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Effects of resistive switching in films based on inorganic perovskite
nanocrystals CsPbBr;(l;), conjugated polymer P3HT and [60]PCBM
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The development of reliable optoelectronic memristors is crucial for the successful development of neuromorphic
systems, however, existing devices suffer from uncontrolled dynamics of ion migration resulting in the unpredictable
resistive switching parameters. Structures were obtained in this paper using nanocrystals of inorganic perovskites —
quantum dots CsPbBr3(I3), films of conjugated polymer poly(3-hexylthiophene) (P3HT) and a fullerene
derivative [60]PCBM. The morphology and optoelectronic properties of the sandwich structures obtained were
studied. It was found that the obtained samples demonstrate a memory effect at 300 K consisting in switching
from a high- to a low-resistive state when voltage is applied. The nature of the memory effect observed in such
structures associated with the capture of charge carriers by traps is discussed, as well as the prospects for using
such materials in neuromorphic interfaces and for the manufacture of memory cells — memristors.
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1. Introduction
The development of digital technologies sets new urgent
tasks for the associated electronic component base. Rapidly
evolving virtual ecosystems connected to the Internet, in
particular, with the Internet of Things, require an increase
of the speed of devices and devices into which they are
integrated. The currently generally accepted von Neumann
architecture has long been capable to meet the increasing
demand for hardware characteristics, but the development of
technologies reveals the limitations imposed on it [1-3]. One
of the main such limitations is the difference in performance
between the processor and the computer’s memory, which
creates an imbalance in the exchange of data between them,
which, in turn, limits the speed of the computer. The
development of reliable optoelectronic memristors is crucial
for the successful solution of this task for development
of neuromorphic systems. The range of materials used
for creation of memristors has been significantly expanded
in recent years for the improvement of memristor perfor-
mance [4,5]. Memristors based on perovskite [6], silicon
oxides (mainly SiO;) [7], metal oxides [8], graphene and its
derivatives [9] and other materials were developed. Most
such materials improve the stability of the characteristics
of memristors, but they contain oxygen vacancies that limit
the memristor effect. An important area of research is the
use of materials that do not contain oxides, such as inorganic
nanocrystals of perovskites, as memristors. Switching effects
in such systems and the effect of layers of semiconductor
polymers and fullerene derivatives on them are currently
insufficiently studied.

Sandwich structures were obtained in this paper using
nanocrystals (NC) of inorganic perovskites — quantum
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dots — CsPbBr;(I3), conjugated semiconductor polymer
poly(3-hexylthiophene) (P3HT) and a fullerene derivative
[60]JPCBM. The morphology and optoelectronic properties
of the obtained structures were studied. It was found that
the obtained samples demonstrate the memory effect at
300K, which consists in switching the structure from a
high to a low-resistive state when voltage is applied. The
nature of the memory effect observed in such structures
associated with the capture of charge carriers by traps is
discussed, as well as the potential of usage of such materials
in neuromorphic interfaces.

2. Subjects of the study and methods
of investigation

The studied structures were made by applying ap-
propriate solutions to glass substrates with Smm wide
conductive layers of tin-doped indium oxide (ITO). A layer
of conductive polymer —poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) (Sigma Aldrich) was
applied to the ITO layer to coordinate the work function of
the hole layers and then it was dried at 60°C for 30 min.
PEDOT: PSS films were applied by centrifugation using
Chemat Technology spin-coater KW-4A centrifuge at speeds
of 1000 rpm and 3500rpm for 10 and 30s, respectively.
Layers of CsPbBr3(I3) nanocrystals (details of NC synthesis
were described earlier in [10]) were applied to PEDOT : PSS
and dried for 10min at a temperature of 100°C. Layers
of semiconductor polymer P3NT and fullerene derivative
[60]JPCBM (both — Sigma Aldrich) were applied to the NC
layer for more efficient absorption of light by the structure
and these layers were dried for 10 min at a temperature of
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using carbon paste. Contacts with P3HT were implemented
in the form of clamping copper electrodes.

3. Results and discussion

The results of AFM studies of the morphology of films
of CsPbBr; nanocrystals deposited on ¢-Si substrate, shown
in Figure 3, indicate that samples have a developed surface
with a relatively heterogeneous morphology. As can be
seen from Figure 3, globules consisting of arrays of NC
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as the structure of the samples studied in this paper, are
shown in Figure 1 and 2, respectively. The morphology
of the surface of the deposited layers of NC was studied
using atomic force microscopy (AFM) using SOLVER P47
PRO NT-MDT. Photoluminescence (PL) of films of CsPbls
and CsPbBr; nanocrystals was excited by an ultraviolet LED
UVTOP280TO39HS with radiation wavelength of 285 nm.

The current-voltage curve (CVC) of the samples were
measured in planar geometry using a two-probe pattern at
room temperature in darkness and with illumination by
a sunlight simulator using an automated setup based on
Keithley 6487 picoammeter. The applied voltage varied
from —2 to 2'V with variable pitch. The contacts to the ITO Figure 3. The results of AFM studies of the morphology of films
(PEDOT :PSS) electrodes were attached with silver wire of CsPbBr3 nanocrystals deposited on c-Si.
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Figure 4. a) Absorption spectra of pure films of CsPbBr;

nanocrystals (line /) and CsPbl; nanocrystals (line 2) on quartz
substrates; PL spectra of pure CsPbBr; nanocrystals (line 3)
and CsPbl; nanocrystals (line 4); b) Absorption spectra of (7, 2)
and PL (3) of films: P3HT (1, 3) and [60]PCBM (2) respectively.

CsPbBr; with pronounced boundaries are observed in the
studied films, while the average grain diameter varies within
~ 500—700nm, and their height is ~ 60—80nm. The
studied films of CsPbBr; nanocrystals are characterized
by significant roughness (Root Mean Square, Rg), which
in the field 2 x 2um was Rg ~ 33.6nm (Average Rough-
ness =26.7nm) (Figure 3,5, ¢).

The absorption and PL spectra of films of CsPbBr;
nanocrystals and CsPbls nanocrystals, as well as P3HT and
[60]PCBM films are shown in Figure 4, a and b respectively.
Figure 4,a shows that the absorption edge and peak PL of
films of CsPbBr; and CsPbl; nanocrystals correspond to
wavelengths of 510nm and 680 nm, respectively, and the
absorption edge of the P3HT film is 640 nm. Thus, CsPbBr3
nanocrystals absorb light in the range of about 500 nm,
while the absorption edge of CsPblz nanocrystals is shifted
to the red region of the spectrum (680—690nm). The
use of P3HT and [60]JPCBM films also allows shifting the
absorption edge of the entire structure to a longer wave-
length region and expanding the spectral absorption range.
A similar effect with respect to films of organometallic
perovskites is widely used in solar cell manufacturing.
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Figure 5,a,b shows the CVC structures based on
CsPbBr3; nanocrystals and films of P3HT: ITO/PEDOT : PSS/
CsPbBr3/P3HT/Cu. The structure demonstrates pronounced
diode properties with a forward and reverse bias current
ratio reaching four orders of magnitude, as well as the
resistive switching effect observed in case of application of
a forward bias of ~ 0.2—0.3 V. The presence of reverse
switching is observed with a decrease of voltage, while
the switching effect is more pronounced during subsequent
passages, as shown in Figure 5,b, and CVC before and
after switching is ohmic in nature, which is consistent
with the results of previous studies [11]. The observed
character of the CVC is in many ways similar to the
CVC of films of organometallic perovskites [11,12], which,
taking into account their reproducibility, makes the studied
structures perspective with a view of their use in memristor
and RRAM — instrument structures.

Typical CVC of composite film of ITO/PEDOT:PSS/
CsPbl3/P3HT/[60]PCBM/Cu is shown in Figure 6,a, b. The
effect of switching from a low-conducting to a high-
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Figure 5. CVC of ITO/PEDOT: PSS/CsPbBr3/P3HT/Cu structure,
measured in the darkness, on a direct and semi-logarithmic scale,
at the first (@) and second (b) passage.
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Figure 6. CVC of ITO/PEDOT: PSS/CsPbl3/P3HT/[60]PCBM/Cu
structure, measured in the darkness and with illumination, at the
semi-logarithmic (a) and double logarithmic (b) scale.

conducting state in these samples takes place when a bias
of the order 0.9—1V is applied to the electrodes with
illumination by a sunlight simulator. It should be noted that
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both before and after switching, the CVC obey the Ohm’s
law, while the current ratio in high- and low-conducting
states differed by 150—200times. The samples remained
in the photoinduced switched state as long as they were
exposed to the bias, no switching was observed when the
reverse bias was applied, at the same time the samples
demonstrated diode properties with a forward and reverse
bias current ratio of 10.

Figure 7, a, b shows diagrams of energy levels of sandwich
structures of ITO/PEDOT : PSS/CsPbBr3/P3HT/Cu (a) and
ITO/PEDOT : PSS/CsPbl3/P3HT/[60]PCBM/Cu (b).  The
subject structures absorb photons, and then free carriers are
generated at the P3HT/CsPbBr;(13) interfaces after exciton
dissociation. Consequently, the built-in electric field at the
interfaces, induced by accumulated electrons, results in good
photosensitivity of the samples irradiated with a sunlight
simulator.

Thus, the effect of resistive switching is observed not
only in structures based on films of organometallic pe-
rovskites [11,12], but also in sandwich structures based on
nanocrystals of inorganic perovskites — CsPbBr3;(I3) and
semiconductor polymer P3HT — both in the darkness and
with the illumination.

The memory phenomenon in such materials can be ex-
plained by the capture and subsequent release of the charge
by traps. Optical programming capabilities allow memristors
in both studies to simulate synaptic plasticity with light
stimulation, which provides a cost-effective solution for
creating artificial synaptic devices with photoelectric ope-
rations in the field of memory architecture designing using
nanocrystals. Reconfigurable devices that can switch be-
tween volatile and non-volatile states have recently attracted
a lot of attention.[12,13]. Reconfigurable memristors [14]
were demonstrated in 2022 that implemented switching
between diffusion/volatile and drift/non-volatile modes while
maintaining high performance.

Devices based on thin films of perovskite nanocrystals
have a wider band gap and higher stability than 3D
films of halide perovskites because of the suppression of
migration of ions Cs and halogens. These properties make
them suitable for memristor applications requiring tunable
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Energy band diagrams of structures of ITO/PEDOT:PSS/CsPbBrs/P3HT/Cu (a) and ITO/PEDOT:PSS/CsPbl;/P3HT/
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conductance states, low power consumption, and fast re-
sponse. We have recently proposed a special mechanism for
resistive switching in memristors based on organometallic
perovskites, associated with the splitting of the film volume
into vortex movements of ions and vacancies of the Benard
cell type [15]. It was demonstrated that such cells may act
as a preparatory stage for splitting the volume of halide
perovskites into a multitude of closely spaced filaments
which are formed by neutral halogen vacancies and support
the electronic gap conduction in addition to the ionic one.
We believe that this mechanism can also manifest itself in
the structures studied in this paper.

At the same time, it should be noted that structures
based on nanocrystals of halide perovskites also have certain
problems, such as structural complexity and the presence of
barriers for carrier transfer. For this reason additional studies
are needed to optimize their characteristics and overcome
the limitations for memristor applications.

4. Conclusion

Sandwich structures were obtained in the study using
perovskite nanocrystals of CsPbBr3 (I3 ), conjugated polymer
P3HT and fullerene derivative [60]PCBM. The morphology
and optoelectronic properties of the obtained structures
were studied. It was established that the obtained struc-
tures demonstrate a memory effect at 300K consisting in
switching from a high to a low-resistive state when bias
is applied and with illumination, while a current change
of 2 orders of magnitude is observed in samples obtained
using [60]LSWM and a current change of 4 orders of
magnitude in observed in samples without it. The nature of
the memory effect observed in such structures is associated
with the capture of charge carriers by traps. The studied
materials are perspective in view of the use in neuromorphic
interfaces.

Acknowledgments

The authors would like to thank ILP. Shcherbakova
and V.N. Petrova for their help in the study of photo-
luminescence and AFM, respectively, and also A.O. Be-
lorus for assistance in the synthesis of nanocrystals of
inorganic perovskites.

Conflict of interest

The authors declare that they have no conflict of interest.

References

[1] Q Li, T. Li, Y. Zhang, Y. Yu, Z. Chen, L. Jin, Y. Li, Y. Yang,
H. Zhao, J. Li, J. Yao. Org. Electron. 77, 105461 (2020).

[2] Z. Hao, H. Wang, S. Jiang, J. Qian, X. Xu, Y. Li, M. Pei,
B. Zhang, J. Guo, H. Zhao, J. Chen, Y. Tong, J. Wang,
X. Wang, Y. Shi, Y. Li. Adv. Sci. 9, 2103494 (2022).

[3] TY. Wang, JL. Meng, ZY. He, L. Chen, H. Zhu, QQ. Sun,
S.J. Ding, P. Zhou, D.W. Zhang. Adv. Sci. 7, 1903480 (2020).

Physics of the Solid State, 2024, Vol. 66, No. 4

4]
[5]
[6]
7]

8]

9]
[10]
[11]
[12]

[13]

[14]

[15]

S. Liu, J. Zeng, Q. Chen, G. Liu. Front. Phys. 19, 23501
(2024).

YN. Zhong, T. Wang, X. Gao, J.L. Xu, S.D. Wang. Adv. Funct.
Mater. 28, 1800854 (2018).

N.A. Tulina, LY. Borisenko, V.V. Sirotkin. Phys. Lett. A 372,
6681 (2008).

Z. Ma, J. Ge, W. Chen, X. Cao, S. Diao, Z. Liu, S. Pan. ACS
Appl. Mater. Interfaces 14, 21207 (2022).

V. Mikheev, A. Chouprik, Y. Lebedinskii, S. Zarubin,
AM. Markeev, A.V. Zenkevich, D. Negrov, Nanotechnology
31, 215205 (2020).

Z. Shen, C. Zhao, Y. Qi, I.Z. Mitrovic, L. Yang, J. Wen,
Y. Huang, P. Li, C. Zhao. Micromachines 11, 341 (2020).
AN. Aleshin, LP. Shcherbakov, O.P. Chikalova-Luzina,
L.B. Matyushkin, M.K. Ovezov, A.M. Ershova, LN. Trapez-
nikova, V.N. Petrov. Synthetic Met. 260, 116291 (2020).
AN. Aleshin. Nanobiotechnology Rep. 17, 873 (2022).

G.V. Nenashev, AN. Aleshin, I.P. Shcherbakov, V.N. Petrov.
Solid State Commun. 348—349, 114768 (2022).

TK. Su, WK. Cheng, C.Y. Chen, W.C. Wang, Y.T. Chuang,
GH. Tan, HC. Lin, CH. Hou, CM. Liu, Y.C. Chang,
JJ. Shyue, K.C. Wu, HW. Lin. ACS Nano 16, 12979 (2022).
R.A. John, Y. Demirag, Y. Shynkarenko, Y. Berezovska,
N. Ohannessian, M. Payvand, P. Zeng, M.I. Bodnarchuk,
F. Krumeich, G. Kara, 1. Shorubalko, M.V. Nair, G.A. Cooke,
T. Lippert, G. Indiveri, M.V. Kovalenko. Nature Commun. 13,
2074 (2022).

N.I Alekseev, AN. Alyoshin. FTT 66, 377 (2024). (in
Russian).

Translated by A.Akhtyamov



