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Time Transients with Inductive Loop Traces in Metal Halide

Perovskites

Enrique Herndndez-Balaguera* and Juan Bisquert

Metal halide perovskites are archetypal ionic-electronic materials with great
prospects for optoelectronic applications. Among the rich variety of physics
exhibited by ionic-electronic conduction, here, those most relevant to
optoelectronic devices in which ionic mechanisms introduce a kinetic delay in
the electronic phenomena are analyzed. The attention is focused on the
inductive loop features and a dynamical model is developed to describe the
corresponding complex multiscale dynamics in the time domain under
experimental conditions, finally explaining the fundamental structure of the
current transient responses in halide perovskite semiconductors. Based on
complex capacitive and inductive patterns extensively studied in impedance
measurements, an adequate interpretation of time domain methods capable
of monitoring charge-carrier dynamics is produced. Therefore, this
methodology identifies the characteristic parameters of all types of transient
dynamics in metal halide perovskites, providing a suitable connection of
correlated techniques, including impedance and chronoamperometric
experiments, toward a robust interpretation of the device response. The scope
of the method is fairly general, since these counterintuitive transient effects
are observable not only in metal halide perovskites, but also in multiple
materials and processes, mainly in different research fields pertaining to

This semiconducting material creates rich
and surprising physical phenomena that
have required advances in fundamental un-
derstanding to drive rapid development.>l
Most of the widely reported strange phe-
nomenology has been associated with the
soft nature of the metal halide perovskites’
crystal structure which allows migration of
structural ionic defects,>% becoming hence
combined with the electronic transport that
happens naturally in the semiconductor.

Ionic-electronic conductors span a huge
variety of materials and systems and their
electrical properties are often difficult
to determine, since ionic and electronic
carriers respond combinedly to the exter-
nal perturbations.”!! In the analysis of
metal halide perovskites, the situation is
even more complicated by the presence
of recombination and chemical transfor-
mation phenomena.l'?# In this context,
Impedance Spectroscopy has been a key as-
set to analyze these mixed ionic-electronic

electrochemistry and electronics.

1. Introduction

Metal halide perovskites have generated widespread interest in
the international community over the past few years, opening up
a new avenue for the next generation of optoelectronic devices.!’
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processes,!’’] even though obtaining a
univocal interpretation of the complex
plane plots was elusive in the initial years
of investigation compared to the success
story of this experimental technique applied in other electronic
devices.'*1] Thus, time transient techniques, one of the most
important and equally valid alternative approaches to device mod-
eling, involve much more challenging access to all the different
electronic and ionic processes taking place simultaneously.

The use of time-resolved relaxation analysis represents a very
popular characterization tool in materials sciences and specifi-
cally in the field of perovskite semiconductors,!20-2*] also aim-
ing to explain the dynamic processes governing the device re-
sponse under small- or large-signal conditions. Although there is
a clear connection with the frequency domain via Laplace trans-
form methods in the first case, the transformation is not al-
ways trivial, leading to uncertainties about the interpretation of
the results, especially due to a number of unexpected phenom-
ena (such as negative spike components and mixed capacitive-
inductive dynamics)[212527 that lead to multiple transient shapes
such as those studied here. For a large perturbation, models in-
clude nonlinear elements, so they are not appropriate for dealing
with impedance data. At this point, a question naturally arises
as to why one would use a more complex methodology for in-
terpreting experimental data as time transient methods instead
of the well-established technique of Impedance Spectroscopy in
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materials science characterization for several decades.®] The
answer follows directly from the monitoring of charge-carrier
dynamics in the context of the inherent memory effects exten-
sively observed in these material classes.*") Impedance measure-
ments are carried out on a particular steady—state determined by
a dc voltage bias (no memory). In contrast, time-domain analy-
sis allows us to handle adequately the past history of the device
from the initial conditions and thus, for example, to control the
undesired effects of current—voltage hysteresis in photovoltaic
applications®*1-3%] or understand the temporal evolution of the
conductance states as a fundamental operation for in-memory
computing.3*%] Another fundamental advantage of chronoam-
perometric experiments, in comparison to the familiar technique
of Impedance Spectroscopy, basically includes ultrahigh speed
data acquisition to real-time monitor current evolution during
voltage scans, satisfying the time-invariant assumption of these
highly unstable materials and decelerating potential degradation
pathways in the devices.

Beyond the capacitive arcs observed frequently in optoelec-
tronic devices, metal halide perovskites also exhibit, in the
impedance plots, inductive features whose corresponding capac-
itances result in negative values. This characteristic impedance
pattern has been a matter of general interest due to the complex-
ity of associating a specific circuit element (light-enhanced and
negative capacitancel?®! or chemical inductor)*®! to such a con-
crete physical process not only in the devices under study here,
but also in previously reported electrochemical and electronic
phenomena.’’#% In perovskite materials with semiconductor
properties, it exists two inductive-type spectral behaviors accord-
ing to the literature; intermediate loops or spiraling features be-
tween the high- and low-frequency capacitive arcs!*#?l and final
semicircles, in the form of hooks or curl-backs in the fourth quad-
rant, at long time scales.**] Both anomalous features involve
a common kinetic origin associated to the ionic-electronic accu-
mulation at the interfaces that influences the charge transfer and
recombination mechanisms. The difference between these two
impedance responses arises, quantitatively speaking, from the
delay, between the overall current response (output) and the volt-
age imposed (input), induced by the changing environment of
ions.[153642] Depending on the time-delay value, the inductance
will manifest itself earlier (loops and spirals) or later (hooks and
curl-backs) in the impedance responses, even though the equiv-
alent circuit is the same for these different scenarios. Recently,
the authors extensively provided a basic picture of the shape of
time transients when the chemical inductor appears at the low-
frequency end of the spectrum,!?’] requiring now a dedicated and
systematic approach that includes intermediate frequency loops.

In the literature, it has been extensively observed the tran-
sient current response, due to inductive loop effects found by
Impedance Spectroscopy, in response to step voltages for devices
based on metal halide perovskite materials. As a representative
example, Figure 1a shows the results of chronoamperometry ex-
periments of perovskite solar cells, after jumping from the equi-
librium condition to different voltage values, in the dark. When
the voltage is switched from 0 V to values higher than 0.9 V,
current transient responses show complex multiscale dynamics
with a clear physical meaning correlated with electron/hole dis-
placement currents (spike at t = 0), competing recombination
pathways (minimum 1) and a compensated electric field due to
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slow ionic motion (minimum 2).1>! On the other hand, Figure 1b
shows a similar current evolution with time in perovskite so-
lar cells in the range of high voltage values.l*¢] After the classi-
cal capacitive decrease, another dynamical transient behavior ap-
pears in which the current response increases and then decreases
with time; that is, an N-shape curve. This type of current time
transients, with multiple spikes and changing dynamics, have
been amply reported in different technologies of metal halide per-
ovskites, but in most of the cases, the numerical simulations fail
to reproduce the resulting current transient behavior (e.g., see
Figure 1b). For this reason, it is necessary to develop a general dy-
namical model for a quantitative description and interpretation
of this ubiquitous dynamics observed in perovskite semiconduc-
tors over more than a decade.

In this work, we track the different features of the transient dy-
namics in metal halide perovskite devices due to inductive loops
in impedance measurements. Although the physical explanation
associated to this pertinent feature has been adequately traced
by Impedance Spectroscopy, the situation is far from being com-
pletely formulated across different measurement protocols. We
here aim to explain the multiple transitions of these types of
transient responses under small-signal conditions, interchang-
ing continuously capacitive and inductive patterns with time. In
this scenario in which the chemical inductor emerges at interme-
diate frequencies, the temporal evolution of the current indeed
undergoes a rectification in the decay pattern at specific operating
points along the current—voltage characteristics, thus containing
significant information about dynamics that affect the determi-
nation of the device performance. As experimental results, we
use a representative example of metal halide perovskites acting
as a solar cell. To analyze the transient dynamics in perovskite
semiconductors from a general perspective, we present a sum-
mary for the adequate estimation of the characteristic parameters
in the complex time responses by using basic concepts of circuit
theory.

2. Results and Discussion

2.1. Visualization of the Inductive Loop in the Impedance
Response of Perovskite Semiconductors

Often, the impedance response in perovskite semiconductors
exhibits the curious feature that the spectra turn, after outlining
a high-frequency capacitive arc, to positive imaginary values
(inductive mechanisms), as indicated in Figure 2a, to finally
retrace a slow capacitive semicircle at high bias voltages (here,
1 V in dark conditions). Note that the spectra have been mea-
sured in perovskite solar cells consisting of fluorine-doped tin
oxide (FTO)/compact titanium dioxide (c-TiO,)/mesoporous
titanium dioxide (m-TiO,)/multiplication perovskite absorber
with composition CsggsMAg;15FAgoPby 5(1o.s5Bro15)3/2,2,7,7-
Tetrakis[N,N-di(4-methoxyphenyl)amino]—9,9’-spiro-bifluorene

(spiro-OMeTAD)/Au device structure, with power conversion
efficiencies approaching 19%. With respect to the stoichiometric
composition of perovskites, we add an excess of Pb content in
the precursor solutions to improve the efficiency and stability
of our solar cells for exposure to prolonged illumination.!*7#8]
Further details of device fabrication and characterization are
described in Supporting Information. Alternatively, we show
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Figure 1. a) Experimental evolution of current transients in response to steps from 0 V to different values of voltage for a perovskite solar cell with
configuration FTO/TiO,/MAPI/spiro-OMeTAD/Au cell. Reproduced from Ref. [25] (Royal Society of Chemistry, 2017). Time transient with inductive
loop traces appears at voltage values higher than 0.9 V. b) Measurement (black) and simulation (red) of transient currents as a response to voltage
steps in the dark in the log-log representation for a device structure as ITO/TaTm:Fg-TCNNQ/TaTm/MAPI/Cg,/C60:Phim/Ag. Reproduced from Ref. [46]

(American Chemical Society, 2019).

the important representation of the frequency-dependent ca-
pacitance in the Bode plot representation (see Figure 2b). This
rephrasing of the impedance data traces a transition between
two capacitive plateaus, providing negative values with under-
shoots in the middle-frequency range, associated to the inductive
loop observed in impedance.[*?*] These relaxation processes,
underlying physical properties, are represented by the different
elements of the equivalent circuit shown in Figure 2c, where R,
is the parasitic series resistance, R, and R, are the two branches
of the recombination resistance, while R, is the resistance for
ionic relaxation.'’?% C_ denotes the dielectric capacitance,
L, the chemical inductance, and C, the interfacial charging
capacitance. The electrical model of Figure 2c constitutes the
most successful equivalent circuit for the impedance response
since it exploits, in a universal and physically motivated way, the
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rich variety of ambiguous perovskite patterns found through
Impedance Spectroscopy.l?’°1°2] Nevertheless, it is necessary to
clarify that not all the components of this electrical model are
present in the entire voltage range and all types of samples. Next,
we study the correspondent time transient dynamics.

In accordance with the complexity of the general equivalent
circuit of Figure 2c extracted by using impedance measurements
with the following impedance,

-1

1 1)

joCy

. 1 1 1
Z (w) =R, +|jwC, + — + . +
(@)= R+t R, R, +jowl, R +

we can predict the small-perturbation time-domain current re-
sponse Aj(t) around a steady—state value, in the sense of a 3D
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Figure 2. a) Complex impedance plane (characteristic frequencies marked) and b) capacitance-frequency plot (negative values shaded) of the cesium-
containing triple-cation perovskite device under study here in the dark conditions and with an applied voltage bias of 1 V. c) Equivalent circuit used for
spectra with two capacitive processes and inductive traces at intermediate frequencies, with the branches in parallel. Z (») and Z;(w) are the real and
imaginary parts of the impedance, C is the capacitance, and w is the frequency.

model, from the following dynamical system of linear differen-
tial equations:

4 =6 w + Azb(t) 4 aj, 0+ c 2% 0) (A;/; W g
d(aji ) av ,

L ( (Jlt ) = R(t) = Aji () 3)
d(AV, (¢

Tc % = AV (t) - AV, (1) 4)

In Equations (2)—(4), the currents and voltages bear the differ-
ence operator A since they correspond to small amplitude quan-
tities. On the one hand, Aj(t) and A V(t) determine the voltage and
current, respectively, of the device and, on the other hand, Aj (t)
and AV(t) represent the internal state variables related to the
current passing through the chemical inductor and the voltage
across the light-enhanced capacitance, respectively. These inter-
nal state variables emerge naturally throughout a current-voltage
curve (stepwise scan) with their own relaxation effects,*®! result-
ing in the essential memory properties of the metal halide per-
ovskites by slow recoveries of relaxation times for Equations (3)
and (4), respectively,

La
L= R )
e =R G (6)
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in response to changes, by voltage-driven adaptation functions
(right-hand sides of Equations (3) and (4)).>%] Note that Equa-
tions (5) and (6) provide characteristic times of the same order
(. ~ 7c)P%%1 but different from those of the impedance re-
laxation processes (inverse of the frequencies): 7,y = (1/R, +
1/R)™ Cy, tye = [L/(1/Ry + 1/R)™ + R, ], and 75 = [R, +
(1/R, + 1/R,)™] C, at high, medium, and low frequencies, re-
spectively. This theory is derived from a general dynamical frame-
work, described in Supporting Information.

As a final remark, it should be mentioned that device model-
ing, based on impedance measurements, provides just a global
and approximate representation of the dominant physical pro-
cesses at each steady-state situation. The relaxation patterns of
metal halide perovskites are commonly too complex for a sim-
ple impedance analysis with potential weaknesses such as ambi-
guity, “over-parameterization” or incompatibility with nonlinear
elements.!">*7] For accurate modeling of the device operation, it is
essential to include more than one technique to bring light to the
intricate nature of the response in metal halide perovskites. Next,
we give a complete picture of such capacitive-inductive processes
through time-transient methods that contribute to the measured
impedance.

2.2. Inductive Loop Effects in Current Transients with Complex
Multiscale Dynamics
Generally, the electrical response of metal halide perovskites ex-

hibits a recognizable pattern of two to three processes when the
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Figure 3. Admittance spectra calculated from the impedance response of
Figure 2a.

voltage is scanned as in the measurement of a current-voltage
curve.[15161858] The slow dynamical behavior primarily governs
the transient dynamics due to interfacial phenomena that rep-
resent a foremost feature of these optoelectronic devices. In ef-
fect, the characteristic time of the fast variable 74 is much lower
than that of the variable at intermediate times 7\, and that of the
slow ones, 7. Accordingly, it is expected the property zyr,7t
> 74r of the metal halide perovskites.l?”>°! In perovskite elec-
tronics, 74y always is a capacitive time constant associated to
the charging process of C,. However, the origin of 7y and 741
can be interchanged due to capacitive or inductive processes (see
below).

Now that we have named the main parameters of the tran-
sient current response (equivalent circuit, memory variables,
and time constants), the question is how to obtain the ana-
Iytical form of the current response Aj(t). This question has
two parts: First, is impedance function really the best form
of immittance to extract the time constants of Aj(t)? The an-
swer is negative because the transient response under analy-
sis is a current (potentiostatic experiment) and, from a theoret-
ical point of view, the impedance is a current-controlled func-
tion (in a galvanostatic manner): Z (w) = V(w)/j(@) . There-
fore, it is necessary to transform the immittance spectroscopy
data into an admittance response, Y (o) = j(w)/ V(w) > Note
that tildes indicate small oscillating voltage and currents. The
admittance function, measured in Siemens, can be also rep-
resented in terms of the real and imaginary parts, Y (w) =
Y, (@) + jY;(w), where Y, () and Y;(w) are connected to the con-
ductivity (conductance) and capacitive/inductive (susceptance)
contributions.

To provide an adequate interpretation of the admittance re-
sponse in this work, we show the equivalent spectra of Figure 2a
in Figure 3. The important point to note here is that, as in an
impedance diagram, the experimental data at which the admit-
tance data cut the real axis represent the value of the resistances
shown in the equivalent circuit (see Figure 2c). These similarities
in the concepts and shape of impedance and admittance spectra
lead to the second part of the question: What happens with the
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values of the characteristic relaxation times? From a general per-
spective, we can obtain the value of the time constants of the cur-
rent response by inspection as ¢ = Ry, C and ¢ = L/Ry,, where
Ry, is the Thévenin resistance. Depending on the order of ap-
pearance of the capacitive and inductive effects, as indicated in
Figure 3, the expressions of the time constants, again the inverse
of the characteristic frequencies, will differ with respect to other
inductive features (see below). First, the value of the fast time con-
stant, ascribed to the dielectric capacitance, is given by:[2733%]

-1
1 1 1
TST= (E+R—b+g) Cg ~ RSCg (7)

because we consider, for simplicity, that there exists a substan-
tial difference in the value of resistances of the electrical circuit
at high bias voltages, and thus series resistance effects can be
suppressed and considered negligible in the transient analysis,
R, — 0. The resistance “seen” by C, is determined under the as-
sumption that the chemical inductor and the interfacial charg-
ing capacitance are discharged (virtual open- and short-circuits,
respectively).

The sequence of processes in metal halide perovskites, when
two or three phenomena with inductive characteristics emerge
in Nyquist plots, can be summarized as capacitive-inductive-
capacitive (CLC, loops and spirals) or capacitive-capacitive-
inductive (CCL, hooks and curl-backs) ordered from the highest
frequency feature to the lowest. Thus, the value of 7, and 71
will be exchanged. Note that, in effect, a pure chemical induc-
tor at low frequencies is considered to be of the CCL type. For
the case under study here concerning inductive loops (CLC), the
value of the intermediate relaxation time is:

: ~ ®)

because now, in the Thévenin resistance, R, > (1/R, + 1/R, +
1/R,)7L. Similarly, the characteristic parameter at long time scales
results:

-1
TLT=|:RX+<RLS+Rlb+Rla) :| CXNRXCX (9)
as the product of C, and Ry, “seen” to the left of the capacitor, by
shorting the voltage input and making series and parallel com-
binations of the resistances, (1/R, + 1/R, + 1/R)™ < R,. In
effect, ry;r ~ 7, and 77 ~ 7, here. Here, we remark on the
prominent difference between the characteristic time scales of
the impedance and admittance functions (see above). Then, how
can the electrical processes be separated in the experimental ad-
mittance response if 7, ~ 7? This is due to slight experimen-
tal differences and the term associated with the parallel connec-
tion of resistances found in Equations (8) and (9), in addition to
the fact that, with frequency domain techniques, it is possible to
readily separate the physical processes.['S] Although the parasitic
series resistance is small and negligible in transient analysis, it
introduces slight changes at lower and higher values in 7,1 and
77, separating the processes and making it possible to visual-
ize them in the frequency domain. This situation could lead to a
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Figure 4. Transient current response at 1V after applying a voltage step of
+10 mV in the dark. The inset shows a zoomed-in view of the dynamical
behavior with an inductive loop pattern (rise dynamics) at intermediate
time scales between the fast and slow capacitive decays. Characteristic
parameters during relaxations are indicated in these apparently different
procedures but with similar time scales.

fascinating scenario in which some mechanisms could be “in-
visible” in impedance measurements but accessible in the time
domain and vice versa. In the next section, an updated and sum-
marized list of the time constants depending on the type of tran-
sient response (CLC or CCL) will be captured.

Figure 4 shows a representative transient-current response for
our perovskite device under study in response to a small voltage
perturbation of 10 mV (V,,,,) over a dc steady-state of 1 V. In a
general view of the resulting transient, one simply visualizes a
time decay. However, the current response contains much more
complex dynamics at intermediate time scales, schematically
zoomed in on the top of Figure 4. When the applied bias voltage
is sufficiently high, the inductor is stimulated, and consequently,
the transient dynamics exhibits, after the classical dielectric ca-
pacitive charge (nearly invisible due to ultra-fast timescales),
additional features: The current increases at intermediate time
scales and finally decreases, representing the charge processes
of the chemical inductor and the interfacial capacitance, respec-
tively (CLC). In effect, it exists a plausible connection between
the two types of electrical signals, admittance - Figure 3, equiv-
alent to Figure 2a - and the transient current, in terms of resis-
tances and time constants, with the overall values calculated from
the fittings of the immittance and transient data: R, = 19.15 Q,
Cg = 42.07nF, Ry = 139.86 Q, R, = 1.16kQ, C, = 21.09 uF,
7, = 0.14ms, and L, = 0.21 H. Next, we propose to develop a
rationalized physical model for this type of universal transient
response that involves inductive features at intermediate or long-
time scales.

2.3. Mathematical Model to Interpret Time Transients in Metal
Halide Perovskites

In Figure 5a, we show characteristic admittance spectra of metal
halide perovskites equivalent to impedance forms extensively re-
ported by many authors for multiple different application fields
in recent years.[1>18:264461-63] The different shapes, now with the
implicit frequency clockwise increasing (as in Figure 3), are ob-
tained by numerical simulations and the variation of the value of
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the characteristic time constants. For these parameters varying
from small to large, we obtain an inductive loop or spiral struc-
ture at intermediate frequencies, the characteristic hook in the
fourth quadrant of the complex admittance plane associated with
a chemical inductor, or a double capacitive semicircle that final-
izes with inductive traces (curl-back). By considering linear and
time-invariant circuit theoryl®®! and electrical processes suffi-
ciently separated in frequency-domain, any resulting transient
current can be expressed, in a clear and simple manner, as:

v, S /1 1 t
Aj ()= =2 4V, <—— )ex [——] 10
) Rye w g‘l Re Ry P Tk (19

where N represents the number of processes visualized in the
complex plane representation, and R, and 7, are the initial resis-
tance and the characteristic time scale for the relaxation process
k. Note that in the vast majority of spectra in metal halide per-
ovskites N = 3,18 being 7, = 741, 7, = 7yyp, 73 = 717, and
Ry ;1 = Ry - Thus, Equation (10) is a general expression that can
be very useful to model any type of transient response of per-
ovskite semiconductors under small signal conditions. If R, ,
> Ry, then the k-th exponential term is decreasing, indicative of
a capacitive process. Otherwise, if R, ,; < Ry, then the corre-
sponding current increases with time and one obtains a negative
capacitance feature, which has been widely recognized in elec-
tronic systems with recombination governed by trap-mediated
processes.[%7] This decrease (increase) of resistance (current) is
due to the activation of the chemical inductor line when the bias
voltage is high.[®] For all these reasons, we numbered the char-
acteristic frequencies and the associated resistances in the limit-
ing cases corresponding to each arc of the Nyquist plots shown
in Figure 5a. In order to obtain an analytical current response
for the general case of metal halide perovskite devices, it is only
necessary to adequately find the resistances. The code of colors
and general properties of the characteristic time scales and resis-
tances, by considering the cases of the chemical inductor in CLC
and CCL configuration, are summarized in Table 1. For the case
of the inductive loop under study here, our model provides an ex-
cellent agreement between the theory and the experimental data
(refer to Figure 4). It is important to remark that the difference
between the two cases lies in the manner of activation and de-
activation of the capacitors and inductors once they have already
emerged or not in the electrical response.

To further clarify the situation, Figure 5b shows all the re-
spective transient dynamics, in logarithm-scaled times repre-
sentation, for the immittance spectra of Figure 5a, with multi-
ple spikes that separate the electrical processes. These compo-
nents occurred at the instant t,,;, corresponding to the times
when the step response changes the trend. Its value can be ob-
tained by neglecting terms in different time scales and later
taking the first-order derivative of Aj(t) and setting it equal to
zero: d(Aj(r)/dtl, -, = 0.1 That is, if one wants to calculate
tpike,1» it can be considered that (1/R; — 1/Ry)exp[ — t/73] = 0
and, if on the contrary, the objective is to obtain t;.,, one can
likewise assume that (1/R; — 1/R,)exp[ — t/z;] — 0. Note that
constant terms (partial or final dc steady-states) have no impact

© 2023 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. a) Numerical simulations of typical complex plane admittance plots in all types of perovskite semiconductors (e.g., solar cells, photodetectors,
light-emitting diodes, and memristors) obtained for different kinetic relaxation constants and applied voltage biases by using the following values for
the electrical elements of R, = 10Q, C, = 50 nF, Ry, = 300 Q and the other ones {R,,C,,R,,L,} as {150 Q, 0.8 mF, 250 Q, 10 H}, {300 Q, 0.8 mF,
250 Q, 10 H}, {250 Q, 1 mF, 150 &, 50 Hi, or {150 Q, 0.4 mF, 200 Q, 25 H} for the impedance patterns consisting of the inductive loop at intermediate
frequencies, the spiral, the ideal chemical inductor structure, or the double capacitive arc that finalizes with inductive traces, respectively. Note that the
processes have been numbered according to the order of appearance. b) Equivalent current transients in response to a voltage step of 10 mV exhibit a
wide variety of dynamics with decays (capacitances), rises (inductors), and spike components. Next, we indicate the characteristic parameters obtained
from Equations (11) and (12): tgyike 1 = 7.32 ps and iy 0 = 33.79 ms for the inductive loop; £y = 8.11us and M, = —24.65% for the hook feature;
topike 1 = 7-31 U, topike, = 0.10's, and M, = —8.52% for the inductive characteristic with a spiral trajectory; and £,y = 0.11sand M, = —15.38%
for the curl-back consisting of double capacitive arc that finalizes in a chemical inductor. Note that all these values provide excellent agreement with the
simulation data. As a guide, impedance plots are also represented, where the dc conditions are marked by colored points.

Table 1. General model parameters of the time transient response depending on the inductive spectral pattern in the complex plane immittance repre-
sentation.

Inductive
Fankeire Code Tq Ty T3 Rl R2 R3 R4
CLC: Loop - L, 1 1 14\
or spiral e ROB& o me Rt(prrtr) e
CCL: Hook e R.C Ly 7 RytR, R.+R * RHR,
or curl-back =% R Al
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on obtaining t.,. - With all that, a generalized spike time can be
found in terms of the equivalent circuit elements as:

1 [ Tiy1 Ripa (Rk_Rk+1)
_ %R (Rir2 =R )
tspike,k - 1 1

e T e

(11)

Although this is not the case in this work, it is necessary to re-
member that the fast and intermediate processes for both cases
of the CCL configurations in immittance spectra are capacitive
in nature; thus, there is only one spike time. This last case is ap-
proximately equivalent to the analysis carried out in a previous
work on the authors.[?’] Finally, one can obtain the negative per-
cent overshoots, measured from the dc steady—state, according to
the equation:

Rdc
M, = —(1- =) x100% (12)
R

max

where R, is the maximum resistance estimated by Impedance
Spectroscopy. Note that, logically, the negative overshoots do not
apply to inductive loops ( Ry, = R, ). Using Equations (11) and
(12), we obtain the following values for the spike times in the ex-
perimental transient current response shown in Figure 4: t ;.
= 7.83 ps and ty., = 0.69 ms. To finalize, we should there-
fore indicate that, although Equations (11) and (12) are obviously
numerical approximations, these relationships work well in the
representative example under study, obtaining reasonable spike
times and magnitudes of the minimum value, experimentally es-
timated, by inspection, from the inset of Figure 4.

Now that we have completed the description of theory and ex-
perimental measurements let us discuss the significance of our
model for a better understanding of the practical application.
As with impedance, the evolution of the voltage-dependent dy-
namics of transient currents also provides valuable information
for establishing the physical origin of the electrical parameters
that constitute an equivalent model. From the spectral patterns
and the value of the characteristic circuit elements, the transient
model could be able to establish, for instance, correlations in
terms of perovskite chemistry (A-site & B-site variations, ionic
vacancies, or deep-level defects).l’%72 Nevertheless, it is advis-
able to use a combination of techniques under the same con-
ditions to provide complementary understanding and more de-
tailed information on the metal halide perovskites phenomenol-
ogy due to the complexity of the electrical models depending on
the myriad forms of active layer composition or the nature of the
contact materials.['®73] As a result, the techniques under study
here do not always provide universally accepted information it-
selfin terms of chemical parameters and physical events, making
it challenging to extract general conclusions.

Although current transient techniques under study here are
of immense interest to the perovskite community due to numer-
ous advantages previously indicated, it is important to note that,
however, specific requirements of practical implementation in
terms of voltage change time and sampling rate should be ful-
filled, commonly by using expensive equipment, to completely
capture the dynamical behavior of the transient responses ex-
hibiting well-separated time scales. Furthermore, theoretical ap-
proaches to model transient dynamics can be perceived as highly
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complicated because they require a certain mathematical back-
ground and having learned basic circuit theory concepts.

3. Conclusion

In conclusion, we presented the results of inductive loops in
impedance measurements of metal halide perovskite materials
and the corresponding current transient responses with com-
plex multi-timescale dynamics. The phenomenological coupling
of mechanisms of ionic and electronic nature, widely studied in
the frequency domain, generates these new transient properties
in perovskite semiconductors that require a dynamical model to
adequately describe them. In this sense, we here explain the mul-
tiple changes from decay to rise transient dynamics and vice versa
by the dominance of dielectric capacitance, chemical inductor, or
light-enhanced capacitance for the case of the impedance spectra
with inductive loop traces found in perovskite solar cells. To final-
ize, the present work provides a general guideline for the inter-
pretation of current transient responses with mixed capacitive-
inductive dynamics. The application of our mathematical ap-
proach is important because it enables a description of multiple
transient processes, in which ionic conductance introduces a de-
lay effect on the electronic processes, observed in different re-
search disciplines (basic electrochemical systems, batteries, fuel
cells, supercapacitors, solar cells, photodetectors, light-emitting
diodes or memristors).
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