]0.95Pb(I0.83Br0.17)3. However, it is
likely that Rb is effectively not (fully) incorporated into
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the perovskite structure. The change in the I : Br ratio is
neglected, and we note that volume changes upon dissolv-
ing RbI in the DMF-DMSO mixture are not taken into
consideration.

FAMARC: To obtain the quadruple-cation perovskite
composition of about 5% Rb and about 5% Cs, 42 µl
of the RbI solution and 42 µl of the CsI solution are
added to 1 ml of FAMA solution, yielding a nominal com-
position of Rb0.05Cs0.05[(FA0.83MA0.17)]0.9Pb(I0.83Br0.17)3.
The change in the I : Br ratio is neglected, and we note
that volume changes upon dissolving the Cs and Rb salts
are not taken into consideration to calculate the additive
concentration.

2. Perovskite film deposition

For the MAPI, MAPbBrI, and MAPbBr films, 75 µl of
the perovskite precursor solution is spin-coated inside a
nitrogen-filled glovebox at 1000 and 5000 rpm for 10 and
30 s, respectively. Approximately 15 s before the end of
spinning, 500 µl of chlorobenzene are added to the film.
The MAPI films are first annealed at 40 °C for 40 min and
subsequently annealed at 100 °C for 10 min. The MAPbBrI
and MAPbBr films are annealed at 100 °C for 10 min. For
the FAMA, FAMAC, FAMAR, and FAMARC films, the
perovskite solution is spin-coated at 1000 and 4000 rpm
for 10 and 30 s, respectively. Chlorobenzene is added as an
antisolvent 20 s before the end of spinning. Perovskite film
formation is completed by annealing at 100 °C for 60 min
on a hotplate under a nitrogen atmosphere.

3. Device fabrication

FTO-coated glass substrates (7 	/sq) are patterned by
etching with zinc powder and 3M HCl solution and suc-
cessively cleaned with deionized water, 2% Hellmanex
detergent solution, ethanol, and finally treated with oxy-
gen plasma for 5 min. A compact TiO2 layer is deposited
as a hole-blocking layer on the substrate via a sol-gel
approach. A mixture of 2M HCl (35 µl) and anhydrous
isopropanol (2.53 ml) is added dropwise to a solution of
370-µl titanium(IV) isopropoxide (Sigma-Aldrich) in iso-
propanol (2.53 ml) under vigorous stirring. The TiOx solu-
tion is spin-coated dynamically onto the FTO substrates at
2000 rpm for 45 s, followed by annealing in air at 150 °C
for 10 min and subsequently at 500 °C for 45 min. Alterna-
tively, 10–15-nm compact SnOx electron-transport layers
are prepared by atomic layer deposition (ALD) on FTO-
coated glass substrates, which are patterned and cleaned
as in the TiO2 preparation. Tetrakis(dimethylaminotin)(IV)
(TDMASn, Strem, 99.99%) is used as a tin precursor.
Deposition is conducted at 118 °C with a base pressure
of 5 mbar in a Picosun R-200 Advanced ALD reac-
tor. The tin precursor is held at 75 °C during deposition.
Ozone gas is produced by an ozone generator (INUSA
AC2025). Nitrogen (99.999%, Air Liquide) is used as the

carrier and purge gas with a flow rate of 50 sccm per
precursor line. The growth rate is determined via spec-
troscopic ellipsometry on Si(100) witness substrates. A
Cauchy model is used for the tin-oxide layer and the
growth rate is 0.69 Å per cycle. After deposition of
the electron-transporting layer and the perovskite layer, a
spiro-OMeTAD hole-transporter layer is applied. 1 ml of a
solution of spiro-OMeTAD (Borun Chemicals, 99.8%) in
anhydrous chlorobenzene (75 mg/ml) is doped with 10 µl
of 4-tert-butylpyridine (Sigma-Aldrich, 96%) and 30 µl
of a 170 mg/ml lithium bis(trifluoromethane)sulfonimidate
(Li-TFSI) (Sigma-Aldrich, 99.95%) solution in acetoni-
trile (Sigma-Aldrich, anhydrous) and deposited by spin-
coating at 1500 rpm for 40 s and then 2000 rpm for 5 s.
After storing the samples overnight in air at 25% rela-
tive humidity, 40-nm Au is deposited through a patterned
shadow mask by thermal evaporation at 8 × 10−7 mbar to
form the back electrode.

APPENDIX B: DRIFT-DIFFUSION SIMULATIONS

1. Software

We perform drift-diffusion simulations of perovskite
solar cells using the open-source software Driftfusion. The
code uses MATLAB’s partial differential equation solver for
parabolic and elliptic equations (PDEPE) to solve the con-
tinuity equations and Poisson’s equation for electron and
hole densities (n, p), a positively charged mobile ionic
charge density (c), and the electrostatic potential (V) as
a function of position x and time t. While the software
can also simulate the case with two ions, here, we focus
on the case where only cations are mobile. More details
on the software are available in Refs. [16,18,44]. The
input parameters for the simulations are selected based
on the literature and varied to obtain a similar response
to the experimental observations. We use electron- and
hole-transporting contacts with energy levels and work
functions that are representative of the materials (TiO2,
spiro-OMeTAD). The complete parameter set used in the
simulations (see also Table I), the code, and the list
of commands to run the simulations are available from
Ref. [61].

2. Impedance and electroabsorption simulations

For simulations of impedance and electroabsorption, a
sinusoidal perturbation of the form

Vapp = V̄ + Ṽ = V̄ + �Vsin(ωt) (B1)

is applied to the device stack (ω = 2π × frequency). For
impedance simulations, a small voltage amplitude is used
(�Vsim = 20 mV) to match the experimental conditions
(�Vexpt. = 20 mV). The small signal perturbation is super-
imposed on a dc applied voltage, V̄ = VOC.
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TABLE I. Drift-diffusion simulation parameters. These parameters are used for simulated data, unless stated otherwise.

Parameter Symbol HTM Active layer ETM

Layer thickness (nm) d 200 360 200
Band gap (eV) Eg 2.7 1.6 3.2
Built-in voltage (V) VBI 0.7 0.7 0.7
Relative dielectric constant εs 4 32 30
Mobile ionic defect density (cm−3) N ion 0 1019 0
Ion mobility (cm2 V−1 s−1) µc . . . 10−10 . . .
Electron mobility (cm2 V−1 s−1) µe 0.02 20 0.1
Hole mobility (cm2 V−1 s−1) µh 0.02 20 0.1
Acceptor doping density (cm−3) NA 5.8 × 1019 . . . . . .
Donor doping density (cm−3) ND . . . . . . 5.8 × 1019

Work function (eV) φW −4.85 −4.6 −4.15
Ionization potential (eV) IP −4.9 −5.4 −7.3
Electron affinity (eV) Eaff −2.2 −3.8 −4.1
Effective density of states (cm−3) Nc, NV 4 × 1020 1019 4 × 1020

Band-to-band recombination-rate coefficient (cm−3 s−1) kBTB 10−12 10−12 10−12

Shockley-Read-Hall trap energy (eV) Et EVB+ 0.15 ECB− 0.8 ECB − 0.15
Shockley-Read-Hall time constants (s) τ n, τ p 10−9 . . . 10−12

Generation rate (cm−3 s−1) G . . . 2.64 × 1021 . . .

The open-circuit voltage is obtained for each light inten-
sity by equilibrating the simulated device under light until
it reaches the steady state. For the frequency-dependent
electroabsorption simulations, the same ac and dc applied
voltage amplitudes are used as in the practical experiment
(�Vsim = �Vexpt. = 800 mV, V̄ = 0 V). In every case, the
number of simulated periods is extended until no varia-
tions on a larger-than-one-period scale can be observed.
For the impedance simulations, the in-phase and out-of-
phase currents are evaluated via demodulation, as previ-
ously described [18], to determine the simulated real and
imaginary parts of the impedance (implemented in Anal-
ysis/IS_EA_ana_demodulation.m). For electroabsorption
measurements, the same procedure is used to evaluate the
electric field in the active layer of the device, the square
of which is related to changes in the absorption of the
device detected via the second-harmonic electroabsorption
measurements, according to Eq. (2) in the main text. The
resulting real and imaginary parts of the electric field are
functions of the position in the perovskite layer such that,
at a given frequency, the electric field distribution in the
perovskite can be expresses as (see also Sec. S2 of the
Supplemental Material [41] and Sec. II):

Fsim(x, t) = F̄sim(x) + F̃sim(x, t),

= F̄sim(x) +
∞∑

n=1

�Fsim,nf (x)

× sin[2πnft + φsim,nf (x)]. (B2)

We express the square of the change in electric field
averaged across the perovskite film’s thickness as Fms(t)

(implemented using Analysis/EA_ana_plot.m):

Fms(t) = 1
d

∫ d

0

( ∞∑

n=1

�Fsim,nf (x)sin[2πnft + φsim,nf (x)]

)2

× dx, (B3)

where d is the thickness of the perovskite layer. By
extracting the second-harmonic component, Fms|2f (t),
from Fms(t), one obtains

Fms|2f (t) = (�Fsim)2sin(2π2ft + φsim,2f ) (B4)

The amplitude, (�Fsim)2, of this harmonic is the quan-
tity of interest, in that �T2f /T̄ ∝ (�Fsim)2. �Fsim is used
in this work as a quantity that can be compared with the
experimental EA signal, (�T2f /T̄)1/2.

3. Step-dwell-probe simulations

Simulations of step-dwell-probe measurements are per-
formed by following a perturbation protocol consistent
with the experimental procedure:

(a) The device is equilibrated in the dark at short circuit.
(b) At t = 0 s, a forward-bias voltage step of 0.6 V is

applied to the stack. For SDP under light, a bias light is
simultaneously included at this point.

(c) The device is kept at 0.6 V for a variable dwell time
�t.

(d) A monochromatic light pulse (wavelength 638 nm)
with an intensity of 1-sun equivalent (the light intensity
is estimated by matching the short-circuit current obtained
at 1-sun AM1.5) is applied. The pulse duration is long
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enough to resolve the electronic photocurrent value after
the initial transient, similarly to the experiment. The time
after the beginning of the pulse at which the current is
recorded is referred to as the sampling time.

(e) From the resulting transient photocurrent (function
of �t), the value of �Jsim is extracted as the final value
during application of the pulse.

APPENDIX C: FIRST-HARMONIC
ELECTROABSORPTION

Figure 8 shows first-harmonic EA measurements run on
the reference MAPI solar-cell structure for different values
of the ac voltage amplitude, �V. The scaling of the spectra
magnitude does not follow the expected linear dependence,
with some clear changes in spectral shape. For MAPI cells,
we find that the shape and magnitude of the first-harmonic
spectrum under nominally identical conditions can vary,
depending on the history of the sample, despite stabiliza-
tion times before measurements over 200 s. This can be
ascribed to changes in the static electric field, F̄ , which this
signal depends on [see Eq. (1)], but also to other possible
induced changes in absorbance.

Figures 9(a) and 10(a) show first-harmonic EA mea-
surements on MAPI and MAPbBr3 solar cells, respec-
tively. The shape of the first- and second-harmonic spectra
are compared under the same perturbation (V̄ = 0 V and
�V = 0.5 V at 1 kHz). Figures 9(b) and 10(b) display
first-harmonic transient EA measurements under similar
conditions used to collect data shown in Fig. 5, including
both increasing and decreasing voltage-step experiments
(V̄ = 0 V → 0.5 V step and for a V̄ = 0.5 V → 0 V).

APPENDIX D: dc-VOLTAGE-DEPENDENT
ELECTROABSORPTION

When varying the value of V̄, we observe changes
in magnitude and slight changes in shape for the

FIG. 8. First-harmonic electroabsorption measurements on
a TiO2/MAPI/spiro-OMeTAD device. Measurements are per-
formed using V̄ = 0 V and different values of �V at 1 kHz.

(a)

(b)

FIG. 9. First-harmonic electroabsorption measurements on a
TiO2/MAPI/spiro-OMeTAD device. (a) Comparison between
first- and second-harmonic signals. (b) Transient electroabsorp-
tion of the first-harmonic signal for a V̄ = 0 V → 0.5 V step and
for a V̄ = 0.5 V → 0 V step probed at 760 nm.

second-harmonic EA spectrum (Fig. 11). The trend is con-
sistent with transient data shown in Fig. 5(b), whereby
the application of a forward bias results in a larger signal
magnitude compared with the V̄ = 0 V case.

Figure 12 shows the changes in the second-harmonic
EA signal at 760 nm of a MAPI solar cell while scanning
the value of V̄. Different voltage scan rates are reflected
in slightly different hystereses in the data. This can be
correlated to hysteresis in the electric field in the cell.

Figure 13 highlights a small change in the screening
dynamics observed when measuring the frequency-dependent
second-harmonic EA signal at 760 nm while applying
V̄ = 0 or 0.5 V.
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(a)

(b)

FIG. 10. First-harmonic electroabsorption measurements on
a TiO2/MAPbBr3/spiro-OMeTAD device. (a) Comparison
between first- and second-harmonic signals. (b) Transient elec-
troabsorption of the first-harmonic signal for a V̄ = 0 V → 0.5 V
step and for a V̄ = 0.5 V → 0 V step probed at 527.5 nm.

APPENDIX E: EA STUDY ON DIFFERENT
HALIDE AND A-CATION COMPOSITIONS

We perform frequency-dependent second-harmonic EA
measurements on solar-cell devices with active layers of
different compositions. Figure 14 shows the results for
bromide and mixed iodide-bromide perovskites. Data are
shown for the dark situation (probe light still present) and
for situations where a white-LED bias light is used. For
MAPbBr3, we find that screening seems to occur over two
different timescales, with a first decrease in signal mag-
nitude around 1 kHz and a sharper drop occurring below
10 Hz.

Application of the bias light results in an overall reduc-
tion in magnitude, while no clear change in frequency
dependence is detected. We observe similar behavior for
the MAPI0.8Br0.2 solar cell in the dark. Under light, this

FIG. 11. V̄ dependence of the second-harmonic EA performed
on a TiO2/MAPI/spiro-OMeTAD device. Measurements are per-
formed using �V = 0.5 V at 1 kHz. Before each measurement,
the cell is left to equilibrate for >200 s at each value of V̄.

device shows a more complex response, which could be
related to the presence of two halide ions.

We also investigate solar cells with mixed-cation mixed-
halide compositions APb(I0.83Br0.17)3. The A-cation com-
position is changed while keeping the same halide ratio.
The results, shown in Fig. 15, indicate that faster screen-
ing occurs for these active layers compared to MAPI. At
frequencies >1 kHz, we observe different behavior for the
solar cell containing rubidium but no cesium cations.

Figure 16 shows that f0,EA in the order of 1 kHz
is obtained for a Cs0.05[(FA0.83MA0.17)0.95Pb(I0.83Br0.17)3
solar cell, whether TiO2 or SnO2 is used as the electron-
transport material.

FIG. 12. V̄ dependence of the second-harmonic electroabsorp-
tion signal at 760 nm of a TiO2/MAPI/spiro-OMeTAD device.
Lock-in time constant is set at 0.3 s for the orange data set and
at 1 s for the black data set. In both cases, the perturbation fre-
quency is 1 kHz with a voltage amplitude of 0.5 V. At each
voltage step, the measurement takes 6 and 20 s before moving
to the next data point.
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APPENDIX F: ANALYTICAL EXPRESSIONS FOR f0

Based on the circuit model in Fig. 2(e), it is possible to extract an analytical expression for the values of the f0 parameters
used in this study:

(a) f0,EA: this can be associated to the pole in the expression of the transfer function relating the potential dropping in
the series CB, Rion, CC and the applied potential.

(b) f0,C: this is extracted from the intersection of the capacitance at high frequencies (Cbulk,per) and the low-frequency
capacitance behavior.

For simplicity, we consider the case of CA = CD = Ccon and CB = CC = Cper. The transfer function, GEA(ω), relating the
change in potential dropping across the perovskite layer, Ṽper, and the applied voltage, Ṽ, can be expressed as follows:

GEA(ω) = Ṽper

Ṽ
(ω) = Ccon

Ccon + Cper

1 + iωRion((Cper/2) + Cbulk,per)

1 + iωRion((1/2)[CperCcon/(Ccon + Cper)] + Cbulk,per)
. (F1)

From Eq. (F1), we note the following:

(a)

(b)

–20

–40

FIG. 13. V̄ dependence of second-harmonic frequency-
dependent EA. Frequency-dependent (a) magnitude and
(b) phase of the second-harmonic electroabsorption for a
TiO2/MAPI/spiro-OMeTAD solar cell using different values of
dc voltage.

(a)

(b)

FIG. 14. Frequency-dependent second-harmonic electroab-
sorption on MAPbBr3 and MAPI0.8Br0.2 devices. Diffe-
rent bias-light-intensity conditions are considered. (a) TiO2/
MAPbBr3/spiro-OMeTAD; (b) TiO2/MAPI0.8Br0.2/spiro-
OMeTAD.
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(a)

(b)

FIG. 15. Frequency-dependent EA measurements on solar
cells with different A-cation compositions. (a) Square-root of the
magnitude and (b) effective phase of the 2nd harmonic frequency-
dependent electroabsorption of SnO2/APb(I0.83Br0.17)3/spiro-
OMeTAD solar cells, where different A-cation compositions are
tested. Solar cell with MA-only A cation is a MAPI-based device.
For details regarding the composition, see Appendix A.

(a) GEA(ω → 0) → Ccon/(Ccon + Cper), which is a
constant real value, and therefore, has a phase of 0°.

(b) For large values of Cper,

GEA(ω) ≈ iωRion(Ccon/2)

1 + iωRion((Ccon/2) + Cbulk,per)
, (F2)

and, in such a case, GEA(ω → 0) ≈ iωRion(Ccon/2)

(phase 90°).We also identify f0,EA as

f0,EA = 1
2π

1
Rion((1/2)[CperCcon/(Ccon + Cper)] + Cbulk,per)

.

(F3)

For Cg,per � Ccon and Cg,per � Cper,

FIG. 16. ETL dependence of EA measurements on triple-
cation solar cells. Frequency-dependent second-harmonic EA of
Cs0.05[(FA0.83MA0.17)]0.95Pb(I0.83Br0.17)3/spiro-OMeTAD solar
cells with either TiO2 or SnO2 electron-transporting materials.

f0,EA = 1
2π

1
Rion(1/2)[CperCcon/(Ccon + Cper)]

= 1
2πRionC⊥

ion/2
. (F4)

For the characteristic frequency associated with capaci-
tance measurements, f0,C,

f0,C = 1
2πRionC⊥

ion/2

√
C⊥

ion/2
Cg,per

. (F5)

Equation (F5) shows that f0,C cannot be used to compare
characteristic frequencies of different devices in a straight-

forward way, due to the
√

(1/2)(C⊥
ion/Cg,per) factor, which

can vary, depending on the contacts and the active-layer
composition and thickness. Also, note that the values of
Cper and Ccon are functions of the applied voltage. Here,
such a dependence is not explicitly considered. While
for small perturbation measurements (e.g., impedance) a
constant value of capacitance can be used for any given
steady-state condition, the treatment for large perturbation
measurements (e.g., EA) is more complex.

The expressions above refer to the case of a cell in the
dark and are extracted by considering the ionic branch
of the circuit model in Fig. 2(e). Under light, the cir-
cuit model is able to explain the behavior observed from
impedance, where an increase in the low-frequency appar-
ent capacitance occurs due to ionic-to-electronic current
amplification. One can also express the value of f0,C ana-
lytically in that case. As noted in the main text, such a
value is expected to increase with light intensity, despite
the unchanging time constant of the ionic branch in the cir-
cuit model. Changes in Cper, Ccon, and Rion as a function of
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bias can explain the changes in f0,EA observed experimen-
tally when applying light to the solar cells investigated in
this study.
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