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Hybrid halide perovskites are attractive candidates for resistive switching
memories in neuromorphic computing applications due to their mixed
ionic-electronic conductivity. Moreover, their exceptional optoelectronic
characteristics make them effective as semiconductors in photovoltaics,
opening perspectives for self-powered memory elements. These devices,
however, remain unexploited, which is related to the variability in their
switching characteristics, weak endurance, and retention, which limit
their performance and practical use. To address this challenge, we
applied low-dimensional perovskite capping layers onto 3D mixed halide
perovskites using two perfluoroarene organic cations, nhamely (perfluor-
obenzyllammonium and (perfluoro-1,4-phenylene)dimethylammonium
iodide, forming Ruddlesden—Popper and Dion—Jacobson 2D perovskite
phases, respectively. The corresponding mixed-dimensional perovskite
heterostructures were used to fabricate resistive switching memories
based on perovskite solar cell architectures, showing that the devices
based on perfluoroarene heterostructures exhibited enhanced perfor-
mance and stability in inert and ambient air atmosphere. This opens
perspectives for multidimensional perovskite materials in durable self-
powered memory elements in the future.

Introduction

Resistive switching memories have emerged as innovative
devices that provide benefits due to switching speed, cycling
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New concepts

Hybrid organic-inorganic metal halide perovskites have become promis-
ing materials in resistive switching memories for neuromorphic comput-
ing. Moreover, their power conversion efficiency in photovoltaics
provided an unprecedented opportunity for the development of self-
powered brain-inspired memory technologies. However, this innovative
potential has not been realized due to the instabilities of hybrid halide
perovskites switching operating conditions that
compromise their durability in the corresponding memory devices. In
this work, we demonstrate a new concept for enhancing the durability of

under resistive

resistive switching perovskite memories by applying perfluoroarene-
based low-dimensional perovskite capping layers onto 3D metal halide
perovskites comprising (perfluorobenzyl)Jammonium and (perfluoro-1,4-
phenylene)dimethylammonium iodide species that form Ruddlesden-
Popper and Dion-Jacobson layered (2D) perovskite phases, respectively.
This provides access to mixed-dimensional perfluoroarene-based
perovskite heterostructures that have been applied to
switching memories based on perovskite solar cell architectures, which

resistive

exhibit enhanced performance and stability as compared to conventional
perovskite resistive switching memory devices. This advancement
highlights the potential of multidimensional perovskite materials for
durable and self-powered memory elements in the future.

endurance, and state retention,>® as well as extended
scalability’ compatible with executing computation tasks at
low power consumption.>® Such non-von Neumann computing
architectures enabled by resistive switching memories (often
referred to as ‘memristors’) could offer local learning and
decision-making functions,”® aiming to provide brain-
inspired in-memory processing with high energy efficiency.’
Resistive switching memories have also been used as artificial
synapses and neurons for neural networks,"""> implemented
through memristive crossbar arrays,'® which could overcome
conventional computing architecture power limitations for the
future of electronics.'*'® To this end, oxide-based memristors
provided superior state-of-the-art performance in resistive
memories."® Other materials have also been used, including
2D" and organic materials."® Recently, metal halide perovs-
kites have been identified as promising materials that possess

This journal is © The Royal Society of Chemistry 2024
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unique optoelectronic properties and accessible solution-
processed manufacturing at lower temperatures that are com-
patible with flexible substrates,'® extending their application
beyond photovoltaics.>*">* They are based on AMX; formulae
comprising divalent metals (M, mostly Pb®>*) and halide anions
(X =1, Br, Cl) in a corner-sharing octahedral framework hosting
central (A) cations (e.g:, Cs, Rb, methylammonium (MA),
formamidinium (FA), etc.). In a typical perovskite solar cell,
hysteresis is observed in current-voltage characteristics, which
is associated with ion migration processes.”®?” Such mixed
ionic-electronic conductivity can be detrimental to solar cell
operation; however, it is relevant in resistive switching,*®
suggesting their potential use in ‘memristive’ devices.>* High-
performance resistive switching memories based on halide
perovskites have shown low voltage operation,*® high ON/OFF
ratios,*! long retention,*? and fast switching speed.>* Moreover,
lead-free compounds were also used in more sustainable
memories.>**> The underlying ion migration across halide
perovskite compositions was associated with both cation
and halide mobility upon external stimulation, such as electric
fields and light illumination.>*° Other defects in halide
perovskites, including vacancies, interstitials, and cation sub-
stitutions, can contribute to the ion migration process. The
activation energy for migration of iodine vacancies (V;) is
~0.1 eV and is much lower compared to MA (Vya) and Pb
(Vpp) vacancies, which are around 0.46 eV and 0.8 eV,
respectively.*>*! Accordingly, halide ions can drift under an
electric field and diffuse due to concentration gradients, and
the redistribution can lead to the formation of conductive
filaments at the onset of a resistive switch.”> The formation
and rupture of such conductive filaments of metal ions or
halide vacancies between contact electrodes is the most
widely accepted mechanism of operation for halide perovskite
resistive switches.***> However, additional mechanisms may
affect the resistive switching, such as the presence of interfacial
Schottky barriers or trap-controlled space charge limited
currents."®*”

These processes are sensitive to environmental conditions,
such as oxygen and moisture, which can compromise the
durability of perovskite devices, necessitating alternative
stabilisation strategies.*®*® To address this, layered (2D) halide
perovskites that incorporate organic spacer layers between
perovskite slabs in either Ruddlesden Popper®® (RP) or Dion-
Jacobson (DJ)*" phases have been applied to resistive switching
devices.>*>* It was shown that their use in 2D/3D perovskite
heterostructures can enhance the efficiency of perovskite
devices®® due to defect passivation at the interface® or
bulk,>®>” as well as between the perovskite and the transport
layers.”®® Moreover, hydrophobic organic spacers improve the
ambient and operational stability of materials and devices.*
While 2D/3D perovskite heterostructures have been applied to
resistive switching,®"® a limited number of reports address
the effect of dimensionality and mixed-dimensional perovskite
heterostructures on the resistive switching characteristics, and
this approach remains unexploited in solar cell architectures
despite their potential for self-powered memories.

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 Mixed-dimensional heterostructures in resistive switching memory.
(@) Schematic of perovskite solar cell memory device incorporating
perfluoroarene-based mixed-dimensional perovskite heterostructures with
the structure of the corresponding organic spacers used (F-BNA and
F-PDMA). PCBM = [6,6]-phenyl-Cg;-butyric acid methyl ester; BCP = bath-
ocuproine; PTAA = poly(triarylamine); ITO = indium-doped tin oxide. Cross-
sectional images of devices are shown in Fig. S3 (ESIt). (b) X-ray diffrac-
tion patterns of control (black), F-BNAI (blue, 6 mg ml™), and
F-PDMAI (purple, 3 mg ml™) treated perovskite films; lower angle reflections
(asterisk) correspond to the low-dimensional perovskite phases. (c) GIWAXS
data of control, F-BNAI (1 mg ml™), and F-PDMAL, (2 mg ml™Y treated
perovskite films on glass slides measured at an angle of incidence 0.14°.
Radial profiles extracted from GIWAXS data are shown in Fig. S1 of the ESL}

In this study, we apply hydrophobic perfluoroarene cations,
namely (perfluorobenzyl)Jammonium (F-BNA) and (perfluoro-
1,4-phenylene)dimethylammonium (F-PDMA) iodide, which
can form RP and DJ layered (2D) perovskite phases,® respec-
tively, on the surface of mixed halide perovskite thin films in
solar cell memory devices (Fig. 1a). We demonstrate the for-
mation of mixed-dimensional perovskite heterostructures and
investigate their effect on device performance and stability,
showing that both systems improve endurance and retention
compared to the control devices. The F-BNA-based RP system
displayed a prolonged cycling endurance of 10* and retention
time of 5 x 10% s, whereas the F-PDMA-based DJ perovskite
devices had an endurance of 5 x 10° cycles and retention time
of 3 x 10° 5, compared to the cycling endurance and retention
of 1.2 x 10% cycles and 1.2 x 10® s for the control device.
Moreover, mixed-dimensional perovskite devices featured sta-
bility over three months in an inert atmosphere and over one
month in ambient conditions, highlighting the beneficial effect
of perfluoroarenes on the durability of memory devices.

Results and discussion

Perfluoroarene systems, F-PDMAI, and F-BNAI,®* were applied
as overlayers to (FAMA)y.91CS¢.0sRbg.04Pb(Io.5Bro.15)3 perovskite
compositions to form 2D/3D perovskite heterostructures
(Fig. 1b). For this purpose, precursor salts of different concen-
trations (1-6 mg ml ') were dissolved in isopropyl alcohol
and spin-coated, followed by annealing at 100 °C for 5 min
(as detailed in the Experimental section of ESIT).
Mixed-dimensional  perovskite heterostructures were
analysed by X-ray diffraction (XRD) of the films, revealing
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low-angle reflections below 20 of 10° (Fig. 1b) that correspond
to the low-dimensional perovskite phases. Wide-angle X-ray
scattering (GIWAXS) measurements revealed the presence of
Bragg peaks with ¢ < 1 A~ (Fig. S1, ESI}), including an
additional signal at approximately 0.5 A in the case of F-
PDMAI,-treated perovskite thin films, even at lower concentra-
tions (1-3 mg ml™'; Fig. 1b and c), corresponding to a low-
dimensional phase without preferential orientation (Fig. S1,
ESIT). The comparison of the peak positions to the corres-
ponding 2D RP and DJ phases (Fig. S1, ESIt)®* suggests the
formation of 2D/3D perovskite heterostructures, while co-
existence of other low-dimensional perovskite phases could
not be excluded under these conditions. This was further in
accordance with the UV-vis absorption spectra (Fig. S2, ESIT),
revealing comparable spectral characteristics at lower concen-
trations (1 mg ml™ "), with changes in the spectral offset at
higher concentrations (5 mg ml™") for both systems (Fig. S2,
ESIT). The presence of the overlayer had no significant effect on
the bandgap (E,) of the control films (1.56 eV), slightly reducing
E, for both F-BNAI (1.54 eV) and F-PDMAIL, (1.53 eV), with
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pronounced effects in higher concentrations, corroborating the
formation of a mixed-dimensional heterostructure.

The morphology of the films was further investigated by
atomic force microscopy (AFM; Fig. S4, ESIf), revealing
changes upon deposition of the overlayer, which was
reflected in the formation of uniform thin films without
pinholes. Moreover, the presence of perfluoroarene moieties
was found to increase the surface hydrophobicity, as demon-
strated by contact angle measurements with a water droplet
(Fig. S5, ESIt). Both F-PDMAI, (49.2°) and F-BNAI (55.0°)
treated perovskite films were more hydrophobic than
the control (40.5°), suggesting the potential of mixed-
dimensional heterostructures to improve the stability against
moisture in perovskite materials and devices. The effects
were further investigated in conventional indium-doped tin
oxide glass (ITO)/poly(triarylamine)(PTAA)/perovskite/per-
fluoroarene/[6,6]-phenyl-C4,-butyric  acid methyl ester
(PCBM)/bathocuproine (BCP)/Ag solar cell device architec-
tures (Fig. 1a), which have previously shown potential to
operate as memories.®*””°
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Fig. 2 Steady-state resistive switching memory characteristics. (a)—(c) Current—voltage (/-V) characteristics of (a) control, (b) F-BNAI and (c) F-PDMAI,
treated devices with different spacer concentrations (1-3 mg ml™?) and (a) optimised preparation conditions (1 mg ml™* for F-BNAI and 2 mg ml™ for F-
PDMAI, treated devices). (d)—(f) /-V characteristics of 30 (d) control, (e) F-BNAI and (f) F-PDMAI, devices under optimised preparation conditions. (g)—(i)
Switching voltage distribution and statistics for the (g) control and optimised (h) F-BNAI and (i) F-PDMAI devices. CV represents the variation coefficient
defined as the ratio of the standard deviation (o) divided by the median values (i) to estimate the dispersion of switching voltages in cycle-to-cycle
switching variations. Characteristics for treated devices of other concentrations of F-BNAI and F-PDMAI, are shown in Fig. S6-S8 of the ESI.¥
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Steady-state resistive switching characteristics

To assess the resistive switching behaviour, we examined the
steady-state current-voltage (/-V) characteristics of 30 control
and treated devices (Fig. 2a-i) and determined their ON/OFF
ratio between high resistance state (HRS) and low resistance
state (LRS) currents, as well as SET (Vsgr) and RESET (Vggser)
voltages. We also included in our analysis the variation coeffi-
cient (CV), defined as the percentage ratio of the standard
deviation (¢) divided by the median values (u), to evaluate the
dispersion of switching voltages around their average values for
cycle-to-cycle variations in devices. The control resistive switching
memory showed stable, bipolar characteristics with an ON/OFF
ratio in the order of 10°, within an operation window below 1 V
(Fig. 2a and d). The HRS current was at 10~ ’A, whereas the LRS
current is on the order of 10~ A. The average Vspr and Vggsgr
voltage for 30 I-V sweeps (Fig. 2d and g) was found to be 0.22 +
0.07 V (34%) and —0.68 + 0.11 V (16%), respectively. To identify
optimal conditions for F-BNAI and F-PDMAI,, we tested a range of
spacer concentrations (1-5 mg ml—") and monitored the device
characteristics (Fig. 2b and c).

Steady-state I-V curves for F-PDMAI,-treated perovskite
devices (Fig. 2f and i and Fig. S6, ESIt) demonstrated stable,
bipolar resistive switching with a similar ON/OFF ratio as the
control device within a comparable operational window of
<1 V. Similarly, F-BNAI-treated devices (Fig. 2e and h and
Fig. S6, ESIt) exhibited bipolar resistive switching below 1 V
with a comparable ON/OFF ratio and the average Vsgr slightly
higher compared to the control devices (Fig. 2a and Fig. S7,
ESIt). However, increasing the concentration to 5 mg ml "
(Fig. S8, ESIT) led to the absence of resistive switching for both
systems, likely due to a thick low-dimensional perovskite over-
layer that could affect the conductive filament formation.®>
Moreover, the variation coefficient was reduced for lower
concentrations of the perfluoroarene (1 mg ml~" F-BNAI and
2 mg ml~' F-PDMAL,), suggesting a better cycle-to-cycle varia-
tion that is relevant for improving the device reproducibility
(Fig. S7, ESIt). This defines the optimal conditions (a summary
of Vger AND Vigser values for each case can be found in
Table S1, ESIT). The optimised conditions (Fig. 2a) were there-
after applied in the devices used for further evaluation of their
resistive switching endurance, state retention, as well as the
overall stability during operation that is relevant to their
application.

Resistive switching endurance and state retention

The cycling endurance (Fig. 3a-d) of the devices was further
evaluated using electrical pulses of the same waveform of +1 V
amplitude and 100 ms duration for the writing and erase pulses
and 20 mV for 2 ms for the reading pulse (Fig. 3a, left). The
cycling endurance tests of the control device (Fig. 3b) revealed a
maintained ON/OFF ratio over approximately 10° cycles before
the device LRS abruptly transitioned to the HRS irreversibly.
The intermediate points that appear in the endurance plots are
likely the result of insufficient formation/rupture of the conduc-
tive filament in the resistive switching process.”" The resistance

This journal is © The Royal Society of Chemistry 2024
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state retention was measured using a =1 V pulse of 4 s duration
followed by reading at 20 mV for every 5 s (Fig. 3a, right). Under
these conditions, the control device maintained both resistance
states for 1.2 x 10 s (Fig. 3e) before a transition from LRS to
HRS took place.”””® In contrast, optimised F-PDMAI, devices
(2 mg ml™") featured a higher endurance of 5 x 10° cycles
without reduction in the ON/OFF ratio (Fig. 3c) and with the
state retention (Fig. 3f) of 2.3 x 10® s. Alternative F-PDMAI,
concentrations of 1 and 3 mg ml ™" resulted in a lower endurance
of 5 x 10> and 4 x 10® cycles (Fig. $10, ESIf) with the state
retention of 5 x 10> and 2.3 x 10 s (Fig. S9, ESIt), respectively.
Instead, the optimal performance of the F-BNAI treated devices
was superior in lower concentrations (1 mg ml '), which is likely
the result of a more insulating character of the spacer cation and
its preferential bilayer formation in 2D RP phases (Fig. 3d and
Fig. S9, ESIt). The optimal F-BNAI devices showed a cycling
endurance of 10* cycles without any reduction of the ON/OFF
ratio, which is almost an order of magnitude higher than that of
the control device. The corresponding retention characteristics
were also superior, as devices maintained their HRS for 5 x
10° s, whereas the LRS increased from 300 Q to 1 kQ after 5 x
10% s, which was significantly higher as compared to the control
devices (Fig. 3g). In contrast, higher concentrations of F-BNAI
(2 and 3 mg ml ") led to a slightly lower endurance of 2.9 x 10°
and 2.3 x 10? cycles (Fig. S10, ESIt), with the retention of 6.6 x
10%> s and 3.6 x 10° s, respectively (Fig. S9, ESIT). This highlights
the superior performances of F-BNAI-treated devices in optimal
lower concentrations as compared to F-PDMAI, and control
devices (Table S2, ESIt). Moreover, both spacers featured com-
petitive performance as compared to the state-of-the-art hybrid
perovskite resistive switching memories to date (Table S3, ESI).

Device stability

The stability of the control, F-BNAI- and F-PDMAI,-treated
resistive switching devices were evaluated by monitoring their
characteristics in both inert and ambient environment condi-
tions over three and one-month periods, respectively. I-V curves
of the control and optimal F-BNAI and F-PDMAI, treated
devices were recorded in one-month intervals upon storage
under an inert nitrogen atmosphere in the dark for a total
period of three months (Fig. 4a-c and Fig. S11, ESIY). All values
for the ON/OFF ratio calculation were extracted at 50 mV at LRS
and HRS, and the evolution of parameters over time is detailed
in Table S4 (ESIT). The control devices during the first month
featured an average Vsgr, Vreser, and ON/OFF ratio of 0.27 +
0.06 V, —0.53 %+ 0.04 V, and 2.95 x 10, respectively. After three
months, the resistive behaviour was no longer observed, and
the control device failed to maintain its switching character-
istics (Fig. 4a). In contrast, the F-BNAlI-treated device had a Vsgr,
Vreser, ON/OFF ratio of 0.30 + 0.03 V, —0.60 + 0.08 V, and
4.46 x 10* during the first month of storage, whereas after
three months, the parameters were maintained at 0.21 +
0.04 V, —0.77 & 0.06 V, and 2.50 x 10> (Fig. 4c), respectively,
demonstrating the ability of the perfluoroarenes to prolong the
device lifetime without significant deterioration. Similarly, F-
PDMAI,-treated devices during the first month of storage

Nanoscale Horiz., 2024, 9, 146-1154 | 1149
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Fig. 3 Resistive switching cycling endurance and state retention. (a) Electrical pulse waveforms were used for the cycling endurance (left) and state
retention (right) measurements throughout the study. (b)—(d) Cycling endurance and (e)-(g) state retention plots of the (b) and (e) control and (c) and
(f) optimised F-PDMAI, (2 mg ml™) and (d) and (g) F-BNAI (1 mg ml™) treated devices. The resistive switching characteristics of F-BNAI and F-PDMAI,
treated devices of other concentrations (1-3 mg ml™Y) are shown in Fig. $9-510 of the ESI.{

(Fig. 4b) exhibited an average Vsgr of 0.16 £ 0.06 V, Vigser of
—0.79 + 0.23 V, with the ON/OFF ratio of 1.01 x 10°. During the
second month of storage, these values were 0.26 £ 0.08 V,
—0.79 + 0.23 V, and 1.42 x 107 respectively, and the para-
meters remained comparable after the third month with an
average Vsgr, Vreser, and ON/OFF ratio of 0.14 4+ 0.03 V, —0.71
+ 0.07 V, and 2.33 x 10° respectively. Accordingly, both
perfluoroarene systems outperformed the control devices in
terms of shelf-life stability under an inert atmosphere.

The ambient stability of devices was thereafter investigated
by monitoring the I-V parameters during an exposure period of
40 days in a humid ambient environment without any encap-
sulation (relative humidity 40-60%; Fig. S12 and Table S5,
ESIt). The control device deteriorated already after 7 days of
air exposure (Fig. 4d). In the case of F-PDMAI,-treated devices
(Fig. 4e), the Vsgr, Vreser, and ON/OFF ratio decreased slightly
after 40 days, and the device remained functional. Similarly,
F-BNAI treated systems (Fig. 4f), retained their performance

1150 | Nanoscale Horiz., 2024, 9, 1146-1154

after 40 days of exposure, with the highest ON/OFF ratio
compared to the control and F-PDMAI, devices. This suggests
that both perfluoroarene systems enhance durability, whereas
F-BNAI-treated devices are more reliable, even after 40 days of
ambient air exposure. The reduction of the ON/OFF ratio can be
ascribed to the humidity-induced degradation,” which can be
suppressed by using the hydrophobic materials at the interface,
contributing to the enhancement of the overall stability. The
ambient stability results agree with the wetting properties of
the perovskite films with and without perfluoroarene treat-
ment, highlighting the potential of perfluoroarenes to sustain
device operation under ambient conditions.

Conduction mechanism

A commonly accepted mechanism of conduction for halide
perovskite resistive switching devices is the formation and
rupture of conductive filaments of halide vacancies or metal
cations,*>”> 8" which is affected by the choice of electrode.®*"%*

This journal is © The Royal Society of Chemistry 2024
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including control (a) and (d), F-PDMAI; (b) and (e) and F-BNAI (c) and (f) treated devices. Complementary device stability is shown in Fig. S11 and S12 of the ESI.{

Upon illumination, a decrease in the LRS current due to Vy/V;*
recombination process
annihilation.®*°° Such abrupt switching can also be the result
of conductive bridges between the electrodes through either
halide (either I or Br) vacancies or metal cations upon electro-
chemical metallisation. For halide perovskite resistive switches

results in conductive filament

in the initial state, halide vacancies are randomly distributed in
the perovskite layer without preferential orientation. After the
application of positive voltage on the top electrode (Ag), metal
ions can migrate through the perovskite layer, whereas halide
ions drift and their vacancies migrate in the opposite direction
(Fig. 5). When the threshold SET voltage is reached, conductive
paths are formed between the two electrodes (Ag and ITO,
Fig. 1a). When negative voltage is applied to the Ag top
electrode, a threshold RESET voltage can be reached and the
conductive filament ruptures as halide ions are now drifting
towards the bottom electrode, filling the vacancies,’" leading to
the transition to the HRS.

To assess the mechanism that governs such resistive switching
process in mixed-dimensional halide perovskite memory devices,
we performed further investigation of the I-V characteristics of the
devices based on F-PDMAIL, and F-BNAI systems and compared

INITIAL STATE

RESET

SET

Fig. 5 Resistive switching mechanism. Schematic of the resistive switch-
ing of halide perovskite memory devices, indicating the formation (SET)
and rupture (RESET) of the conductive filaments (ion vacancies in blue and
metal cations in grey). The perovskite layer is represented in light orange.

This journal is © The Royal Society of Chemistry 2024

them to the control by performing space-charge-limited current
(SCLC) analysis (Fig. S13, ESIt). All three systems showed a linear

relationship between I and /¥, which is indicative of Schottky
emission conduction that can be described by the following

q3

——_ . KT -/V, where q is the elemen-
drdeceg

equation®** In(7) =

tary charge, ¢ and ¢ vacuum and material relative permittivity,
k Boltzmann’s constant, d dielectric layer thickness and T tem-
perature. The slope for the control device was 0.97, close to unity,
thus indicating ohmic conduction. The same analysis was per-
formed upon F-BNAI and F-PDMAIL, treatment, revealing LRS
slopes of 1.04 and 1.07, respectively. Accordingly, the perfluoroar-
ene resistive switching memory devices were found to exhibit
ohmic conduction in the LRS as well. A comparable analysis was
performed for the case of HRS for all three systems (Fig. S13,
ESIY), demonstrating analogous behaviour, which corroborates
the filamentary switching mechanism that could be stabilised in
perfluoroarene mixed-dimensional heterostructures, providing a
versatile strategy that stimulates future investigations.

Conclusions

In summary, we employed two perfluoroarene systems based
on (perfluorobenzyl)ammonium (F-BNA) and (perfluoro-1,4-
phenylene)dimethylammonium (F-PDMA) iodides, which form
Ruddlesden-Popper and Dion-Jacobson perovskite phases,
respectively, at the interface with the 3D perovskite layer in
photovoltaic devices. We demonstrated mixed-dimensional
heterostructures that display resistive switching memory beha-
viour with the enhancement of the performance and endurance
in inert and ambient environments. The F-BNA-based system
showed a prolonged cycling endurance of 10* and retention
time of 5 x 10° s, whereas the F-PDMA-based devices had
an endurance of 5 x 10° cycles and retention time of

Nanoscale Horiz., 2024, 9, 1146-1154 | 1151
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3 x 10’ s, compared to the 1.2 x 10> cycles and 1.2 x 10° s for
control devices. This advancement highlights the potential of
mixed-dimensional perovskites in self-powered memories.
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