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Harnessing Earth-Abundant Lead-Free Halide Perovskite for
Resistive Switching Memory and Neuromorphic Computing
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Tianxu Huang, Chun-Ho Lin,* Long Hu,* Fandi Chen,* Zhi Li, Jiabao Yi, Tom Wu,
and Dewei Chu*

Non-volatile memories are expected to revolutionize a wide

range of information technologies, but their manufacturing cost is one of the
top concerns researchers must address. This study presents a 1D lead-free
halide perovskite K,CuBr;, as a novel material candidate for the resistive
switching (RS) devices, which features only earth-abundant elements,

K, Cu, and Br. To the knowledge, this material is the first low-dimensional
halide perovskite with exceptionally low production costs and minimal
environmental impact. Owing to the unique 1D carrier transport along the
Cu—Br networks, the K,CuBr; RS device exhibits excellent bipolar switching
behavior, with an On/Off window of 10° and a retention time of over

1000 s. The K,CuBr; RS devices can also act as artificial synapses to transmit
various forms of synaptic plasticities, and their integration into a perceptron
artificial neural network can deliver a high algorithm accuracy of 93% for

sustain technological growth. Resistive
switching (RS) memory, characterized by
its ability to reversibly switch between
high resistance state (HRS) and low re-
sistance state (LRS), has become pivotal
in data storage technology. Compared
to conventional silicon-based non-volatile
memory, RS memory is noted for its
faster response speed, high write-erase
cycle endurance, lower power consump-
tion, and smaller cell size.'l Moreover,
the meticulous modulation of resistance
between HRS and LRS under electrical
pulse stimuli is similar to the behavior
of a biological synapse, facilitating ap-
plications in neuromorphic computing

devices, including artificial synapse,?!
nociceptor,>*! photo-synapsel®! and arti-
ficial neural network (ANN).[*8] Neuro-
morphic computing based on resistive
switching devices has demonstrated re-
markable potential for enabling highly
efficient and low-power computational
systems. These devices excel in handling complex, parallel, and
spatiotemporal data processing tasks, essential for applications
in robotics, autonomous systems, and event-driven artificial in-
telligence. Their seamless integration with network-on-chip ar-
chitectures and compatibility with complementary metal-oxide
semiconductor technologies further positions them as a trans-
formative technology for future intelligent systems.!*!

image recognition. Overall, this study underscores the promising attributes
of K,CuBr; for the future development of memory storage and neuromorphic
computing, leveraging its distinct material properties and economic benefits.

1. Introduction

The rapid development in integrated circuits (ICs) and artifi-
cial intelligence (AI) have significantly facilitated the level of hu-
man life. However, the physical limitations imposed by Moore’s
Law and the von Neumann bottleneck have driven researchers to
pursue alternative memory materials and device architectures to
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Figure 1. Price of precursors (US dollar) used in fabricating 100 grams of perovskite, purity >99%. Data was collected from Sigma in November 2023.

Recently, halide perovskites with distinctive crystal structures
have shown great promise in RS applications. Their soft lat-
tices feature low-energy barriers!'®! that allow the migration
of halogen vacancies or mobile ions to form conductive fila-
ments within the lattice, which is the key mechanism for the RS
phenomenon.['!] Additionally, the fabrication of perovskite semi-
conductors avoids typical high-temperature processes, thereby
significantly reducing energy consumption, manufacturing com-
plexity, and cost.">'*) Due to the wide availability of A-site cations
(which connect the individual perovskite B-X network), B-site
cations, and X anions (forming the B-X metal halide network)
to fit with perovskite structure, it allows effective tuning of per-
ovskite properties to suit a variety of applications. This includes
the ability to modify their molecular dimensionalities from 0D
to 3D. For example, lead-based 3D perovskites have garnered
the most interest due to their lone-pair Pb 6s orbit, inactive Pb
6p orbit, and strong spin-orbit coupling (SOC),I'*'*] contribut-
ing to an ideal bandgap and excellent charge transport for solar
applications.

However, lead-based perovskite is also problematic, primar-
ily concerning health and environmental risks associated with
lead.l'"] As an alternative, Sn-based 3D perovskites have been
studied since it has an electron configuration similar to lead,!”!
however, Sn (II) ion can be easily oxidized into Sn (IV),['8] lead-
ing to deteriorated device performance. As a result, recent re-
search has focused on lower-dimensional, lead-free perovskites,
including 2D, 1D, and 0D molecular structures.'”) Elements
such as Bi, Sb, and Cu have been utilized to construct low-
dimensional structures,!*”! where the individual 2D, 1D, or 0D
metal halide building blocks are separated from each other by
spacer cations, and the perovskites can exhibit the unique intrin-
sic properties of the individual building blocks. Due to the iso-
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lated nature of molecular low-dimensional perovskites, the elec-
tronic carriers predominantly move within the confined metal
halide networks, leading to lower intrinsic conductivity than
typical 3D perovskites.?!l This can significantly decrease the
OFF-state current for memory/neuromorphic devices, allowing a
larger On/Off ratio and reducing energy consumption, together
with its less-toxic nature and desirable soft lattices, lead-free low-
dimensional perovskites are considered superior candidates for
memristor applications.[??]

In this work, we introduce 1D K, CuBr;, thin films for RS mem-
ory and artificial synapse for the first time. Due to the earth-
abundant nature, the precursor material cost for K,CuBr; is
found to be the lowest among all the family of halide perovskite
memories reported so far. As illustrated in Figure 1, based on
market price, the cost of precursors for fabricating 100 grams of
K,CuBrj; is only 118.28 US$/100 g, which is significantly lower
than that of other 1D halide perovskites, and shows a huge cost
advantage compared to conventional organic-inorganic halide
perovskites and lead-based perovskites, which typically exceed
1000 US$/100g. In addition, the environmental impact can also
be minimized compared to conventional halide perovskites, as
K,CuBr; is derived from widely available, non-toxic elements,
making it a more environmentally friendly alternative. The RS
devices based on thermally evaporated K,CuBr; thin films ex-
hibit desirable digital switching behavior with a high On/Off
memory window of over 10° and a retention time of over 1000
s. The K,CuBr; memristor devices can also conduct different
artificial synapse functions, including short/long term potenti-
ation (STP/LTP), pair-pulse facilitation (PPF), and synaptic num-
ber/intensity/rate/duration dependent plasticities (SNDP, SIDP,
SRDP, SDDP). Overall, the results demonstrated here advance
the development of low-cost, lead-free K,CuBr; for memory
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Figure 2. a) Schematic illustration of the K,CuBr; crystal structure. b) XRD spectrum of synthesized K,CuBr; powder compared to reference pattern
ICDD 04-014-2731. ¢) Schematic illustration of VTE thin film deposition. d) SEM image of K,CuBr; film surface. €) AFM examination of K,CuBr; surface.
) XPS full spectrum of K,CuBr; film. XPS core spectra of K,CuBr; film at g) Br-3d, h) K-2p, and i) Cu-2p regions.

storage and neuromorphic computing, leveraging its unique ma-
terial properties and economic benefits.

2. Results and Discussion

The crystal structure of K,CuBr; is demonstrated in Figure 2a.
The copper and bromide atoms are arranged to form the Cu—Br
tetrahedron networks, which are connected to each other by shar-
ing corners with neighboring tetrahedrons and forming a 1D
Cu—Br chain. Potassium atoms are positioned between Cu—Br
chains to separate them, thus contributing to the overall forma-
tion of the 1D perovskite structure. The K,CuBr; powders were
first prepared by a solid-state reaction (see Experimental Section).
The prepared K,CuBr; powder is examined by powder X-ray
diffraction (XRD) measurements, as shown in Figure 2b, which
shows multiple sharp peaks that match the reference record for
1D K,CuBr; (ICDD 04-014-2731). The 1D Cu—Br tetrahedron
networks can endow K,CuBr; with anisotropic carrier transport
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property. Previous reports on perovskite dimensionality research
and density functional theory (DFT) calculation have revealed
that the low-dimensional 1D structure can facilitate ion migra-
tion due to the anisotropic migration barrier.l*?* This can po-
tentially reduce the SET voltage in RS devices, thus decreas-
ing energy consumption. In this work, the K,CuBr; thin films
were fabricated from the powders using the single-source vac-
uum thermal evaporation (VTE) method, which enables simple
control, large-area, and high-throughput fabrication, as shown in
the schematic diagram Figure 2c. Previous studies reported that
the appearance of KBr/CuBr impurities in fabricating K, CuBrj; is
possible, 25261 which is also supported by the XRD pattern (Figure
S1, Supporting Information).

To investigate the quality of thin films, scanning electron mi-
croscopy (SEM) was used to examine the surface morphology. As
depicted in Figure 2d, the K,CuBr, film formed by VTE deposi-
tion shows a smooth and continuous surface with densely packed
grains and an average grain size of ~300 nm. The K,CuBr,
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surface roughness was also investigated by atomic force mi-
croscope (AFM), obtaining a mean roughness of 11.95 nm
(Figure 2e). These characteristics indicate that the K,CuBr; film
is smooth and dense without significant pinholes, which is ben-
eficial for RS device application.

X-ray photoelectron spectroscopy (XPS) has been employed to
further study the K,CuBr; film. As depicted in Figure 2f, the
peaks from Cu, K, and Br can be clearly observed in the over-
all survey of K,CuBr;. The Br-3d spectrum in Figure 2g, reveals
two signals at 69.7 and 68.7 eV, which correspond to the Br-
3d,,/*’! and Br-3ds ,!**! orbit, respectively. Figure 2h displays the
peak at 295.8 and 292.8 eV, which matches the K-2p, ,[**) and K-
2p;,1*%) orbits in the K* ion. The Cu-2p spectrum in Figure 2i
features the Cu-2p, , peak at a binding energy of 952.0 VP!l and
highlights a strong signal at 932.2 eV along with a weaker sig-
nal at 933.7 eV, both indicative of the Cu-2p;, orbit,**>*’] sug-
gesting the primary presence of monovalent Cu™.>*] The atomic
ratio analysis derived from the XPS survey reveals that the ra-
tio of K, Cu, and Br is ~2:1:3 (Table S1, Supporting Informa-
tion), which matches the desired ratio of the K,CuBr;. Thermo-
gravimetric analysis (TGA) and differential scanning calorime-
try (DSC) measurements were also conducted to examine the
properties of K,CuBr, (Figures S2 and S3, Supporting Informa-
tion). The TGA spectrum indicates that K, CuBr; exhibits no no-
ticeable weight loss up to 650 °C, while the DSC data reveals a
pronounced peak at 244.2 C. The observed thermal event can be
attributed to the melting point of K,CuBr;, as suggested by the
reported KBr—CuBr phase diagram.?’]

Our synthesized K,CuBr; thin films can exhibit strong blue
light photoluminescence (PL) under a UV lamp (Figure 3a). To
further investigate its PL property, both PL and photolumines-
cence excitation (PLE) spectra were tested as shown in Figure 3b.
PL spectrum shows the peak location at 379 nm, indicating an
emission within the blue range, which is consistent with the
result in Figure 3a. The PLE spectrum reveals a maximum ex-
citation at 294 nm, with a large Stokes shift of 0.94 eV com-
pared to the PL peak, implying the occurrence of self-trapped
exciton (STE) emission in K,CuBr; crystals.[2%3-7] The forma-
tion of STEs has been reported in various 1D perovskites ow-
ing to strong electron-phonon coupling within the lattice distor-
tion field, which can create covalent bonds in the excited state
that are absent in the ground state.®®] The mechanism of STE
emission is illustrated in Figure 3c. Upon photoexcitation, elec-
trons are initially excited to free-exciton states. These free ex-
citons then rapidly relax into STE states and the decay from
these trapped centers leads to the STE emission with a longer
wavelength than its excitation peak. In 1D K,CuBr;, the config-
uration variation of Cu—Br bonds under excitation can lead to
Jahn-Teller distortions,!*"! which serve as centers for STE forma-
tion. These dynamic second-order Jahn-Teller instability may en-
hance ion migration in the perovskite,!*! which can potentially
benefit RS device that relies on ion movement. These free exci-
tons then rapidly relax into STE states and the decay from these
trapped centers leads to the STE emission with a longer wave-
length than its excitation peak. In 1D K, CuBrj;, the configuration
variation of Cu—Br bonds under excitation can lead to Jahn-Teller
distortions,??! which serve as centers for STE formation. These
dynamic second-order Jahn-Teller instability may enhance ion
migration in the perovskite,[*’l which can potentially benefit RS
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device that relies on ion movement. From previous studies, the
Jahn-Teller distortion induces local lattice distortions by elongat-
ing certain bonds, reducing the symmetry, as well as the system
energy. This local lattice deformation enhances electron-phonon
coupling, leading to the localization of charge carriers and stabi-
lizing the STE.I**3] The Jahn-Teller distortions and associated
polaron formation create localized regions of strain and defect
states, which can serve as pathways for ions to migrate under an
external electric field.*"! We also examined the Raman spectrum
of K,CuBr, (Figure S4, Supporting Information), in which the
two peaks at 130 and 148 eV can be attributed to the vibration of
the Cu—Br bonds. According to the previous report,3°) these two
vibration modes may contribute to the electron-phonon coupling,
endowing K, CuBr; with the distinct STE property.

To investigate the band structure of K,CuBr;, UV-vis spec-
troscopy and Ultraviolet Photoelectron Spectroscopy (UPS) are
employed in this study. The UV-vis spectrum of K,CuBr,
demonstrates its reflectance across 200 to 800 nm wavelength
range (Figure S5, Supporting Information). Based on the result,
the bandgap width is calculated using the Kubelka-Munk equa-
tion shown as follows:*!]

= 1)

where K is the absorption coefficient, S is the scattering coefhi-
cient, and R refers to the reflectance. As illustrated in Figure 3d,
the calculated Tauc plot revealed a bandgap of 3.77 eV for
K, CuBr;. To further clarify the band structure, UPS spectra in the
cutoff and valance band regions were obtained (Figure 3e,f), and
the valance band maximum (VBM) and fermi level (E) position
of K,CuBr; were calculated using the following equations:[*>4]

Ep=2122-FE,; (2)
VBM =21.22 = (E 05 — Epneu) 3)

where 21.22 eV is the excitation photon energy, E .. and E .,
refer to the spectrum tangent in the cutoff region and valance
band region, respectively. The E; position and VBM are calcu-
lated to be —3.67 and —5.22 eV, respectively, and together with
the Tauc plot obtained bandgap, the conduction band minimum
(CBM) is determined to be —1.45 eV. The overall band structure of
K,CuBr;, depicted in Figure 3g, indicates a slight p-type behavior,
consistent with the usually observed p-type characteristics in Cu-

based hybrid semiconductors.*’”] When selecting a metal elec-

trode for constructing a K,CuBr;-based RS device, the Schottky
barrier height, determined by the difference between the VBM
of the semiconductor and the metal’s work function, should be
considered.!*®] For K,CuBr, (VBM: —5.22 eV), the Ag (work func-
tion: —4.2 eV) electrode can be a better candidate than Au (work
function: —5.1 eV) since larger Schottky barriers are preferred for
RS devices, which can reduce the OFF state current and the as-
sociated energy consumption.

In Figure 3h, the DFT simulated density of state (DOS) demon-
strates that the electron orbitals from copper predominantly con-
tribute to the valence band structure. On the other hand, the elec-
tron orbit from bromide has a weak contribution to the band
structure when hybridized with Cu orbit. Furthermore, itis found
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Figure 3. a) Photograph of K,CuBr; thin films under UV excitation. b) PL and PLE spectra of K,CuBr;. c) Schematic diagram of STE emission mechanism.
d) Tauc plot of K,CuBrs, calculated from UV-vis results with Kubelka-Munk function. UPS spectra of K,CuBrj in the ) cutoff region and f) valance band
region. g) Schematic diagram of measured K,CuBr; band structure. h) DOS plot and i) band structure of K,CuBr; calculated by DFT simulation.

that the potassium ions have minimal effect on the band struc-
ture, which is consistent with the molecular structure of K,CuBr,
crystals, where the potassium ions only separate the 1D Cu-
Br chains.®! The Brillouin zone shown in Figure 3i demon-
strates the bandgap calculated with hybrid functional b3lyp, end-
ing with a simulated value of 4.23 eV at the wavevector I" point.
The minimal dispersion of the VBM position suggests that the
carrier’s effective mass is substantial. Consequently, carriers are
likely to be confined in the 1D Cu-Br chains.**l The confined
1D carrier transport theoretically can lead to lower Off-state cur-
rent than typical perovskites, which is beneficial for the digi-
tal/neuromorphic switching devices by enhancing the On/Off ra-
tio and reducing energy consumption.

Our K,CuBr; RS device adopted a typical metal-
semiconductor-metal (MSM) layered structure, in which the

Adv. Electron. Mater. 2025, 11, 2400804 2400804 (5 of 11)

ITO and Ag serve as the bottom and top contacts, respectively,
as shown in the illustration in Figure 4a and photograph in
Figure S6 (Supporting Information). The cross-sectional SEM
image of the device confirms the MSM structure with 100 nm
Ag top electrode (TE), #300 nm K,CuBr, functional layer, and
ITO glass bottom electrode (BE, Figure 4b). The RS property
of the Ag/K,CuBr,/ITO device is shown in Figure 4c, in which
a significant hysteresis loop was recorded when applying a
DC voltage bias sweep (0 V—»0.4 V-0 V—-0.4 V-0 V) on the
silver TE, demonstrating a bipolar resistive switching behavior
with a large memory window. During the voltage sweep from
0 to 0.4 V, the device was in HRS with a small current of 1
nA flowing through the device. When the applied voltage ap-
proached 0.3 V, the recorded current increased dramatically to
the magnitude of 10™* A, demonstrating the resistive switching
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Figure 4. a) Schematic diagram and b) cross-sectional SEM image of Ag/K,CuBr;/ITO RS device. c) I-V characteristics of K,CuBr; RS device under
voltage bias sweep (0V—0.4V—0V—-0.4V—0 V). d) Schematic diagram showing the electrochemical metallization mechanism of RS behavior. €) Log
| versus log V sweep curve of K,CuBr; RS device. f) Retention test and g) cyclic endurance test of the K,CuBr; RS device. h) The effect of different

compliance current (CC) settings during the RS testing.

to the LRS, namely the “SET” process of the memory device.
The device remained in LRS when the voltage swept from 0.4
to 0 V. During the sweep from 0 to —0.4 V, the recorded current
decreased rapidly when approaching —0.2 V, in which the device
underwent the “RESET” process and switched back to the HRS.
The On/Off ratio of the device can reach 10> between HRS and
LRS, demonstrating an excellent property in resistive switching
applications. Figure S7 (Supporting Information) shows the
statistical distribution of measured SET and RESET voltages,
in which the average SET voltage is 0.317 V and the RESET
voltage is —0.289 V. Furthermore, the switching time from HRS
to LRS is estimated to be 0.6 s, while the switching time from
LRS back to HRS is ranging from 0.3 to 0.75 s, as shown in
Figure S8 (Supporting Information). In this study, the K,CuBr,
RS device is fabricated using a shadow mask with an array
configuration. Figure S9 (Supporting Information) shows the

Adv. Electron. Mater. 2025, 11, 2400804 2400804 (6 of 11)

I-V tests of 10 devices in an array, demonstrating a consistent
RS behavior. Figure 4d is a schematic diagram that demonstrates
the RS mechanism. When an external positive voltage is applied,
the Ag TE can undergo oxidation and produce mobile Ag ions
migrating into the vacancies of the perovskite layer, as reported
previously.*] In this study, we performed the I-V experiments
with a probe station under vacuum conditions. Therefore, the
redox reaction between perovskite and Ag under external voltage
bias is responsible for the generation of mobile Ag ions instead
of oxygen-related oxidation. With a further increase in voltage,
the mobile Ag ions are driven to form a conductive filament
through the perovskite layer, thereby switching the resistance of
the device to LRS. This conductive filament can rupture when a
negative voltage is applied, causing the device to switch back to
the HRS. To further confirm the filament-type mechanism of our
RS devices instead of interface-type, we changed the size of the
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Table 1. Performance summary of 1D halide perovskite-based RS devices in the literature and this work.

Perovskite On/Off ratio Retention Cycle SET/RESET Voltage Lead-Free Refs.
(Im)Pbl, 108 10* s 1000 0.2V/02V No [24]
(NH = CINH;);Pbl; 10° 10*s <200 0.2V/-2.1V No [52]
PrPyrPbl, 10° 10*s 2000 0.9V/-1.2V No [53]
BnzPyrPbl, 10 N/A N/A 0.9V/-1.2V No [53]
(CH5);SPbl, 102 10% s 300 0.2V/0.5V No [54]
CsCu,l, 104 10* s 100 0.5V/05V Yes [55]
K,CuBr, 10° 10% s 200 0.27V/-0.3V Yes This work

Ag electrode and examined its RS performance, as filament-type
RS devices are much less dependent on the electrode area. As
shown in Figure S10 (Supporting Information), the switching
performance difference between large and small Ag TE devices
is insignificant, which supports the conductive filament as the
RS mechanism. To further verify that the conductive filament
is based on Ag ions, a device replacing the electrochemically
active Ag TE with inert metal Au is made. As shown in Figure
S11 (Supporting Information), the Au/K,CuBr,/ITO device only
shows a certain degree of I-V hysteresis without significant RS
phenomena. These results suggest that despite some mobile
halide ions/vacancies existing in K,CuBr; and contributing to
RS, they are insufficient to form a conductive filament, high-
lighting the critical role of the Ag top electrode in inducing the
observed resistive switching in our study.

To further study the switching mechanism of this device dur-
ing RS, an -V logarithm plot is made, along with the linear fit-
ting for the HRS and LRS regions, respectively (Figure 4e). In the
HRS region, at a low voltage below 0.1 V, the charge carrier expe-
riences an interfacial Schottky barrier, resulting in a small slope
0f0.25. When the voltage is between 0.1 and 0.2V, the slope of the
fitting line becomes 0.88, indicating that the I-V relationship fol-
lows the ohmic law (IxV). When voltage exceeds 0.2 V, the slope
of the fitting line becomes 2.10, indicating the conduction mech-
anism transferred into space charge limited current (SCLC) con-
duction, with an I-V relationship of I« V2.°*!] When the device
is set to LRS, only one linear region is observed and the slope is
1.06, denoting the ohmic law of conduction in LRS as a conse-
quence of the formation of conductive filament.

The data retention ability of the device was studied by record-
ing its current over time under a read voltage of 0.08 V when the
device is set to LRS and HRS, respectively. As shown in Figure 4f,
for both LRS and HRS, the device can maintain its performance
for 1000 s without obvious fluctuation, together with a large
On/Off storage window of 10°, the non-volatile K,CuBr, device
provides excellent signal-to-noise ratio and stability for memory
application. To investigate the endurance of the device, cyclic test-
ing was carried out, as shown in Figure 4g. The device is repeat-
edly set to LRS and HRS for 200 cycles and the current in each
state is recorded under a reading voltage of 0.08 V. One can see
that the device can maintain the excellent On/Off ratio of 10° dur-
ing the 200 cycles endurance test, which demonstrates a good re-
liability of this device. Table 1 summarizes the performance of RS
devices based on different 1D halide perovskites reported in the
literature and this work.[2#52-55] The studied K,CuBr; RS device
exhibits a decent performance comparable with up-to-date lead-
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based perovskite devices and outperforms other lead-free per-
ovskite counterpart in terms of On/Off ratio, cycling endurance,
and much smaller set/reset voltage, representing the advantage
in energy consumption. The widely available and non-toxic ele-
mental composition of K,CuBr;, combined with its superior RS
performance and cost-effectiveness, makes it an environmentally
friendly candidate that merits further research for advanced RS
applications.

The K, CuBr; devices also demonstrate multi-level storage ca-
pability, which can be achieved by adjusting the compliance cur-
rent during the SET process. Modulating the compliance current,
defined as the maximum current allowed during I-V measure-
ments, is a common technique to fine-tune resistive memory
properties by directly tailoring the LRS value and the strength of
the conducting filament. In our experiment, a consistent voltage
sweep of 0 V - 0.4V - -0.4V - 0V was applied, with com-
pliance currents set at 10™* A, 107> A, and 107 A, respectively,
resulting in three distinct levels of LRS in the K,CuBr; device,
as illustrated in Figure 4h. The multi-level switching capability
shown here significantly enhances data storage density, suggest-
ing that the device may be suitable for a broader range of appli-
cations. It is worth noting that when the compliance current is
excessively high (1072A), the HRS current of the device may pro-
gressively increase during subsequent sweeping cycles (Figure
S12, Supporting Information). This phenomenon suggests that
the conductive filament may become excessively robust, which
consequently increases the difficulty of the RESET process. As a
result, the On/Off ratio tends to decrease gradually. Since halide
perovskites are sensitive to moisture and oxygen, the device may
degrade over time when exposed to ambient air. As shown in
Figure S13 (Supporting Information), the On/Off ratio gradually
reduced from 10° to 10! after being stored in the air for 7 days.
Similar to the advancements made in perovskite solar cells, it is
worth more future research efforts in surface passivation and de-
vice encapsulation to improve the stability of perovskite-based RS
devices.

Besides the memory application, perovskite-based RS devices
are also ideal candidates for artificial synapses to transmit infor-
mation. In a biological synapse, as shown in Figure 5a, when a
signal is transmitted from the presynaptic neuron to the post-
synaptic neuron, neurotransmitters like Ca’* ions are released
by the synaptic vesicle, diffuse through the cleft between axon
and dendrite, and detected by the receptor.5®! For our RS artificial
synapses, the top silver electrode and bottom ITO electrode repre-
sent the presynaptic and postsynaptic neurons, and the K,CuBr,
switching layer acts as the synaptic cleft with inspiration from the
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Figure 5. a) Schematic diagram demonstrating the principle of synapse behavior. b) The synaptic current of K,CuBr; synapse with increasing pulse
number (total number N = 20). c) STP and LTP behavior of the synapse device. d) PPF index as a function of pulse interval of the K,CuBr; device.
e) SRDP of K,CuBr; device, pulse gap: 0.3-0.7 s. f) SDDP of K,CuBr; device, pulse duration:0.3-0.7 s g) SIDP of K,CuBr; device, pulse amplitude:

0.16-0.24 V.

biological synapse. In such devices, the migration of Ag ions and
the formation of conductive filament represents the transporta-
tion of neuron transmitter.

Synaptic plasticity, the change in synaptic weight in response
to activity spikes, defines the connection strength between pre-
neurons and post-neurons and is crucial for human brain learn-
ing and memorization. In this work, the K,CuBr; artificial
synapses can also mimic a series of vital synaptic plasticity func-
tions. In the study of SNDP, as shown in Figure 5b, the device
current gradually increases with pulse number from 1 to 20 un-
der constant amplitude, frequency, and pulse width (0.22 V, 600-
ms pulse gap, 500-ms pulse width), indicating that the synaptic
weight of K,CuBr; synapse can be meticulously regulated. The
STP and LTP functions are also studied by controlling different
input pulse numbers (Figure 5c). The excitatory postsynaptic cur-
rent (EPSC) is recorded when applying the pulse train (0.2 V am-

Adv. Electron. Mater. 2025, 11, 2400804 2400804 (8 of 11)

plitude, 500 ms duration, and 500 ms gap between each pulse) to
the device. One can see that the K,CuBr; synapse demonstrates
STP after 5 pulses, with a sharp decrease in the current value
within 3 s after the pulse train is stopped. Increasing the number
of pulses to 10 further increases the potentiation to more than 8s,
and an enhanced LTP is recorded with 20 pulses, in which the cur-
rent value remains at a high level for more than 20 s. The synaptic
plasticity is closely related to the number of pulse training ses-
sions, mirroring the human brain’s ability to enhance long-term
memory with increased training.

The synaptic plasticity of a synapse is highly dependent on
the pulse frequency, duration, and amplitude, namely, the SRDP,
SDDP, and SIDP characteristics. The SRDP is studied under 20
pulses with a constant amplitude of 0.2 V and a pulse width of
500 ms (Figure 5e). When the gap between each pulse decreases
from 700 to 300 ms, the current rises more rapidly, resulting in
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Figure 6. a) Schematic illustration of ANN image recognition. b) Potentiation of K,CuBr; synapse devices as a function of pulse number (pulse
amplitude: 0.22 V, duration: 500 ms, pulse gap: 600 ms). c) The recognition accuracy of K,CuBr; neuromorphic devices compared to ideal devices.
d) The recognition accuracy of K,CuBr; neuromorphic devices under different proportions of noise pixels. ) Final achieved recognition accuracy under

different noise ratios.

a substantial increase in the maximum current flowing through
the device from 5 to 60 pA, a twelvefold increase, and thus demon-
strating an enhanced potentiation with increased frequency of
pulse interval. The pair-pulse facilitation (PPF) phenomenon is
also observed during the study of SRDP. The PPF index (PPFI)
is described by the ratio of the current amplitude of the second
pulse to the first pulse (I,/I; x 100%), which is dependent on the
time interval between the two pulses, as illustrated in Figure 5d.
The relationship between PPFI and time follows a double expo-
nential function:*’]

PPFI(%)=Ce 7 +C,e 2 +1 (4)

The fitting result is indicated by the red line in Figure 5d, with
7, = 3.06 and 7, = 125 ms, demonstrating a millisecond-level
response of the artificial synapse, which is on a similar timescale
to that of general biological synaptic behavior.

The SDDP is studied under 20 pulses with a constant ampli-
tude of 0.2 V and a pulse gap of 400 ms (Figure 5f). Similar to
SRDP, the maximum current read in SDDP is also increased
by a magnitude, from pA level to 10 pA level, as the pulse dura-
tion increases from 300 to 700 ms. The SIDP is also investigated
with pulse voltages set from 0.16 to 0.24 V, while pulse duration
(500 ms) and pulse gap (600 ms) remain constant, as shown in
Figure 5g. The current difference between the 0.16 V pulse train
and the 0.22 V pulse train is over a magnitude, from pA level to
~50 pA, and the 0.24 V pulse train drives the device to the com-
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pliance current of 0.1 mA. These experiments prove the device’s
capability to demonstrate basic synaptic functionality, including
SRDP, SDDP, and SIDP. In addition to the potentiation, synap-
tic depression behavior was also observed when negative voltage
pulses of -0.27 V were applied, with a pulse duration of 300 ms
and an interval gap of 500 ms. As shown in Figure S14 (Support-
ing Information), the synaptic depression exhibits an exponential
decay from 100 to 50 pA in 20 pulses.

To further explore the potential of this RS synaptic device in
ANN systems, we conducted a multilayer perceptron (MLP) sim-
ulation focused on image recognition using a 28 X 28 matrix and
10 000 samples (Figure 6a). Figure 6b illustrates the synaptic plas-
ticity dataset collected from the K,CuBr; device that creates the
ANN simulation model, with each point on the graph represent-
ing the end current of each pulse. As shown in Figure 6c, after
180 training epochs, this device reaches an accuracy of 93% in
image recognition, which is slightly lower than the ideal accu-
racy of 95% generated by the simulation program. Figure 6d,e
demonstrate the decline in recognition accuracy when noise pix-
els were introduced into simulations. With 3% of noise pixels, the
recognition accuracy decreased to 88%, demonstrating a certain
degree of anti-interference capability.

3. Conclusion

In summary, we have prepared a lead-free halide perovskite RS
device based on 1D K, CuBr; perovskite thin films. The properties
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of K,CuBr, and the associated device were studied by multiple
characterization methods. The device demonstrates bipolar resis-
tive switching with a remarkable On/Off ratio of 10, exhibiting
decent stability and reliability. Besides, the potential of neuromor-
phic computing was investigated, with the device successfully
emulating various synaptic behaviors, including STP/LTP, PPF,
SNDP, SRDP, SDDP, and SIDP. A simulation of visual recogni-
tion ANN using this device reached 93% accuracy after 180 train-
ing epochs. Overall, the excellent RS properties, combined with
its low cost and minimal environmental impact, make K,CuBr,
an attractive candidate for RS memory and neuromorphic com-
puting applications.

4. Experimental Section

Synthesis of K,CuBr; Precursor Powder. Copper bromide (CuBr,
99.99%) and potassium bromide (KBr, 99.9%) were purchased from
Sigma-Aldrich, and all chemicals were used without further purification.
The ITO/glass substrates were purchased from Zhuhai Kaivo Optoelec-
tronic Technology Company and silver pellets used for electrode deposi-
tion were purchased from Nano Vaccum. The K,CuBr; powder was syn-
thesized in a vacuumed environment. First, 0.624 g KBr and 0.376 g CuBr
(stoichiometric ratio 2:1) were mixed and ground with mortars and pes-
tles. The mixture was then transferred into the tube furnace, heated to
210 °C with A10 °C min~!, and kept for 24 h under a 10-torr inert gas
environment. After that, the furnace was cooled down to room tempera-
ture. Repeat the grinding and heating process 2 times to get the K,CuBr;
powder.

Fabrication of Film and RS Device: The vacuum thermal evaporation
method was used to fabricate the K,CuBr; film. The synthesized pow-
der was placed on the bottom of the vapor deposition chamber. The ITO
glass, used as substrate and BE, was cleaned with acetone, ethanol, and
deionized water in an ultrasonic cleaner for 15 min, followed by a 10
min plasma treatment for surface cleaning to increase the surface hy-
drophilicity. The cleaned substrates were then put into the thermal evap-
oration chamber and started the vacuum process for 24 h to reach a
high vacuum condition (1077 Pa). The precursor powder was first pre-
heated with A10 °C min~" to reach 200 °C, followed by A5 °C min~!
to reach 300 °C. K,CuBr; vapor started to form at the temperature of
300 °C. Use 0.1 A sec™! deposition speed to form the first 50 nm to cre-
ate a fine base of the film, followed by 0.3 A sec™! to deposit the rest
of the film. The substrates are heated to 100 °C during the deposition
process. After the deposition of K,CuBr; film, wait for one day to let the
vapor of K,CuBr; being evacuated out, and then deposit the silver TEs
on the film using a shadow mask to construct Ag/K,CuBr;/ITO MSM
structure.

Characterizations and Performance Tests: XRD (Aries Benchtop) was
used to characterize the crystal structure of K,CuBr; with Cu Ka (4 =
1.5418 A). The surface and the cross-section of the synthesized film were
investigated by field emission SEM (Joule JSM-IT710HR). The surface
roughness of the film was analyzed by AFM (Bruker Dimension ICON
SPM). The chemical contents and properties were studied by XPS (Thermo
scientific ESCLAB250Xi), PL (Edinburgh FS5 Spectrofluorometer, wave-
length: 300 nm), and PLE (Perkin Elmer LS-55). The thermal stability was
tested by TGA-DSC (NETZSCH STA 449 F1). The TGA ramp rate was set
at 10 °C min~" from 20 to 800 °C, and the DSC was set at a ramp rate
of 10 °C min~" from 20 to 300 °C, both were tested under a N, rich envi-
ronment. UV-vis (Perkin Elmer Lambda 950) and UPS (Thermo scientific
ESCLAB250Xi) were used to calculate the band gap, CBM, and VBM po-
sitions of the material. Lake Shore Cryotronics PS-100 probe station was
used to test the RS performance of the device under room temperature and
vacuumed conditions (107> Torr). It was connected with a Keithley 4200A-
SCS analyzer to accomplish all RS-related tests. The pulse measurements
were accomplished by connecting the probe station with a Keysight 2902A
source meter.
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