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6 ABSTRACT: An investigation of the kinetic behavior of MAPbI3
7 memristors shows that the onset voltage to a high conducting state
8 depends strongly on the voltage sweep rate, and the impedance
9 spectra generate complex capacitive and inductive patterns. We
10 develop a dynamic model to describe these features and obtain
11 physical insight into the coupling of ionic and electronic properties
12 that produce the resistive switching behavior. The model separates
13 the memristive response into distinct diffusion and transition-
14 state-formation steps that describe well the experimental current−
15 voltage curves at different scan rates and impedance spectra. The
16 ac impedance analysis shows that the halide perovskite memristor
17 response contains the composition of two inductive processes that
18 provide a huge negative capacitance associated with inverted
19 hysteresis. The results provide a new approach to understand some typical characteristics of halide perovskite devices, such as
20 the inductive behavior and hysteresis effects, according to the time scales of internal processes.

21 In less than a decade, metal halide perovskite (MHP)
22 materials have established a new photovoltaic (PV)
23 technology that demonstrated very large solar energy
24 conversion efficiencies with low-cost, solution-processed
25 materials.1−4 The MHP can be described as ABX3 where A
26 is a monovalent cation such as methylammonium (MA),
27 formamidinium (FA), or cesium (Cs); B is a divalent cation
28 such as lead (Pb) or tin (Sn); and X is a halide anion, including
29 chloride (Cl), bromide (Br), and iodide (I). MHP semi-
30 conductors show mixed ionic−electronic conduction in which
31 a significant ionic conductivity due to vacancy displacements
32 exists in addition to the electronic photoconductivity.5−8

33 These properties are difficult to measure because of the
34 intersection of very different time scales of ionic and electronic
35 effects that interact with each other. They cause intrinsic
36 memory effects (hysteresis) in current−voltage (I−V)9−14 that
37 lead to substantial differences in the forward and reverse scan
38 currents and permanent resistive changes. These features are
39 highly significant for important new applications in which
40 MHPs are used for nonoptoelectronic applications related to
41 memory storage and brain-like computation. Herein, on the
42 basis of previous understanding of the MHP solar cells,9,15 we
43 develop a physical model to describe the results of MHP

44memristors in both voltage cycling and impedance spectros-
45copy.
46A memristor is a two-terminal device whose resistance
47depends on the history of current and voltage applied to the
48device. Memristors allow the storage of information by
49metastable modification of device conductivity.16−20 Typically,
50a memristor makes a transition from a high to a low resistance
51state (HRS−LRS) when a certain threshold forward voltage is
52passed, which can be restored to the initial state by a reverse
53voltage sweep.18,21,22 There has been rapid recent progress in
54perovskite memristor endurance performance23 that facilitates
55application to resistive RAM.24 Synapsis plasticity, the ability of
56the connection between neurons to strengthen or weaken by
57external stimulation, is a central property in the operation of
58neuronal circuits. The development of spiking neural networks
59requires a precise control of the functionality of synapses,
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60 neurons, and their assemblies by the properties of plasticity,
61 adaptation, spiking, and the synchronization of the temporal
62 dynamics and shapes of repetitive spikes and their integra-
63 tion.25,26 Currently, there is great interest in developing
64 biorealistic elements that contain no internal circuitry.27 MHP
65 memristors that undergo a relatively slow transition to HRS
66 take a leading role in the search for emulation of brain
67 functions with assemblies of artificial synapse devices28−30 in
68 neuromorphic computation.27,31,32 Furthermore, MHPs pro-
69 vide photoactive synapses suitable to artificial vision devices in
70 which the memory effects can be adapted for preprocessing of
71 image data before transfer to the computing unit eliciting a
72 motor response.33−35

73 In order to design material properties for these applications
74 it is necessary to establish the precise properties of time
75 dynamics of memristors and their response and changes under
76 repetitive stimuli at varying frequency. Impedance spectrosco-
77 py (IS) consists of the electrical measurement of current-to-
78 voltage of the device at a steady-state potential V by small
79 perturbation at changing angular frequency ω. It is a central
80 technique for the characterization of PV cells and electro-
81 chemical devices.15,36 We have recently shown that a precise
82 connection can be established between the frequency and time
83 domain in the analysis of hysteresis and time transients of PV
84 devices.9,37 However, memristors with extreme hysteresis
85 effects have so far not been described with IS models that
86 can predict hysteresis and time transient behavior to determine
87 the physical basis for parameters such as the switching speed
88 and the retention time.
89 Herein, we take a first step in this direction. We analyze the
90 properties of glass/FTO/PEDOT:PSS/MAPbI3/Au perov-
91 skite-based memristor devices.38,39 The details of device
92 preparation are provided in the Supporting Information.

f1 93 Figure 1 shows the characterization in I−V sweeps of a typical
94 threshold resistive switching device where the switching event
95 is confined to one quadrant only.40 We note that the effective
96 onset of the transition occurs at higher voltage when the
97 potential sweep is at higher scan rate. The device exhibits ON

98state retention times of >104 s at a read voltage of 0.5 V
99(Figure SI1b), rendering them suitable for volatile memory
100applications (Figure SI1c). At the beginning, the ON state
101current exponentially decreases but then stabilizes at 38% of
102the initial value, maintaining an ON/OFF ratio of ∼1 order of
103magnitude. Voltage-dependent IS response was performed via
104a sequence of chronoamperometry (CA) measurement for 10
105s, subsequently followed by IS with a frequency range of 0.1
106MHz to 0.1 Hz. We note that active areas are very large (0.25
107cm2) for memory applications, but this area helps to maximize
108the impedance response reducing the noise in the low-
109frequency region. When devices are scaled to areas of ∼105
110μm2, the trends of the I−V curves hold, indicating that the
111main switching mechanism is maintained but the IS response is
112noisy (Figure SI2). In any case, the model is still useful to
113extract different properties of other large-area applications such
114as solar cells or LEDs.
115Figure 1b−e shows the impedance spectra at different
116applied voltage from 0.1 to 0.9 V. At low voltage the device
117responds with a double RC arc as is found in solar cell
118perovskite devices.15 At 0.3 V and higher voltages a large
119inductor component at low frequency is formed that is also
120typical of perovskite solar cells at high voltage, which causes a
121negative capacitance effect.9,41−43 This feature has been
122reported before in perovskite memristors.39 For 0.5 V and
123higher the crossing of the real axis of the impedance complex
124plane shows a strong rightward distortion. This last feature has
125not been described before, but it is highly reproducible as
126shown in the Supporting Information with the results of
127another sample (Figure SI3).
128We aim to establish the simplest models that can explain the
129observed properties of IS and current voltage curves at
130different scan rates, accounting qualitatively for the strong
131memory effect and resistive switching phenomena. Our model
132is adapted to those perovskite memristors that show a gradual
133transition in current−voltage scans so that the change of
134conductance can be regulated by the voltage amplitude and
135operation time.32 These properties allow us to faithfully

Figure 1. (a) Current−voltage characteristic for an FTO/PEDOT:PSS/MAPI/Au memristor device at 6 different scan rates starting from 5
V/s. Arrows indicate sweep direction. (b−e) Complex plane plot representation of the impedance spectra at different applied dc voltage.
Panels c, d, and e correspond to a magnification of the scales.
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136 replicate the nature of plasticity in synapses.28 We adopt a
137 method related to the dynamic systems of neurons,44,45 of the
138 class of fast−slow dynamic models,46 that describes rather
139 complex phenomena with a relatively simple number of
140 differential equations, like the two-dimensional FitzHugh−
141 Nagumo neuron model.47 Another famous model of this type
142 is the Hodgkin−Huxley (HH) model.48 It is four dimensional
143 with a fast variable (the voltage across the cell membrane) and
144 several slow variables that describe the conduction state of a
145 particular voltage-gated ion channel, which can be open or
146 closed according to the value of the membrane voltage. In the
147 HH model the channel state is described by a continuous
148 function that varies from 0 to 1 and obeys a first-order kinetic
149 equation for the evolution to the voltage-driven equilibrium
150 state.44,49 We will utilize this type of state variable in our model
151 as well. In the following paragraphs, we develop the main
152 model and several simplified cases. The expressions and

t1t2t3 153 properties are listed in Tables 1, 2, and 3.

154 The models we propose describe the evolution of the
155 external variables of the MHP memristor, namely, the total
156 current Itot and the voltage across the internal contacts, u,
157 under a certain stimulus out of equilibrium, influenced by two
158 internal variables, ic and f, that obey the set of dynamic
159 equations (eqs 1−3) indicated in Table 1. These equations
160 define model 1 in Table 3. In this model, we adopt a number of
161 premises to describe the experimental observations. The
162 conduction current Itot has three components, as indicated in
163 eq 1: a capacitive charging of the interfaces with capacitance
164 Cm, a small ohmic current of constant resistance Rb, and a slow-
165 responding current ic, with a large saturation value ic0. Very
166 different mechanisms for the formation of the LRS have been
167 suggested in the literature, according to different materials and
168 configurations: (1) formation of a filamentary conductive
169 pathway,18 (2) decrease of a surface barrier by ion-assisted
170 electrochemical interactions between the perovskite and
171 contacts,38,50 and (3) decrease of the surface barrier by
172 formation of ion-assisted self-doped regions in the vicinity of

173interfaces.27 These physical transformations are often asso-
174ciated with general ion migration effects. In this work, we do
175not attempt to clarify the mechanism of the investigated
176memristor, which requires an in-depth investigation of
177materials and contact properties that will be presented
178elsewhere. However, in order to describe the complex dynamic
179properties that have been observed by voltammetry and IS, we
180will separate clearly two features in the transition to the LRS:

181(a) The onset of conduction in quasi-equilibrium depends
182on a threshold voltage VT connected to the material
183properties (bulk and interface). The activation of the
184high current component ic occurs by the change of an
185occupation function 0 ≤ f ≤ 1 that is controlled by the
186voltage. Similar to the ion channel behavior in neurons,
187the variable f indicates the state of the mechanism that
188establishes the high-conductivity state up to the limiting
189current ic0. Equation 3 is a reaction equation with rate
190constants k0 and k1 that describes the voltage-controlled
191activation of the high-conduction configuration.

Table 1. Main Equations of This Work

equation

= + +I C u
t

u
R

id
dmtot

b
c (1)

τ = −
i
t

i f i
d
dd

c
c0 c (2)

= − −
f
t

k f k f
d
d

(1 )0 1 (3)

=
+ − −f u( )

1
1 e u V V( )/T m (4)

τ = − −α α− − −f
t

f f
d
d

e (1 ) eu V V u V V
k

( )/ ( 1)( )/T m T m
(5)

τ =
+

−− −
i
t

i i
d
d

1
1 e u V Vd

c
c0 ( )/ cT m (6)

= + +I C u
t

u
R

i fd
dmtot

b
c0 (7)

= + + +I C u
t

qN
f
t

u
R

i fd
d

d
dmtot

b
c0 (8)

= + + +I C u
t

qN
f
t

u
R

id
d

d
dmtot

b
c (9)

Table 2. Impedance Spectroscopy Models of This Work
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Table 3. Different Models of This Work

denomination variables
time

constants
dynamic
equations

impedance
function

(1) full transition
model

u, ic, f τm, τd, fτk 1, 2, 5 9

(2) diffusion-limited u, ic τm, τd 1, 6 16, La = La
d

(3) formation-limited u, f τm, fτk 7, 5 16, La = La
k

(4) formation and
capacitance

u, f τm, fτk, τ2 8, 5 17

(5) inductors and
capacitance

u, ic, f τm, τd, fτk,
τ2

9, 2, 5 21
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192 (b) The observations indicate that the increase of f is also
193 determined by the rate of ion transport. We introduce in
194 eq 2 a delay of ic with the characteristic time τd (eq 2).
195 Typically, this temporal parameter represents a diffusion
196 or migration time of ions, necessary to establish the
197 configuration of high f that produces the large electronic
198 current ic0.

199 This model is an extension of the two-dimensional models
200 that have been recently proposed to describe inductive
201 behavior and inverted hysteresis in MHP and in neu-
202 rons,9,15,45,51 and it is also an extension of the standard set
203 of equations for a voltage-controlled memristor.19,52 Model 1
204 of eqs 1−3 is three-dimensional and displays additional kinetic
205 complexity that is necessary to account for the observed
206 experimental behaviors of the memristor. We remark that eq 2
207 is a rather simplified transport equation, and one may use drift-
208 diffusion approaches in a more sophisticated treatment. In
209 addition, the form of eq 3 is not unique but may depend
210 strongly on the kinetics mechanisms and material properties,
211 e.g., with higher-order reaction kinetics. Here we adopt eqs 2
212 and 3 as the simplest reasonable assumption that illustrates the
213 coupling of different steps in the overall model.
214 Let us analyze in more detail the properties of the dynamic
215 model. It is important to find, first of all, the steady-state
216 characteristics represented by current−voltage curves. By
217 suppressing the time derivatives in eqs 1−3, we obtain the
218 following conditions for a stationary state:

= +I
u

R
itot

b
c

219(22)

=i i fc c0 220(23)

− =k f k f(1 )0 1 221(24)

222The last equation can be stated

=
+

f u( )
1

1 k
k

1

0 223(25)

224By the detailed balance principle, this last equation
225corresponds to the equilibrium occupancy given by the
226Fermi−Dirac or Nernst equilibrium distribution function, eq
2274, where VT is the redox potential of the activation state so that
228in the equilibrium line f(VT) = 0.5. Vm in eq 4 is a constant
229with dimension of voltage, with a diode ideality factor m with
230respect to the thermal voltage kBT/q, where T is the absolute
231temperature, kB the Boltzmann constant, and q the elementary
232charge, so that Vm = mkBT/q. Therefore, we obtain

= −k
k

e u V V0

1

( )/T m

233(26)

234We introduce the kinetic time of the formation process τk.
235Then the reaction kinetic constants are expressed by a partition
236that satisfies eq 26:53

Figure 2. (a) Logarithmic current−voltage curve for model 1 memristor. The gray line is the total equilibrium dc current. (b) Current at
forward and backward scan of model 1 at different rates as indicated, α = 0, Vm = 0.05, and (c) α = 0.1, Vm = 0.025. Parameters Rb = 1; ic0 =
10, VT = 1, [τm, τd, τk, Qm]. (d) Current at forward and backward scan for model 4 at different rates as indicated, α = 0, Vm = 0.05. (e)
Current−voltage characteristic for an FTO/PEDOT:PSS/MAPI/Spiro-MeOTAD/Au device at 4 different scan rates.
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τ= α− −k e u V V
0 k
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237 (27)

τ= α− − −k e u V V
1 k

1 ( 1)( )/T m
238 (28)

239 The constant and 0 ≤ α ≤ 1 is a Tafel coefficient. We can
240 write the dynamic eq 3 in the final form (eq 5). In the
241 simulations the unit of time is s, voltage is V, current is A, and
242 resistance is Ω. The steady-state current−voltage equation is

= +
+ − −I

u

R
i

1
1 e u V Vapp

app

b
( )/ c0

T mapp
243 (29)

f2 244 This is shown in Figure 2a. As stated before, the dc current is
245 formed by two components: an ohmic baseline (green) and a
246 large current that is onset at voltage VT (magenta). This is the
247 typical form of MHP memristors27 as shown in Figure 1a.
248 Memristor dynamics are characterized by a rich variety of
249 transient phenomena that our model is intended to describe.
250 These will be determined by the three time parameters of
251 model 1: τm = RbCm, τd, and τk, which we assume to be
252 constants. To analyze these questions, we present the results of
253 CV, in which the current is measured under voltage sweep at
254 scan rate vr according to the expression

= +V t V v t( ) 0 r255 (30)

256This method reveals the famous hysteresis effects in
257current−voltage curves of solar cells.9,54−57 When we apply
258eq 30, the model eqs 1, 2, and 5 become
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262The two differential equations (32 and 33) can be solved
263with the chosen boundary conditions. In this case we take f(u =
2640) = 0 and ic(u = 0) = 0. The voltage-dependent ic(u) is
265inserted into eq 29. A set of simulation results of model 1 are
266presented in Figures 2b,c and SI4. The transition to high
267conduction happens at higher voltage for fast scan rates, as
268observed experimentally in Figure 1a. Figure 2c shows a wider
269separation between forward and backward scans due to a
270modification of α coefficient. Figure SI4g shows the distinctive
271conductivity levels that provide the synaptic property of the
272perovskite memristors by gradual analog switching.32 The
273model is valid for both volatile and nonvolatile memories as
274noted in Figure SI4.
275To better understand the dynamic properties, we develop
276the method of IS. We apply a small perturbation procedure to

Figure 3. (a) Equivalent circuit model for diffusion-limited model 2 and formation-limited model 3. (b) Impedance spectrum of model 2 for
parameters Rb = 1; ic0 = 10; VT = 1; α = 0; Vm = 0.05; [τm, τd, τk, Qm]. (c) Equivalent circuit model for surface capacitive model 4. (d)
Impedance spectrum of model 4. (e) Equivalent circuit model for model 1. (f) Impedance spectrum of model 1.
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277 the dynamic equations and Laplace-transform the time
278 derivative to s = iω. The small amplitudes of the variables
279 are denoted x̂. The resulting equations have the form

̂ = ̂ + ̂ + ̂I
u

R
i C sumtot

b
c

280 (34)

τ ̂ = ̂ − ̂si i f id c c0 c281 (35)
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−

−
̂sf

f
f

f f
V

u
(1 )

m
k

282 (36)

283 We calculate the impedance Z(s) = û(s)/It̂ot(s) and we
284 obtain eqs 10 and 11 where Ra in eq 12 is a resistance and La

k

285 and La
d are inductors (eqs 13 and 14). These elements have

286 been explained in two-dimensional models in previous
287 publications15,51 in relation with negative capacitance and
288 hysteresis in MHP. However, model 1 is three-dimensional and
289 contains two inductive processes that are combined in eq 11.
290 This impedance introduces the two inductor elements in the
291 expression of eq 15 and furthermore introduces a negative and
292 frequency-dependent resistance Rc(ω), eq 16, not previously
293 reported in the literature, to our knowledge. As the standard
294 time constant of the RL elements is R/L, the effective time
295 constants of the model-determining transient behaviors are τm,
296 τd, La

k/Ra = fτk. Note that La
k/Ra = τk occurs only when f ≈ 1.

297 The circuit elements and time constants are shown in Figure
298 SI5.
299 To facilitate a physical interpretation of model 1 we consider
300 simplified cases. We can define conditions in which the
301 reaction time τk ≈ 0 so that f takes the equilibrium value of eq
302 4 at any moment. Then eq 2 can be simplified to eq 6 and the
303 dynamic system becomes two-dimensional, with the variables
304 u, ic, formed by eqs 1 and 6. This can be termed dif fusion-
305 limited transition, model 2 in Table 3, by analogy to classical
306 electrochemistry terminology.58 Another limiting situation is
307 when τd ≈ 0 so that eq 1 can be written as eq 7. Then the
308 dynamic system is two-dimensional also, formed by eqs 7 and
309 5 with the variables u and f. This is a formation-limited transition
310 mechanism, model 3.
311 By suppressing either τd or τk in the general impedance of eq
312 10, the impedance in eq 10 reduces to eq 17 that contains an

f3 313 inductor−resistor branch, as shown in the EC of Figure 3a.
314 This circuit has been well-described before in relation to
315 inverted hysteresis in perovskite solar cells.9,15,59 The shape of
316 the spectra are shown in Figures 3b and SI6. In the CV
317 behavior we obtain that all models 1, 2, and 3 show inductive
318 or “inverted” hysteresis10−14 (see Figures 2b,c and SI4c−f).
319 The diffusion-limited model 2 produces a separation of
320 forward and voltage curves right at the onset of the transition,
321 leading to a shift of the effective onset voltage (Figure SI4e).
322 On the other hand, for the formation-limited model 3 in Figure
323 3d the hysteresis effect occurs only when the current takes a
324 large value (Figure SI4f).
325 While the large inverted hysteresis is the ordinary behavior
326 of CV of memristors, there are also cases of perovskite
327 memristors with regular hysteresis corresponding to capacitive
328 response.60,61 To account for such behavior we introduce in eq
329 1 the capacitive current of the interfacial transition mechanism,
330 qN df/dt, where N is the total number of surface sites for ions,
331 and the total possible surface charge is Qm = Nq. The resulting
332 equation is indicated in eq 8, and the impedance response is
333 given by eq 18. The EC is presented in Figure 3c. The C2 in eq

33420 is the surface capacitance associated with the activation of
335interface sites, in addition to the background capacitance Cm,
336and R2 in eq 19 is the associated series resistance. The time
337constant is τ2 = R2C2 = La

k/Ra. When f = 1, it is τ2 = τk by eq 13.
338This type of serial process at intermediate frequencies has been
339previously observed unambiguously by Ravishankar et al. in
340IMPS measurements of MAPbBr3 solar cells,62 and it was
341interpreted as an ion accumulation process. The impedance
342spectra show a regime of two capacitive arcs, Figure 3d, and
343the inductive element becomes active at large voltage.
344Consequently, the hysteresis under voltage sweep changes
345from normal to inverted as shown in Figure 2d. Here we obtain
346this feature experimentally by introduction of a Spiro-
347MeOTAD layer as shown in Figure 2e. The crossing of the
348line in the CV is also observed in the slow scan of Figure 1,
349indicating the significance of the capacitive contribution at low
350voltage. Finally, when the Qm is large the CV becomes fully
351regular (capacitive) as seen in Figure SI4h. A related two-
352capacitor circuit is shown in Figure SI10 with the spectra in
353Figure SI11.
354The dominance of RC elements at low voltage and the
355inductive response at higher voltage can be explained by the
356increase of the inductive time constant fτk after the transition
357region, when f increases. However, the simplified models do
358not accurately describe the impedance spectra at high voltage.
359We therefore analyze the impedance of model 1 without
360simplifications. The novelty in this model with respect to the
361standard circuit of Figure 3a is the product of two R−L
362impedances in Zc (eq 11). The full EC is shown in Figure 3e.
363The simulations of the impedance spectra are shown in Figures
3643f and SI7. These and other spectra for different combinations
365of parameters can be visualized with a Mathematica program
366presented in the Supporting Information. In the low-voltage
367region of Figure SI7b the impedance is a single RC arc. As we
368approach the transition region of the I−u curve, in Figure SI5c
369the impedance develops the inductive loop already described
370in Figure 3b. But Figure 3f shows a new type of spectrum not
371found in the previous models. The behavior caused by the
372impedance Zc in the inductive branch increases the real part of
373the impedance before entering the fourth quadrant. This
374property corresponds to the high-voltage experimental spectra
375in Figure 1.
376If we turn to the experimental results of Figures 1 and SI2,
377we note that they show a capacitive response with one of two
378arcs at low voltage and the generation of an inductive
379component close to the onset of the current rise. Therefore, we
380combine all the previous models into model 5 (Table 3) that
381contains two inductive and two capacitive processes, as shown
382in Figure SI8, as the minimal model needed for the measured
383memristors (see the predicted spectral shapes in Figure SI9). A
384full analysis of the spectral data shows that the impedance
385model fits well the experimental spectra (Figure SI12) and
386provides the required parameters (Figures SI13 and SI14). The
387fitting method is described in the Supporting Information, and
388it includes the use of constant phase element exponents to
389account for nonperfect semicircles.63 An important property of
390the model is the description of a saturation current in
391agreement with the experimental results. By the shape of CVs,
392it is expected that the resistance Ra decreases to a minimum
393value when f ≈ 1/2 as indicated in Figure SI5. This is
394confirmed by the impedance parameters, because the measured
395Ra decreases exponentially with a diode factor m = 3.6 and then
396undergoes a saturation at large voltage (Figure SI13). The
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397 effective time constants resulting from the impedance spectra
398 fittings are shown in Figure SI15. In the current transition
399 region they are reasonably constant, as assumed in the model.
400 We observe that the longest time is for the kinetic formation of
401 the high conduction effect; hence, the system is predominantly
402 formation-limited, while the ion supply is rather fast in
403 comparison.
404 The models presented in this work are designed to account
405 for the combination of internal processes in MHP memristors.
406 Our MAPbI3 memristors are admittedly slow, with character-
407 istic times of 10 ms−1 s. The model, however, can be applied
408 to much faster time scales with adequate experimental tools
409 and the specific functions for diffusion and formation
410 characteristics that each case may require. Recently, perovskite
411 memristors for high switching speed with times of 20 ns have
412 been reported by Park et al.64 From the measurement at
413 different duration pulses, we observe that the resistance for
414 Park et al. is larger for the larger duration pulse, in agreement
415 with our model. Therefore, we believe that the model has a
416 general significance for the analysis of the behavior of
417 memristors, even though we do not claim a universal model
418 because there is a wide variety of materials and systems, and a
419 larger investigation is needed.
420 In conclusion, we presented the results of kinetic measure-
421 ments of MAPbI3-based memristors, and we developed a
422 three-dimensional dynamic model that describes well the
423 observed properties of voltage cycling and impedance
424 spectroscopy. The different couplings of ionic and electronic
425 phenomena are characterized by capacitive and inductive
426 features that generate new impedance functions in agreement
427 with the experimental measurements. We also describe well the
428 changes from regular to inverted hysteresis by the dominance
429 of capacitive or inductive elements, respectively. It is not
430 possible to know the formation of diffusion mechanisms a
431 priori, but the essential progress we provide here is the need to
432 separate them, finding the consequences of their compositions
433 on experimental measurements.

434 ■ ASSOCIATED CONTENT
435 *sı Supporting Information
436 The Supporting Information is available free of charge at
437 https://pubs.acs.org/doi/10.1021/acsenergylett.2c00121.

438 Materials and device preparation; details of models;
439 impedance spectra fitting resources and results;
440 Mathematica program to represent current−voltage
441 curves and impedance spectra (PDF)

442 ■ AUTHOR INFORMATION
443 Corresponding Author
444 Juan Bisquert − Institute of Advanced Materials (INAM),
445 Universitat Jaume I, 12006 Castelló, Spain; Yonsei Frontier
446 Lab, Yonsei University, Seoul 03722, South Korea;
447 orcid.org/0000-0003-4987-4887; Email: bisquert@uji.es

448 Authors
449 Mariana Berruet − Institute of Advanced Materials (INAM),
450 Universitat Jaume I, 12006 Castelló, Spain; División
451 Electroquímica Aplicada, INTEMA, CONICET, Universidad
452 Nacional de Mar del Plata, B7606BWV Mar del Plata,
453 Argentina
454 José Carlos Pérez-Martínez − Institute of Advanced Materials
455 (INAM), Universitat Jaume I, 12006 Castelló, Spain;

456Electronic Technology Area, Universidad Rey Juan Carlos,
45728933 Móstoles, Spain
458Beatriz Romero − Electronic Technology Area, Universidad
459Rey Juan Carlos, 28933 Móstoles, Spain
460Cedric Gonzales − Institute of Advanced Materials (INAM),
461Universitat Jaume I, 12006 Castelló, Spain; orcid.org/
4620000-0002-6550-2007
463Abdullah Al-Mayouf − Chemistry Department, College of
464Science, King Saud University, Riyadh 11451, Saudi Arabia;
465orcid.org/0000-0001-9246-7684
466Antonio Guerrero − Institute of Advanced Materials
467(INAM), Universitat Jaume I, 12006 Castelló, Spain;
468orcid.org/0000-0001-8602-1248

469Complete contact information is available at:
470https://pubs.acs.org/10.1021/acsenergylett.2c00121

471Notes
472The authors declare no competing financial interest.

473■ ACKNOWLEDGMENTS

474We acknowledge the financial support from Generalitat
475Valenciana for a Grisolia grant (GRISOLIAP/2019/048) and
476Ministerio de Ciencia y Innovación (PID2019-107348GB-
477100). We also acknowledge the financial support of CONICET
478(Extern Fellowship 2020); Comunidad de Madrid (S2018/
479NMT-4326-SINFOTON2-CM); and Universidad Rey Juan
480Carlos “Grupo DELFO de alto rendimiento”, reference
481M2363, under research program “Programa de fomento y
482desarrollo de la investigación”.

483■ REFERENCES
(1) 484Kojima, A.; Teshima, K.; Shirai, Y.; Miyasaka, T. Organometal

485halide perovskites as visible-light sensitizers for photovoltaic cells. J.
486Am. Chem. Soc. 2009, 131, 6050−6051.

(2) 487Organic-Inorganic Halide Perovskite Photovoltaics: From Funda-
488mentals to Device Architectures; Park, N.-G., Grätzel, M., Miyasaka, T.,
489Eds.; Springer, 2016.

(3) 490Nayak, P. K.; Mahesh, S.; Snaith, H. J.; Cahen, D. Photovoltaic
491solar cell technologies: analysing the state of the art. Nat. rev. Mater.
4922019, 4, 269−285.

(4) 493Kim, J. Y.; Lee, J.-W.; Jung, H. S.; Shin, H.; Park, N.-G. High-
494Efficiency Perovskite Solar Cells. Chem. Rev. 2020, 120, 7867−7918.

(5) 495Azpiroz, J. M.; Mosconi, E.; Bisquert, J.; De Angelis, F. Defect
496migration in methylammonium lead iodide and its role in perovskite
497solar cell operation. Energy Environ. Sci. 2015, 8, 2118−2127.

(6) 498Senocrate, A.; Maier, J. Solid-State Ionics of Hybrid Halide
499Perovskites. J. Am. Chem. Soc. 2019, 141, 8382−8396.

(7) 500Lopez-Varo, P.; Jiménez-Tejada, J. A.; García-Rosell, M.;
501Ravishankar, S.; Garcia-Belmonte, G.; Bisquert, J.; Almora, O. Device
502Physics of Hybrid Perovskite Solar cells: Theory and Experiment. Adv.
503Energy Mater. 2018, 8, 1702772.

(8) 504Zhang, T.; Hu, C.; Yang, S. Ion Migration: A “Double-Edged
505Sword” for Halide-Perovskite-Based Electronic Devices. Small
506Methods 2020, 4, 1900552.

(9) 507Bisquert, J.; Guerrero, A.; Gonzales, C. Theory of Hysteresis in
508Halide Perovskites by Integration of the Equivalent Circuit. ACS Phys.
509Chem. Au 2021, 1, 25−44.

(10) 510Almora, O.; Aranda, C.; Zarazua, I.; Guerrero, A.; Garcia-
511Belmonte, G. Noncapacitive Hysteresis in Perovskite Solar Cells at
512Room Temperature. ACS Energy Lett. 2016, 1, 209−215.

(11) 513Rong, Y. G.; Hu, Y.; Ravishankar, S.; Liu, H. W.; Hou, X. M.;
514Sheng, Y. S.; Mei, A. Y.; Wang, Q. F.; Li, D. Y.; Xu, M.; Bisquert, J.;
515Han, H. W. Tunable hysteresis effect for perovskite solar cells. Energy
516Environ. Sci. 2017, 10, 2383−2391.

ACS Energy Letters http://pubs.acs.org/journal/aelccp Letter

https://doi.org/10.1021/acsenergylett.2c00121
ACS Energy Lett. XXXX, XXX, XXX−XXX

G

https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c00121/suppl_file/nz2c00121_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsenergylett.2c00121?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsenergylett.2c00121/suppl_file/nz2c00121_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juan+Bisquert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4987-4887
https://orcid.org/0000-0003-4987-4887
mailto:bisquert@uji.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mariana+Berruet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Carlos+Pe%CC%81rez-Marti%CC%81nez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Beatriz+Romero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Cedric+Gonzales"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6550-2007
https://orcid.org/0000-0002-6550-2007
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdullah+Al-Mayouf"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-9246-7684
https://orcid.org/0000-0001-9246-7684
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antonio+Guerrero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-8602-1248
https://orcid.org/0000-0001-8602-1248
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://doi.org/10.1021/ja809598r?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/ja809598r?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1038/s41578-019-0097-0
https://doi.org/10.1038/s41578-019-0097-0
https://doi.org/10.1021/acs.chemrev.0c00107?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.chemrev.0c00107?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/C5EE01265A
https://doi.org/10.1039/C5EE01265A
https://doi.org/10.1039/C5EE01265A
https://doi.org/10.1021/jacs.8b13594?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jacs.8b13594?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1002/aenm.201702772
https://doi.org/10.1002/aenm.201702772
https://doi.org/10.1002/smtd.201900552
https://doi.org/10.1002/smtd.201900552
https://doi.org/10.1021/acsphyschemau.1c00009?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsphyschemau.1c00009?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00116?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acsenergylett.6b00116?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1039/C7EE02048A
http://pubs.acs.org/journal/aelccp?ref=pdf
https://doi.org/10.1021/acsenergylett.2c00121?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


(12)517 Tress, W.; Correa Baena, J. P.; Saliba, M.; Abate, A.; Graetzel,
518 M. Inverted Current−Voltage Hysteresis in Mixed Perovskite Solar
519 Cells: Polarization, Energy Barriers, and Defect Recombination. Adv.
520 Energy Mater. 2016, 6, 1600396.

(13)521 Wu, F.; Pathak, R.; Chen, K.; Wang, G.; Bahrami, B.; Zhang,
522 W.-H.; Qiao, Q. Inverted Current−Voltage Hysteresis in Perovskite
523 Solar Cells. ACS Energy Lett. 2018, 3, 2457−2460.

(14)524 Alvarez, A. O.; Arcas, R.; Aranda, C. A.; Bethencourt, L.; Mas-
525 Marzá, E.; Saliba, M.; Fabregat-Santiago, F. Negative Capacitance and
526 Inverted Hysteresis: Matching Features in Perovskite Solar Cells. J.
527 Phys. Chem. Lett. 2020, 11, 8417−8423.

(15)528 Guerrero, A.; Bisquert, J.; Garcia-Belmonte, G. Impedance
529 spectroscopy of metal halide perovskite solar cells from the
530 perspective of equivalent circuits. Chem. Rev. 2021, 121, 14430−
531 14484.

(16)532 Kwak, K. J.; Lee, D. E.; Kim, S. J.; Jang, H. W. Halide
533 Perovskites for Memristive Data Storage and Artificial Synapses. J.
534 Phys. Chem. Lett. 2021, 12, 8999−9010.

(17)535 Kang, K.; Hu, W.; Tang, X. Halide Perovskites for Resistive
536 Switching Memory. J. Phys. Chem. Lett. 2021, 12, 11673−11682.

(18)537 Fang, Y.; Zhai, S.; Chu, L.; Zhong, J. Advances in Halide
538 Perovskite Memristor from Lead-Based to Lead-Free Materials. ACS
539 Appl. Mater. Int. 2021, 13, 17141−17157.

(19)540 Pershin, Y. V.; Di Ventra, M. Memory effects in complex
541 materials and nanoscale systems. Adv. Phys. 2011, 60, 145−227.

(20)542 Rahimi Azghadi, M.; Chen, Y.-C.; Eshraghian, J. K.; Chen, J.;
543 Lin, C.-Y.; Amirsoleimani, A.; Mehonic, A.; Kenyon, A. J.; Fowler, B.;
544 Lee, J. C.; Chang, Y.-F. Complementary Metal-Oxide Semiconductor
545 and Memristive Hardware for Neuromorphic Computing. Advanced
546 Intelligent Systems 2020, 2, 1900189.

(21)547 Gogoi, H. J.; Bajpai, K.; Mallajosyula, A. T.; Solanki, A.
548 Advances in Flexible Memristors with Hybrid Perovskites. J. Phys.
549 Chem. Lett. 2021, 12, 8798−8825.

(22)550 Zhao, X.; Xu, H.; Wang, Z.; Lin, Y.; Liu, Y. Memristors with
551 organic-inorganic halide perovskites. InfoMat 2019, 1, 183−210.

(23)552 Poddar, S.; Zhang, Y.; Gu, L.; Zhang, D.; Zhang, Q.; Yan, S.;
553 Kam, M.; Zhang, S.; Song, Z.; Hu, W.; Liao, L.; Fan, Z. Down-
554 Scalable and Ultra-fast Memristors with Ultra-high Density Three-
555 Dimensional Arrays of Perovskite Quantum Wires. Nano Lett. 2021,
556 21, 5036−5044.

(24)557 Kim, H.; Han, J. S.; Kim, S. G.; Kim, S. Y.; Jang, H. W. Halide
558 perovskites for resistive random-access memories. J. Mater. Chem. C
559 2019, 7, 5226−5234.

(25)560 Zamarreño-Ramos, C.; Serrano-Gotarredona, T.; Camuñas-
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