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ABSTRACT: The internal crossfire of ionic and electronic effects in perovskite
devices forms a complex analysis problem that has not been fully solved yet.
Specifically, halide photovoltaic perovskites show a photoinduced ionic
inductance behavior in current transient measurements, evidenced by
ubiquitous negative spikes. Here, we provide a consolidated interpretation of
these observed chemical mechanisms by independent measurement routes
(frequency and time domain) in order to solve an elusive topic in the
development of perovskite solar cells for more than a decade. From this
operational pathway, we specifically study the light-dependent negative
overshoot photocurrent phenomena in the time-domain discharge of the
chemical inductor, which is a transversal mechanism found in a multitude of
chemical, biological, and material systems. Our results establish a general
framework to understand the inductive transient effects observable in new and important applications of halide perovskites,
capable of emulating the electrical activity of neurons and synapses when acting as memristors.

Despite impressive progress of the halide perovskite
solar cells and a multitude of related devices like light
emitting diodes, photodetectors, and memristors,

important aspects of the kinetic operation of these photo-
voltaic and electronic systems have not been well-understood
yet. The main factor of complexity is that these systems are
composed of dynamics of multiple electronic and ionic carriers
that show well-separated time scales but interact with each
other.1−3 Along these years in which the photovoltaic
perovskites have emerged as the new solar power’s next star
material, there have been observed rather irregular and
intriguing features in the analysis of their transient dynamics.
One of the most relevant and unsolved questions in this

regard, remaining still under a lively debate, is that the current
transient dynamics often show a photoinduced negative spike,
in which the response decreases to a minimum value before
raising to the final equilibrium state.4−8 This anomalous
feature has been explained mainly by an effect where the
applied stimuli creates a transient ionic configuration, in which
an inverted polarization produces an electrical field that causes
the initial negative current.7 While the overall shape of
transients is well-described by a time-dependent drift-diffusion
model, the negative overshoots just after the step change and at
longer time cannot be described by such a model approach. It
has been also suggested that the origin of the apparent
“inverted responses” is the phase-delayed electronic injection
currents, modified by a slow ionic process that changes the sign
in the relaxation functions.9 The negative spikes and the

ulterior transient responses are also real features in electro-
chemical, biological, and semiconductor systems, which have
already been qualitatively correlated with inductive mecha-
nisms, of chemical origin and not electromagnetic, evidenced
via impedance spectroscopy (IS).10−13 In this sense, ionically
gated transistors have been proposed to capture both apparent
capacitive and inductive behavior in perovskite solar cells.14

However, even though the negative time transients have been
interpreted from a physical perspective, the situation is far from
being well-formulated through an analytical representation of
photocurrent dynamics in the time domain, adequately
correlated with classical frequency-resolved measurements.
In this paper, we describe the negative overshoots in the

time photocurrent transients in terms of the discharge of the
inductive component extracted from the impedance. The
ubiquitous spikes are a direct consequence of the presence of
the chemical inductor, “the heart of slow dynamical behavior”,
not only in photovoltaic perovskites but also in a multitude of
materials.10 As explained in detail later in this Letter, the
chemical inductor is a general denomination for a class of
dynamical models often based on chemical reaction that
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produces a formal inductive response in impedance and
transients without an underlying electromagnetic (induction)
effect. A relevant example of the multidisciplinary application
of the chemical inductor is the action potential of neurons in
electrophysiology, which propagate the information in the
nervous system.15 In this signal, the return to equilibrium of
the membrane voltage overcomes the zero line in the negative
spike and produces a refractory period.16 In that regard, an in-
depth analysis of transient effects for recent memory
applications of metal halide perovskites is especially necessary,
e.g., the artificial synapses in neuromorphic computation.17−19

There are many examples in the literature of halide
perovskites where the negative spikes may be an effect of
starting in a far from equilibrium situation, either by purposeful
pretreatment or by absence of a resting time.8 While previous
analysis in photovoltaic perovskites relies on specific modelistic
interpretations for each separate observation (ion diffusion,
interfacial barriers, polarization, etc.), here we demonstrate the
correspondence of independent techniques facilitated by the
interpretation framework of the chemical inductor. We show
that the transient spike occurs for well-equilibrated samples,
and the results of impedance measurements and photocurrent
transient decays provide the same parameters. This match will
enable a rational characterization for perovskite devices in a
consistent and reproducible manner, since the parameters
obtained in equilibrium from the spectroscopic response can
be separately investigated, and they account for the transient
properties. Our work can also form the basis for an adequate
interpretation of unexpected phenomena observed in very
useful methods, such as time-domain transient measurements
of the photocurrent (TPC), photovoltage (TPV), and ion-
drift.4−6,20−22 The frequent negative transient spikes are
important features that need to be better understood for the
operation of new halide perovskite applications as photo-
detectors and power electronic components.
The “mixed” transient dynamics, caused by the crossfire of

capacitive and inductive mechanisms, have been regularly
observed in perovskite solar cells, giving rise, among other

unique phenomena, to inverted J−V hysteresis.9,23,24 To
establish the strengths of our model for the description of
these atypical transient phenomena, we have analyzed devices
with a near-ideal electrical behavior (negligible dispersive
effects)25 under varying voltage/illumination conditions. The
proposed layer structure consists of the following config-
uration: FTO/c-TiO2/m-TiO2/perovskite/spiro-OMeTAD/
Au, where the active layer exhibits a composition based on
Rb/Cs/MA/FA/Pb/I/Br. Here, we prepared these quadruple-
cation perovskite solar cells, with the nominal formula
Rb0.05Cs0.05MA0.15FA0.75Pb1.05(I0.95Br0.05)3, following a similar
method to that of refs 26 and 27. The champion device yielded
a power conversion efficiency (PCE) of about 19.1%, with an
open-circuit voltage Voc of 1.11 V, short-circuit photocurrent
density Jsc of 22 mA/cm2, and fill factor (FF) of 78%.
In Figure 1a, we show the normalized current−voltage

curves for a representative photovoltaic device measured under
various light illuminations applying a sweep rate of 10 mV/s,
starting with a forward sweep and directly continuing with a
reverse scanning. The resulting waveforms exhibit considerable
similarities (overall shape of J−V curves, marked by the
transition from regular to inverted hysteresis28) and slight
differences (relative scale of the “bumps”) between them. The
characteristic crossing point in the mixed hysteresis behavior of
J−V curves shifts to lower voltage states as light intensity
decreases, which can be detected by IS as the transition from
capacitive to inductive mechanisms in the slow response.29

From the central assumption that the hysteresis type
(regular or inverted) depends on the long-time-scale electrical
properties of the device, we first develop frequency-dependent
measurements around Voc.

30 The impedance spectra at low
light intensity (0.05 Suns) are illustrated in Figure 1b, where it
is possible to easily visualize that the low-frequency capacitive
semicircle collapses below the real impedance axis in the
presence of high dc voltages, drawing a electrically enhanced
and chemical inductive loop that is well-documented from the
zoomed-in view of the Nyquist plots obtained at high voltages.
Note that, in the inset of Figure 1b, we also show the fitting of

Figure 1. (a) J−V curves as a function of illumination intensity normalized at −0.25 V. (b) Complex plane plot representation of the
impedance spectra operated under different applied voltages and at 0.05 Suns. The frequency range is from 1 MHz to 1 Hz. Inset in (b)
shows an expanded view of the positive loops of impedance spectra. (c) Equivalent circuit used for fitting the impedance data of perovskite
solar cells with the chemical inductor.
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the IS data with the equivalent circuit of Figure 1c that
attributes the slow inductive component to ion-controlled
electronic dynamics at the interface. This equivalent circuit,
containing a chemical inductor, is derived below from a very
general dynamical framework, and the IS characteristics of this
model are amply described in the Supporting Information and
specifically summarized in the illustration of Figure S1. The
impedance data at higher illumination (0.5 and 1 Sun) are
similar but with a more evident chemical inductance (see
below the repercussions on negative overshoots).
The physical basis for the model is shown in Figure 2. Here,

we analyze the time transient current response J(t) to a step
stimulation, v(t) = V0 + ΔVu(t), where V0 is the initial voltage
value and u(t) is the unit step function (0 for t < 0 and 1 for t >
0). Without a loss of generality, we consider that the increment
ΔV is a small positive quantity (forward sweep by using a
linear control) and V0 represents a constant high voltage value
for stabilizing the electrical properties of the perovskite device
to a safe current-density value, at t = 0−, in the inductive region
of the J−V curve. At short time scales (t→τST), the total
current flowing through the device is used to charge the
dominant capacitance of the perovskite material (Cm), either
dielectric or interfacial. The transition from the capacitive
regime to inductive mechanisms emerges at long time scales
(t→τLT), and the conduction current may be extracted from
the contacts rapidly (via recombination resistance, Rb) or
slowly through an ion modulated current, JL(t), when the
output approaches the steady-state level. Therefore, the model
can be described by the following fast−slow relaxation
equations

= +J t
t

V
R

J t J t
d ( )

d
( ) ( )ST

b
L (1)

=
J t

t
V

R
J t

d ( )

d
( )LT

L

a
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where
= R CST s m (3)

= L
RLT

a

a (4)

and JL(t) represents the current density through the chemical
inductor La; that is, the “slow channel” that models an
electronic current that depends on ionic displacement. The

initial conditions are = +J V(0 ) R R
R R0

( )a b
a b
and =J (0 ) V

RL
0

a
.

Remember that we consider, from our experience with
perovskite measurements, that Ra,Rb≫Rs (the series resistance
is negligibly small and ideally zero). As in impedance analysis,
the dynamical behavior of perovskite devices involves strongly
separated processes, τLT ≫ τST, and thus, the combined
relaxation process J(t) can be analyzed separately, being the
slow one the dominant mechanism. In effect, the first two
channels in eq 1 associated to Cm and Rb are “fast” in the sense
that the time constant τST, based on electronic transport
mechanisms, is much shorter than the numerical value that
quantifies the inertia of the slow adaptation or recovery
current, τLT.
Next, we will obtain, from a physical analysis of the circuit

under study, the solution of the coupled dynamical equations
that in turn describe the equivalent model of the linear
impedance (see Supporting Information). Network analysis
and synthesis31 reveal that “the fast conduction mode of the
perovskites” can be described, under small-signal conditions,
according to the following relationship
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where the active elements, in this short time scale, have been
highlighted in red, together with the exponential decay for
different light illuminations in Figure 2. Note that, for
convenience, the transient dynamics have been stated explicitly
in terms of photocurrent shifts because J(0−) corresponds to a
different steady-state level, uncorrelated with impedance
measured under bias voltage V0.
At the instant in which the ionic inductance emerges (when

t and τLT are comparable in value), it starts an exponential rise
toward a new steady state which is mathematically expressed as
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when, in practice, t ≫ τLT. Thus,
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It represents the “slow process” in the perovskites, due to the
presence of ions at the interfaces, that delays J(t).10,19

Assuming that t ≪ τLT (short time scale of the governing

Figure 2. Inductive time-dependent current-density response of chemical origin under a forward stepwise-J−V scan for different light
intensities. The left panel indicates the overall evolution of the signal described by eq 9. The inset, shown in the right panel, indicates the
early time response, decomposed into an initial capacitive discharge (eq 5) and a transition, marked by the undershoot (eq 11), to the
inductive control (eq 7). The active part of the equivalent circuit is highlighted in red in each fragment.
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transient term), the first two nonvanishing terms in the
Maclaurin series of exponential function are considered:

[ ] =exp 1t t
LT LT

.32 Eq 7 can be approximated by

= +
i
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a b

LT
(8)

It follows that the initial interactions of mobile ions with
contacts, evidenced by ionic currents in this time window, will
be almost linear, governed by the slope of the exponential
curve at the instant just after the trend change, which is
proportional to L

1
a
.

Using eqs 5 and 7, we can obtain a reasonable
approximation of the overall transient response ΔJ(t) due to
the “small excursion” of voltage ΔV during a stepwise-J−V scan
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which is approximately equal to the result obtained from the
inverse Laplace transformation of the linear impedance. The
first term in eq 9 represents the response to the externally
applied voltage (fast effect), to which, on the other hand, a
second term is added to model the additional current due to
redistribution of ions (slow process) that delays the overall
current. Under certain conditions (e.g., high values of potential
and light intensity), Ra and Rb can become on the same order
as Rs.

9,24,29,33 This last feature has not been previously
described in our theoretical model, but it can be easily
deduced from the current of each circuit branch, as shown in
the Supporting Information. To illustrate our theoretical
background, we will consider indistinctly eq 9, and the
underlying numerical approximations, and/or eqs S10−S13
depending on the scenario.
In the same sense of impedance analysis, small-amplitude

transient measurements were performed in the “chemical
inductance region”. Figure 3a shows the measured results of
the representative experiment at low light intensity. The shape
of the time transients is quite similar to that predicted
theoretically (cf. Figure 2), exhibiting well-separated time
scales: initial fast decays (based on capacitive phenomena) and
long tails, consisting of relatively slow adaptative rises (low
frequencies in impedance analysis), dominated by the chemical
inductive features due to ionic effects. The evolution of ΔJ(t)
indicates that the inductive currents of chemical origin increase
with the applied voltage, changing more dramatically the initial
fast decay dynamics of the photocurrents.
With a little attention, one can also see that the current

responses, constituted by a combination of relaxation
processes, exhibit ubiquitous undershoots (or “negative
overshoots”), which currently generate some doubts on the
transient dynamics in perovskite solar cells.9,10,34 The “loss in
amplitude” Δj of time transients can be obtained as

= =j V
R

J V
R

( )
b a (10)

where, thus, this critical value in transient analysis can be easily
predicted from impedance measurements, i.e., from the
intermediate and low cutoff frequencies in complex plane
plots (refer to Supporting Information). Note that Δj is
independent of the values of Rs and Rb. In control theory, it is
common to use the maximum percent overshoot when the

steady-state value differs from 1.35 The magnitude of the
minimum value (maximum undershoot) in the time transients
is therefore calculated as measured from the steady-state values
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obtained by differentiating ΔJ(t) (eq 9) with respect to time
and letting this derivative equal zero, i.e., | =[ ]

= 0J t
t t t

d ( )
d p

.
The solution is the time required for the transient response to
reach the negative spike.
Importantly, the experimental results obtained (see Figure

3a) displayed good qualitative and quantitative agreement with
the mathematical model and the inductive loops found by IS

Figure 3. (a) Evolution of the experimental photocurrents over 60
ms following a jump of ΔV = 10 mV from different dc voltages at 5
mW/cm2. Inset shows a zoomed-in view of the negative transient
spikes for sufficiently short times in logarithm-scaled times
representation. (b) Voltage dependence of the negative overshoots
(undershoots) found, under different light intensities, from time
transients.
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(indicated in Table 1). Before proceeding further, it is
necessary to point out that the change of transient dynamics,
from a continuous decay to a “mixed” dynamics with a positive
transient in current at long time scales, via ionic charge
redistribution, coincides with the rotation of the low-frequency
arc in the impedance spectra (Figure 1b).9 From the inset of
Figure 3a (short-time behavior of current transients), it is
possible to visualize that the relaxation processes exhibit more
prominent undershoots as the initial dc voltage increases,
which is closely related with the value of the chemical
inductance of IS. Note that values of τLT, Δj, Mp, and tp
corresponding to impedance indicated in Table 1 were
obtained from eqs 4, 10−12, or S15 and S17−S19. The ratio
of the two resistances Ra and Rb (or Rs+Rb and Rdc without
numerical approximations), easily identifiable by impedance
spectra (refer to Figure 1b), plays a key role in the structure of
the time transients and, more particularly, in the value of the
negative overshoots (see eq 11). Values of Mp, obtained from
impedance measurements and transient experiments, are of the
same order of magnitude in both cases, providing an excellent
coincide for all applied voltages.
To further quantify the negative spikes, Figure 3b plots Mp

obtained from time transients carried out at high voltages
under different light intensities. It can be seen that the devices
present practically a parallel behavior with a “delayed increase”
of the transient current undershoot when increasing the
voltage. At high illuminations (with the simultaneous increase
of electronic charge density by injection and photogeneration),
the impedance spectra, with non-negligible external ohmic
effects, possess slight but additional physical characteristics that
need to be described more precisely by a more general model
that incorporates an interfacial charging capacitance.34,36−38

To such an end, a reformulation of our theoretical and
experimental study is required that is beyond the scope of this
work.
In this paper, we have emphasized the correlation of the

capacitive−inductive features of halide perovskite solar cells in
the time and frequency domains. We would like to further
consider the physical interpretation of the results. We
introduce a general structure of a conduction−polarization
system that is slowed down by an internal process with a
memory effect.39 The voltage across the device is u(t) (do not
confuse with the Heaviside step function), the total current is
J(t), i.e., u(t) = v(t) − J(t)Rs, where v(t) is the external voltage,
and x(t) is an additional internal variable. The system is
described by the nonlinear coupled dynamical equations

= +J t C
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t R
f u x( )

d ( )
d
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( , )m

I (13)

=x t
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g u x
d ( )

d
( , )k (14)

The current J(t) is composed of at least two branches
according to eq 13: a capacitive charging with Cm and a
conduction channel of conductivity function f(u,x) and
resistance scale parameter RI. Both RI and Cm are considered
positive constants. The slow recovery variable x(t) responds to
the changes by a voltage-driven adaptation function g(u,x) (see
eq 14), with a characteristic time τk > 0. To describe a solar cell
device, the photocurrent can be added to eq 13.
To calculate the impedance, we consider the small-signal

expansion, where small perturbation quantities are denoted by
a tilde. Next, we take the Laplace transform, st

d
d (s = jω),
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In effect, we have shown previously that the impedance
model of eqs 15 and 16 is that of Figure 1c.10,39 The equivalent
circuit contains the capacitor Cm, two resistances, Rb and Ra,
and the inductor La, defined as

=R
R
fb

I

u (18)

=R
R g

f ga
I x

x u (19)

=L
R
f ga

I k

x u (20)

As shown previously, the model of eqs 13 and 14 always
gives the RaLa branch that forms a chemical inductor.

10 This
result shows the universal nature of Figure 1c in terms of a
fast−slow dynamical conducting system, in which the slow
variable is voltage-controlled. The combination of eqs 13 and
14, with an enormous span of possibilities according to the
interpretation of x(t) and the nonlinear functions f(u,x) and
g(u,x) in systems like corrosion, biological neurons, and solar
cells,11 explains the impedance spectra with an arc that enters
the fourth quadrant based on a general dynamical structure,
without assuming a capacitance that has a negative sign.13 We
comment in passing that the chemical inductor is not related to
the chemical capacitance that describes a physical model, in
which charge accumulation occurs by the increase of the
chemical potential.40

In the field of halide perovskite solar cells, the presence of
negative capacitances has featured strongly since the early

Table 1. Values Calculated from the Fittings of the IS Data and Time Transients Shown in Figures 1 and 3, under Different
Bias dc Voltages and at 0.05 Suns

measurement method bias voltage (V) La (H cm2) τLT (ms) Δj (mA cm−2) Mp (%) tp (μs)
impedance spectroscopy 1 9.62 19.47 0.02 −21.64 5.09

1.1 1.46 23.61 0.09 −27.79 4.84
1.2 0.82 30.36 0.15 −29.02 6.21

transient analysis 1 10.94 16.25 0.02 −20.53 7.18
1.1 1.98 24.03 0.08 −26.08 5.72
1.2 1.03 27.28 0.12 −30.77 6.14
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investigations,24,33,40−42 and different explanations have been
adopted to explain such features, such as the physical surface
polarization model (SPM),37,43 the changing environment of
ions when their occupation at the double layer is modified by
the applied voltage,6,44,45 and the modulation of electron/hole
conduction or recombination currents.9,14,46−51 The general
idea behind most of these models is based on the combination
of ionic and electronic phenomena that robustly determine the
dynamic response. There is an ionic reorganization determined
by a slow time constant that influences the electronic current.
These explanations are in agreement with the general structure
of the chemical inductor generally described by eqs 13 and 14.
In the Supporting Information, we analyze in detail the

impedance models suggested to explain inductive loops in
perovskite solar cells. The model of Ghahremanirad et al.37 is
based on a surface polarization concept.43 As an example of the
application of the SPM, Figure S2 shows the impedance
response of MAPbBr3 devices with and without lithium
treatment at the electron-selective layer (ESL).24 A surface
voltage Vs, associated with the interfacial barrier, responds
slowly to ionic reorganization and influences electronic
recombination. This mechanism follows the rule of the
chemical inductor, and indeed, the resulting equivalent circuit
shown in Figure 4a shows the inductive line. The model of

Moia and co-workers14 introduces a current dependence on an
ionic voltage, using the image of a metaphorical transistor to
describe the surface recombination control by a surface
potential determined by ionic properties. The result of this
study is shown in Figure 4b. Both impedance models give
almost identical results, since they use the same underlying
mechanism. The model of Ghahremanirad and co-workers,37

in Figure 4a, shows two recombination pathways: direct Rrec
and delayed by the inductor RL. In contrast to this, the model
of Moia et al., in Figure 4b, introduces a second RC line that

vanishes in dc conditions. This combination of two RC
branches has been applied to successfully describe the
correlation of IMPS and IS spectra.52−54 However, the circuit
of Moia and co-workers14 only allows recombination through
the inductor. Their model lacks the recombination resistance
Rb in Figure 1c that permits dc current when the inductor is
not yet activated, at low voltage. This feature is necessary to
explain the evolution of the experimental spectra with voltage,
observed in Figure 1b, and the shape of the transients (refer to
Figure 3a) as discussed before.
There are other models that have developed similar ideas for

the interpretation of inductive features,9,46 but they did not
present an impedance function, and we do not further discuss
them. On the other hand, several numerical analyses of
inverted hysteresis have been proposed,3,28,48 which is closely
related to the inductive response.29,30 All these different
analyses, presented for negative capacitances and inductive
hysteresis, are compatible with the general operation principle
of the chemical inductor.24,30 In fact, the first model of a
chemical inductor incorporates a voltage-gated ion channel in
the neuron membrane as described by Hodgkin and Huxley.55

Therefore, the chemical inductor describes well a voltage-gated
electronic current in the perovskite solar cell.9,14,46,48

We remark that our analysis of the transient behavior
applies, more generally, to the rest of electrical and
electrochemical systems showing a chemical inductor with
the specific interpretation that each specific case may acquire.
For example, we have shown that the chemical inductor in the
halide perovskite memristor causes transients that have a form
close to the natural action potential.56 These insights can assist
the formation of realistic artificial neurons with a simple device
configuration.
A large number of models, related to the observation of

negative capacitance/inductive impedance, have provided
explanations and equivalent circuit models based on the
coupling of ionic−electronic responses. The important
question remains whether the observed effects can also be
related to the chosen transport layers. For example, it has been
observed many times that the interface between TiO2 and
perovskites gives a very large capacitance contribution that
causes intense regular hysteresis,57 and the trap passivation
reduces the recombination current.58,59 This large capacitive
effect often disappears for organic contacts;57 however, they
can produce other effects such as hosting mobile ions.60

Recently, we showed that perovskite solar cells and memristors
of MAPbI3 and MAPbBr3 produce a predominant inverted
hysteresis at high applied voltages, connected to the inductive
impedance.19,30 In Figure S3, we show the inverted hysteresis
of MAPbI3 devices with different contacts. Devices with TiO2
layers show directional photocurrent, while a FTO/PE-
DOT:PSS/MAPI/Au memristor shows symmetrical photo-
current. In all the cases, a strong inverted hysteresis is observed
in the region corresponding to intense forward bias, past Voc,
connected to a transition from capacitive hysteresis at low
voltage to inductive control at high forward bias,30 as remarked
in Figure 1a. This confirms that the inductor is a general
phenomenon occurring for different transport layers and even
in nearly symmetrical devices without selective contact layers.
However, the fundamental physicochemical reasons for these
effects remain elusive.
In conclusion, we presented here the general theory to

interpret the widespread phenomena in photocurrent transient
measurements that underlie the presence of the chemical

Figure 4. Equivalent circuit models that explain inductive loops.
(a) Ghahremanirad et al.37 (b) Moia and co-workers.14
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inductor in electrical equivalent circuits of perovskite devices.
We focus our attention on the famous and ubiquitous negative
spike component in the time transient decays, analyzing the
proportional light- and voltage-dependence of the photo-
current undershoot. From an adequate pathway to correlate
independent methods (impedance responses and transient
measurements), we developed a consistent analysis of a
quadruple-cation perovskite-based photovoltaic device verify-
ing that the theoretical basis is satisfied by experimental data.
Our work brings a robust solution to the problem of
interpretation associated with this anomalous effect observed
for more than a decade in perovskite devices (solar cells,
memristors that show inverted hysteresis, photodetectors, and
power electronic components that respond to switching).
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