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Perovskite Thin Single Crystal for a High Performance and

Long Endurance Memristor
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Cristina Momblona, Teresa S. Ripolles, Rafael Abargues, and Pablo P. Boix*

Metal halide perovskites (MHPs) exhibit electronic and ionic characteristics
suitable for memristors. However, polycrystalline thin film perovskite
memristors often suffer from reliability issues due to grain boundaries, while
bulk single-crystal perovskite memristors struggle to achieve high LRS/HRS
ratios. In this study, a single crystal memristive device utilizing a wide
bandgap perovskite is introduced, MAPbBE;, in a high surface/thickness
configuration. This thin single crystal overcomes these challenges, exhibiting
a remarkable LRS/HRS ratio of up to 50 and endurance of 10° cycles,
representing one of the highest reported values to date. This exceptional
stability enables to analyze the electroforming process and LRS through
impedance spectroscopy, providing insights into the underlying operational
mechanism. As far as it is known, this is the first reported thin single-crystal
MHP memristor device and the first time that the electroforming process is
recorded through impedance spectroscopy. This device’s outstanding stability
and performance position it as a promising candidate for high-density data

storage and neuromorphic applications.

1. Introduction

MHPs form a new type of semiconductor family that offer en-
ergetically favorable fabrication methods and cost-effective per-
formance. MHPs found their first niche application in the field
of optoelectronics, becoming a promising candidate for new-
generation photovoltaic technology due to their high absorption

coefficient, bandgap tunability, and long
diffusion lengths.'}] These have en-
abled MHP solar cells to reach power
conversion efficiencies (PCE) >25% on
a lab scale.¥ Despite this remarkable
performance as conventional semicon-
ductors, MHPs also present an intrin-
sic dual electronic-ionic nature slowing
down their response times.*”! As a di-
rect result, the presence of hysteresis
behavior during current-voltage curves
(7V) has been a recurring fingerprint for
MHPs solar cells, leading to substan-
tial differences in the forward (FS, from
short-circuit current density .. to open-
circuit voltageV, ) and reverse scan (RS,
from V. to J) performance. This effect
provokes a delay between the change of
the system properties under variation of
an external electric field, leading to resis-
tive changes.®1% Along with this ionic
influence on the resistance, capacitive
effects have also been widely reported in the perovskite literature,
using techniques in the frequency domain such as impedance
spectroscopy (IS)[**13] or in the time domain.'*! While effects
such as the hysteresis may represent an issue evaluating photo-
voltaic efficiencies, the ionic conductivity, coupled with the excel-
lent optoelectronic properties of these materials, offer opportuni-
ties for novel non-photovoltaic devices such as switchable diodes
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Table 1. Overview of different memristor devices based on polycrystal MHPs.

Structure LRS/HRS Vet [V Vieset [V] Endurance [cycles] Retention [s] Reference
FTO/MAPbI,_,Cl, /Au 10* 1.47 -1.41 400 4.68+10* [36)
FTO/CsPbBr; /Au 10° 1.5 -1.2 100 10 137]
Ag/CsPbBr; /MoO; /Ag 100 0.7 -0.8 50 10 138]
ITO/MAPbI, /Au 10 0.7 -0.61 500 104 139]
ITO/PEDOT:PSS/MAPbBr; /Al 3.6010° -0.2 3 120 104 [40]
PET/ITO/MAPbI; /Au 50 0.7 -0.5 400 104 [41]
PET/ITO/Cs;Bi,lo/Au 10° 0.3 -0.5 10 10* [42]
FTO/c-TiO,/MAPbI,_,Cl, /Al 1.9410° 1.10 -1.65 160 2410 [28]
ITO/MAPbI;/ZnO/Au 500 0.9 -15 100 10 (23]
ITO/PEDOT:PSS/MAPbI; /Cu 104 —-0.6 2 3410 3.10* [43]
Si/SiO, /Ti/Pt/MAPbI; /Ag 108 0.13 -0.13 350 104 [44]
PET/ITO/PMMA/CsPbBr,QDs/PMMA/Ag 610° 2.6 -2.7 54103 4410° [45)
Au/MAPbI; /Au 108 1.16 0.46 10 10* [46]

or memristors.>191 Memristors are devices based on the resistive
switching phenomenon governing the hysteresis response: the
transition from a high resistance conductance state (HRS) to a
low resistance one (LRS) when a specific voltage is applied (ON),
that can be restored to the initial state by the application of a spe-
cific voltage of the opposite sign (OFF). This switchable internal
resistance is the feature allowing to encode information. For ap-
plications such as spiking or artificial neural networks, memory
elements operating at multiple timescales are required, involv-
ing drift (non-volatile) and diffusive (volatile) mechanisms.[20-22]
The rich variety of charge dynamics resulting from combining
charge carriers and ionic migration, allows MHPs to match with
the demanding requirements of a superior memristor device.
Non-destructive reading process, high ratio between the current
in HRS and LRS state, low voltage operation, high operative times
(retention times), high endurance in set/reset (LRS/HRS) cy-
cles operability and fast switching speed, are some of the con-
ditions that seek to meet the latest advances in perovskite-based
memory devices.[?*26] Although the MHP-based memristors re-
search shows the potential to present an alternative to conven-
tional oxide industry,?’! there are still many challenges to be
solved as endurance and reliability. Most of the work published so
far is based on polycrystalline thin film configurations,?#?? bulk
crystals3*31] halide perovskites, or perovskite nanocrystals.[*?] In
most of these devices, the unstable response in their steady states
limits the access to the working mechanisms. As a result, the ex-
act nature of their working principles is still under debate, and a
precise characterization of their electroforming process (the ac-
tivation of a pristine device to a memristive one) has not been
well detailed. In the case of polycrystalline thin films, the chal-
lenge is still to obtain high uniformity and smooth surface, due
to the solution processing, harming to reach identical electric
characteristics for each cell. The presence of grain boundaries
and frequent pinholes in polycrystalline thin films, are the ori-
gin of parasitic leakage current, favoring degradation pathways
that compromise the stability and reliability of perovskite ma-
terials as commercial memristors. In addition, the nanometric
thickness of polycrystalline films, favors large intrinsic electronic
current, which diminishes the ionic migration needed for the
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memory behavior. To partially overcome these issues, MHP sin-
gle crystal memristors have been developed. Single crystals can
provide considerable ionic transport and low operational current
due to the absence of grain boundaries and lower state density
of defects. This can be used to design memristive devices with
fast switching speed, low energy consumption, and higher en-
durance. However, the usual thickness of bulk crystals, in a mil-
limetre scale, can also hamper some optoelectronic properties
of the material. Optical absorption and emission, charge carrier
mobility, surface recombination, and even the mechanical prop-
erties of the single crystals, are greatly affected by its elevated
thickness.[*3%]

Table 1 shows an overview of different MHP memristive de-
vices. For simple structures (contacts and one buffer layer or less)
the devices are characterized by a high LRS/HRS ratio but with
high set/reset potentials and low endurance times. There is only
one exceptional device with outstanding memristive properties
with a simple device architecture, ref 46. Thus, devices with a
simple structure need to improve their endurance times by keep-
ing high LRS/LRS ratios. This bottleneck is solved by adding
several layers of different materials, such as Pt, Pd, polymethyl
methacrylate PMMA, SiO,, etc. This method improves the en-
durance time while maintaining a decent LRS/HRS ratio, but
manufacturing costs increase significantly, adding the implicit
costs of making the devices in glove boxes plus the encapsula-
tion requirement. It should be noted that in this table we have
not added the devices whose LRS/HRS ratio is <10.

In this work, we unify the advantages of perovskite polycrys-
talline thin films with the stability of a single crystal material.
We have developed an extremely stable perovskite memristor,
with simple architecture and extraordinary endurance by keep-
ing a reasonable LRS/HRS ratio. The device fabrication process
is performed under ambient conditions without encapsulation .
A wide bandgap perovskite, such as MAPDbBr;, is selected to favor
the ionic transport in a thin single crystal (TSC) for the mem-
ristor device. Exceptional long-time operation is achieved. The
current stability reaches 10* s with an endurance cycle (set/reset
switching) in the order of 10%. This value, measured under ambi-
ent conditions is one of the highest endurance values reported

© 2024 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

511 SUOLILLIOD 2AIRID 3|1 (dde aU Ag peuiiench a1 SSPILE VO 88N J0 S3 I oy AReIq1T2UIIUO AB]1 UO (SUONIPUOD-PUE-SULBYLIC" A8 W AJe.q1 UIIUO//'SANL) SUOTIPUOD PUE SULB L 83 39S *[1Z02/60/70] U0 AReiq178U1lUO AB]1M *ezoBeIeZ 2Q PepISIBAIN AQ §/4700E202 WIB/200T OT/I0p/LIc0" A3 ARe.q1 U1 U0/ Sd1Y WO} PopeojumMoq ‘0 ‘X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Graphite

MAPbBrs

www.advelectronlcmat.de

5x10°
4x10°
- 4x10°
- 3x10°
2x10°
2x10°
1x10°
7x10%

AWERS, 1x10*
20 40 60 80 100 120 140

X position (um)

Figure 1. a) Scheme of the complete device for memristor application, using graphite electrodes for the electrical measurements. The inset shows a real
photo of the TSC grown onto PTAA layer through ITC confined method. b) X-ray diffraction showing the peaks position corresponding to the cubic phase
(100) at 15° and (200) at 30°. c) Cross-section SEM image of one device. d) Photoluminescence mapping of the TSC surface showing high homogeneity.

to date. The stability of the device enables to use impedance
spectroscopy (IS) as a tool to unveil the nature of the electro-
formation process governing the resistive switching. We analyze
both the impedance spectra corresponding to the electroforming
process and LRS, confirming the role of the ionic motion on the
operation mechanism.

2. Results and Discussion

2.1. Crystallization Method and Design of Thin Single Crystal
Perovskite Memristor

TSC are monocrystals grown in a confined space where the
thickness can be easily controlled, and therefore, their associ-
ated properties.[*’*8] Thinner crystals are typically more flexible
than the thicker ones, able to be bent or stretched without crack-
ing, which is a great advantage for potential flexible memristors.
In this confined method, the crystal is grown through a solu-
tion of 1.8 M of PbBr, and MABr in dimethylformamide (DMF):
dimethyl sulfoxide (DMSO) 10:1 vol:vol, inserted between two
poly (triaryl amine) (PTAA) covered indium tin oxide (ITO) sub-
strates. The sandwiched structure is then heated on a hot plate
at room conditions, based on the inverse temperature crystal-
lization (ITC) method (growing method founded on the retro-
grade solubility behavior of perovskite materials), reaching 60 °C
in a ramp of temperature of 15 °C h™1, to precisely control the
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nucleation and growth of single crystals (see Figure S1, Sup-
porting Information). Reproducible single crystals are achieved
with thicknesses between 20 and 30 um and area of ~6 mm?
(see Figure S2, Supporting Information). This micrometre-scale
single crystal, instead of nanometer scale polycrystalline thin
films, could provide a decreased defect density, reducing thus
the surface recombination that could lead to higher charge car-
rier lifetime than thick single crystals (Figure S3, Supporting
Information).>*]

The perovskite composition selected for this work is MAPbBr,.
It is chosen due to its intrinsic properties, such as high ions mo-
bility, and both ambient and operational stability, beneficial for
memristor application. After the crystallization process, the sand-
wiched configuration is carefully opened with a blade, resulting
on the crystal stacked to just one of the PTAA surfaces. To per-
form the electronic characterization, a graphite spray was coated
on the top of the crystal and on the ITO contact to complete the
device (Figure 1a). This carbon-based electrode presents several
advantages in terms of sustainability, efficiency, cost, and stabil-
ity, as compared with metal electrodes. The scalability and com-
patibility with flexible substrates complete the benefits of this
selection.*>% The electrical measurements were carried out us-
ing a customized sample holder specifically designed for this pur-
pose (see Figure S4, Supporting Information).

To study the structural properties of the TSC, X-ray diffraction
(XRD) analysis is performed to corroborate its monocrystalline
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nature. Sharp and intense XRD reflections along (100) and (200)
planes confirm the formation of a highly crystalline perovskite
cubic phase (Figure 1b). Representative scanning electron mi-
croscopy (SEM) images of the device are shown in Figure 1c. The
SEM images confirm thickness of %30 um for the perovskite crys-
tal. Top contact of graphite thickness is ~#15 pm. PTAA, with a
thickness of 20 nm, and ITO are shown in the zoom SEM im-
age. To ensure the smoothness of the TSC, we measure photo-
luminescence mapping to corroborate the homogeneity of sur-
face optical properties of the TSC (Figure 1d). The scanning was
performed within an area of 60 um?, as a representation of the
complete surface of the TSC, between 6 and 7 mm?.

2.2. Memristor Performance of the Thin Single Crystal Perovskite
Device

The structure of a typical resistive switching memristor consists
of a top electrode, semiconducting layer and a bottom electrode,
forming a two-terminal system. In our case, anode contact is con-
nected in the carbon-based electrode placed on the top of per-
ovskite, meanwhile, cathode is fixed in the carbon electrode de-
posited on the ITO substrate.

Most of the resistors need a first step known electroforma-
tion. This process is referred to as the formation of a conduct-
ing path that allows the transition from HRS to LRS. Once
the conducting path is formed due to the external bias (electro-
forming process), the device turns into LRS. When the opposite
bias is applied, the RESET process occurs due to the breaking
of the conducting path, and the HRS is achieved. If the ions
do not come back to their original place, the conduction paths
built during the electroforming process are just partially bro-
ken, and then, after the first RESET, turning the HRS to LRS
requires less power. After this, the device stabilizes the voltages
set/reset. The mechanism of this process is still under debate due
to the difficulties in studying the in situ formation of this abrupt
and dynamic process. However, we provide a more in-depth ap-
proach to this mechanism with the IS analysis that we propose in
below.

After the device has been activated through the electroforma-
tion process (see Figure S5, Supporting Information), we per-
form cyclic voltammetry, applying voltage sweep of OV — + 2V
-0V > -2.7V - 0V to evaluate the initial performance of
our memristor device (Figure 2a). Along with the charge carrier
injection and transport, the applied voltage also redistributes the
ionic species or vacancies along the crystal thickness. This ionic
movement is key to trigger the different resistive states of the
memristor, with a mechanistic origin that is currently under de-
bate and falls beyond the scope of this manuscript (different pro-
posed interpretations include filament formation or interfacial
adjustments®*3] among othersl>?)). In our case, as the voltage
sweeps from 0 to 2 V, a sudden current increase arises at 0.6 V.
At this set voltage the device exhibited the transition from HRS
to LRS, reaching current values in the order of mA. To fulfill the
non-volatile nature of the device, the memristor must maintain
its resistance state within a voltage range. To test that, we mea-
sure a reverse sweep to negative voltages (from 0 to —2.7 V). At
—2.3V the transition from LRS to HRS occurs, becoming the re-
set voltage accompanied by a current drop down to the pA range
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(Figure 2a). To confirm the stability of the device under stress-
ful conditions, 100 jV cycles are performed (Figure 2a). Cycles
1, 30, 50, 90, and 100 are displayed with solid color, the rest of
the cycles are shown with translucid lines to better overview of
the graph. The similarity between the first and last cycle (black
line and yellow one, respectively) proves the operational reliabil-
ity of the device. Figure S6 (Supporting Information) displays
10 jV curves of different devices, probing the reproducibility of
the device. Most of the devices show an abrupt transition from
LRS to HRS. This transition occurs mainly at —2.3 V after a pre-
vious reduction of the reset voltage. This reduction needs three
cycles at most to occur, decreasing the voltage from —4 to —=2.3 V
to finally stabilize. Set voltage is much stable and occurs at 0.6 V
in each device.

To compare the cyclic voltammetry performance of our TSC
with a polycrystalline device, we fabricated a MAPDbBr, polycrys-
talline thin film memristor using the same architecture. As seen
in Figure S7 (Supporting Information), we evidence the superior
LRS/HRS ratio and current values for the monocrystal configu-
ration as compared with the polycrystalline device.

One of the most critical challenges in perovskite memristors is
to achieve high endurance by keeping the rest of the outstanding
properties with a simple architecture device. Endurance refers to
the ability of a memristor to endure or sustain repeated switching
cycles without significant degradation or loss of performance. It
is particularly important because the repeated switching cycles
can introduce various physical phenomena such as electromi-
gration, thermal effects, material fatigue, and degradation of the
memristor,>3% leading to changes in the memristor’s resistance
or conductance, resulting in variations in its behavior and poten-
tial failure.

Figure 2b, shows the endurance test based on a sequence of
voltage steps from +0.1V - +1V - +0.1 V - —2.5V, where
0.1 V is the reading voltage, 1 V is the set voltage, and —2.5 V
acts as reset voltage. The current is measured at 0.1 V alternat-
ing the HRS and LRS. First 250 s, HRS lecture increased from
0.1 to 0.3 mA. Subsequently, the current of HRS decreases and
the dispersion increases, reaching a current from 0.01 to 0.1 mA.
LRS/HRS ratio oscillated from 10 (during the first 250 s ) to 80
(for the rest of the measurement). LRS presents high stability of
current, keeping the same order of magnitude after 10® cycles.
Such results are comparable with some perovskite devices with
more sophisticated architectures.>! Figure 2c displays the reten-
tion time test, measuring the current in continuous at 0.1 V for
both states, first the LRS (blue line) and subsequently, the HRS
(orange line) along 10* s. HRS current transits from 50 to 80 pA
during the first 500 s. Consequently, current is stabilized at 80 pA
along the measurement. Meanwhile, the current in the LRS is
highly stable along the 10* with a LRS/HRS ratio of 25 s, which is
another optimal performance indicator of the ReRAM device.l*®!
Finally, the resistance transition is showed in Figure 2d, evidenc-
ing the abrupt change from HRS to LRS at 0.5 V and the reverse
transition at —2.0 V. The slope close to the unity is translated into
a quick evolution between both states, results expected for mem-
ory devices.’”] Additionally, the time response from HRS to LRS
transition is shown in Figure S8 (Supporting Information). The
time transition is 15 ms. Unfortunately, to the best of our knowl-
edge, time response is not usually reported in MHP memristors
and no comparisons can be done.
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Figure 2. a) Cyclic voltammetry curves in log scale showing SET and RESET processes during 100 cycles at 100 mV s~ of scan rate. b) Endurance
performance test upon applying cyclic sweep voltages (+0.1V—+ 1V — +0.1V — — 2.5V — +0.1V). ¢) Evolution of current stability performed at LRS
(blue line) and HRS (orange line) at 0.1V of read voltage. d) Resistance measurement during the transition from HRS to LRS and vice versa.

2.3. Impedance Spectroscopy Characterization of the
Electroforming Process

As mentioned above, memristors undergo resistive switching via
the electroformation process, where the conductive path is estab-
lished within the perovskite material resulting in the LRS. Un-
derstanding this process is key for investigating the factors af-
fecting the switching kinetics, endurance, and variability of per-
ovskite memristors needed for their full potential in comput-
ing and memory applications. However, the complex interplay
between the ionic and electronic processes operating on differ-
ent time scales, presents a significant challenge in achieving this
goal.[#338-6%] Nevertheless, two different general possibilities can
be considered, as reported in literature: i) electrochemical met-
allization mechanism (ECM) through metal cations, and ii) va-
lence change mechanism (VCM), based on halide vacancies. In
halide perovskite-based memristors, the conducting route can in-
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volve either metal cations for the ECM or halide vacancies for the
VCM.[2861,62]

IS consists of the electrical measurement of current-voltage of
the device at a steady-state potential (V4 ) overlapping a small per-
turbation (V, ) in a range of frequency, w. The data obtained is re-
flected in the complex impedance that the device present against
that perturbation, depending on the frequency region. The inter-
pretation of these results can be done through fitting to an equiv-
alent circuit. The capacitance in the IS response of metal halide
perovskite devices, %] particularly in the low-frequency range,!%!
is linked to the type of current—voltage hysteresis. It can be clas-
sified as normal (NH) or inverted (IH). The latter, resulting in
higher current in FS than in RS, has been associated with the
negative capacitance feature, a distinctive feature also found in
neuronal models.l®%! Consequently, the nature of IS analysis
can be of great help in determining the specific processes tak-
ing place during the HRS and LRS. IS can be used to analyze
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8SUBD 1 SUOWIWOD dA .0 B[t jdde 8y Aq peusenof ae sajoiie VO 8sn Jo'sajNni oy Akeid1 auljuo 8|1 Uo (SUoRIpUOD-pUe-sLLR}0D A8 1w AreIq U1 UO//:SANY) SUORIPUOD PUe SWB L 84} 89S *[7202/€0/70] uo Areiqiaunuo Aeim ezofelez 8@ pepsAILN AQ G/1008202 WPR/Z00T OT/10p/wod Ao | Areiqiput|uoy/sdny wo.y papeojumod ‘0 ‘X09T66TZ


http://www.advancedsciencenews.com
http://www.advelectronicmat.de

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(a) 40K :

osv (D)

www.advelectronlcmat.de

4 10V 7 Electroforming |
. 15V LRS (ON)
30k s 25V 6r :
<« 35V 2 5 .
* 45V I~ $
20k —— 0.3 fitti S '
g itting :: 4 1
g = '
|\|| 10k g 3l ' T
= ]
0 O 2?2 :
1+ 1
-10k 0 o H
10k 20k 30k 40k 50k 60k 70k 80k 0 1 2 3 4 5
Z'(Q) Voltage (V)
10° %\ g 108 2}
——L
B i 1x10" | 0:
—_ T~y ——18
g/ E 5 — N\
o | 3 et e
er:
10* 1100 - @
1 4x1072 | @
0 1 2 3 4 0 1 2 3 4
Voltage (V) Voltage (V)

Figure 3. a) Impedance spectra showing the evolution of the response with the applied bias leading to the electroforming process. Fitting is shown
just as 0.3 V for clarity. b) DC current corresponding to the electroforming process (orange dots) and LRS (blue dots). ¢) R, and L elements quantified
through the fitting using the EC (inset Figure 3d) (see Supporting Information). d) Kinetic proper times (r,4,) corresponding to the negative capacitance

features present during the electroforming process.

the behavior of the device during the electroforming process by
measuring at different V,, trying to reproduce a current-voltage
curve from low applied bias to high applied bias. The pristine
device, with no previous treatment, is gradually subjected to ris-
ing voltages, from 0 to 4.5 V. All the Nyquist plots present one
arc in the high/intermediate frequency (HF, IF) region, which
is attributed to bulk processes, and a characteristic loop toward
the fourth quadrant at low-frequency domains (LF). This reduc-
tion of Im (Z) to values <0 at low frequencies can be observed in
different configurations of halide perovskites-based devices, both
experimentally and in drift-diffusion simulations.[*”%8] It is com-
monly referred to as “inductive loop” or “negative capacitance”!®!
and can be modeled by a chemical inductor parameter.77!] It is
worth remarking that, in classical semiconductor theory, a con-
ventional electromagnetic induction effect in series would define
the shape of the high-frequency part of the spectra. In contrast,
the physical origin of this chemical inductor is related to the inter-
play of charged species (namely charges and ions) moving at dif-
ferent speeds, which can delay the response of the system to the
signals and modulate the injected current at the interfaces.l’%72]
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A clear evolution of the IS is observed (Figure 3a) for each ap-
plied V,.: as the voltage increases, both the high-frequency arcs
and the inductive behavior become smaller, leading to a quite
distorted spectra when reaching 4.5 V. The I, current produced
during the IS is recorded to ensure the stability of the sample
during the measure. Figure 3b shows currents of 107® A at low
V,. and how it is increasing linearly up to 10~ A when approx-
imates to 4.5 V. This fact demonstrates that the process of elec-
troforming is occurring during the impedance measure (orange
points in Figure 3b). The rising up of the current with a change
of more than 2 orders of magnitude, together with a change in the
impedance spectra, clearly indicates the appearance of a process
that leads to an ON state or LRS.

A decrease of the bias applied is then carried out from 4.5 to
0 V. The I in this case show how the LRS is maintained, as the
I, still in the mA range at every V. (blue points in Figure 3b).

The presence of the inductive element leads to a slow time
constant 7, (see Supporting Information for details) that is
able to provide enough information about the ionic motion oc-
curring at the LF domain. We proceed then to fit the IS with
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the equivalent circuit (EC) (inset Figure 3d) including the R;-L
branch, through which the 7, is defined. Recently, several pub-
lications have confirmed the usefulness of this method in the in-
terpretation of MHP memristors behavior, introducing a general
“neuron-style” model that includes a slow time constant that can
persist to be nearly independent of the voltage.l’*7374 The cal-
culated kinetic time decreases with the increased bias, pointing
out that the electroforming process is correlated with a change in
the time domain that goes from 107! s to 1072 s when the LRS
is reached. Those times can be attributed to ionic accumulation
and halide vacancy diffusion, respectively, as previously reported
in literature.[”>] Therefore, the electroforming process is initiated
by an accumulation of ions, that gradually evolves to the stages
determined by the faster processes of ion diffusion. A similar se-
quence has already been reported recently for memristors based
on metal oxides, so we could suggest a similar basis of mecha-
nisms, as demonstrated by IS.7¢ This finding confirms the ionic
role on the memristor mechanism, and marks the first time that
the electroforming process is recorded in situ through IS.

3. Conclusion

We have successfully fabricated the first thin single-crystal per-
ovskite memristor, which combines the advantageous properties
of monocrystalline materials and thin-film perovskites. Through
the confined inverse temperature crystallization (ITC) method,
using ITO and PTAA as bottom electrodes and a graphite spray
as a metal contact, we achieved a highly stable device with ex-
ceptional performance. Our memristor exhibited a remarkable
ON/OFF ratio of 10 and endurance of 10° cycles, representing
one of the highest reported values in literature. The device’s sta-
bility under ambient conditions, without the need for encapsula-
tion, allowed us to perform a comprehensive impedance analy-
sis. Notably, we successfully recorded the electroforming process
in situ, shedding light on the mechanism governing perovskite
memristor operation.

By quantifying the gradual kinetic changes (r,,,) related to the
low-frequency response, we uncovered the modification of ionic
motion during the electroforming process that leads to a three-
order magnitude variation in the current response. The calcu-
lated kinetic changes show a decreasing trend: the electroform-
ing goes from long times to shorter times, that could be related
to different ion dynamics (from accumulation to diffusion).

These findings significantly contribute to our understanding
of perovskite memristor behavior. Moreover, our fabrication ap-
proach offers a simple and efficient method for producing effi-
cient and reliable perovskite memristors.

Overall, this work represents a significant step forward in ad-
vancing perovskite memristor technology, opening new possibil-
ities for high-performance and stable devices for future applica-
tions.

4. Experimental Section

Materials:  Lead bromide (PbBr,) was purchased from TCI.
Methylammonium bromide (CH;NH,Br) was purchased from
GreatCell. Polytriarylamine (PTAA) was purchased from Os-
sila. N,N-dimethylformamide (DMF) and Dimethyl sulfoxide
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(DMSO) were purchased from Thermo Scientific. Toluene was
purchased from VWR. Graphite spray was purchased from RS.
All the reagents were directly used without any further purifica-
tion.

Fabrication Process: Monocrystal devices: The MAPbBr; pre-
cursor solution of 1.8 M was prepared by dissolving 1:1 molar
ratio of PbBr, and CH;NH;Br in 10:1 ratio of DMF:DMSO in a
vial with vigorous shaking. PTAA was dissolved in toluene with
2 mg mL~1. All the solution were filtrated using 0.2 pm PTFE sy-
ringe filter before deposition. Glass/ITO substrates were cleaned
by acetone, detergent, deionized water, and absolute ethanol in an
ultrasonic bath for 10 min for each step. After drying with a high
air flow, the substrates were treated in a UV ozone cleaner for
20 min. Subsequently, 60 pL of the prepared PTAA solution was
deposited onto the ITO substrate by spin-coater at 4000 rpm for
30 s under room conditions. Immediately, the substrates were an-
nealed at 100 °C for 10 min. Therefore, 40 uL of the MAPDbBr; so-
lution were dropped on the as-prepared substrate and enclosed by
another PTAA-coated substrate. The space-confined inverse tem-
perature crystallization method was used for growing thin sin-
gle crystals.”’] The temperature was increased from 25 to 60 °C
with a ramp of 15 °C h~!. The substrates were held at 60 °C for
48 h. After cooling at room temperature, the substrates were sep-
arated with a blade. Finally, the graphite electrodes were added
on the MAPbBr, and ITO by deposing 10 uL of the solution with
a micropipette. The solution evaporates in ~60 s after deposition,
forming a solid graphite that acts as an electrode. It is important
to underline that the device is fabricated out of glovebox.

Polycrystal Devices: A solution of 1.4 M of MAPDBr, dissolved
in DMF:DMSO (1:4, vol:vol) was added on the ITO substrates
treated with PTAA, as previously described. Subsequently, the
solution was spinning with a ramp of 1000 rpm for 10 s and
4000 rpm for 40 s, adding 1 mL of toluene at 12 s of the sec-
ond ramp. Then, the device is annealed for 30 min. Finally, the
graphite electrodes were deposited on the MAPbBr, and ITO. All
the device process was fabricated in glovebox.

Characterization: The crystalline structure was assessed by
a XRD collected on a Bruker D8 Advanced X-ray diffractome-
ter with copper Ka radiation (1 = 1.5418 A°) and at a scan rate
of 5 ° min~! for 26 angles ranging from 12 to 40. Scanning
electron microscope (SEM) images were captured by an S-4800
instrument from HITACHI (Tokyo, Japan) operating at 2 kV.
Photoluminescence spectra was done using a confocal micro-
photoluminescence (micro-PL) spectroscopy system, with the
samples placed in the cold finger of a vibration-free closed-cycle
cryostat (AttoDRY800 from Attocube AG). Excitation and detec-
tion were carried out using a 50X microscope objective with a
long working distance and a numerical aperture of NA = 0.42,
which was placed outside the cryostat. The sample’s emission
was long-pass filtered, dispersed by a double 0.3 m focal length
grating spectrograph (Acton SP-300i from Princeton Instru-
ments), and detected with a cooled Si CCD camera (Newton EM-
CCD from ANDOR) for recording micro-PL spectra, and a silicon
single-photon avalanche photodiode detector (from Micro Pho-
ton Devices) connected to a time-correlated single-photon count-
ing electronic board (TCC900 from Edinburgh Instruments) for
micro-TRPL measurements. Impedance spectroscopy (IS) and
electrical characterization were measured using a Gamry inter-
face 1010E.
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