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Halide perovskite volatile unipolar
nanomemristor

Abolfazl Mahmoodpoor!?f, Prokhor A. Alekseev?3,
Ksenia A. Gasnikova?3, Kuzmenko Natalia*, Artem Larin?,
Sergey Makarov!'?* and Aleksandra Furasovae!2*

CSTR: 32247.14.0ea.2025.250110

Halide perovskites is a recently emerged platform for the creation of efficient memristors. In turn, single-crystal inorganic
perovskite would be new low-cost and flexible memory devices because of their excellent resistive switching (RS) proper-
ties, without risk of chemical and mechanical stress-generated degradation, compared with the operational instability of
general thin-film perovskite memristors. Moreover, miniaturization of perovskite memristors would be useful for creating
high-density memory devices. Here we demonstrate the smallest CsPbBr3 perovskite nanomemristor with volatile unipo-
lar RS characteristics which depends on the size of a single-crystal as a resistive layer due to its overall structural stabili-
ty and low sensitivity to atmosphere conditions that helps to keep the stable RS switching over 1500 times with the low-
est consumption power of 70 nW. To better understand the RS mechanism, we provide a comprehensive simulation of
the evolution of mixed ionic-electronic charge carriers under current-voltage (/-V) tests using a one-dimensional drift-dif-
fusion model. Because of the nonreactive nature of the contacts, the main mechanism of resistive state switching is po-
tential barrier modulation of the Schottky contacts through the accumulation of migrating ions at the interfaces. Our find-
ings pave the way for ultracompact memristors as well as shed light on RS mechanism in non-filamentary perovskite-
based memory devices.

Keywords: perovskite nanocrystals; nanomemristor; volatile memory; resistive switching; ions migration
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Introduction charge carrier mobility, unique electrical and optical

The emergence of memristors has revolutionized the properties, and simplicity of fabrication®”. The RS mech-

field of non-volatile memory and neuromorphic com-
puting'?, offering a promising avenue for the develop-
ment of energy-efficient computing. Among the various
materials explored for memristor applications®, halide
perovskite crystals were attracted significant attention
due to their bipolar carrier transport, high electronic

anisms in perovskite memristors were thoroughly ana-
lyzed by classifying them into two distinct models: the
conductive filament (CF) model and the interface modu-
lation of charge carrier injection. In the CF model,
bipolar switching is a fundamental requirement for

achieving RS. The primary mechanism underlying

'Qingdao Innovation and Development Center, Harbin Engineering University, Qingdao 266000, China; 2ITMO University, School of Physics and
Engineering, Kronverkskiy pr. 49, 197101, St. Petersburg, Russia; 3loffe Institute, 194021 Polytechnicheskaya 26, St. Petersburg, Russia; 4ITMO
University, Research Center for Optical Materials Science, Kronverkskiy pr. 49, 197101, St. Petersburg, Russia.

TThese authors contributed equally to this work.

*Correspondence: S Makarov, E-mail: s.makarov@metalab.ifmo.ru; A Furasova, E-mail: aleksandra.furasova@metalab.ifmo.ru
Received: 13 May 2025; Accepted: 28 July 2025; Published online: 15 October 2025

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License.
BY To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

The Author(s) 2025. Published by Institute of Optics and Electronics, Chinese Academy of Sciences.

250110-1


http://orcid.org/0000-0002-7277-5767
https://doi.org/10.29026/oea.2025.250110
https://cstr.cn/32247.14.oea.2025.250110
http://orcid.org/0000-0002-7277-5767
mailto:s.makarov@metalab.ifmo.ru
mailto:aleksandra.furasova@metalab.ifmo.ru
http://creativecommons.org/licenses/by/4.0/.

Mahmoodpoor A et al. Opto-Electron Adv 8, 250110 (2025)

https://doi.org/10.29026/0ea.2025.250110

filament formation in ABX3 perovskites involves oxida-
tion-reduction (redox) reactions of contact metals such
as Cu and Ag!, along with the migration of metallic
cations. When a positive voltage is applied, the metallic
element undergoes oxidation, resulting in the formation
of cations that migrate toward the opposite electrode.
Upon reaching the counter electrode, these cations are
neutralized, forming neutral atoms that accumulate and
grow towards the positive electrode, leading to the estab-
lishment of a metallic CF through the whole perovskite
memristor'!. At this stage, the system converts to a low
resistive state (LRS). The application of a reducing po-
tential does not alter the state of the device until a nega-
tive bias is applied to the reactive metallic contact. When
reverse bias is applied from zero to high voltage, the con-
ductive filaments should dissolve and break apart as a re-
sult of redox reactions, causing the device to revert from
LRS to a high-resistive state (HRS).

In contrast, in non-filamentary base memory devices,
the modulation of the charge carrier injection is influ-
enced by the applied bias, whether a positive or negative
bias is applied to contacts, and RS can occur under
unipolar conditions'?. Specifically, the presence of mo-
bile ions in perovskite semiconductors'*~'° means that in-
creasing the bias results in a greater accumulation of
these ions at the perovskite-contact interface. This accu-
mulation can alter the depletion width of the Schottky
contact, making it either narrower or wider. Conse-
quently, the density of ions at the interface can signifi-
cantly impact carrier tunneling and Schottky barrier low-
ering. Several groups reported interface-based modula-
tion phenomena as the mechanism for RS!*”. In a work
by Han et al.’, it is proposed that the accumulation of tin
vacancies at the interface between gold and cesium tin
iodide perovskite leads to a reduction in the depletion
width, which in turn enhances carrier tunneling. There-
fore, since carrier tunneling depends on the concentra-
tion of ions, and this ion concentration varies with the
applied bias, the RS mechanism is consequently influ-
enced by the amplitude of the applied bias. Conversely,
in the CF model of RS, the polarity of the applied bias
plays a crucial role in the formation and rupture of fila-
ments, which govern changes in resistivity. The essential
difference in a non-filamentary RS mechanism is that,
because it relies on ion redistribution rather than redox
reactions as in the CF model, it can lead to improved ma-
terial stability and cycle endurance.

Despite many papers'*-?* reported about CF forma-

tion in thin film perovskite memristors with metal con-
tact, it is still difficult to tell confidently about stable elec-
tric characteristics of these devices under high-voltage
load. Although some perovskite-based devices with
metallic electrodes exhibit low stability under varying en-
vironmental conditions such as oxidation at room hu-
midity and temperature-assisted penetration of metal
ions through various charge transport layers?, several
other significant challenges must be addressed in the de-
velopment of perovskite-based memristors. Key issues
include cycling endurance, switching ratio optimization,
power consumption reduction, and miniaturization. An-
other problem is the understanding of the underlying
switching mechanisms, and more research is needed to
elucidate the role of defects and ion migration in the per-
formance of perovskite memristors.

In this study, we present for the first time a simple so-
lution to create a ultracompact perovskite memristor
with a stable unipolar RS mechanism based on carrier in-
jection modulation in a single CsPbBrs nanocrystal. For
this purpose, we synthesized the nanocrystals with sizes
in the range 10'-10> nm on an indium tin oxide (ITO)
substrate and record stable cyclic voltammograms over
1000 cycles by probing the current with a boron-doped
diamond (BDD) tip of an atomic force microscope
(AFM) as a top contact. Our findings reveal that the
Vser/ Vixeser potentials, which are threshold potentials for
altering the device's resistivity from high to low and vice
versa, respectively, can be effectively controlled by ad-
justing the size of the single nanocrystals. This phe-
nomenon aligns with previous works dedicated to the
creation of a single-layer thin-film based perovskite
memristors*, demonstrated RS behavior in an organic-
inorganic hybrid CH3NH3PbI;_,Cl, perovskite deposit-
ed on an FTO/glass substrate with a metallic top contact,
although their study was limited to only 100 stable cy-
cles. In addition, we reveal that for relatively larger per-
ovskite crystals (over 160 nm) RS has smooth behavior
while for smaller single crystals RS is sharp and has a
lower Vggr. Indeed, such small single-crystal-based
memristors exhibit low operating current of 30-300 nA,
low power consumption of 70-700 nW, switching time
less than 1 ms, and current amplitude is about 4-5 or-
ders of magnitude being strongly dependent on their size
and described well by our model. Through numerical
simulations, we investigate the dynamics of electronic
and ionic carriers within a single perovskite nanocrystal.
Our analysis reveals that, in addition to carrier tunneling
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from the contacts, the reduction of the Schottky barrier
due to image force charges, along with the dipole
effect in barrier reduction, plays a crucial role in the
measured I-V characteristics of the halide perovskite

volatile unipolar nanomemristor.

Results and discussion

Single perovskite crystals have been synthesized with 2-
step deposition method well described by Tiguntseva et
al.”> on an ITO crystal with resistance of 7 3/cm? where
individual NPs do not have a trend sticking together, ac-
cording to scanning electron microscopy (SEM) image
(Fig. 1(b)). This method of synthesis on ITO surface has
a number of benefits for fabrication of well crystalline
nanocubes. In addition, the size of single cubes can be
tuned with speed of spin coater and PbBr; concentration
in DMF solution at the first step of the synthesis. The
electron diffraction image obtained in a transmission
electron microscope shows that each CsPbBrs particle is
a single crystal and relates to a cubic structure of Pm3m
symmetry with the following lattice parameters: a = b =
¢ = 0.5874 nm, with angles of « = § = y = 90°%. If a crys-

Raman intensity (a.u.)

tal has 0.58 nm long planes, only a cube can be formed,
since the total number of planes remains 6, which ex-
plains the fact that synthesized nanoparticles being over
than 100 nm have a shape which is close to a cube. In ad-
dition, XRD analysis (Section S6) identifies CsPbBr3 par-
ticle as a material with high crystalline quality. A typical
broadband Raman spectra for CsPbBr3 at room tempera-
ture is shown in Fig. 1(d), where, the peak at 125 cm™
peak belongs to the third transverse optical (TOs3)
phonon mode of CsPbBr3* and 156 cm™ peak is at-
tributed to the symmetric Br-Pb-Br octahedral stretch®
and the highest frequency mode 309 cm .

To form conductive filaments in perovskite thin-film
based memristors several studies reported the use of Ag
contact to achieve Ag ion migration under applied
bias®'*%. Alongside the formation of cation-based fila-
ments, anion-based filaments arise primarily from the
migration of halide vacancies within the perovskite
structure. In a study conducted by Li et al.®, it was
demonstrated that enhancing the migration barrier for
bromine vacancies in CsPb(Br,l;_x); perovskite signifi-

cantly improves the RS endurance, allowing for more

309.4 cm™
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Fig. 1 | Principle of simple perovskite memory device, morphology and structural analysis. (a) A schematic illustration of a perovskite nanomem-

ristor based on a single crystal on indium tin oxide (ITO) contacted with boron-doped diamond (BDD). (b) Scanning top view of the perovskite

nanocrystals array. (c) Electron diffraction image of an individual CsPbBrz nanocrystal. (d) Raman spectra obtained from the single-crystals array.
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than 100 cycles of operation. However, the long-term
stability of this architecture is still under discussion.
Emelianov et al. visualized methylammonium (MA*)
cation dynamics under an applied electric field and
MAPbI; films degradation under 1 V when the per-
ovskite film is connected directly with metal'®. Moreover,
it was shown that redox or degradation processes are
usually uniform and do not have local states which are
suppose to generate CFs?*?!. Also, RS mechanism based
on carrier tunneling from the Schottky barrier is report-
ed in several works'”*. Furthermore, alongside the previ-
ously mentioned mechanisms of interface carrier injec-
tion modulation, several models emerged as particularly
useful: the space charge limited current (SCLC) trans-
port model*”¢, the negative differential resistance phe-
nomenon* and a dynamical model based on an equiva-
lent circuit for describing the characteristic I-V curve
proposed by Berruet et al.”’. A real strong CF observa-
tion was shown for thin imine polymer based on ben-
zene-1,3,5-tricarbaldehyde and  p-phenylenediamine
monomers? with retention time of 10° second under a
voltage bias of —0.1 V. It is more important that Liu et
al.”> demonstrated that the increase of the polymer thick-
ness improves the LRS/RS current ratio.

To improve cycling endurance, Kim et al. proposed
the incorporation of a transport layer, demonstrating
that the addition of a TPBI electron transport layer be-
tween silver and perovskite significantly increased the
number of cycles from 90 to 1000*. In another study,
Yin et al. showed that integrating a zinc oxide (ZnO) lay-
er at either the top or bottom electrode of the
FTO/CsPbBr3/Au structure improved the switching ra-
tio from 10° to 10° 2. To make our device simpler and
more stable, we used both ion blocking contacts that help
to avoid CF appearance and produce memristive states
solely by ion and charge migration.

To measure I-V curves from a determined single parti-
cle, the area of a patterned ITO was first scanned by SEM
to establish the lateral size: width and length, of the each
individual crystal and then this place was scanned with
AFM to correctly establish the height of the measured
nanocube (Supplementary information Fig. S1). A spe-
cial procedure of the tip apex cleaning (details are in the
Section S1 of Supplementary information) was devel-
oped to ensure that an electrical contact is made be-
tween the bare probe's BDD and the particle of interest.

The tip of a BDD probe has a resistance of 100 kQ) and
a size that is similar to the size of the cube side, thus, it

https://doi.org/10.29026/0ea.2025.250110

can be considered as a fully covered contact. It is worth
noting, that the employed probe has a relatively blunt tip
that broadens perovskite nanoparticles in the AFM im-
age (Fig. S1(b)). Additionally, during the measurements,
some of the particles can be attached to the sides of the
probe causing doubling or even tripling of topographical
features in the AFM image.

The threshold voltage was determined by the first I-V
curve, measured from zero to positive voltage within 50
ms. Note that the Vygegr/ser measured up to 3 Vand 5V
on the same particle may differ, since when measuring
from 0 V to 5 V, the particle was maintained for a short-
er time in the pre-threshold voltage. Figure 2 shows the
I-V characteristics of individual particles with different
heights from 100 nm to 200 nm. In total, the height eval-
uated for CsPbBr3 was in a range of 90-250 nm for the I-
V measurements. For our device structure, the first I-V
curve does not have significant difference from other
scanned 998 cycles and stays with the same voltage
switching potential from high-resistive to low-resistive
states for a long time of the test. This behavior differs
from other previous reports where the first scanning
process generates conductive filaments and further I-V
parameters are defined by the initial electroforming pro-
cess’. Moreover, in generally prepared polycrystalline
perovskite film-based memristors the overshoot current
flows in parallel through the formed filaments and the
whole perovskite film, which makes RS characteristics
less reproducible and more fluctuating. In addition, if the
quality of organic-inorganic perovskite films gets worse
under ambient conditions of explosion, it will cause
degradation of the off-state resistance with a long-term
cycling.

In contrast, our systems have a stable RS behavior: the
voltage gap between LRS and HRS (Set/Reset potential)
switching remains constant after 200 cycles and does not
collapse with time for particles larger than 110 nm. This
Set/Reset window collapses with time for perovskite
thin-film memristors if they have filaments that lead to
accumulating of metallic Pb sites and becomes less rup-
ture®>. The device I-V characteristics and their stability
from cycle to cycle are distinguished in current research
because of the choice of a single inorganic perovskite
nanocrystal as a semiconductor, which helps to avoid any
perturbations that usually occur with a polycrystalline
feature in flat perovskite thin films and makes them de-
pendent on filament formation. A Set/Reset potential
changes under 1500 I-V cycles of the single-particle

250110-4
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Fig. 2 | Electrical switching behavior of single crystal memristors with different thickneses of switching resistance material: 100 nm, 110 nm, 160

nm, 200 nm. Inset: scheme of connection to the single cube. Endurance cycles of the devices under SET-RESET pulse voltage scanning at 0.1 s

per cycle. Each CsPbBr3 nanoparticle underwent 999 cycles in a row. SEM and AFM images of each measured particle are given in Fig. S1.

memristor with a height of 150 nm is demonstrated in
Fig. S2(a). Figure S2(b) shows these 1500 cycles of I-V
curves measurements in a range 0-5 V. It turns out that,
the nanoparticle bears about 1500 cycles under relatively

wide voltage range under ambient conditions.

The cycle-to-cycle RS characteristics remain similar to
each other at the same size of the cubic nanoparticle. The
most optimal size for stable Set and Reset potentials is
150-160 nm CsPbBrj particles. In addition, memristors

with these heights of the perovskite crystal have the

250110-5


https://doi.org/10.29026/oea.2026.250110
https://doi.org/10.29026/oea.2026.250110
https://doi.org/10.29026/oea.2025.250110
https://doi.org/10.29026/oea.2025.250110

Mahmoodpoor A et al. Opto-Electron Adv 8, 250110 (2025)

https://doi.org/10.29026/0ea.2025.250110

highest HRS/LRS current ratio, over 3 x 10* according to
Table 1. The low power consumption is a defining fea-
ture for a memristor-based technology area. Guan et al.
demonstrated that adding a ZnO layer to a W/per-
ovskite/Al structure reduced power consumption by an
order of magnitude to just 350 pW, while achieving a
switching ratio of 20*. Notably, they also reported that
illuminating the memristor with light at a power density
of 2 mW/cm? further reduced power consumption to an
impressive 25 pW. Here, the power switching can be esti-
mated easily as Per = Iggr Vsgr. For medium-sized per-
ovskite nanocrystals the Pggr is 70-100 nW, according to
Table 1. This small number of Py differs from many
previous works dedicated to thin-film perovskite mem-
ristors!®#>4¢, Beside this feature, the use of a single parti-
cle-based device makes it possible to create 3D resistive
random access memory devices.

To reveal the mechanism of RS, numerical simula-
tions of the measured I-V curves were performed. We
began our analysis by fitting the I-V curve for the sam-
ple with a height of 100 nm. To reproduce I-V curves,
mobile anions and cations were accounted in the model.
Electronic parameters of p-type CsPbBr; nanoparticle
and barrier heights are presented in Table SI. During the
modeling, anion and cation mobilities were varied to ob-
tain the best fit with the experimental curves. The fitting
shows that the anion mobility is 8 x10™° cm?/Vs and the
cation mobility is 4x10~° cm?/Vs, which are reasonable
values for room temperatures and it is within the range
(107"-10"% cm?/Vs) reported in the literature’**. The
resulting fitted I-V curves, alongside the experimental
data, are presented in Fig. 3(a) and 3(b) for the 100 nm
and 110 nm samples, respectively. These figures display
200 cyclic voltammograms from the experimental data
compared to first six cycles from the modeling. The ap-
plied bias in these cyclic voltammograms mimics the ex-
perimental setup, utilizing a triangular pulse with rise
and fall times of 50 ms. Additionally, there is a 5 ms re-

tention time of potential following each rise and fall. This
pulse potential is presented in Fig. 3(d). To calculate the
I-V curve for the 110 nm sample, we multiplied the con-
tact area by a correction factor of 0.83. This adjustment
accounts for the asymmetry in the contact areas, as the
effective area is determined by the region where the elec-
tric field is perpendicular to the spherical surface of the
AFM tip within the perovskite. Consequently, this effec-
tive area may differ from the geometrical contact area.
The electrodes in the present study are inert, meaning
there is no chemical reaction between the perovskite and
the contacts that would lead to the injection of sec-
ondary ions. On the other hand, the perovskite is a wide
band gap semiconductor with a relatively small doping
level, and the concentration of the holes and electrons in-
jected from the contacts is higher than the intrinsic carri-
ers inside the semiconductor. In this case, the SCLC
regime is realized. Moreover, the unique feature of our
system is that the mobile ions concentration is signifi-
cantly higher than the concentration of electron and
holes and conductivity of the perovskite is primarily in-
fluenced by the accumulation of ions at the perovskite-
contact interface. This ion accumulation impacts con-
ductance through three main mechanisms. First, a strong
accumulation of ions leads to significant band bending,
which facilitates carrier tunneling. Second, the accumu-
lation of ionic charges at the contact-perovskite interface
reduces the Schottky barrier due to the image charge
force effect induced in the contact. Third, there is an ad-
ditional reduction in the Schottky barrier caused by a
dipole effect. The second mechanism depends on the
square root of the electric field, while the third mecha-
nism varies linearly with the norm of electric field”. This
distinction is crucial; without considering the third
mechanism, there is a considerable discrepancy between
the experimental I-V curve and the simulated curve.
However, incorporating dipole effect modeling yields
between simulation and

much Dbetter agreement

Table 1 | Comparisons of the /-V parameters of perovskite single crystals with different size: Set/Reset current ratio, RS, HRS voltage switching,

type of switching and power consumption of the switching measured as Prs=/seT* VsgT.

NCs height (nm) HRS/LRS current ratio Vset (V) VReset (V) Type of switching RS consumption power (nW)
100 2500 22 14 abrupt =400
110 1200 2.0 14 abrupt =700
130 6700 23 1.3 abrupt =70
150 32000 27 1.3 abrupt =80
160 37000 3.5 1.1 smooth =100
200 12000 3.7 14 smooth =400
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gram of 100 nm height when applied bias at ITO is 3.0 V (time = 55 ms) E; and E, are minimum of conduction and valence band, respectively.

Ein is quasi-Fermi level for electron and Eg, is quasi-Fermi level of holes. (d) Calculated tunneling coefficients for electrons from BDD ( &, green),

and for holes from ITO ( &, purpure). Calculated electronic carriers (e), and ions (f), distribution inside perovskite of 100 nm height at different

applied bias of V; (green: negative carriers, purpure: positive carriers). Dashed and dotted black lines in panel (f) show initial and limiting concen-

tration for anions and cations, respectively.

experiment. These findings highlight that in a metal-per-
ovskite-metal structure, where electrodes are chemically
inert, a fraction of accumulated ions can generate a
dipole moment that significantly modifies the Schottky
barrier.

When a positive bias is applied to the ITO contact, it is
anticipated that anions will migrate toward the ITO con-
tact while cations move to the BDD. It is worth to note
that due to the different Schottky barriers heights at the
BDD and ITO sides, the distribution of the charge carri-
ers in the nanoparticle between the contacts will not be
symmetrical. Energy level of perovskite at 3 V applied
bias is illustrated in Fig. 3(c), and it effectively highlights
the differences in tunneling rates between holes and elec-

trons. Notably, the band bending is more pronounced at
the BDD contact and less prevalent at the ITO, leading to
a significantly higher energy barrier for hole tunneling
compared to that for electron from the BDD contact.
Given the pronounced difference in band bending, one
would anticipate a reduced tunneling probability for
holes from the ITO contact compared to electrons from
the BDD. In Fig. 3(d), we present the calculated tunnel-
ing coefficients for electrons originating from the BDD
contact and for holes from the ITO, depicted in green
and red, respectively. Interestingly, while there is a rela-
tively symmetrical accumulation of ions at both contacts
3(f), the tunneling coefficient for holes is over two or-
ders of magnitude lower than that for electrons. In
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contrast, the barrier lowering effects due to the image
charge force (IM) and dipole effect (DE) are represented
by the green and yellow dotted lines in Fig. S7 across two
cycles of applied triangular bias. The total barrier lower-
ing is indicated by the solid green line. Notably, the con-
tribution of the dipole effect exceeds that of the image
charge effect by more than a factor of two at higher ap-
plied biases. Conversely, at lower biases, their contribu-
tions are nearly equivalent. This behavior can be at-
tributed to the dependence of barrier lowering on the
magnitude of the electric field at the contact surface. As
shown in Fig. S5(b), the electric field values at both the
left and right contacts are similar, suggesting that the
barrier lowering should also be comparable at the right
contact. It is important to note that these two effects con-
tributing to barrier lowering are mathematically de-
scribed by Eq. (S5). In this equation, we utilized fitting
parameters $ and I', with values of 1.25 nm for I' and
0.72 for f8. The parameter I represents the thickness of
polarized ions that accumulate at the contact surface.
This polarization arises from the enhanced electric field,
which induces dipoles primarily within a thin layer near
the contacts. This phenomenon is evident in Fig. S5(b),
where the field distribution is significantly greater in this
narrow region at higher applied biases. The parameter f3,
deviating from 1, signifies the fraction of ions that exhib-
it a weak dipole moment due to their distance from the
intense electric field, yet still contribute meaningfully to
the formation of image charges at the contacts.

Figure 3(e) shows electron and hole distribution in-
side the perovskite at elevated applied bias. Although the
density of electronic carriers is several orders of magni-
tude lower than that of ionic carriers at the interfaces, it
is noteworthy that the peak accumulation of both elec-
trons and holes occurs away from the interfaces. Specifi-
cally, at higher applied biases, electronic carriers localiza-
tion is predominantly observed near the BDD contact
(left of figure at position of zero) connected to the
ground. Understanding this distribution of charge carri-
ers is crucial for optimizing the design of ionic-electron-
ic photo-emitters and -detectors.

The nature of the observed I-V curves hysteresis can
be understood by analyzing Fig. 3(e). It illustrates that
electron concentrations rises near the BDD contact when
the applied potential to the right contact is reduced from
3 V to 2.5 V. While it is true that electronic carriers typi-
cally exhibit higher mobility, the observed increase in
concentration in this context is primarily attributed to

https://doi.org/10.29026/0ea.2025.250110

the sluggish response of ionic carriers to the applied bias.
This slow response is a result of their limited mobility,
which affects the overall dynamics of charge carrier dis-
tribution in the system. Detailed temporal distributions
of electric field, energy levels, and carriers concentra-

tions are presented and discussed in Section S3.6 of SI.

Memory aspect of the nano-crystal

To illustrate the memory characteristics of the nanocrys-
tal, we utilized a crystal with a height of 100 nm and cal-
culated the retention time by applying a triangular write
pulse lasting 20 ms, immediately following a read pulse
at the same scan rate. The amplitudes for the write and
read pulses were set at 4 V and 2 V, respectively. Subse-
quently, we introduced an additional read pulse after the
write pulse, varying the delay time between them. The
results of this analysis are presented in Fig. 4(a, b) and
Fig. S11. From these figures, it is evident that the first
read pulse does not generate any output current signal.
However, the write pulse produces a current pulse with
an amplitude of ~5 nA. In Fig. 4(a), with no delay be-
tween the write and read pulses, the read pulse elicits a
current response of ~2 nA. When the delay time is in-
creased to 10 ms, as it is depicted in panel of Fig. 4(b),
the current pulse is completely vanished. These numeri-
cal results suggest that this memory system is volatile,
making it suitable for applications involving temporal in-
formation processing.

Given that this memristor exhibits volatile behavior, it
is unnecessary to apply a negative pulsed potential to
switch the state of the memristor from LRS to the HRS.
Instead, the transition can be effectively managed by in-
troducing an appropriate delay time between two sets of
write pulses. This method simplifies the switching pro-
cess and eliminates the need for an additional erase
pulse. As illustrated in Fig. 4(c), we can observe two dis-
tinct sets of write and read pulses, with a calculated time
delay of 13 ms between them. This delay plays a crucial
role in facilitating the state transition, acting as a substi-
tute for the traditional erase pulse. By optimizing this
timing, that depends on the amplitude and duration of
the pulses, one can enhance the reliability and efficiency
of the memristor's operation, ensuring a seamless transi-
tion between states while maintaining data integrity.
This approach not only simplify the switching mecha-
nism but also contributes to improved overall perfor-

mance in memory applications.
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Fig. 4 | Memory logic and retention time calculation of the 100 nm perovskite crystal. Time delay between high amplitude (4 V) and low ampli-

tude (2 V) triangle pulse is (a) zero, and (b) 10 ms. (c) Write, read and erase logic with write pulse duration of 20 ms, read pulse duration of 10

ms and erase time of 13 ms.

Conclusions

In this study, we have successfully synthesized single
CsPbBr; perovskite nanocrystals on an ITO substrate
which act as unipolar nanomemristors. By using inert
boron-doped-diamond probe as a top nanocontact,
cyclic I-V curves measurement were performed for sin-
gle nanoparticles. The measurements reveal a strong
unipolar hysteresis of the I-V curves, where the HRS/LRS
current ratio reaches 3 x 10% HRS/LRS ratio and Vi
voltage are increased with the increase of the nanoparti-
cle height (100-250 nm range). The HRS/LRS switching
behavior depends on the size of the nano-crystals: small-
er crystals exhibit abrupt switching of a sub-10-ms, while
crystals with hight above 150 nm show smoother transi-
tions. The studied nanocrystals bear more than 1500 cy-
cles of the I-V curves measurement in a 0-5 V range of
atmospheric ambient conditions. Moreover, after one
month storage in the same conditions nanomemristors
show the same stable cycling. The connection by chemi-
cally inert contacts reveal a Schottky barrier height mod-
ulation as a main mechanism of the resistive switching.
In addition to barrier reduction through image charge

force, our calculations indicate that the dipole effect
caused by ions, significantly contributes to barrier reduc-
tion through dipole effect. The volatile memory re-
sponse has been modeled, showing perspectives for the
temporal signal processing. This study represents a sig-
nificant advancement in our understanding of resistive
state switching in perovskite memristors and highlights
single CsPbBr; perovskite nanomemristors as perspec-
tive object for further studies of ultracompact neuromor-
phic computing systems.

Methods

Perovskite nanocrystals synthesis and analysis

The perovskite synthesis of CsPbBr; NCs were synthe-
sised using a similar procedure as described by Tiguntse-
va et al.”®. Clean from general contamination ITO glass
(Kaivo, 7 Ohm/sq) was used as a bottom contact. Per-
ovskite NCs were obtained in two steps: PbBr, DMF so-
lution (62.34 mg/mL) were spin-coated at 2500 rpm for
40 second and then placed on hot plate at 75 °C for 30
minutes. Then PbBr; films were transferred to CsBr so-
lution in methanol (7.5 mg/mL) for 10 minutes at 50 °C
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to initiate perovskite formation and crystallized at 150 °C.

A scanning electron microscope (SEM) Merlin (Carl
Zeiss) was used for SEM imaging. Perovskite cubes posi-
tion on ITO was determined with use of low accelerating
voltage of 1.5 kV to prevent charge effects. In-Lens de-
tector was chosen to obtain better topography resolution.
The working distance was about 4.4 mm.

Raman spectroscopy was performed under CW-laser
radiation (HNL100LB, Thorlabs, output power 10 mW),
which was focused using a micro-objective lens (M Plan
Apo HR, Mitutoyo, M = x100, NA = 0.90), in the focal
plane of which there was a glass substrate with per-
ovskite microcrystals. The interaction result of focused
radiation with semiconductors generated a Raman scat-
tering signal collected by the same micro-objective lens.
This is the principle of measurement in geometry on re-
flection. A long-pass dichroic mirror with a cutoff wave-
length of 650 nm was used to separate the radiation of
the information signal from the excitation. Next, the in-
formation signal was sent to a commercial spectrometer
(Horiba Jobin-Yvon LabRam HRS800 with diffraction
grating support of 600 lines per mm) to decompose the
optical signal into a spectrum and detect it with a cam-
era (water-cooled CCD detector iDus DU420A-OE, An-
dor). A configurable pinhole is installed at the input of
the spectrometer, which is why the resulting microscop-
ic system is confocal and allows to capture a signal from
a spatially limited area. The measurements were carried
out at room temperature (294 K) in atmospheric ambi-
ent condition.

I-V analysis

Measurement of the I-V curves was performed by con-
ductive AFM using Ntegra Aura (NT-MDT) scanning
probe microscope. Commercial DCP30 (Tipsnano)
probes with a BDD conductive coating were used as a
top contact. The tip curvature radius of the probes was
100-200 nm and a cantilever stiffness were of ~60 N/m.
The height of the measured particles was estimated from
the AFM image obtained in the semi-contact mode. For
stable electrical contact, the probe's pressure force was of
300 nN. The second electrical contact was connected to
the particle-free ITO surface with a spring probe pin. I-V
curves were measured by applying a voltage to the sub-
strate and registering the current by the amperemeter at
the probe's side. The sensitivity of the amperemeter was
3 pA. The minimal time for the I-V curve measurement
with both voltage ascending and descending directions
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was of 50 ms with a time step between the measurement
points of 0.05 ms.

Modeling part

To analyze the experimental I-V curves, we employed a
one-dimensional (1D) ionic-electronic drift-diffusion
(DD) model in transient condition. Given the asymme-
try of the electrodes and the larger area of the bottom
electrode in relation to the perovskite crystal size, we fo-
cused on two nanocrystals with heights of 100 nm and
110 nm. These crystals have a relatively small volume-to-
surface ratio, ensuring that the area of the bottom elec-
trode is not excessively larger than that of the top elec-
trode, which allows us to effectively utilize the 1D model.
Several open-source code for the 1D ionic-electronic DD
model has been developed by various authors®->2. How-
ever, these publications do not consider the effects of
charge carrier tunneling and Schottky barrier reduction
effect at the perovskite-contacts interface.

Since ions cannot be extracted or injected from the
electrodes, they tend to accumulate at the perovskite-
electrode interface by applying of a voltage bias on the
contacts, resulting in significant alterations to the elec-
tric potential that can induces numerical instability. To
address this, we employ the well-known Scharfetter-
Gummel (SG) discretization for current fluxes. While
applying SG discretization to the electronic carrier cur-
rent density using the Boltzmann distribution is straight-
forward>, we adapted a modified scheme of SG dis-
cretization for ionic carriers as proposed by Koprucki et
al.*. They modified the original SG scheme by incorpo-
rating a diffusion enhancement approach and an inverse
activity coefficient. In a other work by Farrell®, it is
shown that the error associated with the diffusion en-
hancement approach is consistently lower than that of
the second approach across a broader range of varying
potentials V and electro-chemical potentials # in a typi-
cal grid, as analyzed through the finite volume method.
The discrete from of current density for electronic and
ionic carriers using SG discretization are represented in
the Section S3.4 of Supplementary information.

Using the simulation parameters outlined in Table S1
of the SI and employing SG discretization to solve the
PDEs represented by Eqs. S1-S5, we first determined the
equilibrium condition for electronic carriers by assum-
ing zero mobility for ionic carriers. This equilibrium so-
lution served as the initial guess for addressing the non-
equilibrium scenario with initially uniformly distributed
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fixed ions. These fixed ions is introduced to effectively

model Schottky defects within the system®. We also

initialized the distribution of mobile ions to match that

of the fixed ions. For solving the PDEs, we utilized a

combination of the Gummel and Newton methods,

leveraging the solution from the previous time step as the

starting point for the current step. Given the nonlinear

nature of the PDEs, we implemented a dynamic damp-

ing strategy as proposed by Amrein et al.>°. The solver

parameters for the damped Newton method, including

the initial Gummel iteration prior to applying the New-
ton method, are detailed in Table S2 of the SL
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