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Perovskite solar cells show a number of internal electronic—ionic effects that perysteresis in Perovskite SC
etermined by Equivalent Circuit
produce hysteresis in the current—voltage curves and a dependence of the temporal response ?No,ma, Hysteresis dp_Capacitve tmpedance ;
on the conditions of the previous stimulus applied to the sample. There are many models and | »F 1oV :
explanations in the literature, but predictive methods that may lead to an assessment of the %"
solar cell behavior based on independent measurements are needed. Here, we develop a e ° :
method to predict time domain response starting from the frequency domain response P o 5 1 10 z0
measured by impedance spectroscopy over a collection of steady states. The rationale of the ? ---------------------------- ?'-k-m--ﬁ
method is to convert the impedance response into a set of differential equations, in which the Inverted Hysteresis ) tnductive tmpedance

internal state variables emerge naturally and need not be predefined in terms of a physical | «| =
(drift/diffusion/interfaces) model. Then, one solves (integrates) the evolution for a required %
external perturbation such as voltage sweep at a constant rate (cyclic voltammetry). Using this
method, we solve two elementary but relevant equivalent circuit models for perovskite solar
cells and memristors, and we show the emergence of hysteresis in terms of the relevant time
and energy constants that can be fully obtained from impedance spectroscopy. We
demonstrate quantitatively a central insight in agreement with many observations: regular hysteresis is capacitive, and inverted
hysteresis is inductive. Analysis of several types of perovskite solar cells shows excellent correlation of the type of equivalent circuit
and the observed hysteresis. A new phenomenon of transformation from capacitive to inductive hysteresis in the course of the
current—voltage curve is reported.
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number of models and explanations involving the modification
of internal built-in fields, the effect of traps, and the ionic effect
at the perovskite/contact interface.'*™*

It is widely acknowledged that the hysteresis effect consists
of a response of the sample that depends on the previous
history and treatments. There is a strong memory effect
involving one or several internal properties. It is quite difficult
to make a typical mixed electronic—ionic drift—diffusion model
that captures the variation of essential internal parameters
under a set of experimental perturbations.””*® Therefore, the
majority of analyses of hysteresis in PSCs are descriptions of
the measurement using different types of mechanisms, often
highly complex ones. These explanations typically do not have
predictive power as to which circumstances, determined by
independent measurements, will lead to hysteresis. It has been
possible to minimize hysteresis effects in perovskite solar cells
largely by empirical methods.”' ™ However, the presence of

The phenomenon of dynamic hysteresis of current—voltage
curves has been present since early studies of halide perovskite
solar cells (PSCs).'”® Hysteresis is often obtained when
measuring the current of the solar cell under a voltage sweep at
a constant velocity, which is a standard procedure to determine
the solar cell efficiency. When the forward and reverse scans do
not match, the current density—voltage curves (J—V) become
separated and cast doubt on the true performance features of
the devices at steady state, requiring more advanced protocols
such as maximum power point tracking.””'* More generally,
hysteresis phenomena encompass a wide variety of behaviors
that depend on the applied perturbations such as scanning rate,
external voltage range, and prescanning conditions. The
response of PSCs is quite varied depending on the composition
of the perovskite and the nature of the contacts,"”'* and the
hysteresis affects the measurement methods such as space-
charge-limited currents.”” Notably, perovskite-based devices
show a significant ionic conductivity in addition to the May 31, 2021
electronic semiconductor properties.' The ionic influence July 28, 2021
modifies the interfaces and produces significant changes in

device operation.'” The hysteresis effect has been associated

with the slow time dynamics due to ionic motion inside the

perovskite layer.'®'® There have been presented a huge
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Figure 1. J=V curves of triple-layer architecture of ¢-TiO,/mp-TiO,/ZrO,/carbon hole-conductor-free printable mesoscopic PSCs with different
hysteresis behaviors. (a) Hysteresis-normal device; (b) hysteresis-free device; (c) hysteresis-inverted device (F-R: from forward bias to reverse bias;
R-F: from reverse bias to forward bias; scan rate 250 mV s™'). (d) Diagram explaining the origin of hysteresis in this system: Process (1) indicates
the kinetics of drift of cations and holes toward the interface. The accumulation of cations and holes at the interface creates an upward band
bending which can be described by a surface voltage V; represented in (2). These accumulated charges can act as a preferential zone for both
recombination with electrons in the bulk (3) and in the ¢-TiO,/FTO region. Recombination pathway (4) is crucially dependent on the thickness of
the ¢-TiO, layer, and is the dominant mechanism controlling recombination rates in a transient scan. Adapted with permission from ref 8.

Copyright 2017 Royal Society of Chemistry.

strong hysteresis in recent high-performance configurations,
such as tandem solar cells, still persists.34_36 Therefore, new
methods that provide insight into hysteresis in PSCs via
alternative measurement may have significant practical value.

Here, we aim to develop a method for the analysis of
hysteresis that does not need to establish a specific physical
model of the solar cell. Following the techniques of electrical
engineering,”” we can predict the time evolution of the system
by having information on the small perturbation response in
the frequency domain, even in the case in which internal state
variables present their own relaxation effects that result in
memory properties.

In order to find the frequency domain response, we use the
equivalent circuit (EC) model that results from the measure-
ment of impedance spectroscopy (IS). Thereafter, we
transform the EC into a set of dynamical equations in the
time domain. Finally, the system of differential equations is
solved as a function of time (or voltage) by integration for the
required conditions and perturbations and is compared to the
experimental curves. In this way, we obtain definite
information on the causes of the hysteresis in the device,
and we can then modify material components and measure
them separately by IS.

A memristive device is a two-terminal structure that
undergoes a voltage-controlled conductance change.”® The
hysteresis effects in halide perovskites facilitate the con-
struction of effective memristors involving different mecha-
nisms. These have been applied to resistive random access
memories,”” artificial neural networks (ANN),‘“)’41 and
photonic memories and synapses.””*> The method developed
in this paper will provide insight into the essential memory
effects of perovskite memristor devices.
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In the early years of PSC research, reproducibility was a very
serious issue. In the measurement of J—V curves, voltage or
light pretreatments would modify the outcome significantly.
Even a single measurement would change the subsequent
response,** and it was difficult to distinguish between the
varied sample-drift effects associated with the uncontrolled
casuistic hysteresis-type effects or the slow degradation
modifying the cell irreversibly. In particular, the measurement
of impedance spectroscopy could affect the state of the sample
afterward. In such conditions, it would be rather difficult to
attempt to effectively relate IS results and time domain
response. At the present time, we are confident that robust
PSCs can be prepared in which the response of the cell is the
same after measurements, such as IS and cyclic voltammetry
(CV), are performed. It has become possible to test complex
temporal responses connected to frequency domain measure-
ments. It is time to develop a robust theory that captures the
essential physical elements of hysteresis.

Let us define the phenomenon that we want to study. Figure
1 shows the J—V curves of three perovskite solar cells that
differ only slightly by the thickness of the compact TiO, layer
at the contact in highly stable triple layer carbon PSC.* The J—
V curve is the essential characteristic to evaluate the
performance of the solar cell. It requires a sweep of voltage
from reverse to forward voltage (forward scan) or from
forward to reverse voltage (reverse scan direction). Figure la
shows that the forward scan exhibits a lower current and
voltage than the reverse scan. This is a normal hysteresis. In
Figure 1lc, the opposite situation occurs, and it is called
inverted hysteresis. In Figure 1b, the forward and reverse scans
give the same result. In this case, it is said that hysteresis has
been suppressed. In Figure 1d, an energy diagram explains the

https://doi.org/10.1021/acsphyschemau.1c00009
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observed hysteresis effects in terms of physical mechanisms
such as migration of ions to the surface, modification of band
bending, and influence on recombination. In the present paper,
we will propose a different type of understanding of hysteresis
based on the interpretation of the impedance spectroscopy
spectra and the associated EC.

In the next section, still introductory, we describe major
trends of the hysteresis in PSCs, as well as the general
properties of the observed response in the frequency domain.
Two basic but important EC models are introduced that will
serve us, thereafter, to establish the correspondent behavior
under cyclic voltammetry, revealing the connection between
hysteresis and the EC. In the final section, we revise a set of
experimental results on impedance spectroscopy and hysteresis
in different PSCs that show a sound correlation, as predicted
by the theory, and reveal new properties of time constants and
ECs providing deep insight into the time domain behavior of
perovskite solar cells.

The technique of impedance spectroscopy is amply used for
the characterization of emergent solar cells*™* and
PSCs.'”*”*® The electrical variables are the current I and
voltage V measured at the contacts. The linear small
perturbation variables associated with ac modulation amplitude
bear a tilde, I(w) and V(w), whereas those associated with a
steady state where the measurement was made bear an overbar,
V. The impedance is defined with respect to measurement of
small perturbation signals at angular frequency w, over a steady
state at the operational point I(V):

V(w)

I(w) (1)
Figure 2a shows the process of measurement of the

impedance in terms of the small perturbations, and Figure

2b incorporates an internal variable w that will be discussed in

the later sections.

The impedance can be presented in terms of the real and
imaginary parts:

Z(w) = Z(w) + iZ"(w)

Z(w) =

@)

The complex capacitance C(w) is defined from the impedance
as

1
C(w) = ——
iwZ(w) (3)
It can be separated into real and imaginary parts as
C(w) = C'(w) - iC'(w) )

In Figure 3, we show characteristic measurements of the IS
response of PSCs when the conditions of illumination or
photovoltage are modified, producing large changes in the
parameters. In Figure 4, we show the EC model that has been
amply used to fit the optimized PSC devices.*”** The circuit
element C, is the geometrical capacitance corresponding to
dielectric polarization in the bulk, and C, is the large low-
frequency (LF) capacitance associated with the generation of
the ionic double layer in the vicinity of the contacts.*”" The
capacitance—frequency plot (Figure 4b) shows a plateau at
high frequencies (HF) corresponding to C, and increase

27

| * Steady state operation

Z = dV(w)/dl(w)

Time dependent operation
with memory effect

®) |

I(w,V)
~Steady
~ state I(V)
s N V‘
w(V)

Figure 2. (a) Scheme of a current—voltage (I-V) curve indicating the
measurement of small perturbation voltage and current that provide
the impedance Z. At low frequency, the slope of the I-V curve is the
reciprocal resistance. (b) In the presence of the memory internal
variable w, the actual I-V curve depends on the evolution of w. The
curve departs from the steady-state curve and shows hysteresis.

toward the LF value, where the slow kinetics of C; becomes
activated. The real part of the capacitance calculated from eq 3
at LF is

2
Clw=0)=C,+ [L] ¢
R, + R, (5)

The two arcs in Figure 3a and 4a are associated with two
resistances. We denote the LF arc resistance as R; (the parallel
connection of R, to C; generates the LF arc) and the HF
resistance as R;. The meaning of the resistances depends on
the illumination conditions, but the LF arc usually relates to
the perovskite/contact interface (ion migration, accumulation,
and recombination).””

We note that from the fitted parameters under open-circuit
conditions in Figure 3b,c, the geometric capacitance is basically
constant, but the other three parameters in the EC show an
exponential dependence with the voltage (Figure 3d);>
therefore, they may be expressed as

RI(V) = Rloe_qV/mlkBT (6)
C(V) = Cloqu/kaBT (7)
Ry(V) = Rype 1"/ mhsT (8)

where V is the solar cell voltage, g is the elementary charge,
kgT is the thermal energy, and m; is an ideality factor for each
parameter. In the case of band-to-band recombination, it is m =
1.>* The values indicated in Figure 3c,d are m = 2 in all cases.

https://doi.org/10.1021/acsphyschemau.1c00009
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Figure 3. Impedance spectroscopy results of a planar structure FTO/TiO,/MAPbI,/spiro-OMeTAD/Au solar cell. (a) Example of complex plane
impedance plot measured under short-circuit conditions at different irradiation intensities. (b) Example of capacitance spectra corresponding to the
conditions in panel (a). Solid lines correspond to fits using the EC. (c) Capacitances and (d) resistances under open-circuit conditions. Solid lines
(low-frequency arc) and dashed lines (high-frequency arc) correspond to linear fits with m approaching 2. In panel (c), m = 1.90 + 0.17, and in
panel (d), m = 1.94 + 0.08. (e) Response time calculated from the RC product for the low-frequency arc (solid line) and high-frequency arc
(dashed line). Reproduced from 49. Copyright 2016 American Chemical Society.

It is remarkable that the two elements of the low-frequency arc
are strongly correlated, mc & m;, so that the response time for
the slow relaxation phenomenon is a constant independent of
the voltage: """

7 =RC )
This is observed in Figure 3e. It should be mentioned that

these good correlations are obtained measuring each voltage

point at open circuit, in the absence of background current.

In contrast to this, the high-frequency relaxation time

T = RyG (10)
is not constant and follows the trend of Ry(V).

By definition, memristor devices undergo strong memory
effects and become interesting platforms for the analysis of
hysteresis. Perovskite interfacial conductivity can be controlled
by the ionic displacement and reaction, giving rise to
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memristive devices.’””” A similar two-arc response as in
PSCs has been observed in perovskite-based memristor devices
at low applied voltages.”” Figure 5 shows the current—voltage
loops in the dark of a memristor based on 2D halide perovskite
with a Ag contact layer. The device shows a strong memory
effect that causes the forward and reverse scan to be well-
separated, even at slow scan rates. This is associated with the
construction of a conductive ionic layer at the Ag contact.’*’
Note that Figure 5 can be viewed as a huge inverted hysteresis
of the type of Figure 1c, with the corresponding semilog I-V'
curve shown in Figure 6a. In the impedance spectroscopy
response at low voltages in Figure 6b, the same types of two-
arc spectra are observed as in Figure 3.”” However, when the
memristor approaches the voltage of the transition to a low
resistance state (LRS), that is, at about 0.5 V, a new feature
appears in which the LF arc reduces size and enters the fourth
quadrant of the complex plane, as shown in the enlarged view

https://doi.org/10.1021/acsphyschemau.1c00009
ACS Phys. Chem Au 2021, 1, 25—44
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Figure S. Current—voltage scans of a FTO/PEDOT:PSS/2D
Ruddlesden—Popper perovskite/Ag (15 nm)/Au (85 nm) memristor
device in the dark at different scan rates.

in the inset of Figure 6b. This behavior consisting of a “hook”
at low frequency has been observed in many of the halide
perovskite solar cells.**™®" The EC model shown in Figure 7
contains a single RC process coupled to an RL line that
describes the hook shape. In terms of the Laplace variable s =
iw, the impedance of Figure 7 takes the form

Z(w) =Ry + Cs + (R, + Ls) 'T" (11)

Depending on the values of the circuit parameters, the
impedance can show an inductive loop or not, as noted in the
different types of spectra in Figure 7a,c,d. The parallel RL line
has been proposed in the literature in relation to the negative
capacitance observed in solar cells (Figure 7b).5%%% The
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inductive loop describes a general memory effect, and it has
been observed in metal oxides,”* in LiNbO, memristors,” and
in proton exchange membrane (PEM) fuel cells.°® In PSC, it
can be justified from a recent kinetic model,"”** in which an
internal surface voltage that is slowed down by ionic motion
relaxes to the quasi-equilibrium state imposed by the external
voltage V applied to the solar cell.

In terms of the EC, the operation of the memory mechanism
consists of modifying the overall resistance of the system as a
function of the frequency. At high frequency, the impedance of
the inductor is very large and R, does not contribute to the
response. When the frequency is reduced, the impedance of
the inductor vanishes progressively, and the loop in the fourth
quadrant reduces the overall resistance of the system.

A related issue that has been intensely discussed in the area
of PSC is the meaning of the often observed negative

: 59,60,62,63,69—72
capacitance 00,62,

that causes great uncertainty of
interpretation. We remark that the EC of Figure 7 consists
of a positive inductor not a negative capacitor. However, as
shown in Figures 3 and 4, it is useful to plot the capacitance
versus the frequency. In the calculation of the real part of the
capacitance by eq 3, the positive inductor RL line produces a
negative capacitance effect (Figure 7b). This is a customary
denomination, but there are no negative elements in this
model.

An EC such as those in Figures 4 and 7 is not unique. It
allows a number of possibilities of alternative expressions.”
The adoption of a particular EC model is based on the physical
interpretation of the elements based on experiments in
different configurations of the solar cell.

https://doi.org/10.1021/acsphyschemau.1c00009
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Figure 6. (a) Semilog current—voltage curve of a FTO/PEDOT:PSS/
2D Ruddlesden—Popper perovskite/Ag (1S nm)/Au (85 nm)
memristor device showing the transition from high resistance state
to low resistance state. (b) Impedance spectroscopy spectra evolution
of the memristor at representative voltages. Reprinted with permission
from ref 57. Copyright 2021 American Institute of Physics.

We show the connection of the J—V curve to the impedance Z
with a simple example. Figure 2a shows the small amplitude
perturbation quantities in a point of the steady-state curve.
Here, we restrict the analysis to the stationary condition, @ = 0,
and the impedance reduces to the dc resistance:

Z = Ry (V) (12)

These small amplitudes of the electrical perturbations can be
treated as differentials, I(w) — dI, V(w) — dV. Hence eq 1
becomes

1

dl = ———
Rdc(V)

dv
(13)

As shown in Figure 2a, Ry (V) is the reciprocal slope at each
point of the curve. Let us suppose we measure the impedance
at different voltages, and we arrive at the form

Ry (V) = Rygpe 0/ Ml (14)
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Inserting eq 14 into 13 and performing the integration, we
obtain the diode equation of the solar cell:

ko T
1(V) =I5B (oaV/mkT _ qy
quCO

(1)

This trivial example shows that current voltage curve is linked
to impedance spectroscopy by an integration. Our objective is
to develop a general integration method valid for any EC and
for all the frequencies related to a certain stimulus in the time
domain represented by a specific applied voltage schedule V(¢).

Figure 8 shows the measurements of the J—V curve at a
constant voltage sweep rate by following a ramp of voltage at
successive voltage steps. When the steps take a long duration of
1 s, the forward and backward results are the same (Figure 8a).
However, for faster steps of duration 0.1 s, the relaxation to an
equilibrium value has not been yet completed when the new
step comes in. Hence, the scan in the forward direction shows
currents lower than those of the stationary curve, and the scan
in the reverse direction shows larger currents (Figure 8b).
Figure 8c shows that the amount of hysteresis increases with
the scan rate. The opening of the curve can be quantified by a
hysteresis index defined by the change of a given property of
the J—V curve with respect to the velocity parameter.”” This is
useful to track the evolution of the hysteresis with some
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Figure 8. Time-dependent photocurrent response of planar perovskite solar cell on compact TiO, (cp-TiO,) with S00 nm CH;NH,Pbl, film as the
light-absorber layer and 150 nm spiro-OMeTAD as the HTM layer under reverse and forward stepwise scans with (a) 1 s step time and (b) 0.1 s
step time. (c) J—V response for PSCs with different CV scan rates. Reproduced from ref 7. Copyright 2015 American Chemical Society.

internal or external parameter, as the thickness of a layer in the
solar cell (Figure 1) or the humidity (Figure 11).

In Figure 8b, we can see that the overall hysteresis response
can be obtained as a sum of the results of small perturbation
steps. This is the essence of the integration method in a kinetic
situation that will be developed below: we will establish the
same procedure mathematically.

It has been widely recognized that there is a strong
connection between IS properties and the hysteresis features
of PSCs. More concretely, the capacitive effect is well-
recognized to be associated with hysteresis.””>~" The
capacitive current increases with scan rate in forward
direction’® and changes sign when the direction of the scan
is inverted, as shown in Figure 9a. Since Figure 9a shows the
change of the dark current, it is related to a decrease of
photocurrent in forward scan, as shown in Figure la. This is
termed capacitive current in a general sense. In contrast, no
capacitive current is observed for an inverted contact structure
device in Figure 9b.

As an example of the correlation of capacitance and
hysteresis, Figure 10 shows” the effect of capacitive hysteresis
in two PSCs: one cell with TiO, contact (Figure 10a) and a
low-capacitance PSC with organic electron selective con-
tact."”'* The cell with TiO, contact displays a large
capacitance at low frequency in both dark and illuminated
conditions (Figure 10d,e). Hysteresis in this cell is much larger
than that in the cell with the organic contact (Figure 10b). In
addition, the time-dependent short-circuit current, |, of the
normal structure exhibiting the severe normal hysteresis shows
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an exponential decay attributed to the accumulated capacitive
current (Figure 10c).

We have commented that in Figure 1c a different behavior is
observed. The forward scan increases the photovoltage, and
this is called inverted hysteresis.”**”” Note in Figure 9b that,
in a voltage sweep, the current changes in the opposite way to
the capacitive variation. By the relation of noncapacitive
currents (Figure S and Figure 9b) and the inductor element,
we may speak of inductive hysteresis (inverted) versus capacitive
hysteresis (regular). Indeed, the connection between the
inductive branch of the impedance results and the inverted
type of hysteresis in PSCs has been exposed by Fabregat-
Santiago and co-workers, as shown in Figure 11.°° They have
associated the presence of the inductive loop (Figure 11¢,d) to
a negative hysteresis index (Figure 11b) that indicates an
inverted hysteresis (Figure 11la). However, a physical
explanation for this connection between time and frequency
domain results has not been elaborated. In the context of our
methods developed below, we will show a clear scheme for this
correlation.

We start the description of the methodology to describe
hysteresis features based on information in the frequency
domain.

The general operation to switch between time and frequency
domain is the Laplace transformation and its inverse, according
to the desired direction. However, in the case of the
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Figure 9. Dark J—V curves at room temperature in logarithm scaled
current representation: (a) Regular mesoporous PSC and (b) inverted
PSCs at different scan rates with corresponding structures illustrated
in the insets. Reproduced from 6. Copyright 2016 American Chemical
Society.

experimental methods used to measure solar cells and related
devices, the connection between time and frequency domain is
not obvious.

In the measurement of the impedance spectra of Figure 3a,
the system has been stabilized at a steady state, and the linear
response Z(w) is obtained by very small voltage amplitudes dV/
(Figure 2a). In contrast, for the measurement of CV, the
voltage makes a large excursion of about 1 V, as shown in
Figure 8, at a scan rate v, according to the expression

V(t) = Vo + wt (16)

Typical sweep voltage rates start at 10 mV/s up to 100 V/s or
more. In the fast voltage sweep, the physical processes in the
sample are not sitting close to a quasi-equilibrium state, and
the full nonlinearity and memory effects come into play,
determining the response to the perturbation. We can invent a
model based on detailed internal mechanisms that produces
the required observed responses: electrical fields, ions situated
in the wrong side of the polarization that screen the field,
interfacial traps, surface barriers that change by photogenerated
charges that pile up at the barrier, enhanced recombination in
the absorber, and so on. However, each model can be arbitrary
to a large extent requiring plenty of explanations. Our goal is to
provide a methodology to pass directly from the impedance
response obtained at the different voltages of the range of
measurement to the large perturbation response like that in eq
16.

It seems hopeless at first sight since the information that we
have is represented by an impedance function like eq 11 and
the voltage dependence of the circuit elements obtained from
fitting the spectra at different steady states. However, very
often, the linearized response contains significant information
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Figure 12. Integration scheme of the EC from frequency domain to time domain.

about the response to a large-scale perturbation. These
methodologies are widely used in electrical engineering,”’ in
stability and bifurcation,”"*” and for the analysis of oscillating
systems based on impedance spectroscopy.””** These methods
define a dynamical system by a set of differential equations that
refer to external variables applied to the system, that is, current
I, voltage V, illumination, and a set of internal state variables w;
that correspond to the relevant evolving quantities that
determine the internal evolution with time. By stating an
initial condition to all the variables, the differential equations
allow one to predict the evolution of the system.

It is well-recognized that impedance spectroscopy has a great
advantage in allowing separation of internal processes that
determine the overall spectral response, for example,
manifested as two neatly distinguished arcs in Figure 3a. The
central tool to obtain an interpretation of the impedance
response is to establish an EC model. Then we can represent
the system’s response by the voltage dependence of the
resistances, capacitors, and inductors in the EC.

Consider a PSC that shows an amount of hysteresis when J—
V is measured by a cycling method, as indicated in the top box
of Figure 12. We also have obtained the impedance spectra at
different points of the quasi-stationary curve as indicated in the
left diagram. We assume that we have determined an EC that
describes the spectra over the whole voltage range of interest.
We have also characterized the voltage dependence of
parameters. Examples of such type of data information are in
Figure 3c,d and later on Figure 20.

Now we apply a method that converts the EC into a set of
dynamical equations for the relevant variables in the system:

V, the voltage at the contacts. This is the external input
variable that we can program according to the chosen
technique of measurement.

I, the current at the contacts. This is the external output
variable.

Wy, Wy, W3, ... Internal state variables.

The effect of the internal variables on a general curve with
memory effect I(V,w) is shown in Figure 2b. The system’s
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evolution depends not only on the present state of the external
input V but also on the evolution of the internal variables w;,

Therefore, from the EC model, we can derive a set of
differential equations where the voltage-dependent circuit
elements derived experimentally provide the coefficients in the
equations. Then we can solve mathematically, either analyti-
cally or by a numerical integration, and we arrive at the output
response I(V) for the particular imposed trajectory of V(¢).
This is the lower box in Figure 12. Finally, the theoretical scan-
rate-dependent J—V curves are then reconstructed and are
correlated to the experimentally determined data. Using this
approach, we obtain an independent description of the
observed hysteresis. Furthermore, we can obtain an inter-
pretation of the hysteresis by the effect of different elements in
the EC, and we can investigate such elements independently to
modify or improve the system’s response in the time domain.

We describe the method to systematically convert the
equations for the currents and voltages in the EC into a set
of first order differential equations. We explain the method
applied to the standard circuit of the PSC in Figure 4, as shown
in Figure 13. The node voltage method to solve a circuit will
provide the required structure of equations in the frequency
domain. It has the following steps:

(i) Assign a reference node.
(ii) Assign node voltage names to the remaining nodes.
(iii) Write KirchhofF's current law for each node.

(iv) Manipulate the equations to the required form that will

provide kinetic equations in the time domain.

Note that currents and voltages in Figure 13 bear a tilde (not
shown in the figure) since they correspond to the small
amplitude of IS measurements. The zero node is at the right-
hand side in Figure 13. The external voltage V determines one
node, and the external current is I. The other node is assigned
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Figure 13. Application of the node voltages method to solve the
capacitive circuit of Figure S.

a voltage W This is the single internal state variable. We write

the Kirchhoft equations for the two nodes. The result is

~ ~ 1 -~
T=sCV+—(V-iw)
R g (17)

R, "R (18)
When taking the transformation to the time domain, the
product by s gives the time derivative. We need to convert eqs
17 and 18 to a form in which each voltage is multiplied by s. By
solving the equations, we find

SR3CgV = sz - (V - %) (19)

. _ R R |.
sSRCw, = —=V — |1 + — 1,
Ry Ry (20)

Using the relaxation times introduced in eqs 9 and 10, we
obtain the required differential equations in the time domain:

dv

gy = Rl - (V=) (21)
dw, R . R

— = 1V - [1 + —l]wp
dt R, 3 (22)

Let us first analyze the steady state in which dt — co. Then we
have

f= (7 -wm)

R, (23)
N R
e
Ry + R, (24)
Therefore
P=—1v
Rdc (25)

At zero frequency, the impedance is the total resistance, as
previously explained in eq 13. The dc resistance in eq 25 is

Ry =R, + R, (26)

The EC model of Figure 13 needs to be supplemented with the
voltage dependence of the different elements. We use the
exponential dependences in eqs 6—8. To simplify the problem,
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we assume that the different elements have the same ideality
factor m; = m. The correlation of the voltage dependence of
resistances and capacitances is a realistic assumption observed
experimentally,*”*" but this is not generally satisfied; see
Figure 20.°*°° The assumption m; = m allows us to solve
completely the problem by analytical methods, without loss of
generality. We thus have

V/V,

R,(V) = Rype™/"m 27)
C(V) = Cpe"/ " (28)
Ry(V) = R30‘3_WVm (29)

where the ideality factor m in terms of voltage is defined as
mkgT
q (30)

If the assumption in eqs 27—29 is not satisfied, then the whole
process must be performed by numerical integration. For
convenience, we define

V. =

m

R
1y = 1

Ry (31)
n=1+r (32)

In order to continue the analysis toward a solution, we make a
further simplification valid for slow measurements. As 7,, is
quite short, as shown in Figure 3e, it is unlikely that we can
observe the relaxation process associated with R;C,. Therefore,
we remove the term with the time derivative in eq 21. This is
equivalent to ignoring the geometrical capacitance C,. On the

g

other hand, the relaxation of w,, is slow and will influence the

measured I—V curve, hence we leave the term with the
derivative in eq 22. We obtain the equations

3 1 .
=xm =% )
&R0 [1 . R(D) )w

& TR () ) G

These two equations have the functional form of a memristive
system:*" eq 33 is the conductance equation depending on the
internal memory variable w,, and eq 34 describes the temporal
evolution of the memory variable. Equations 21 and 22, or the
more concrete form 33 and 34, must be solved combined for a
given external perturbation V(¢) to provide the external current
I. The external perturbation depends on the technique that is
used: it could be a step voltage, a large sinusoidal, or any
required form. For the J—V hysteresis problem, we focus our
interest in the voltage variation at a constant voltage sweep rate
v, that is termed CV in electrochemistry, as described by eq 16.
In the following sections, we will solve the current for CV
technique. We will start with a description of the voltage ramp
in the forward direction (v, > 0).

For any possible specification of V(t), we need to remark
that the eqs 33 and 34 are not symmetric. The time
dependence of w, can be obtained only from eq 34. Since
V(t) is known, only when i,(t) has been solved, then the
solution of eq 33 can be attempted. Therefore, the process of
integration begins with the equation for the memory
variable(s).
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We search the solution I = I (V,v,) starting with the eq 34 for
the variable with memory w,. For simplicity, we choose to
work with the voltage V as the independent variable, instead of
time, since the state of the system is fixed by the instantaneous

voltage by eq 16. We express the scan rate as

Vo= (35)
and we can write
di, . ~
V;W =1V - nw, (36)

An integration of the differential eq 36 starting at Vj, gives the
evolution of w,(V) during a forward voltage scan:

f, f, _ _ 1, A

WP(V) — [__0‘/0 + pr + _.;V;]e 1/ V(V=") + _OV _ 0%
f, , f; f;
1 1 1 1

(37)

The next and final step is the integration of eq 32 for a large
amplitude voltage scan. First, let us assume that the variable w,
reaches the equilibrium value in eq 24. Then the variation of I

expressed in eq 33 is
1

dl= ———4dv
R(V) + Ry(V) (38)

This equation is the statement that the resistance is the
derivative of the I—V curve, as discussed in section 2.2. The
integration from V; to V given the initial current I, results to

Vm (eV/Vm —e

Vo/Vm)
R10 + R30

I(V) =1

This is the stationary current—voltage curve, like eq 15, that is
obtained at infinitely slow sweep velocity, or in any case in
which the memory effects of w, can be neglected. L(V) is
shown in the blue curve of Figure 14. Equation 39 is also the
current—voltage curve under illumination (with an added

negative photocurrent).

30

20 +

I (mA)

10 A

0.6 0.8

V (V)

1.0 12

Figure 14. Stationary curve (eq 39) and current—voltage curves (eq
45) at different forward scan rates starting at I(0) = O for the
capacitive circuit with parameters R;y = 49 X 10° Q, Rjy = 1 X 10° Q,
1 =50,7,=1s, Cq=10"F, kyT =0.026 V, m =2, V, = 0.052 V, V.,
= 1, for v, = 10%, 10'%, 10% 10> V/s.
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We now proceed to the integration of eq 33 in the form of

1
ar = ) (dV — dw)

(40)

For the general case of an arbitrary sweep rate parameter V,,

we obtain the differential dwp in eq 40 from the second

equation in our system, eq 36, resulting in

dw, = 2VdV — Ly (V)dV
s Ve (41)
Inserting 41 into 40, we arrive at the equation
1
I = dv— = vy + Ly (v)av
RV RV, RV,
(42)

Note that w,(V) is the state variable previously integrated in eq
37. Substituting it into eq 42 and with some algebraic
manipulations, we obtain
Weo
Vot — }
V.

1 1 {ro 1y
I= dv + —_ - —

RI(V) + R3(V) R3(V) n V; A
(43)

V= V=) g7

The first term on the right-hand side is the stationary curve in
eq 38, with the integrated form given by eq 39 as I.(V). The
second term in eq 43 is the current associated with the
memory effect, AI(V, V). We, then, obtain

1 V. 1, 1,
ALV, V) = =5 [" Y,

—= =
30V 1

m

(&7 VY=V _ o Vo/ Ve

(44)

The total current obtained by integration of eq 33 is the final
solution to the integration method:

I(V) = 1(V) + AI(V,, V) (43)
The current at very large scan rate is
1
L =1I,+ —(eV/V"‘ - eV/V")
R3 (46)

The large scan rate current I, is shown by the green trace in
Figure 14. The calculated currents for different scan rates
obtained by eq 45 are also presented in Figure 14. The excess
current Al is positive in all cases; hence, the voltage at a
reference current decreases as the scan rate increases. The
current changes between the limits I and I;.

The simple capacitive circuit explains the regular hysteresis in
Figure la. Based on the solution of the problem, we can
appreciate the general mechanism of hysteresis. At steady state,
the effective resistance is R; + R;, as indicated in eq 38, that
describes the instantaneous ohmic behavior. However, if the
system responds slowly to the external perturbation, w,
remains small and I & V/R; in eq 33. This is because the
capacitor is shorted at high frequency. Then the resistance is
smaller, and the total resistive pathway contains only a fraction
of R, in addition to R;. The current is higher than at very slow
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scan rate. This higher current is capacitive, as demonstrated in
measurements.”>’*

Figure 15 shows the evolution of voltage with sweep rate in
two cases of the capacitive circuit with the same dc resistance

1.15

1.10 A

1.05 +

1.00 A

V at 20 mA

0.95 4

0.90 T T T T T T
102 10" 10° 10" 10?2 10° 10*

V.

S

10°

Figure 15. Forward scan rate dependence (V; = 7,v5; 7, = 1 s) of the
voltage at I = 20 mA for two cases of the capacitive circuit with the
same dc resistance Ry = Ryg + Ry = 10° Q.

defined by Ry = Ryy + Ryg. The voltage in equilibrium (slow
scan rate) is the same in the two cases as they have the same
total resistance. However, the voltage at I = 20 mA for higher
scan rates is lower for the system with larger R;. Therefore, the
quotient of resistances R;/R; is the main factor controlling the
amount of regular hysteresis.

The onset of hysteresis as the scan rate increases occurs
when the exponent in AI becomes positive, which is given by
the condition

Vo> nV, (47)
It can also be written in the form
1 111
. (_ . _]_Vm
R,  RyJC, (48)

A large capacitance determines that the onset of hysteresis
occurs at a low scan rate.

We apply the method of integration to the inductive circuit of
Figure 7, according to the scheme illustrated in Figure 16.

l

Vs 0

Figure 16. Application of node voltage method to solve the inductive
circuit of Figure 7.
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We obtain the equations

. . 1 . 1~
I=sCV+ ) ) (V — )

(49)

LT
Ra(V)(V_WZ)_ L(V) "

(50)

This result is not what we expected because the s in the second
equation is in the denominator and will not produce a
derivative term. However, since the equations are linear, we are
free to produce linear combinations of the state variables. In
this case, we choose the transformation

W=V —w

(1)

Neglecting again the relaxation process associated with R;C,,
we obtain

- 1 - 1
i=— V+ — i,
Ry(V) R,(V) (52)
L(vV). . o
s——w =V —
R,(V) (83)

This last equation has the required form indicating that the
physically meaningful state variable is the voltage #, in the
resistor R, instead of the voltage in the inductor ,.

We can express eq 53 in the time domain as

di,
T TV (54)
where the kinetic constant is
L LD
R (V) (ss)
This is the characteristic time of the inductive loop as shown in
Figure 7.

In order to enable a relatively compact solution, we again
assume that the voltage dependence of the EC elements is
correlated with the same ideality factor V:

Ry(V) = Rype™ /™ (56)
R(V) = Rye™/™ (57)
L(V)=Lge /"™ (58)
It follows that 7y in eq S5 is a constant.
In a steady-state situation, we obtain from eq 54
W=V (59)
Therefore
- 1 1 -
- ( 5+
Ry(V)  R(V) (60)
Correspondingly
1
dl = ——e"/"dv
dc0 (61)
where
1 1
- =+
Rio Ry Ry (62)
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The stationary current is then
IL=1,+ i(eV/Vm _ eVO/Vm)

dco (63 )

We focus our attention on the technique of CV. Defining

‘/s = TV (64)
Equation 54 turns into
dw, .
V=V -
dv (65)

By integration of this last equation, we find the evolution of the
memory variable

(V) =V =V, + (g = Vo + V)" (66)
Now we aim to integrate eq 52
1
dI = dw,
Ry(V) R(V) (67)
We use eq 54 as follows:
1
dw, = —(V — w)dV
W ’ (68)
Substituting into eq 67
dI = 1 V+ ! dv — !
R3(V) Ra(V) VSRa(V)
[V = Vit (s = Vo + V)% M1V (69)
The total current is
(V) =I(V) + AI(V,, V) (70)
where
Vo+tuwy—V, 1 -
Al = ——3 Rao 0 A 1(eVO/V,.+(1/Vm 1/V)v _ eVQ/Vm)
a0 v -
(71)
The current at very large scan rate is
V
=" - 1)
Ry (72)

The current—voltage curves at varying forward scan rates
with I and I}, for the inductive circuit are shown in Figure 17.
The onset of hysteresis as the scan rate increases occurs when
the exponent in AI becomes positive, which is given by the
condition

V.>V, (73)
It can also be written in the form
Vm
Vo> —
T (74)

When hysteresis is significant at high scan rate, the current Al
in this model is negative. Therefore, the inductor branch
explains the inverted hysteresis, which gives a sound ground to
the observations in ref 80. Consistently, the current moves
between two limiting curves, from I toward I, at large sweep
rates. At high frequencies, the inductor branch is an open
circuit, and the current at high scan rate is determined by Rs.
At low scan rates, the inductor branch becomes active and the
current is reduced by the parallel pathway R,. The extent of
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1.0 12

Figure 17. Stationary curve (eq 63) and current—voltage curves (eq
70) at different forward scan rates starting at I(0) = 0 and w, = 0 for
the inductive circuit with the parameters Ry = 2.5 X 10* Q, R; = 50/
49 Ry Rap = 50 Ry, 7 = 11 s, kg T = 0.026 V, m = 2, V,,, = 0.052 V,
V. = 1, for v, = 10, 10", 10%, 10*° V/s.

hysteresis depends again on the relative size of resistances R,/
R, as shown in Figure 18, for two cells with the same dc

1.10

05 - R;750 R,
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< —h— RBU_ 2 Rdcu
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Q o095
©
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S

Figure 18. Forward scan rate dependence (V; = tvy; 7 = 1 s) of the
voltage at I = 20 mA for two cases of the inductive circuit with the
same dc resistance Ry = 2.5 X 10% Q.

characteristics. Moreover, the integration of the IS EC model
to predict the evolution of the current—voltage curves can also
be implemented for reverse scan direction and under
polarization effects (see the Supporting Information).

We have shown the transformation of the IS data to predict the
evolution of current—voltage curves at different voltage sweep
rates, revealing the origin of the hysteresis in certain capacitive
and inductive elements in the EC. We have illustrated the
method of integration using two elementary circuits that
describe both types of hysteresis, regular and inverted,
according to the time delay introduced by capacitive or
inductive elements, respectively.

The method of integration is completely general. On the
other hand, the specific models that we have solved are rather
simple, e.g., by the assumption that all the elements have the
same voltage dependence represented by the respective diode
ideality factor m. Due to these simplifying assumptions, the
models have been solved analytically and they provide certain
conclusions regarding the kinetic constraints of hysteresis.
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Figure 19. Catalogue of measured electrical response observed in our laboratories as a function of the perovskite formulation and measurement
conditions. Normal hysteresis with capacitive response: MAPI and triple cation (TC) formulations. Inverted hysteresis with inductive response:

MAPBr measured at RH = 60%™ or in inert atmosphere (RH = 0%).

If an ac EC is made up of resistances only, the response to a
voltage perturbation is immediate and there is no possible
hysteresis. Delays are introduced by kinetic processes
represented by capacitors and inductors. One can also
associate certain time constants to the capacitive or inductive
combination with resistors. Then, one finds that assessing the
hysteresis entails a comparison of a voltage sweep rate, v, [V/
s], and some characteristic time, 7 [s].

However, these magnitudes have different units. How can
they be compared? Our analysis shows that the diode quality
factor represented in voltage units by V,, is the essential
quantity that enables the transformation from a voltage sweep
rate to a pure time constant. Our study with a constant V,, has
provided clear criteria, involving a factor that compares the
resistances in the system, for the presence of hysteresis: eq 48
for the capacitive circuit mode and eq 74 for the inductive
circuit model.

We are next set to illustrate some representative behaviors that
have been observed in our research laboratories using different
perovskite formulations. Figure 19 shows a catalogue of
responses for different types of perovskite solar cells. We
represent the observed hysteresis traces and the associated
impedance responses at different voltages, separated by
capacitive and inductive effect according to the above
classification.

The general partition of types of hysteresis is well-supported
by the IS data. First of all, we have consistently observed
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normal hysteresis for devices measured under illumination
conditions for compositions containing methylammonium lead
iodide (MAPI) in the standard n—i—p structure or triple cation
(TC, FAygs MAy s Pb(I53sBry;5)3). The normal hysteresis is
clearly observed in the J—V response as a function of the scan
rate in which the V_ of the devices decreases with an increase
in the scan rate during the forward scan. In agreement with the
integration theory, the impedance spectra of these devices
clearly show a capacitive response at low frequencies at
different applied dc voltages.

Alternatively, a perovskite composition based on the
methylammonium lead bromide (MAPBr) has been reported
to show inverted hysteresis when the device is exposed to high
relative humidity (RH = 60%).°”*> The J—V response as a
function of the scan rate clearly shows that the V,_ increases
with the increase in the scan rate during forward scan.
Impedance spectra measured in the dark in the range of 1.1—
1.5 V show the appearance of the inductive effect which is
responsible for the inverted hysteresis. We note that this
inductive effect is not fully developed even at frequencies as
low as 0.065 Hz for the reasons discussed below.

To further study this system, here we prepared fresh MAPBr
cells following the method of ref 85. In this work, the MAPBr
formulation has not been exposed to humid air, and devices are
measured in inert atmosphere (RH = 0%). Interestingly, the J—
V curves measured in the dark also show inverted hysteresis as
a function of the scan rates. In agreement with this result, the
impedance spectra show an inductive arc which is fully
developed touching the real Z axis at low frequency. As it can
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Figure 20. Summary of fitted (a) resistances, (b) capacitances and inductor of the ECs of Figures 4 and 7, extracted from the IS data of samples
shown in Figure 19, represented as a function of the applied dc voltages.

be observed, hysteresis and impedance response are consistent
with the methodology presented in this article.

The experimental data from samples described in Figure 19 are
fitted to the ECs in Figures 4 and 7, depending on the
capacitive or inductive characteristic of the spectrum. All
impedance parameters are reported in the Supporting
Information. The fitted parameters as a function of voltage
are shown in Figure 20. We note that, in contrast to the naive
models described in sections 4 and S, the variable resistances
are not exponential for most samples and they have different
curvatures. In addition, we also observe some crossing of
resistances R; with R, and R, for MAPI and MAPBr,
respectively.

The lack of voltage-dependent linear response of resistances
in the semilog plot is related to the question of the diode
quality factor in PSCs that has been amply discussed in the
literature. In principle, with ideal contacts and well-defined
recombination mechanism, one can obtain a single constant m
value.** In fact, when the measurements are carried out at
variable illumination and V. conditions, resistances in PSC
show a well-behaved exponential variation, as shown in Figure
3. The constant ideality factor in terms of voltage, V,,, over
extended voltage ranges, often reported in the literature, has
been typically obtained by measurement of different points at
open-circuit potential. ******>% However, the recombination
mechanisms are often not ideal,®” and the continuous
application of an external voltage may induce chemical and
structural changes in the perovskite composition. It is well-
known that tracking the dark J—V curve produces a strongly
voltage-dependent ideality factor.*****° Therefore, the simple
models that have been adopted to illustrate integration theory
cannot directly be translated to the interpretation of measure-
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ments. Nevertheless, we can infer some conclusions from the
previous results. It was shown that the J—V curve changes
between two limits, from very slow to very fast scan rate
(Figures 14 and 17). Each limit curve corresponds to a specific
combination of resistances: a capacitor shorts the parallel
resistance at high frequency, while the inductor activates its
series resistance at low frequency. Correspondingly, in general,
the diode exponent m is a variable element depending on scan
rate: it will be determined by a certain combination of
resistances at low frequency and a different combination at
high frequency. If the resistances have different exponential
dependences with respect to voltage, then the actual ideality
factor of the J—V curve will be variable with voltage, as
observed experimentally.*” A preliminary model with the
different exponents for slow and fast modes of the resistance
was shown in ref 68.

Using the results of the fitting, it is possible to calculate the
response time for the slow capacitive relaxation phenomenon
(7,) and the kinetic constant that leads to the inductive effect
(73). As can be observed in Figure 21, the response is highly
dependent on the perovskite composition, with longer times
(associated with lower frequency response) for MAPI (z; ~ S—
10 s) compared to those with the TC formulation (7; ~ 0.1—1
s). Similarly, the effect of ambient water on the kinetics of the
inductive response is remarkable. In the case of MAPbBr;,
measured at RH = 60%, the inductive arc is only incipient with
the lowest frequency data point measured that corresponds to
a frequency @ = 0.41 rad/s, with a corresponding 7, longer
than 2.4 s. This is consistent with the first reported
determinations of 7, between 20 and 30 s.°” As the arc does
not close due to the experimental limitations (long measure-
ment time), it will not be possible to obtain reliable extracted
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Figure 21. Response time for the slow capacitive relaxation
phenomenon (7,) and the kinetic constant that leads to the inductive
effect (73) calculated from the fitted IS parameters obtained from the
samples in Figure 19.

values for R, and L,, due to the fact that 7; is at the edge of the
measuring window of frequencies, as shown in Figure 21.
Alternatively, for MAPbBr measured in a glovebox (RH = 0%),
the time response of the inductive phenomenon is fast, with
values in the range of 7, ~ 0.01-0.1 s. This fast response
makes it possible to observe a fully developed inductive arc
that closes within the measurement time: the typical range of
measurement can capture it, and the good stability of the cell
avoids interference of noise.”

Finally, we comment on a peculiar behavior of PSCs that
consists on the change of the equivalent circuit, from capacitive
to inductive, as the dc voltage is varied. This transformation
leads to a change of the hysteresis response in a single J—V
curve, as predicted by the integration theory. This trans-
formation has been observed in the impedance response of
memristors, as shown in Figure 6.”” Here, we report the impact
on the shape of the J—V curve. Indeed, PSCs containing
MAPBr measured in the dark and in the absence of ambient
humidity (RH = 0%) show this mixed behavior, as shown in
Figure 22. The same J—V curve described in Figure 19 is
replotted using a semilog scale, and we observe that the scans
at different scan rates have a crossing point at approximately
1.2 V. At high voltages, the inverted hysteresis is observed as
previously mentioned. In contrast, the baseline current at 0 V
changes more than 1 order of magnitude with a capacitive
response in this voltage range, in which the current increases
with scan rate as expected in the elementary models of
capacitive current.”® Regarding the impedance spectroscopy
data, in the capacitive regime at lower applied voltages, the
spectra show the typical two arcs, and we can use the EC in
Figure 4 to fit the data. On the other hand, the EC of Figure 7
fits the data at voltages above 1.2 V. In this voltage range, very
well developed inductive arcs are observed. Indeed, the low-
frequency arc and the inductive loop seem to be highly
connected: as one decreases its magnitude as the other
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Figure 22. Forward scan J—V curves measured in the dark and at
different rates for a MAPBr solar cell (RH = 0%) and impedance
response at voltages below the crossing point.

increases the weight in the response, as previously noted in
Figure 6.

In general, the IS analysis of PSCs shows processes much more
complex than those used in our reference simple models.”"”
The experimental quantity is the whole Z(w®) function while
the decomposition into EC elements is a judgment of the
experimenter. The resolution of the time domain processes in
our integration method depends on the separation of the
processes in the frequency domain. Integration over a wide
voltage range using the relevant EC elements is necessary.
Therefore, the description of experimental data will require the
following:

(i) A sound EC that describes well the IS data over the
voltage range of interest.

(ii) A numerical integration method to turn the differential
equations into a time domain response.

We have emphasized the importance of the impedance
spectroscopy analysis. We must not forget, however, that
impedance Z(w) is a two-port measurement and contains
limited information about internal processes. One cannot
expect a full picture of the internal variations. The
complementary information should be attempted by combin-
ing other techniques.”” It is well-established that dark- and
light-induced processes provoke very different variations and
conditions. The modifications of currents may be investigated
by complementary light-modulated techniques.”

It is also important to note that if the current under an
applied voltage scheme realizes a large excursion away from the
steady-state line, the time- or voltage-dependent current data
may not be well-obtained by integration of the linear
impedance data as there are visited regions that lie far away
from the steady-state J—V curve. This is the case for a large
reverse polarization” that introduces distinct phenomena such
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as holes tunneling into the perovskite due to sharp band
bending near the contact.”

Over the years, many regular properties of perovskite solar cells
have emerged, and several phenomena have been consolidated
and understood. However, an important uncertainty is how to
deal with hysteresis that is deleterious for solar cells and, in
practice, is often eliminated by trial and error. On the other
hand, memristors show a magnified hysteresis effect that can
be applied to resistive switching memories. Memristors have
brought a new angle of analysis of hysteresis. They show a
strong inverted hysteresis effect and indicate the pathway to
relate hysteresis and impedance spectroscopy. We have built a
method that, starting from IS data, is able to assess the amount
of hysteresis that one may expect. The method works by
turning the impedance spectroscopy model into a set of
differential equations and integrating them for the required
external voltage stimulus of the specific measurement
technique. The system itself suggests the internal state
variables, according to the complexity of the equivalent circuit:
the number of internal variables corresponds to the number of
internal nodes of the circuit. We solved two simple but relevant
models. They show the physical reason for the dominant types
of hysteresis reported in the literature: regular hysteresis is
capacitive, whereas inverted hysteresis is inductive. Analysis of
a variety of solar cells shows that the predicted properties are
satisfied by the data. Moreover, we reported a system that
undergoes transformation from capacitive to inductive
hysteresis in a single J—V, governed by an equivalent circuit
that undergoes transformation at a certain voltage. An analysis
of more complex experimental data requires sophisticated
methods involving the determination of the equivalent circuit
by experimental analysis and the numerical integration of the
differential equations.
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