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Hysteresis observed in the current-voltage curves of both electronic and ionic devices is a phenomenon
where the curve’s shape is altered on the basis of the measurement speed. This effect is driven by internal
processes that introduce a time delay in the response to an external stimulus, leading to measurements
being dependent on the history of the past disturbances. This hysteresis effect has posed challenges,
particularly in solution-processed photovoltaic devices such as halide perovskite solar cells, where it sig-
nificantly complicates the evaluation of performance quality. In other devices, such as memristors and
organic electrochemical transistors for neuromorphic applications, hysteresis is an inherent aspect of their
functionality, facilitating transitions between different conductivity states. Natural and artificial ionically
conducting channels also exhibit pronounced hysteresis, a crucial component for generating action poten-
tials in neurons. In this study, we aim to categorize various forms of hysteresis by identifying shared
elements among diverse physical, chemical, and biological conducting systems. Our method involves
examining hysteresis from multiple angles, using simplified models that capture essential response types.
We analyze system behavior using techniques such as linear sweep voltammetry and impedance spec-
troscopy and transient currents resulting from small voltage steps. Our investigation reveals two primary
hysteresis types based on how current responds to rapid sweep rates: capacitive hysteresis and induc-
tive hysteresis. These terms correspond to the dominant component in the equivalent circuit, determining
the transient time response. Remarkably, these concepts provide insights into vastly different systems,
spanning solar cells, capacitors, transistors, electrofluidic nanopores, and protein ion channels. The con-
sistency in electrical responses across the different cases enables the identification of the primary cause of
hysteresis. We also elucidate the frequency dependence of hysteresis and the stepwise responses of solar
cells, illustrating how fundamental relaxations contribute to the overall surplus or deficit of current during

extensive voltage sweeps that define the current-voltage curve.
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I. INTRODUCTION

Hysteresis in current-voltage curves is a phenomenon
observed in various electronic, ionic, and molecular
devices, significantly influencing their operational traits
[1-9]. This effect leads to the current-voltage curve’s
behavior being contingent on the kinetic properties of the
measurement process. This manifestation arises from a
delay in the current response relative to voltage changes,
thereby altering the steady-state current-voltage relation-
ship during time-varying perturbations [10].
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The main approach to hysteresis is obtained in the volt-
age sweep technique with scan velocity v, used to measure
the current-voltage curve. The voltage u varies with time as

U= vt . D

The measurement is performed in a cycle of forward and
reverse directions, or vice versa, so as to return to the start-
ing state, and it may be repeated many times to check the
stability of the response. This method is applied in many
kinds of devices to obtain the current-voltage curve at a
low sweep velocity and to provide the dynamic response
by measuring at increasing sweep rates.

In general, hysteresis indicates that those physical phe-
nomena that produce the current take some time to respond
to the changes of applied voltage; hence, the current
response depends on the history of the perturbation. There-
fore one can apply, for example, a sinusoidal voltage
covering the range (—uy,u,), i.e., u = u;sin(£2,f), instead
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of Eq. (1), and the hysteresis will be manifest as well.
These measurements extend over a wide voltage window
in highly nonlinear systems and typically the response is
difficult to interpret in terms of the internal processes.

The specifical physical mechanisms of hysteresis are
analyzed in different research fields [1-7,9]. However, the
related studies are not able to reveal the general princi-
ples of hysteresis that occurs across a wide variety of
conducting systems, from photovoltaics to biology. Recent
findings obtained in a variety of systems that shows intense
hysteresis, such as in memristors and halide perovskite
solar cells [11-16], enable us to provide a general clas-
sification of the main hysteresis types, using very sim-
ple models. As the phenomena that lie behind the hys-
teresis respond in different types of measurement of a
time-dependent perturbation, this gives us an opportunity
to probe the system in different ways to correlate the
responses and obtain insight into the dominant phenom-
ena. This is the approach we use in this work, in contrast to
elaborating a mechanistic model for each separate physical
system.

The advantage of this approach is that it combines the
measurements of different experimental techniques, as the
voltage scan over a wide window, impedance spectroscopy
on a set of stationary states, the transient response to a set
of step perturbations, and the frequency dependence of the
current-voltage curves. By merging these methods on the
basis of simple models that contain just a few parameters,
one can obtain much insight into the dynamical properties
of a system and one can predict and study important types
of behavior. Of course, these methods can be also regarded
as a first step towards elaborated molecular or transport
models that implement particular mechanisms, sometimes
using large parameter sets [12,17-21]. These more com-
plex models must finally obey the general rules that will
be outlined here.

We start by reviewing some specific systems of interest
to see what general properties we can infer from observa-
tions of hysteresis. Since very different systems spanning
biological and artificial ion channels, perovskite solar cells,
memristors, and electrochemical transistors show proper-
ties that appear closely related, there must be an underlying
structure to hysteresis effects. We establish such struc-
ture by analyzing the underlying equivalent circuit in the
frequency domain [10,22]. We show that this approach
provides a strong tool for the analysis of rather involved
hysteresis features in a variety of experimental systems.

II. SOME EXAMPLES OF HYSTERESIS
RESPONSE

Hysteresis has been a prominent phenomenon in lead
halide perovskite solar cells, and its significance has been
widely recognized [1-3,22-26]. In photovoltaic devices,
hysteresis as shown in Fig. 1(A) is a major problem

that complicates the achievement of a stationary current-
voltage curve, which is essential to determine the power
conversion efficiency (PCE). This drawback makes it nec-
essary to apply time-consuming advanced measurement
protocols such as maximum power point tracking [30—
35]. However, in other devices, such as memristors, as
shown in Fig. 1(B) [27], the hysteresis loop is an intrin-
sic phenomenon providing a functionality that needs to
be optimized. Indeed, the defining property of memristors
[36—43] is the resistive switching from a low-resistance
state to a high-resistance state in a sef process that occurs
at some threshold voltage. The low-resistance state is
maintained in the return part of the cycle, and a reset pro-
cess in the negative voltage side recovers the initial high
resistance. Also, in field-effect transistors and in ionic tran-
sistors for memories, synapsis, and neurons [44—48], the
hysteresis is a main functional property.

Capacitors and electrochemical supercapacitors are cen-
tral devices for electronics and energy storage. While they
do not conduct direct current, they show hysteresis under
voltage cycling, as presented in Fig. 1(C), which also
shows a general characteristic of hysteresis in current-
voltage curves: the effect becomes amplified when the
voltage scan velocity increases.

The previous three systems have in common the prop-
erty that the electrical current is electronic, although it
is strongly influenced by ionic phenomena. Halide per-
ovskites are mixed ionic-electronic conductors, where the
slow hysteresis response is attributed to ionic reorganiza-
tion in the sample [49—52]. In memristors, the resistive
transition is associated with the buildup of an ionic fila-
ment [53,54]. The capacitive response in Fig. 1(C) is due to
the ionic-electronic double layer of a metal plate in contact
with a solution [28].

Hysteresis can be found also in many systems that have
exclusively ionic conduction, such as ionically conduct-
ing glasses [4] and electrokinetic transport in nanopipettes
[5]. Ionic current rectification is a frequently observed
occurrence in both protein ion channels that form natu-
rally and synthetic nanopores [55]. These phenomena are
amply studied because transport through biological chan-
nels and pores plays a central role in many physiological
processes in living organisms [56]. Inwardly rectifying
potassium (KIR) channels in cell membranes control the
passive and active electrical properties of cells, and they
also link cellular metabolic state and membrane excitabil-
ity in vivo. These channels operate by intracellular divalent
cations and other molecules blocking the asymmetric open
channel pores [57]. Figure 1(D) shows the hysteresis in
the property of inward rectification of the KIR channel at
different potassium concentrations [29]. The steady-state
measurement produces a much larger current than the fast
measurement. This is another way to look at hysteresis:
to compare the current between a very slow measurement
and a very fast one. The hysteresis of ion channels in the

011001-2



INDUCTIVE AND CAPACITIVE HYSTERESIS ... PRX ENERGY 3, 011001 (2024)

(@) 20—+

o (b) < "Jos
E g 15 | | FFT'Q 0.6
215 p g = r z
E £ 10 I e O 0'42
= E L | 02 @
= ! o
2 10 1 2 s oo <
[} o
S () § [N iiosd
s 5 1 Sosp~ T 06 @
= S |- 2
3
3 £ 10 il 04 <
0 . L . L . 3 — 0.2
0.0 0.2 04 06 0.8 10 1.2 g “Joo
(A) Voltage (V) 0 10 20 30 40 50
Time (s)
(a) R mreyevr
3.0x10°7 — 200 mV s
— 300 mV
20x10° — 500 mV s
~ }— 700 mv.
£ 1.0x107+— 1000 mV
o f— 1200 mV s
< 0.0+— 1300 mv s
£ t— 1500 mV'
T —10x107 4— 1700 mv
t— 2000 mv &
—2.0x10?
—3.0x107
—40x10? T T T T T T T T T T
-23-22-24-20-19-18-17-16-15-14-13-1.2
Evs.MSE/V
5 (b) 30x10? T ——T T
(b) 6.0x10 C=157pFem?
o 25x107 | o
40x10 o
< o 20x10°2 1 i
[e] 5| £
=20x10 § -
A 15x107 | "
Y £
0 = 10x107 P
I -
" C=166yF
-2.0x10° soxo | A picm
0 ',.‘
g = -2
(B) 2'(Q) wff oTmwrem:
(C) 0 200 400 600 800 1000 1200 1400 1600 1800 2000
scanrate /mV s
Membrane Potential
10K 25K 50K 100K

—100 mV 50

H
s ,‘ / ! H4-1 5
10K 3 ’ y =
/ / ! 2
/ ’ ) b g
4 / !
’ N ! g
5 . b 1-15 2
/ ’ 100 K
(D) % ? 1
25K Fs0k
{-2pA

FIG. 1. (A) (a) I-V curves measured in forward scan (FS) and reverse scan (RS) for a perovskite solar cell using CH3;NH3Pbl;. The
maximum power point (mpp) is indicated. The voltage settling time was 200 ms and the light intensity was AM1.5 G 1 sun (100 mW
cm™2). (b),(c) Time-dependent photocurrent response as a function of voltage settling time in (b) forward scan and (c) reverse scan.
Reproduced with permission from H.-S. Kim, N.-G. Park, J. Phys. Chem. Lett. 5, 29272934 (2014). Licensed under a Creative
Commons Attribution (CC BY 4.0) license. (B) (a) Characteristic current-voltage curves of a hafnium oxide—based memristive device
switching from the high-resistance state to the low-resistance state and back. Voltage ramps at three different speeds: gray, slow
(43.6 mV s71); blue, medium (480 mV s!); orange, fast (4.8 V s™'). The inset shows readout /- characteristics of different resistance
states depending on the ramp speed of the switching. A sketch of the layer stack of the memristive device is given on the right side.
(b) Complex plane impedance plots after application of 2.1 V for 1 and 30 s. Reproduced with permission from R. Marquardt, F.
Zahari, J. Carstensen, G. Popkirov, O. Gronenberg, G. Kolhatkar, H. Kohlstedt, M. Ziegler, Adv. Electron. Mater. 9, 2201227 (2023).
Licensed under a Creative Commons Attribution (CC BY 4.0) license. (C) (a) Experimental cyclic voltammetry curves of an Al
electrode in 0.01 M Na;SOy recorded at scan rates between 100 and 2000 mV s~! and (b) the capacitive current as a function of the
scan rate. Reproduced with permission from O. Gharbi, M. T. T. Tran, B. Tribollet, M. Turmine, V. Vivier, Electrochim. Acta 343,
136109 (2020). Copyright 2020, Elsevier. (D) Current-voltage relations of the egg cell membrane at four different K concentrations
(10, 25, 50, and 100 mM) in Na-free medium. Continuous lines, instantaneous current; broken lines, steady-state current. Reproduced
with permission from S. Hagiwara, S. Miyazaki, N. P. Rosenthal, J. Gen. Physiol. 67, 621-638 (1976). Copyright 1976, Rockefeller
University Press.
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cell membrane is a central property of neuron functional-
ity. In the model of Hodgkin and Huxley for the dynamics
of action potentials in neurons [58,59], the concerted delay
of the sodium and potassium channels that conduct oppo-
site currents is responsible for the production of the action
potentials by which neurons transmit information.

Artificial solid-state nanopores and nanochannels can be
regarded as mimics of protein ion channels and have also
been developed for sensing applications. The underlying
physical cause of rectification arises from the asymmetry
in the geometry of the nanopore and/or the distribution of
surface charges and their polarities along the sidewalls of
the nanopore [55]. Conical nanopores are observed to dis-
play hysteresis by decreasing current at higher scan rates
[5,60-62].

ITI. DISTINCTION BETWEEN CAPACITIVE AND
INDUCTIVE RESPONSE

We briefly analyze the physical nature of hysteresis.
In the examples in Fig. 1 we can observe two different
kinds of hysteresis behavior with respect to the velocity
of the external perturbation. In the capacitor correspond-
ing to Fig. 1(C) the current increases with the scan rate.
The square shape becomes progressively larger. However,
in the ionic channel corresponding to Fig. 1(D) the fastest
scan rates produce a decreasing slope and lower total
current, as found also in conical nanopores [5,60—62].

As we are concerned with the current-voltage curve,
the ac impedance provides a natural framework to analyze
the response. In general, a physical model of any kind of
device is highly nonlinear. However, operating at a station-
ary point of the current-voltage curve, one can perform a
small signal measurement at angular frequency w of the
voltage-current ratio, and this is called the “impedance” Z.
Then an arbitrary complex physical system becomes a
linear model that can be represented in terms of resis-
tances, capacitors, and inductors [63—65]. This method
also serves to analyze stability and other significant proper-
ties of the nonlinear system [66—69]. In halide perovskite
solar cells, the connection between the impedance com-
ponents and the hysteresis behavior is understood [10,25,
51,70,71], with important application for stabilization of
the current-voltage curves and determining the stationary
performance [72].

One needs to keep in mind that the elements of the
equivalent circuit depend strongly on the stationary volt-
age, so nonlinear properties, as the hysteresis behavior,
may change along the measured current-voltage curve.
This feature is commented on in Sec. VIIL.

The constitutive equation of a constant capacitor of
capacitance C is the charge Q to voltage V relation

0=CV. ©)

The current under voltage sweep (1) is given by

[ == = Cu, 3)

Thus, the forward current is positive and the reverse cur-
rent is negative; see Fig. 1(C)(a). In each case the current is
proportional to the scan rate. This fact is well known and it
is widely used for the characterization of electrochemical
capacitors, as shown in Fig. 1(C)(b) [28].

The impedance of the capacitor is obtained by the
Laplace transform of Egs. (2) and (3), and the result is

1

Z=—.
iwC

4)

Now consider an inductor with inductance L, which is
described by the equation

dl
V=L— 5
=, ®)

with the correspondent impedance
Z =iwlL. (6)

On the basis of Eq. (4) we can define a generalized
complex capacitance C* as follows:

We obtain the capacitance of the inductor as [73]

c=— L ®)

w?L’

Therefore, the inductor element is associated with a “neg-
ative capacitance” [74,75].

We observe that a capacitor and an inductor provide very
different impedance responses, due to their intrinsically
different time delays. Next we analyze the significance of
these properties for the interpretation of hysteresis.

IV. LINEAR MODEL WITH MEMORY TO
EXPLAIN THE BASIC TYPES OF HYSTERESIS

As mentioned, ionic-electronic devices may require very
complex models, providing intricate hysteresis properties.
However, there is an intrinsic structure to many models
that we can analyze on the basis of a simple model with two
equations that link the current, /iy, the voltage, u, and an
additional internal state variable, w. To explore these basic
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properties of hysteresis, we consider the linear equations

o= 4wt )
= .- w m=,
tot Rb dt

dw u w

“-__7 1
T - (10)

where C,, is a capacitance, and R, and R, are constant
resistances. The total current in Eq. (9) has three compo-
nents: an instantaneous current u#/Rj, a capacitive current,
and a slow variable current w that is determined by the
relaxation equation (10), with constants 7; and .

We calculate the impedance spectroscopy response of
this model for a small sinusoidal perturbation of angular
frequency w. Since Eqgs. (9) and (10) form a linear system,
the Laplace transform for the variable s = iw is

Tt = — + W+ Cpsil, (11)
Ry
u w
W= —— —. 12
TpSW x5 (12)

Here the circumflex accent indicates a small perturbation
of the variable y. We obtain the impedance as follows:

N -1
u
zm=r=kymw+———],(m
ot " Ry + Lgs
where the resistance and the inductor are defined as
R
R, = Tw, (14)
La = wak’ (15 )
and the inductor characteristic time is given by
L
T, = R—a = b‘[k . (16)

a

The equivalent circuit that represents Eq. (13) is shown in
Fig. 2(a). This model indicates the three parallel branches
mentioned before: the capacitive charging, the direct con-
duction mode R, and the slow inductive branch (R,, L,).
The capacitive element has been included in Eq. (9), as
most devices do have an intrinsic capacitance. On the other
hand, the inductive element is due to the delay equation
(10) for the slow variable. This is not a general property
of devices, but it is more common that one may suspect,
especially when ionic-electronic mixed effects are present.
Since the inductor is not based on electromagnetism, it is
generally described as a chemical inductor [73,76].

When the inductor effect is negligible, the impedance is
formed by a positive R, C,, arc; see Fig. 2(b), arc 4. If, how-
ever, the inductor parameter is large, the impedance traces

a loop in the fourth quadrant that represents a “negative
capacitance” feature, as shown by arc B in Fig. 2(b).

Figure 2(e) shows a more general equivalent circuit [77]
with an R,C4 line that produces a double-arc feature at
low frequencies that will be discussed later. This feature,
corresponding to surface polarization of ion diffusion that
is blocked at the contacts, was originally observed in per-
ovskite solar cells by light-modulated techniques [78] and
by impedance methods [79,80].

In the following we argue that the combination of
the standard R,C,, indicated in Fig. 2(a) with the delay
mode represented by the R,L, branch explains the exis-
tence of both types of hysteresis mentioned earlier in
current-voltage curves of electronic devices as capacitors
and memristors, and the two types will be classified as
capacitive and inductive hysteresis [11-16,81,82].

The stationary current-voltage characteristic of the
model is given by

1 1
Ie=(—+— 17
« (Rb +Ra>u ( )

and the current will be modified when the voltage scan rate
v, 1s finite.

We now restrict the model to the time dependence in
Eq. (1). We first discuss the case in which the slow cur-
rent w responds without delay, to focus on the capacitive
current; hence, w = u/R,, and the total current is given by

ot = — + — + Al (18)
tot — Rb Ra )
where
AL = Cyu,. (19)

As shown in Fig. 2(c), under a forward scan, a positive
capacitive current is added to the stationary current. The
capacitive current is proportional to the scan rate vy, as
already stated in Eq. (3).

We now discuss the second component of the time-
dependent current, the slow variable w that responds to the
applied voltage with characteristic time ;. From Eq. (10),
we obtain for a constant sweep rate

dw u
TVy— = —
KOS du R,

(20)

SIE

This equation needs to be integrated and inserted into
Eq. (9) to obtain the current. For the initial condition
w(0) = 0, the solution is

u u
L [ _ o8 th o —uf(vsTL) 1. 21
tot () Ry + R, + R, (e ) (21)
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FIG. 2.

(a) Equivalent circuit model. (b) Impedance spectra for C,, = 1, R, = 1, R, = 1, and L, = 0.1 (arc A) or L, = 20 (arc B).

The red point is the dc resistance. (c),(d) Current-voltage curves at different voltage sweep rates vy, # = v,t. (c) The state variable
responds fast, and the capacitive current with capacitance C,, = 1 is added to the direct current. The steady-state current (slow)
is shown as the gray line. (d) The capacitance is removed, C,, = 0, and the variable w contributes to the current. The purple line
corresponds to an infinitely fast scan. The parameters are R, = 1, R, = 1, 7, = 0.01, and b = 1. (e) A more general equivalent circuit
model. The curves in (b), (¢), (d) are given in arbitrary units to illustrate the general shapes caused by the indicated parameters.

The inductive current Al; = Ly — Iy is negative in the
forward scan and positive in the reverse scan, as shown
in Fig. 2(d), corresponding to the negative capacitance of
Eq. (8). If v, is small, the full current in Eq. (17) is acti-
vated, indicated by the gray line in Fig. 2(d). However,
if vtz > u, the inductive current through R, vanishes in
Eq. (21) and the remaining fast component

I u
fast = 5~
Ry

(22)

is indicated by the purple line in Fig. 2(d). This representa-
tion provides an excellent account of the properties of the
KIR channel observed in Fig. 1(D).

V. GENERAL CHARACTERISTICS OF
INDUCTIVE AND CAPACITIVE HYSTERESIS

To obtain a general system that displays both capacitive
and inductive hysteresis, we can write the dynamical equa-
tions with the same general structure of Egs. (9) and (10),
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but with arbitrary nonlinear functions for conductivity, f,
and time delay of the internal variable, g, corresponding to
the specific physical situation:

di
fot = Con e+ f (u, w), (23)
dt
D eluw) (24)
T i glu,w).

The delay equation (24) is very typical of broad kinds of
model, such as the Hodgkin-Huxley model in neurobiol-
ogy [58,59], the related models for protein ion channels
with memory effects [83,84], and the generic model of a
memristor with an internal state variable [36,40]. It was
reported in very old measurements that ion channels in
neurons contain a large inductor component [85—87]. In the
field of halide perovskite solar cells, this model represents
the essential mechanism for the electronic recombination
controlled by ionic motion that has been suggested in many
papers to explain the negative capacitance observed in the
device [15,21,79,88,89].

To determine the equivalent circuit, we obtain the small
perturbation expansion:

itot = CmSﬁ +ﬁ4ﬁ +fw"AVa (25)
ThSW = gua + gw{’\va (26)

where the subindex indicates a partial derivative, f, =
df /ou and so forth.

Equations (25) and (26) reproduce Egs. (11) and (12)
and the impedance model is the same as Eq. (13). The

equivalent circuit elements are given by [69,73,77]

1
Ry = —, (27)
Ju
8w
R, =—2%, (28)
ﬁvgu
Tk
L, = . (29)
Jw&u

These elements may all be functions of the voltage accord-
ing to the properties of the functions f and g producing
evolutions of the hysteresis properties that are discussed
below.

The inductor time constant is given by

o =%, (30)
8w

Consider the special role of the constant b in Eq. (10)
and more generally g,, in Eq. (26) for the system’s stable
response. If b < 0 (g,, > 0), then the inductor time con-
stant 7z is negative, which produces an exponential growth
in Eq. (24). Then the system is unstable [90]. Hence, we
require that g,, < 0.

We can now generalize the results of Fig. 2 for a non-
linear system of the type of Egs. (23) and (24). We apply a
voltage schedule with varying sweep rates, as indicated in
Fig. 3(a). In the first part we have v; > 0 and in the second
part we have vy < 0, so as to return to the initial voltage.
Similarly, the voltage can be cycled with frequency €2;.

capacitive hysteresis

(b)

/ tot

(d)

FIG. 3.

inductive hysteresi

vy

_Z”

(a) Time-varying voltage scan rate with a positive scan direction part (1) and a negative scan direction part (2) of the cycle.

(b)«(d) Current-voltage curves. The thick line represents the stationary current and the dashed line represents the current under the
varying speed indicated in (a). (c)—(e) Basic impedance spectra and the associated equivalent circuit. The arrow indicates the direction
of increasing angular frequency. (b),(c) Capacitive system. (d),(e) Inductive system.
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We assume first a system that is dominated by the capac-
itive transient current; see Fig. 3(b). In the first part of the
cycle it is Al. > 0, while in the second part it is A/, < 0.
Therefore, the current will describe a clockwise loop as
indicated in Fig. 3(b). We term this loop a “capacitive
hysteresis”, and the associated impedance spectrum is a
positive arc; see Fig. 3(c).

If, on the other hand, the system is dominated by the
slow current component, then we have Al; < 0 in the first
part and A/; > 0 in the second part. The hysteresis loop
is counterclockwise, and we term it “inductive hysteresis”;
see Fig. 3(d). The correspondent impedance spectrum is a
negative arc as indicated in Fig. 3(e).

From Fig. 3 we conclude that for a capacitive hysteresis
the forward current is larger than the stationary curve, and
the current in the reverse direction is lower. However, for
solar cell devices, the representation is often reversed. This
is because the total current is given by

Lot = Iphoto — Iree, (3 1)

where o0 is the photocurrent, taken to be positive, and
I is the recombination current associated with Eq. (23),
which contains the hysteresis effects. Hence, for the for-
ward scan the capacitive hysteresis current appears lower
than the reverse scan current, as shown in Fig. 1(A) [22],
and the effect of capacitive and inductive hysteresis in the
solar cell current is opposite that in Fig. 3. In the field
of halide perovskite solar cells, the capacitive hysteresis
is termed “regular” and the inductive hysteresis is termed
“inverted” [12,18,26,91].

A major problem for determining the PCE in perovskite
solar cells with hysteresis, mentioned long ago [1], is that
the performance is different in the forward and return
cycles, consequently necessitating equilibration methods
by successive slow scans [34,72]. The PCE is a product
of current and voltage at the maximum power point. We
can see in Fig. 1(A) that the capacitive hysteresis produces
a larger PCE in the reverse scan than in the forward cycle
[22], while for inductive hysteresis the converse is true: the
PCE is larger in the forward direction [10,12]. These prop-
erties are independent of the sign convention adopted to
plot the current.

In the literature there are different ways to quantify the
capacitive and inductive hysteresis. A hysteresis index is
based on the integral of the hysteresis loop [8,92]:

V2
A:/ v. 32)
1%

1

This or equivalent integrals (such as the hysteresis enrich-
ment charge [5,62]) provide a positive area for inductive
hysteresis and a negative area for a capacitive hysteresis, or
vice versa, according to the sign convention for the current.

VI. INTERPRETATION OF SYSTEMS WITH
CAPACITIVE AND INDUCTIVE HYSTERESIS

Starting from the reference linear system formed by
Egs. (9) and (10) we pass to the more general model
of Egs. (23) and (24) that produces a general connec-
tion between the dominant elements of impedance spec-
troscopy and the type of hysteresis loop that will be
obtained [14,16]. Many materials and systems may require
still additional features with respect to Egs. (23) and (24),
depending on the morphology, the number of internal pro-
cesses, and their evolution with the applied voltage [11,
93]. Nevertheless, the basic distinction of capacitive and
inductive hysteresis observation provides a useful diag-
nostic technique, as the equivalent circuit obtained from
the measurement of small-perturbation impedance spec-
troscopy can tell us the dominant hysteresis type that is
expected in the large perturbation of linear sweep voltam-
metry, according to the frequency or velocity of the mea-
surement [13,15,22]. Furthermore, the observation of the
prevalent type of hysteresis can produce a guideline for
the basic structural equations needed in a specific model
system.

To further determine the significance of these questions,
in the following we provide a set of examples where the
connection between hysteresis and impedance illustrates
the kinetic and physical elements of the system.

First we return to the hafnium oxide—based memris-
tor corresponding to Fig. 1(B) and we note that the
large inductive (“inverted”) hysteresis loop characteristic
of the set process of the memristor, in which the resis-
tance switches to a high-conductance state [94], reveals
the appearance of the associated inductor in the complex
plane plot of the impedance, Fig. 1(B)(b), as predicted by
the general model. Equations (23) and (24) are the standard
constitutive equations of a memristor [36,40,95], and we
can remark that memristors, in the voltage range of the set
process, will display a large inverted hysteresis loop in the
set cycle, where the current increases at a certain thresh-
old of voltage or current [12—14]. The associated chemical
inductor appears naturally in the impedance response, as
observed in Fig. 1(B)(b). A similar connection of inverted
hysteresis and the inductive loop has been reported for
halide perovskite memristors and solar cells [14,16,96],
and these devices are discussed in Sec. VII.

To further analyze the change of hysteresis type, we
consider the properties of conical ionic channels in an
electrolyte solution, shown in Fig. 4(a), that show rectify-
ing properties due to the electrical interaction between the
functionalized charges on the conical pore surface and the
nanoconfined ionic solution [55,98]. Nanopore memris-
tors have been studied for their strong hysteresis properties
[5,61,62], and inductive impedance has been reported [60],
but the correlation between the type of hysteresis and the
inductive element was not established.
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(a) Current-voltage curve measured at frequency 2, = 10 Hz for a multipore membrane in 100 mAM KCI solution at neu-

tral pH. The inset shows the electrochemical cell with the membrane. (b) Impedance spectra at different reverse voltages, with the
corresponding Bode plot of the imaginary part of the impedance in (c). (d),(e) Impedance spectra and Bode plots at forward voltage.
Adapted from P. Ramirez, J. Cervera, S. Nasir, M. Ali, W. Ensinger, S. Mafe, J. Colloid Interface Sci. 655, 876885 (2024) with

permission from Elsevier.

We show in Fig. 4 results obtained recently by Ramirez
et al. [97]. On the positive voltage side of the current-
voltage curve in Fig. 4(a), the memristive pores show a
strong inverted hysteresis, accompanied by the notorious
inductive impedance loop in Fig. 4(d). The forward and
reverse scans of the current-voltage curve cross at the ori-
gin, and it follows that the type of hysteresis is changed.

On the negative side, the hysteresis is capacitive, and the
impedance shows purely capacitive spectra; see Fig. 4(b).
Remarkably, it has been shown that the side of induc-
tive hysteresis of the pore response can be transposed from
a positive potential to a negative potential by modula-
tion of the electrolyte composition [8], opening interesting
applications for nanofluidic neuromorphic circuits.
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Another system of current interest is organic electro-
chemical transistors for application in neuromorphic sys-
tems [43,45,46,99—101] and bioelectronics [48,102]. The
channel of these three-terminal devices is formed by an
organic mixed ionic-electronic conductor (OMIEC) [103];
see Fig. 5(a). The variations in the gate-source voltage
ug, govern the flow of mobile ions between the OMIEC
channel and the electrolyte. This modulation of ions leads

{2.22, 50, 0.025)

%1/_\/\
0

to changes in the doping states and the conductivity of
the OMIEC channel. Hysteresis by a mismatch between
the forward scan and the backward scan in the transfer
curves has been amply reported [7,93,105,106], and it
was attributed to a delay of the ion charging effect [107].
Hysteresis is also prevalent in field-effect transistors [6].
Recently, the following model to explain hysteresis in
organic electrochemical transistors was proposed [104]:
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/77

=0.02

i /—\
F\Ij 0
= U
[075 30, 100)

0 5
-
(e) e 0 5
z'
1}
(f)
le 0.5
0 3 m\
\/ |
0.0
. {0.75, 300 10 (05.10.3)
0 1 2 0.0 0.5 1.0
z -
(9) Gy
Rs RB i
M
R, L,
500

FIG. 5.

(a) Operation of an organic electrochemical transistor and geometric dimensions. The green zone is the electrolyte, the gray

zone is the OMIEC layer, and the yellow zones are the gate (G), source (S), and drain (D) electrodes. The anions inserted into the film
are the source of electronic holes that carry the current. (b) Hysteresis in current-voltage curves due to the ion diffusion effect at different
voltage sweep rates (v,) and the equilibrium curve (gray). The parameters are as follows: L = 10,d = 0.1, w = 1, Xy = 100, uyp = 0,
Ve = 0.2, gqupuqg = 1, Ry = 0.1, Cy = 1, and 74 = 100. Impedance spectra for different sets of parameters: R, = 0.25, Cs = 1, and (c)
R,=5L,=01,Rg=5,and C, =10,(d) R, =1, L, = 10, Ry = 3, and C,, = 100, (¢) R, = 1, L, = 100, Rz = 3, and C,, = 10,
and (f)R, =1, L, =3, Rg = 1, and C,, = 10. The indicated vectors are the time constants (R;1 + Rgl)‘le, RgC,, and L,/R,. (g)
Equivalent circuit model. Adapted with permission from J. Bisquert, J. Phys. Chem. Lett. 14, 10951—10958 (2023). Licensed under a
Creative Commons Attribution (CC BY 4.0) license.
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hot = —BaX — 0, % 4 ¢, M (33)
tot — d v dt s dt )
ax
Td% :Xeq - X, (34)
where the constants
wd
B = 7 Hpia (35)

and O, = wlLdq are defined in terms of the geometric fea-
tures shown in Fig. 5(a), u, is the hole mobility, u, is
the channel voltage difference, and X is the variable ionic
density in the channel that fixes the hole concentration as
p = X and modulates the conductivity.

In Eq. (33), the capacitance C; is associated with the
OMIEC surface capacitance. The term B,X is the drift cur-
rent, and the term with dX /dt is the current caused by ion
insertion in the film, according to the model of Bernards
and Malliaras [108]. Equation (34) corresponds to ion dif-
fusion in the film, up to the equilibrium function Xeq(ug).
The insertion process is controlled by the characteristic
diffusion time

d2

- 36
Tq Dy (36)

where Dy is the chemical diffusion coefficient of ions. We
remark that the system formed by Egs. (33) and (34) is of
the type given by Egs. (23) and (24) (with an additional
feature of dX /dt that is further discussed later).

Figure 5(b) shows as a gray line the equilibrium cur-
rent, liy = —ByXeq. When the voltage is swept at a con-
stant rate, inductive hysteresis happens, Fig. 5(b), due to
Eq. (34), as expected from our general model, and as
observed experimentally [7].

The calculation of the impedance model from Egs. (33)
and (34) gives the equivalent circuit shown in Fig. 5(g).
This is the model shown in Fig. 2(e) with the chemical
inductor line due to Eq. (34). The impedance parameters
are

dXeq
C,=-0, , 37
=0y 67)
L2
R, = , (38)
C/L/'Lp”d
d2
Ry = ——, (39)
C,.Dyx
LZ 2
L= F4 (40)
CumpuaDy

In contrast to Fig. 2(e), the equivalent circuit of the tran-
sistor does not have a direct R, conductance. This is due to
the different three-terminal configuration.

C, of Eq. (37), which we obtain from Fig. 5(g) in the
line RC,, [as in Fig. 2(e)], is the chemical capacitance of
intercalated ions. It is defined by the derivative of the ther-
modynamical function with respect to the electrochemical
potential [109,110]. Rp is a diffusion resistance for the ver-
tical current of intercalation from the electrolyte towards
the film interior. These two terms are generated by the
derivative dX /dt. This is a new feature with respect to
Eq. (23), first obtained in Ref. [79]. The physical inter-
pretation of Eq. (33) is that the internal state variable X
of inductive response has an associated polarization pro-
cess. This property is found in systems of different types
[77,111,112]. Experimentally, this feature is associated
with the observation of two positive arcs in the impedance
response, as in Fig. 5(c).

Finally, the inductor element in Eq. (40) represents the
coupling of ionic-electronic transport, as it contains the
kinetic transport constants for both ions (Dy) and holes
(14p). Because of the coexistence of different types of cur-
rent, the impedance spectra acquire new shapes, as shown
in Figs. 5(d)-5(f), with different possibilities of hysteresis
patterns [104] and a time transient response to a voltage
perturbation [111].

The analysis of Ref. [104] reveals that the chemical
inductor structure in Eq. (34) is due to ionic diffusion.
Many models of solar cells already use advanced explicit
modeling by drift-diffusion of electronic and ionic cur-
rents and surface polarization to explain hysteresis in
halide perovskite solar cells [17,52,92,113,114]. However,
in the two-contact structure of a photovoltaic device, the
ionic and electronic currents respond simultaneously to
the applied voltage, and it is difficult to disentangle their
coupling. In contrast, an orthogonal transistor structure
separates both components and shows their coupling in the
inductor response: The current between the source elec-
trode and the drain electrode is delayed by the slower
action of the ion insertion process stimulated by the gate
electrode.

It is interesting to recognize that the complex modeling
approaches [17,92,113] must contain the simplified struc-
ture of Eqgs. (23) and (24), insofar as they give capacitive
and inductive hysteresis. However, this underlying struc-
ture of the models may not be evident in many cases, due
to the large number of simulation equations and parameters
required in the mechanistic modeling, such as with the Ion-
Monger package [115]. This question is further addressed
in Sec. IX.

VII. TRANSITION FROM CAPACITIVE TO
INDUCTIVE HYSTERESIS

In some systems we can have a hysteresis effect of a sin-
gle kind, such as the capacitor corresponding to Fig. 1(C).
However, in many more complex devices, such as memris-
tors or solar cells, there will be a mixture of the two kinds,
as is evident from the basic equivalent circuits in Figs. 2(a),
2(e), and 5(g).
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In the set process of a memristor, the resistance
decreases, and in the reset process, the current must return
to the high-resistance value. Consequently, there is a cross-
ing of the current, and a change of hysteresis from capac-
itive to inductive [40,116]. This process is very well illus-
trated in Fig. 4(a), where the change occurs near V' = 0,
and the transition of the impedance from capacitive, at
negative voltage, to inductive, at positive voltage, is neat.
More generally, the hysteresis properties can change along
the current-voltage curve, and the hysteresis can switch
between capacitive and inductive sectors, with associ-
ated crossings of the curve in different voltage domains
[14,15,18,81]. In Fig. 1(B) the set process of the memristor
is at a positive voltage, and the reset cycle is at negative
voltages. In other reported memristors [117] the switch
to high current occurs at negative polarity, with associ-
ated inverted hysteresis. It is also possible to exchange the
side of the inductive process in an electrolytic system, as
mentioned before [§].

To show clearly the transition from capacitive to induc-
tive hysteresis, we analyze measurements of a fluorine-
doped tin oxide (FTO)/poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS)/CH3;NH;PbBr;/Au
memristor device as shown in Fig. 6(A). In Figs. 6(A)(a)—
(A)(c), the highest voltage of the scan is successively
increased. In the case of 0.25 V, the set process is not
induced and the hysteresis loop is fully capacitive. Up to
0.75 V the crossing is observed, with the change of hys-
teresis causing the crossing of the curve. Up to 1.25 V the
large inverted hysteresis loop characteristic of memristors
is observed.

The impedance spectroscopy measurements in
Figs. 6(A)(g)+(A)() capture these features well. At 0 V
the impedance consists of two separate capacitive arcs.
The low-frequency arc is related to the ionic distribu-
tion at the interface [118,119], and the structure of the
equivalent circuit is that in Fig. 2(e), which produces the
feature of Fig. 5(c) [77]. At 0.3 V the transition occurs:
the low-frequency arc vanishes and starts to cross to the
fourth quadrant. At 0.6 V the inductive arc is fully formed.
These features have been described for halide perovskite
memristors [11,96].

The possible causes and effects of inverted hys-
teresis have been amply discussed in halide per-
ovskite solar cells [12,17-21]. Here we remark that
the transition from capacitive to inductive hysteresis is
reported for a FTO/CH3;NH;PbBr3/2,2',7,7'-Tetrakis[N,N-
di(4-methoxyphenyl)amino]-9,9’-spirobifluorene  (spiro-
OMeTAD) solar cell in the dark [14], as shown in
Fig. 6(B)(a). The evolution of the impedance spectra
in Figs. 6(B)(c){(B)(e) shows the same trend as that
in Figs. 6(A)(g)«(A)(i): the low-frequency capacitive arc
disappears and becomes an inductor.

In addition, a remarkable result was found that estab-
lishes a link between the low-frequency arc at low voltage,
with capacitive time constant 7c, and the high-voltage

inductor, with inductive time constant 7; [14]. As noted
in Fig. 6(B)(b), there is a continuity of the time constants
across the transition, in which t¢ = 7;, even though each
time constant is measured in a separate voltage domain.
This result was explained in a later publication [77] in
terms of the models that contain a state variable X that
forms both the inductive response and a capacitive polar-
ization with a current of the type dX /dt, as in the example
of Egs. (33) and (34). It was shown that in such a structure
the additional line R4C, appears in Fig. 2(e), which cre-
ates the low-frequency capacitive arc. Furthermore, it was
established that the equivalent circuit elements satisfy the
identity

L,
c=RCy=1 = R 41)

a

as obtained experimentally; see Fig. 6(B)(b).

The result [77] elucidates why a low-frequency capac-
itor and inductor are correlated: They correspond to the
same physical variable. This behavior of the transition
from capacitive to inductive hysteresis, accompanied by
the transformation of the type of the low-frequency arc,
has also been obtained in very different devices as nanoflu-
idic porous membranes [112]. It appears to be a model of
general significance.

We mention additional possibilities of interplay between
capacitive and inductive hysteresis along the current-
voltage curve. Figure 7(a) shows hysteresis behavior for
a halide perovskite FTO/PEDOT:PSS/CH;NH;Pbls;/Au
memristor under illumination [81]. At positive voltage in
Fig. 7(a) the device displays the typical large inductive
loop that corresponds to the resistive switching of the
memristor. Around the origin there is a strong capacitive
process, and at negative potentials an additional inductive
domain is found. These features are well correlated with
the type of impedance spectrum that is obtained in each
voltage domain; see Figs. 7(b) and 7(c). In the region of
low voltages, the spectra show a double-arc feature, which
can be well described by the additional slow variable
in the model, that undergoes polarization, as mentioned
above [77]. At very positive and very negative voltages
we observe clearly the inductive features in the fourth
quadrant that generate the respective inverted hysteresis
domains.

In summary, the analysis of different systems shows that
impedance spectroscopy characterization is useful to pre-
dict and quantify the hysteresis trends that are obtained in
current-voltage curves.

VIII. STEPWISE RESPONSE IN THE
TIME-DOMAIN INTERPRETATION OF
HYSTERESIS

An additional method to probe the hysteresis properties
is to apply consecutive small steps of the voltage and
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FIG. 6. (A) Characteristic /-V response on a linear scale of the FTO/PEDOT:PSS/CH3NH;PbBr;/Au memristor device with differing
upper vertex voltages of (a) 0.25 V, (b) 0.75 V, and (c), 1.25 V, with the arrows indicating the scan direction. Corresponding /-V
response on a semilogarithmic scale for upper vertex voltages of (d) 0.25 V, (e) 0.75, and (f) 1.25 V, with the arrows and numbers
indicating the scan direction and sequence, respectively. Voltage-dependent impedance spectral evolution measured at (g) 0 V, (h)
0.3 V, and (i) 0.6 V exhibiting a transition from a low-frequency capacitive response at low applied voltages to a low-frequency
inductive response at high applied voltages. Figure courtesy of Cedric Gonzales. (B) Results of the measurement of a perovskite solar
cell with structure FTO/CH3;NH;3PbBr3/spiro-OMeTAD in the dark. (a) Evolution of hysteresis at different scan rates in the forward
direction on a logartithmic vertical scale in the dark. (b) Time constants resulting from the impedance parameters as a function of cell
voltage. Two time constants are indicated in the nomenclature of the present paper: R4C, and L,/R,. Reproduced with permission from
C. Gonzales, A. Guerrero, J. Bisquert, J. Phys. Chem. C 126, 13560—13578 (2022). Licensed under a Creative Commons Attribution
(CCBY 4.0) license.
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monitor the correspondent current response. This approach
is shown in Figs. 1(A)(b) and 1(A)(c) for the measure-
ment of the halide perovskite solar cell [2,25,120]. This
stepwise procedure is inherent in the “continuous” volt-
age scan assumed in the linear sweep technique corre-
sponding to Eq. (1), as the instrument produces discrete
voltage steps. This is illustrated in Fig. 8(A), show-
ing the stepwise property of the voltage ramp [25]. The
global observed hysteresis of the current-voltage curve
in Fig. 8(A)(c) may then be understood in terms of ele-
mentary relaxation phenomena occurring in the individual
steps, as observed in Fig. 8(A)(b). This method is the

basis for determination of the stabilization of the current
in high-throughput evaluation of performance by tracking
the maximum power point [34].

While stepwise measurements have been reported in
many cases as shown in Figs. 1(A) and 8(A), a quantita-
tive explanation of the resulting hysteresis has not been
provided, as far as we know. In the literature, the transient
response to each voltage step is analyzed with use of expo-
nential decays [34], which will not work in the case of
inductive hysteresis. Recently, we discussed the transient
response of models of the type of Egs. (23) and (24) to a
voltage step [121]. To elucidate the origin of inductive and
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FIG. 8. (A) Time-dependent photocurrent response of a planar perovskite solar cell on compact TiO, with 500-nm CH3;NH3Pbl; film
as the light-absorber layer and 150-nm spiro-OMeTAD as the hole transport layer under reverse and forward stepwise scans with (a)
1-s step time and (b) 0.1-s step time. (c) Current-voltage response with different scan rates. CV, cyclic voltammetry. Reproduced with
permission from B. Chen, M. Yang, X. Zheng, C. Wu, W. Li, Y. Yan, J. Bisquert, G. Garcia-Belmonte, K. Zhu, S. Priya, J. Phys. Chem.
Lett. 6,4693—4700 (2015). Copyright 2015, American Chemical Society. (B) Current response of the linear model to two consecutive
voltage steps, from time ¢y, of duration Az, the first with amplitude AV = 0.1 and the second with amplitude AV = 0.2. The common
parameters are R, = 1, R, = 0.1, Ry, = 0.05, o = 0.1, At = 0.05, and 7; = 0.0005. The different cases are (a) C,, = 0.1, (b) C,, = 1,
and (c) C,, = 1, and added photocurrent /,poo = 2. The red lines indicate the applied voltage steps and the gray lines indicate the
steady-state current at the given voltage. The orange arrows indicate the excess current at the end of the cycle with respect to the
steady-state value. The curves in (B) are given in arbitrary units to illustrate the general shapes caused by the indicated parameters.
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capacitive hysteresis in terms of elementary relaxations,
we now apply a similar method to the linear model of
Egs. (9) and (10), represented as the equivalent circuit in
Fig. 2(a).

When a voltage step is imposed on the conducting sys-
tem, it is important to consider the presence of the series
resistance, as indicated in Fig. 2(a). Then the applied volt-
age Vypp 1s divided between the active zone voltage, u, and
the series resistance, as follows:

Vapp = RSItOt =+ u. (42)
We apply two consecutive voltage steps AV, 2AV of dura-
tion At and measure the current. The results of the cal-
culation are shown in Fig. 8(B) for a system in which
the inductive process is very fast and can be ignored, so

that the time response is dominated by the capacitance
and resistors. In each diagram the gray line is the sta-
tionary current that can be expected at the given applied
voltage, i.e.,

Vapp
I = 22, 43
dc th ( )
where
1 —1
b Ra

We observe that when a voltage step is applied at #, in
Fig. 8(B)(a), there is a capacitive peak. This is because in
the initial instant the capacitor is discharged and all the
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FIG. 9. Steady-state current measurements using forward and reverse stepwise voltage sweeps for two metal halide perovskite solar
cells differing in the contact: (a),(b) spiro-OMeTAD and (c),(d) Cul-based. (¢) Complex plane impedance plots for the two devices, and
fit to the equivalent circuit model. (f) Variation in low-frequency resistance and capacitance in both devices. Impedance measurements
were performed under constant illumination. OC, open circuit. Reproduced with permission from G. A. Sepalage, S. Meyer, A. Pascoe,
A. D. Scully, F. Huang, U. Bach, Y.-B. Cheng, L. Spiccia, Adv. Funct. Mater. 25, 5650-5661 (2015). Copyright 2015, Wiley.
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voltage goes to the series resistance [121], so the initial
peak height is AV/R;. Thereafter the capacitor charges
with a characteristic time t¢c = R;C,,, until the equilib-
rium current /4. is reached. The next increase AV raises
the current again. In Fig. 8(B)(b) the capacitance is 10
times larger, so the charging time is 10 times longer. The
charging cannot be completed in each step, and a difference
AT is accumulated at the end point. This is the positive
capacitive hysteresis current.

We remarked regarding Eq. (31) that the representation
of the photocurrent in a solar cell is inverted with respect
to the dark current. For Fig. 8(B)(c), we apply Eq. (31) and
flip the capacitive peaks, so that A/ becomes negative. The
resulting pattern explains well the current response to volt-
age steps in a forward scan in Figs. 1(A)(b) and 8(A)(Db).
We can deduce from the model that in a faster scan, the
steps will be shorter in time, and the accumulated deficit
of current will be larger. This is the property of capacitive
hysteresis that is observed in Fig. 8(A)(c).

For Fig. 9 the step procedure is applied to two per-
ovskite devices that differ in the hole extraction contact
[120]. In the first cell [Figs. 9(a) and 9(b)] the relaxation
is not completed in each step and the sample shows signif-
icant hysteresis. In the second case [Figs. 9(c) and 9)(d)]
the charging time 7¢ of the capacitor is much shorter, so
the hysteresis is reduced. This was achieved by decrease
of both the low-frequency resistance and the capacitance,
as shown in Fig. 9(f).

We now turn our attention to the influence of the induc-
tor in the step response of the current, shown in Fig. 10.
The transient begins with a capacitive peak, as in the
former case, but now additional parallel resistance R, is
activated when the inductor responds in time of order t;
[121]. Hence, the current increases with time until the equi-
librium current is reached; see Fig. 10(a). In Fig. 10(b)

(a) 30 : : : :
25} ]
20f :

< 15} ]

~

1.0%

0.5F

0.0

the inductor time is longer, and the final current cannot
be achieved. This produces a total negative deficit, which
explains the property of negative hysteresis in terms of the
elementary step behavior. A full classification of the time-
domain response when several inductive and capacitive
elements act in concert was presented in Ref. [111].

In summary, capacitive and inductive processes pro-
vide opposite types of time transient response. This is
closely related to the different frequency-domain response
of both elements indicated in Figs. 3(c) and 3(e). In a
capacitive process the impedance decreases at increas-
ing frequency. Correspondingly, the current of capacitive
charging decreases with time. However, the impedance of
the inductor decreases at lower frequency. Consequently,
the current of the inductive process increases with time,
as shown in Fig. 10. The inductive property is an essen-
tial component of the phenomenon of synapse potentiation
that is necessary for neuromorphic computation elements
[8,112,121-123].

IX. THE FREQUENCY DEPENDENCE OF
HYSTERESIS

In this section we comment on the manifestation of hys-
teresis as a function of the frequency 2, of measurement of
current-voltage curves [114]. This is shown in Fig. 11(A)
for the porous nanochannels of Fig. 4 [8]. The voltage is
scanned by a sinusoidal wave. At low frequencies the full
stationary current is observed, but at higher frequencies at
positive voltage the inductive hysteresis becomes signifi-
cant and the current remains lower due to removal of the
slow-response component.

We consider an important result shown in Fig. 11(B)
[72], which illustrates the correspondence of the hysteresis
effect and the frequency of measurement, according to the

(b) 30 : : : :
25} 4

20¢F ]
= 1.59F
o

~

1.0F

0.5F

0.0

FIG. 10. Current response of the linear model to two consecutive voltage steps, from time 7, of duration A¢, the first with amplitude
AV = 0.1 and the second with amplitude AV = 0.2. The common parameters are R, = 1, R, = 0.1, R; = 0.05, 1o = 0.5, At =1, and
C,, = 1. The different cases are (a) 7, = 0.3 and (b) 7z = 3. The red lines indicate the applied voltage steps and the gray lines indicate
the steady-state current at the given voltage. The orange arrows indicate the excess current at the end of the cycle with respect to the
steady-state value. The curves are given in arbitrary units to illustrate the general shapes caused by the indicated parameters.
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FIG. 11. (A) (a) I-V curves for a multipore membrane in 100 mM KCI solution at neutral pH, parametrically in the electrical

potential scan rate, characterized by the signal frequency /' = €2,/27w, obtained with a voltage amplitude of 2 V. The arrows indicate the
signal time evolution. Reproduced with permission from P. Ramirez, V. Gomez, J. Cervera, S. Mafe, J. Bisquert, J. Phys. Chem. Lett.
14, 10930-10934 (2023). Copyright 2023, American Chemical Society. (B) Complex plane plot of the impedance of a CH3;NH3Pbl;-
based mesoscopic solar cell, measured at 950 mV under equivalent 1000 W m~2 solar irradiation. The Lissajous curves (current
versus voltage) corresponding to a sinusoidal perturbation (V;ms=22 mV) under the same measuring conditions (light and dc bias)
are shown at the top for the indicated frequencies. Reproduced with permission from N. Pellet, F. Giordano, M. 1. Dar, G. Gregori,
S. M. Zakeeruddin, J. Maier, M. Gritzel, Prog. Photovolt. Res. Appl. 25, 942-950 (2017). Copyright 2017, Wiley. (C) Simulation
of halide perovskite solar cell hysteresis at different scan velocities. (a) Measurement procedure to record the current-voltage curves
and band diagrams starting at open-circuit voltage (OC) and progressing to short-circuit current (SC) and back. (b) Simulated fast-
hysteresis power conversion efficiency plot in forward and reverse scans and the characteristic efficiencies at slow, medium, and fast
scan speeds. (c¢) Corresponding simulated current-voltage curves. Reproduced with permission from V. M. Le Corre, J. Diekmann,
F. Pefia-Camargo, J. Thiesbrummel, N. Tokmoldin, E. Gutierrez-Partida, K. P. Peters, L. Perdigon-Toro, M. H. Futscher, F. Lang, J.
Warby, H. J. Snaith, D. Neher, M. Stolterfoht, Solar RRL 6, 2100772 (2022). Copyright 2022, Wiley.

type of impedance response that prevails at the frequency
chosen. By changing the cycling of the current-voltage
curve (with a small amplitude of 22 mV), we change the
point of measurement in the complex plane plot of the
impedance. It is observed that when the imaginary part of
the impedance becomes large, corresponding to a capac-
itive response at this frequency, the hysteresis increases,
as shown in the Lissajous curves. In Fig. 11(B) the two
components introducing time lag in the respective arcs

(one at low and another one at high frequency) are capac-
itive, corresponding to the model of Figs. 2(e) and 5(c).
The low-frequency inductor response is not presented in
Fig. 11(B), although it could exist, but the impedance is
not reported up to very low frequency. If we measure up to
such a low frequency, and find the inductor component, we
can infer that the inductive feature of the hysteresis could
appear, causing the Lissajous figure to spin in the opposite
direction, as shown in Fig. 3.
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Figure 11(C) shows a study of the hysteresis traits
of drift-diffusion simulated halide perovskite operation,
which corresponds well to the experimental observations
in the same work [113]. The solar cell is stabilized at open-
circuit voltage and then measured in reverse and forward
cycles, as shown in Fig. 11(C)(a). The PCE is larger in the
reverse scan, so this model contains only capacitive hys-
teresis, as discussed in Sec. V, and the impedance picture
must be the same as in Fig. 11(B). The trend of hystere-
sis as a function of frequency shown Fig. 11(C)(b) is the
same as that in Fig. 11(B): the system surmounts a capac-
itive arc centered at a scan rate of 10 V s~!. At a high
frequency of the scan, the system becomes a pure resis-
tance, and the total PCE increases slightly. This is because
the low-frequency arc in Fig. 11(B) has been removed,
and it means that the low-frequency arc is deleterious for
the performance, because it is a recombination loss at the
contacts, caused by the ionic distribution, that is avoided
in the fast measurement. In the study in Ref. [114], the
efficiency and hysteresis increase at increasing frequency
as in Fig. 11(C), but then start to decrease at the high-
est frequencies. This means that the scan is affecting the
high-frequency arc that holds the PCE of the solar cell.
However, the previous considerations should be regarded
as preliminary intuitive explanations. In the voltage scan
the system changes over a wide voltage range that cov-
ers a large variation of the impedance parameters [63,124],
and a detailed quantitative transformation between the time
domain and the frequency domain becomes necessary [11].

We remark that one can obtain a transition of the kind
of hysteresis (capacitive to inductive or vice versa) in two
different ways: by changing the voltage modifying the
dominant low-frequency component, as shown in Fig. 6,
or by operating at a fixed voltage, by changing the fre-
quency of the measurement of the current-voltage curve,
asin Fig. 11.

X. CONCLUSION

Our comprehensive exploration has unveiled the intri-
cate nature of hysteresis across a spectrum of elec-
tronic, ionic, and mixed ionic-electronic devices. Through
a multidimensional approach, we have delineated two
fundamental hysteresis archetypes—capacitive and induc-
tive—rooted in distinctive transient responses. These
archetypes, revealed through diverse analytical methods,
provide a unifying framework to decipher hysteresis in
systems as disparate as solar cells, capacitors, transistors,
and ion channels. Furthermore, the use of complemen-
tary methods facilitates the prediction and classification of
more concrete physical and molecular models that account
for the complicated evolution of the current with time in
highly heterogeneous and nonlinear systems.

Our analysis provides a criterion for making these
advanced physical models, such as those elaborated by

drift-diffusion equations and polarization assumptions.
From the knowledge of basic structural conditions for
equations that produce capacitive and inductive hysteresis
and their combinations, we have a yardstick to measure
advanced physical models that contain specific physical
effects. We can first determine the evolution of hysteresis
in an experimental system using the frequency analysis and
general descriptive models, and can then develop concrete
specific explanations that satisfy the overall behavior. We
emphasize that the fact that a model providing some type
of description of hysteresis is not enough to validate such
a model. Many equivalent models can be made, provided
that they satisfy the basic structural conditions that give the
right evolution of the equivalent circuit. A more stringent
test of models and theories is needed, at least considering
a variety of experimental response methods.

By elucidating the underlying mechanisms driving
hysteresis, we increase our understanding of its perva-
sive presence in both natural and engineered contexts,
contributing to the broader understanding of dynamic
responses in complex systems.
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