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High-Performance Perovskite-Inspired
Lanthanohalide Memristors for Phototunable

Neuromorphic Applications
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Abstract— Nonvolatile memory (NVM) devices that can
respond to optical stimuli are emerging as key enablers
for next-generation neuromorphic computing, integrating
optical and electronic functionalities. Among the materials
being explored, perovskite has emerged as a standout
candidate for optically active resistive random access
memory (ReRAM). However, a major hurdle remains: the
long-term stability of the switching layer (SL). In light
of this, we present a lead-free and highly stable novel
AgEuBr4 perovskite-like lanthanohalide, designed specif-
ically to serve as an SL for electro-optical ReRAMs. The
AgEuBr4 thin films were deposited using a one-step spin-
coating method on FTO substrates and subsequently
annealed at 260 ◦C. To further enhance performance, a
∼10-nm HfOX passivation layer is applied via atomic layer
deposition (ALD). The Ag top electrodes (TEs) were pat-
terned using an in-house dry-etching technique. The fab-
ricated ReRAM devices displayed impressive bipolar NVM
behavior under both dark conditions and ultraviolet (UV)
(λ = 365 nm) irradiation. When operated under UV irradi-
ation, the ReRAM devices exhibit two more resistive states
distinct from the dark condition operation while operating
at lower voltages (±0.30 V) and ultrafast switching duration
of 10.07 ns, ensuring energy efficiency and fast data pro-
cessing. Also, a high low-resistance state (LRS)/HRS ratio
(∼9526.35), excellent endurance (51 696 cycles), and robust
retention (62 986 s) under UV irradiation set a new standard
in performance. Furthermore, phototunable neuromorphic
behavior was validated through both long-term potenti-
ation (LTP), short-term plasticity (STP), and paired-pulse
facilitation (PPF)% measurements, where the device exhib-
ited significantly enhanced conductance modulation and
synaptic facilitation under UV exposure, highlighting its
applicability in light-assisted neuromorphic computing.

Index Terms— Lead-free, neuromorphic, optically-
tunable, perovskite, resistive memory.

I. INTRODUCTION

IN RECENT years, remarkable breakthroughs in mate-
rials engineering have been directed toward optimizing
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perovskite-based architectures to improve photostability, mois-
ture resistance, and overall performance in optically active
resistive random access memory (ReRAM) devices [1], [2],
[3]. These innovative perovskite-based devices offer promising
neuromorphic functionalities due to their intrinsic opto-
electronic coupling and low-voltage operations. However,
despite substantial strides in enhancing device robustness,
conventional lead (Pb)-based perovskites, both 3-D and
2-D organometal halide variants, continue to dominate
high-performance optoelectronic applications. Their superior
defect tolerance, carrier mobility, and broad absorption prop-
erties are hard to match [4], [5], [6].

Nevertheless, the inherent toxicity of lead raises significant
environmental and health concerns, especially amid strict
global regulations. This has accelerated the transition toward
lead-free alternatives, catalyzing a vibrant research effort
aimed at developing and integrating environmentally benign
materials that retain the exceptional optoelectronic properties
of conventional perovskite systems.

Among the most actively explored strategies is the mono-
valent substitution of Pb2+ with trivalent cations exhibiting
comparable ionic radii and stable oxidation states. Elements,
such as tin (Sn2+), bismuth (Bi3+), and antimony (Sb3+),
preferably fit this criterion and show favorable chemical
stability and optoelectronic performance [7]. Recent devel-
opments in lead-free halide-based resistive switching (RS)
systems, including Bi-based, Cs3Bi2X9 perovskite-like thin
films [8] and Sn-based, MASnI3, and PEACl/MASnI3 [9],
have demonstrated the viability of RS operations and analog
plasticity for neuromorphic computing. However, due to their
distinct valence states, Bi- and Sb-based halide compounds
typically do not adopt the conventional ABX3 perovskite
structure, leading to alternative crystallographic frameworks
with distinct transport and electronic properties. Moreover, the
quest for uniform, high-quality thin films of these materials at
scale remains challenging due to issues in film crystallinity,
large-area uniformity, and defect density. These factors can
greatly influence the variability of electrical switching behav-
ior, endurance, and stability [10]. Overcoming these hurdles
is not just a matter of scientific advancement; it is essential
for realizing the full potential of next-generation optoelec-
tronic devices. The shift toward safer, more sustainable
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materials could redefine the industry and usher in a new era
of innovation.

A revolutionary class of materials is emerging, captur-
ing significant attention: trivalent lanthanide (Ln3+) ions,
particularly europium (Eu3+) [11], [12], which exhibit a com-
parable ionic radius to Pb2+ and offer enhanced chemical and
photostability. Notably, Eu3+ possesses a significantly lower
oxidation potential (−0.34 V) compared to other lanthanide
ions and group VA alternatives, significantly diminishing its
vulnerability to redox-induced degradation within a perovskite
lattice, while Eu-based compounds do not form traditional
perovskite structures due to their oxidation state mismatch,
ingeniously integrated into a new generation of perovskite-
inspired materials, showcasing remarkable light-harvesting and
resistive-switching capabilities [13], [14].

Among these innovations, particular interest is
pnictogen-integrated silver (Ag+) and copper (Cu+)-based
pnictohalides, with a general stoichiometry of Ax ByXx+3y ,
where A+

= Ag+ or Cu+, B3+
= Bi3+, or Sb3+, and

X−
= I− or Br− [15].

These materials, including variations of the intriguing
“rudorffite” structure, demonstrate impressive traits such
as high photocarrier mobility, tunable bandgaps, excep-
tional photostability, and enhanced switching dynamics under
optical stimuli. Their inherent ionic conductivity and pho-
toresponsive RS make them highly promising candidates
for next-generation ReRAM and neuromorphic computing
applications. Substituting traditional group VA elements with
Ln ions such as Eu3+ provides more sustainability to the
aforementioned stoichiometry due to similar ionic radii and
comparatively lower oxidation potential.

Therefore, in this study, we report the synthesis and integra-
tion of a novel perovskite-inspired lanthanohalide, AgEuBr4,

employed as the active switching layer (SL) in an advanced
phototunable ReRAM architecture. The AgEuBr4 thin films
were expertly deposited via spin-coating on FTO-coated glass
substrates and subsequently passivated with a conformal HfOX
layer using atomic layer deposition (ALD) technology. This
passivation step significantly enhanced surface stability and
effectively suppressed undesirable ion migration phenomena.
Through meticulous photolithographic patterning and reac-
tive ion etching (RIE), we fabricated a sophisticated device
structure, Ag/HfOX/AgEuBr4/FTO, with clearly defined top
electrodes (TEs). ALD HfOX films possess terminal –OH
groups and Hf4+ ions during growth, which chemically interact
with surface defects such as partially under-coordinated (par-
ticularly Ag+ or Eu3+) and halide vacancies (especially Br−)

and halogen-rich antisite defects [16], [17], [18]. In the context
of AgEuBr4 SL, these defects, typically acting as shallow
trap states, nonuniform switching, and leakage pathways,
are effectively passivated via coordinate bonding between
Hf4+ions and nonstoichiometric surface sites, including Br−

vacancies and undercoordinated Eu3+ ions. This interaction
results in the formation of stable Hf–O–Br and Hf–O–Eu
linkages at the interface, significantly neutralizing trap states
and minimizing nonradiative recombination. This passivation
mechanism mirrors that observed in perovskite solar cells,
where ALD-grown HfOX has been shown to significantly

suppress surface recombination by bonding to halide-related
vacancies and dangling bonds [16], [17], [18]. This targeted
passivation substantially reduces parasitic leakage currents
and mitigates uncontrolled ion migration, thereby enabling
cleaner and more reproducible filament formation and rupture
events, resulting in distinctly stable resistive states. Similar
passivation strategies have demonstrated success in enhancing
both stability and performance in various perovskite-based
device systems [19].

The fabricated devices exhibited impressively reproducible
and stable RS characteristics under both dark and ultraviolet
(UV) irradiation (λ = 365 nm). Under UV exposure, the
ReRAM exhibited a significantly reduced SET voltage (VS)

and RESET voltage (VR) of +0.30 and −0.30 V, respec-
tively, with enhanced switching uniformity. The UV-irradiated
devices retained a high low-resistance state (LRS)/HRS ratio
(∼9526.35) and maintained stable LRSs over 62 986-s dura-
tions. The underlying switching mechanism is attributed to
the dynamic formation and rupture of silver-based conductive
filaments (CFs) across the AgEuBr4 layer, mimicking ion
transport phenomena akin to biological synapses, particularly
the Na+ influx responsible for signal transmission in neural
networks. These extraordinary results underscore the transfor-
mative potential of lanthanohalide-based perovskite-inspired
systems as a viable platform for bio-mimetic optoelec-
tronic devices. The intrinsic phototunability, low-voltage
operation, and synapse-analogous behavior of the proposed
AgEuBr4 ReRAM underline it as a game-changing solution for
energy-efficient, optically modulated neuromorphic computing
architectures.

II. EXPERIMENTAL SECTION

Europium (III) bromide hydrate (EuBr3; ≥99.99%), silver
bromide (AgBr; ≥98%), and N,N-dimethylformamide (DMF)
were purchased from Sigma-Aldrich and were used as received
without any further processing.

Novel AgEuBr4 lanthanohalide was synthesized via a
single-step, solution-based process. Equimolar amounts of
AgBr and EuBr3 precursors were mixed in a 1:1 molar
ratio and dissolved in DMF. The resulting solution was
continuously stirred at 70 ◦C for 8 h. Initially, the mixture
appeared greenish-yellow; however, it gradually transitioned
to a transparent solution over time, completing the AgEuBr4
lanthanohalide formulation.

Thin-film deposition was subsequently carried out using
the spin-coating technique. Commercial FTO-coated glass
substrates were used as BE. Prior to film deposition, the FTO
substrates were sequentially ultrasonicated in deionized water,
acetone, and isopropanol for 15 min each. This was followed
by a 30-min UV/ozone surface treatment to enhance film
adhesion and surface energy. The freshly prepared AgEuBr4
precursor solution was spin-coated onto the precleaned FTO
substrates at 4000 r/min for 45 s. Toluene was applied as an
antisolvent during the spin process to induce rapid crystal-
lization. The as-deposited films were initially dried at 120 ◦C
for 20 min and then subjected to a postannealing treatment at
260 ◦C for 10 min to improve crystallinity and remove residual
solvents. All solution preparation and film processing steps
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Fig. 1. (a) FESEM micrograph of the AgEuBr4 surface. (b) AFM topog-
raphy image of the AgEuBr4 surface. (c) UV–Vis absorption spectra of
the AgEuBr4/FTO film. (d) Tauc plot for optical bandgap estimation of
AgEuBr4/FTO. (e) XRD patterns of AgEuBr4/FTO and HfOX/AgEuBr4.
(f) Cross-sectional FESEM image of the HfOX/AgEuBr4/FTO stack.

were conducted inside a glovebox’s inert nitrogen atmosphere
to prevent moisture and oxygen contamination. The final
thickness of the AgEuBr4 films was measured to be ∼120 nm
under a stylus profilometer.

To enhance the device stability and suppress interface-
induced degradation, the AgEuBr4 thin films were passivated
with a ∼10-nm-thick HfOX film, deposited via ALD at
the process temperature of 120 oC. Subsequently, Ag was
deposited as TE over the HfOX/AgEuBr4/FTO stack. The
TE patterning was performed using standard photolithography
followed by RIE, as described in detail in Section III. The
final device architecture, Ag/HfOX/AgEuBr4/FTO, was thus
realized, where FTO serves as the BE and Ag as TE in the
ReRAM configuration.

III. RESULTS AND DISCUSSION

The surface morphology and uniformity coverage of the
spin-coated AgEuBr4 lanthanohalide thin film on FTO sub-
strates were systematically examined using field-emission
scanning electron microscopy (FESEM). As depicted in
Fig. 1(a), the FESEM micrograph reveals a continuous,
pinhole-free film with uniform surface coverage, indicating the
high quality of the deposition process. Such morphological
consistency is vital for ensuring stable and reproducible RS
performances of the developed ReRAM devices.

To further evaluate deeper insight into the topography
and nanoscale roughness (Rq) of the AgEuBr4 SL, atomic
force microscopy (AFM) was employed in tapping mode.
The AFM analysis revealed a surface Rq of ∼4.42 nm,
as shown in Fig. 1(b). The low Rq value (Rq ∼ 4.42 nm)
of the deposited AgEuBr4 suggests good film compactness,
conducive to fostering the reliable interface formation with the
HfOX passivation layer, which is essential for ensuring stable
and consistent reproducible switching operations. To assess
the optical properties pivotal for phototunable switching,
UV–vis absorption spectroscopy was performed on freshly
deposited AgEuBr4 films. As illustrated in Fig. 1(c), the mate-
rial exhibits a distinct absorption peak (λpeak) centered around
446 nm. Furthermore, the broader absorption window ranging
from 340 to 487 nm (λAbs.range) confirms the suitability
of the AgEuBr4 thin film for UV-activated optoelectronic
applications. The optical bandgap energy (Eg) calculated as
2.56 eV using the tauc plot, presented in Fig. 1(d), is also in
agreement with the similar type of perovskite-inspired light
harvesting inorganic materials [8], [15].

The X-ray diffraction (XRD) patterns of the deposited
AgEuBr4SL and ALD deposited HfOXare shown in Fig. 1(e).
For the AgEuBr4 film deposited over the FTO substrate,
distinct and sharp diffraction peaks were observed at 2θ angles
of 28.14◦, 32.40◦, 45.98◦, 56.64◦, and 66.93◦. These peaks cor-
respond to shifted (111), (200), (220), (400), and (640) planes,
respectively, compared to the characteristic planes of pristine
AgBr crystals, typically located at 26.73◦, 30.96◦, 44.35◦,
55.04◦, and 66.48◦ 2θ positions [20], [21]. The observed shift
indicates possible lattice distortion or compositional modifi-
cation induced by the incorporation of Eu3+ ions into the
AgBr framework, leading to the formation of the AgEuBr4
phase. Additional diffraction peaks detected at 35.62◦ and
53.46◦ are attributed to the underlying FTO substrate [JCPDS
card no. 41–1445], which serves as the BE in the ReRAM
configuration.

In contrast, the XRD pattern of the ALD-deposited HfOX
layer exhibited a broad, low-intensity hump centered around
32◦, characteristic of an amorphous structure [22]. The HfOX
layer (∼10 nm) was intentionally deposited at a low processing
temperature of 120 ◦C without any postdeposition annealing,
specifically to retain its amorphous nature. Maintaining the
amorphous state minimizes grain boundary formation, thereby
suppressing potential leakage pathways [23]. In addition, the
amorphous nature of the HfOX film contributes to long-term
interfacial stability by forming a chemically inert and defect-
suppressing layer, which inhibits regeneration of surface traps,
a behavior analogous to HfOX passivation of silicon interfaces
in photoelectrochemical systems [16]. The low-temperature
ALD process helps to mitigate interfacial diffusion and sup-
press stress-induced defect formation at the HfOX/AgEuBr4
interface. Avoiding high-temperature annealing prevents ther-
mal degradation of the underlying AgEuBr4 layer, which is
susceptible to halide volatilization and phase instability under
elevated thermal budgets.

A cross-sectional FESEM image of the HfOX/AgEuBr4
stack on the FTO-coated glass substrate, presented in Fig. 1(c),
confirms the layered structure and validates the precise film
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Fig. 2. (a) 3-D schematic illustration of HfOX/AgEuBr4/FTO stack.
(b)–(f) Standard electrode patterning process through DUV lithography
using dry development of exposed PR and pattern transfer. (g) Optical
micrograph of patterned Ag electrode over HfOX/AgEuBr4/FTO stack.
(h) Planar optical profilometry map of a patterned electrode. (f) 3-D
surface profilometry view of the patterned electrode.

thicknesses. The AgEuBr4 thin layer was measured to be
∼120 nm thick, while the thickness of the conformal HfOX
layer was ∼10 nm.

Given the overlap between the material’s absorption char-
acteristics and available standard UV light source facility,
a wavelength of 365 nm was strategically selected for
further investigation of the phototunable RS performance
of the fabricated Ag/HfOX/AgEuBr4/FTO ReRAM devices.
The excitation wavelength chosen is firmly well within the
absorption range of the AgEuBr4 SL, ensuring efficient
photogeneration of carriers and effective modulation of CF
dynamics under UV illumination.

Following successful morphological and topographical
characterization of the AgEuBr4 thin films, TE patterning
was performed over the HfOX/AgEuBr4/FTO stack using a
lithography-assisted pattern transfer process, as illustrated in
Fig. 2. Initially, Ag thin films with an average thickness of
∼110 nm were deposited via thermal evaporation onto the
HfOX-passivated AgEuBr4 layer [see Fig. 2(a-b)]. To accu-
rately define the device geometry, an in-house-designed
and developed negative photoresist (PR) layer (∼120 nm)
was spin-coated onto the Ag surface [see Fig. 2(c)]. The
PR was based on an indigenously developed metal-organic
cluster (MOC) formulation: indium methacrylate (In-MAA,
InC14H18O8) [24]. The MOC-based state-of-the-art PR
exhibits higher resistance to plasma etching agents due to
its ability to undergo photo-induced crosslinking during litho-
graphic exposure [25].

Photolithographic patterning was carried out using a
248-nm deep ultraviolet (DUV) source and a photomask
containing a 250-µm-diameter circular matrix [see Fig. 2(d)].
Upon exposure, the MOC clusters within the In-MAA PR

undergo localized cross-linking, resulting in hardened regions
that are highly resistant to subsequent plasma etching steps.
In contrast, the unexposed PR regions remain soft and suscep-
tible to being easily removed.

To effectively develop the exposed PR patterns without the
use of solvents (i.e., via dry development), a sequential plasma
treatment process was employed. Initially, O2 plasma, at
2.6 × 104 mbar and 20-W RF, was used to decompose
the organic moieties in the unexposed MOC PR. This was
followed by SF6 plasma exposure at 4.5 × 104 mbar and
45-W RF, which selectively removed the remaining inorganic
components and residual organics, thereby achieving complete
removal of the unexposed PR areas [see Fig. 2(e)].

Subsequently, in an SF6 plasma at 4.5 × 104 mbar and
45-W RF, an etching step was employed to transfer the
Ag pattern beneath the exposed PR directly onto the
HfOX/AgEuBr4/FTO stack [see Fig. 2(f)]. Following the Ag
etching step using SF6 plasma, the residual cross-linked PR
was eliminated through a two-step indigenously standardized
dry plasma ashing process for a compatible process flow for
in-house designed and developed resist. Initially, O2 plasma
ashing (RF power: 25 W; pressure: 2.6 × 104 mbar; and dura-
tion: 180 s) facilitated oxidative degradation of the organic PR
matrix. This was followed by Ar plasma cleaning (RF power:
20 W; pressure: 3.0 × 104 mbar; and duration: 60 s) to remove
residual carbonaceous by-products and any redeposited metal-
organic fragments [26]. The etching process was precisely
controlled to ensure clean, well-defined Ag electrodes, with
a diameter measured as 250 µm, with minimal damage to
the underlying layers. All fabrication steps, including PR
coating, exposure, plasma development, and metal patterning,
were conducted in a controlled cleanroom environment to
ensure reproducibility and prevent contamination. Importantly,
no wet development was involved at any stage, preserving
the integrity of the AgEuBr4 thin film and the integrity of its
interfaces.

The optical micrograph of the patterned Ag circular
electrodes (250 µm diameter) on the HfOX/AgEuBr4/FTO
substrate, as shown in Fig. 2(g), confirms the successful
implementation of the fully dry, plasma-based lithography
and etching process. However, the presence of minor residual
PR observed on the TE surface in Fig. 2(i) may marginally
influence contact resistance but is not expected to significantly
impact charge carrier injection or overall device performance.
The thickness of the Ag TEs was measured to be ∼85 nm,
as determined by optical profilometry mapping. Both planar
and 3-D optical profilometer images of the patterned electrodes
are presented in Fig. 2(h) and (i). Here, each patterned circu-
lar Ag electrode matrix over the HfOX/AgEuBr4/FTO stack
represents a single ReRAM device with an area measured as
0.0005 cm2.

These findings reinforce the effectiveness of the indige-
nously custom-developed, solvent-free lithography process
protocols in achieving high-resolution electrode features com-
patible and suitable for optoelectronic and nanoscale memory
device fabrication. The same fabrication process protocol was
also employed for the nonpassivated AgEuBr4-based ReRAM
device configuration (Ag/AgEuBr4/FTO) and the ReRAM
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devices employing platinum (Pt) as TE to facilitate a com-
prehensive and accurate comparison of RS performance with
the passivated AgEuBr4-based ReRAM devices. This approach
ensures consistency in process parameters, thereby minimizing
variations and enhancing the reliability of the comparative
analysis.

The resistive performances of passivated and nonpassivated
AgEuBr4-based ReRAM devices are compared in Fig. 3. All
RS characterizations were performed under controlled ambi-
ent conditions, specifically at a relative humidity of ∼45%
and a temperature of ∼21 ◦C within the Class 100 Clean-
room Facility (C4DFED, IIT Mandi). The nonpassivated
Ag/AgEuBr4/FTO configuration exhibited an LRS/HRS ratio
of ∼859.09, switching from HRS to LRS at an SET voltage
(VS) of +0.28 V and reverting back to HRS at an RESET
voltage (VR) of −0.36 V [see Fig. 3(a)]. In contrast, the
passivated Ag/HfOX/AgEuBr4/FTO configuration, featuring an
HfOX passivation layer, demonstrated a significantly improved
LRS/HRS ratio of ∼5897.04, albeit with slightly increased
switching voltages of +0.48 V (VS) and −0.48 V (VR) [see
Fig. 3(b)]. This marked enhancement in the LRS/HRS ratio
for the passivated configuration can be attributed to effective
suppression of surface states and defect densities by the
HfOX passivation layer. Such surface passivation aligns with
prior studies, which established that interfacial passivation
layers significantly mitigate surface traps [1], [23], [27], thus
reducing stochastic behavior in CF formation and rupture
processes. Endurance tests, illustrated in Fig. 3(c), further
validate these improvements. Specifically, the nonpassivated
device experienced noticeable degradation after approximately
27 543 resistive cycles, likely due to increased ion diffu-
sion and CF instability. Conversely, the passivated device
maintained clear and distinct LRS/HRS states throughout
51 696 cycles, [see Fig. 3(d)] effectively doubling the opera-
tional lifespan while ensuring stable switching behavior. These
findings corroborate previous reports emphasizing the role of
the passivation layer as a partial diffusion barrier, improving
reproducibility and endurance, as shown by the enhanced
LRS/HRS ratio (∼5897.04–∼9526.35) and endurance (from
∼27 543–51 696 cycles) compared to nonpassivated ReRAM
device structures [27]. Furthermore, the insulating nature of
the HfOX resulted in an approximately threefold reduction
in both HRS and LRS current densities, enhancing device
reliability and longevity. Collectively, these effects render
HfOX an effective interfacial passivation layer for improving
the reliability and switching consistency of AgEuBr4-based
ReRAM devices.

To further elucidate the filamentary conduction mechanism,
additional control experiments were conducted by substituting
the active Ag TE with inert Pt, creating Pt/AgEuBr4/FTO
and Pt/HfOX/AgEuBr4/FTO devices under identical processing
conditions. The resulting dual-sweep current density–voltage
(J − V ) characteristics, depicted in Fig. 3(e) and (f), exhib-
ited distinctly different switching behavior compared to their
Ag-TE counterparts. Both Pt-based configurations displayed
gradual, analog-like modulation without pronounced SET or
RESET transitions, indicative of nonfilamentary, interface-
limited conduction mechanisms. These observations strongly

Fig. 3. (a) J − V RS characteristic of Ag/AgEuBr4/FTO ReRAM.
(b) J − V RS characteristic of Ag/HfOX/AgEuBr4/FTO, ReRAM.
(c) Endurance performance of Ag/AgEuBr4/FTO ReRAM. (d) Endurance
performance of Ag/HfOX/AgEuBr4/FTO ReRAM. (e) J − V RS char-
acteristic of Pt/AgEuBr4/FTO ReRAM. (f) J − V RS characteristic of
Pt/HfOX/AgEuBr4/FTO ReRAM.

support the hypothesis that RS in Ag-based devices pri-
marily arises from electrochemical redox reactions involving
Ag+ ion migration and subsequent metallic CF formation.
In addition, Fig. 3(e) and (f) shows that the Pt/AgEuBr4/FTO
configuration exhibited a hysteresis loop with an LRS/HRS
ratio of ∼31.40 during positive voltage sweeps, whereas
the hysteresis loop significantly reduced to ∼8.39 in the
Pt/HfOX/AgEuBr4/FTO configuration. This reduced hysteresis
confirms the passivation effect on surface trap states.

After affirming the role of passivating AgEuBr4 SL
under HfOX thin layer, the fabricated Ag/HfOx/AgEuBr4/FTO
ReRAM devices were also tested under the UV (λ =

365 nm) irradiation and achieved two more distinct resistive
states through photon excitations. The experimental setup
customized for the electrical characterization of the fabricated
ReRAM devices is illustrated in Fig. 4(a). A dc voltage bias
was applied through the Ag TE, while the FTO BE was
maintained at ground potential. To assess the phototunable
behavior of the devices, UV irradiation was directed onto the
FTO side of the ReRAM stack using a calibrated UV source.
The source was positioned at a fixed distance to maintain a
constant irradiation intensity of 352 µW/cm2 throughout the
measurement process.

The RS behavior of the Ag/HfOX/AgEuBr4/FTO ReRAMs
was evaluated via current density–voltage (J − V ) analysis
under both dark and UV-irradiated conditions. As shown
in Fig. 4(b), a symmetric dc voltage sweep protocol of
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Fig. 4. (a) 3-D schematic illustration of the customized experimental
setup. (b) J − V RS characteristics of Ag/HfOX/AgEuBr4/FTO ReRAM
under dark and UV irradiations. (c) Endurance performance under dark
and UV irradiation. (d) Retention characteristics under dark and UV
irradiation. J−V characteristics of the fabricated Ag/HfOx/AgEuBr4/FTO
ReRAM at various temperatures under the operating conditions of
(e) dark and (f) UV irradiations. Temperature-dependent current den-
sities under the dark and UV irradiation. (g) LRS. (h) HRS.

−1 V → 0 V → +1 V → 0 V → −1 V was applied to analyse
the bipolar switching characteristics. Under dark conditions,
the device exhibited LRS/HRS ∼5897.04 while operating at
VS = +0.48 V and VR = −0.48 V. Upon exposure to UV
irradiation, the RS characteristics were significantly enhanced.
VS and VR were reduced to +0.30 and −0.30 V, respectively,
and the LRS/HRS current ratio improved to ∼9526.35. The
observed improvements under UV irradiation can be attributed
to the photogenerated charge carriers enhancing ionic mobility
and reducing energy barriers for Ag-CF formation and rupture
processes. This phenomenon, commonly referred to as photon-
enhanced cationic/ionic migration, promotes more efficient
and low-voltage switching by activating and facilitating charge
transport pathways in perovskite-based systems [1], [2]. Quan-
titatively, UV irradiations reduced the operating voltages by
approximately 1.60 times and increased the LRS/HRS ratio
by 1.61 times. Thus, such shifts in the resistances of the

ReRAM devices under UV irradiations provide two more
different resistive states while employing photonic excitations.
Also, the enhancements in the ReRAM switching confirm
the phototunability of the Ag/HfOX/AgEuBr4/FTO ReRAMs,
positioning them as promising candidates for multifunctional
optoelectronic memory applications. The observed optically
assisted switching behavior aligns well with the mechanisms
of photon-enhanced ionic migration and defect activation
reported in perovskite-based systems [1], [2], [28].

The endurance and long-term retention tests were conducted
to evaluate the nonvolatile memory (NVM) characteristics of
the fabricated Ag/HfOX/AgEuBr4/FTO ReRAM devices under
UV irradiations and were compared with the dark condition
results. In both cases (dark and UV irradiation), the fabricated
ReRAM shows excellent endurance characteristics and follows
nonoverlapping of LRS and HRS states up to the conducted
51 696 cycles. After programming the devices into their SET
and RESET states, a constant read voltage of 0.1 V was
applied to monitor the stability of both resistance states over
time.

As shown in Fig. 4(d), the device exhibited excellent
data retention, maintaining a stable LRS and HRS with an
LRS/HRS ratio of ∼5897.04 (dark) and ∼9526.35 (UV) for
62 986-s test durations. This indicates that the conformal
HfOX interface acts as an ion-confining barrier layer, limiting
filament relaxation and suppressing lateral diffusion [23],
[27]. In addition, the long-term endurance and retention
also suggest that the defect-tolerant and chemically active
nature of AgEuBr4 supports electrochemical Ag+ reduction,
and filament nucleation facilitates stable anchoring of Ag
filaments. These factors collectively mitigate the volatility
typically observed in nonpassivated Ag-filament systems [29].

To further assess thermal robustness, we evaluated the
temperature-dependent stability of Ag/HfOX/AgEuBr4/FTO
ReRAM devices at elevated temperatures—21 ◦C ◦C, 85 ◦C,
120 ◦C, 150 ◦C, and 200 ◦C using a Linkam heating stage
while maintaining constant humidity of ∼45%. Electrical
J − V measurements were performed under both dark and
UV (λ ∼ 365 nm) irradiation. The corresponding J − V
characteristics are presented in Fig. 4(e) and (f), while the
extracted temperature-dependent current density variations for
the low-resistance state (JLRS) and high-resistance state (JHRS)

are summarized in Fig. 4(g) and (h), respectively. As the
temperature increased, JLRS exhibited a continuous decrement,
consistent with the metallic nature of Ag CFs [30], [31], whose
electrical conductivity typically reduces with rising tempera-
ture due to enhanced electron–phonon scattering, a hallmark
of metallic transport. Compared to 21 ◦C, JLRS decreased only
1.89X under dark and 2.14X under UV at 85 ◦C, indicating
robust filament confinement and thermal stability. However,
beyond 85 ◦C, JLRS sharply declined by 19.73X, 103.09X, and
116.10X under dark at 120 ◦C, 150 ◦C, and 200 ◦C, respec-
tively, and by 20.93X, 36.16X, and 15.22X under UV. This
acute reduction is not attributed to AgEuBr4 phase instability,
as the material was thermally annealed at 260 ◦C during the
fabrication process flow and remains structurally stable within
this range. Instead, the observed decline in JLRS beyond 85 ◦C
is likely due to thermally accelerated Ag+ ion diffusion and CF
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relaxation at the Ag/HfOX interface. In addition, the elevated
temperatures can promote atomic migration, electromigration-
induced drift, or partial filament rupture, leading to increased
filament resistance or discontinuity [30], [31].

Conversely, JHRS increased with rising temperature, which
is attributed to thermally activated trap-assisted tunneling and
enhanced intrinsic carrier excitation in the AgEuBr4 layer.
At 85 ◦C, JHRS increased modestly by 2.04X (dark) and 1.21X
(UV). More pronounced increases were observed at higher
temperatures: 26.84X (dark) and 5.02X (UV) at 120 ◦C; 8.26X
(dark) and 11.69X (UV) at 150 ◦C; and 9.04X (dark) and
15.2X (UV) at 200 ◦C. Under UV illumination, additional
photogenerated carriers likely lower the interfacial barrier and
enhance conduction through defect states in the high-resistance
regime [32]. The opposite trends in JHRS and JLRS with increas-
ing temperature further support the presence of a metallic
Ag filament-based switching mechanism [33], [34], where
LRS is governed by ohmic transport through Ag CFs, while
HRS is dominated by thermally activated leakage across the
semiconducting matrix. These results confirm that the HfOX-
passivated AgEuBr4 ReRAM devices retain excellent thermal
stability up to 85 ◦C, with functional retention of nonvolatile
states under both dark and UV illumination, thereby supporting
their potential operation in a real-world ambient environment.
However, degradation at temperatures ≥120 ◦C highlights the
need for further electrode and interface engineering, optimiza-
tion, and thermal stability analysis for future iterations.

Following the confirmation of superior RS characteristics in
Ag/HfOX/AgEuBr4/FTO ReRAM devices, their potential for
neuromorphic computing applications was further examined
by investigating synaptic learning behaviors. A key func-
tionality required for artificial synapses is the capability to
modulate conductance linearly and gradually in response to
external stimuli, thereby emulating biological synaptic plas-
ticity. To assess this functionality, pulse-driven conductance
modulation experiments were performed. A train of 100 con-
secutive identical voltage pulses, each with an amplitude of
±0.5 V, a pulsewidth (TP) of 100 ns, and an interpulse interval
of 100 ns, was applied to the fabricated devices. The switching
durations, derived from the 100th V − I − T pulse plots, were
determined to be 10.16 ns under dark conditions and 10.07 ns
under UV illumination, as depicted in Fig. 5(a) and (b).

From a neurobiological perspective, synaptic plasticity is
generally categorized into short-term plasticity (STP) and
long-term potentiation (LTP). STP primarily governs rapid
neuronal communication and temporal information encod-
ing, while LTP underlies the fundamental mechanisms of
learning and long-term memory consolidation. The evolu-
tion of conductance (G) with the number of applied pulses
was systematically monitored to evaluate the device’s abil-
ity to replicate LTP. Under dark conditions, the device
exhibited a smooth and continuous increase in conductance
during potentiation (positive pulses), reaching G = 8.8 ×

10−4S, and a gradual decrease during depression (negative
pulses), resulting in a nearly linear G–G-pulse profile without
abrupt transitions or saturation effects. Here, the brief pulses
(TP = 100 ns) induce partial and incremental modulation of
CFs at the applied amplitude of ±0.5 V, yielding gradual,

Fig. 5. (a) V-I-T (voltage–current–time) pulse response of
Ag/HfOX/AgEuBr4/FTO ReRAM under dark conditions. (b) V-I-T pulse
response under UV (λ = 365 nm) irradiation. (c) Pulse-driven con-
ductance modulation demonstrating potentiation and depression under
dark and UV conditions. (d) PPF effect obtained in ReRAM by applying
two paired pulses (0.5 V, 100 ns) at four different intervals. (e) PPF
percentage as a function of pulse interval. (f) Schematic illustration of
Ag CF formation and rupture in Ag/HfOX/AgEuBr4/FTO ReRAM.

analog-like conductance tuning [see Fig. 5(c)], in contrast to
the abrupt SET/RESET transitions observed in dc I − V
sweeps [see Fig. 3(b)] arising from full formation and rupture
of Ag CFs under slow, continuous bias. This analog switching
behavior, free from overshoot or instability, is highly desirable
for neuromorphic hardware implementations. Such dual-mode
switching behavior—digital under dc and analog under pulsed
stimuli—is well-documented in memristive systems [35], [36]
and reflects the underlying electrochemical kinetics governed
by stimulus amplitude and duration conditions.

Subsequently, the same pulsing protocol was repeated under
continuous UV illumination (λ = 365 nm and intensity =

352 µW/cm2) to examine the influence of photonic excitation
on synaptic modulation. Under UV exposure, a significantly
enhanced conductance response was observed, especially dur-
ing the potentiation phase, i.e., G = 0.016 S, as shown in
Fig. 5(c). The absence of saturation and the marked increase
in peak conductance values under UV conditions indicate
improved synaptic weight updating, suggesting an optically
enhanced plasticity mechanism. This enhancement is attributed
to the synergistic effect of photo-generated carriers and Ag
ion migration within the SL. UV photon absorption at the
HfOX/AgEuBr4 interface generates additional electron–hole
pairs, which locally modulate the electric field and facili-
tate charge carrier transport. Simultaneously, UV irradiation
increases the mobility of Ag+ ions, promoting more effi-
cient and controlled formation of CFs. Together, these effects
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dynamically tune the device’s conductance, offering finer
control over synaptic weight modulation, a critical requirement
for optoelectronic neuromorphic systems.

To investigate STP, a fundamental feature of biological
learning, we conducted paired-pulse facilitation (PPF) mea-
surements using a series of voltage-paired pulses (0.5 V,
100 ns width) with varying interpulse intervals (1t =

100–400 ns). The PPF index, calculated as the ratio of the
second excitatory postsynaptic current (EPSC) amplitude (A2)
to the first (A1), serves as an indicator of the synapse’s
ability to retain temporal information. This phenomenon is
widely observed in neuroscience, where a closely spaced
second stimulus often leads to a stronger postsynaptic response
due to residual presynaptic activity [37]. As illustrated in
Fig. 5(d), the fabricated Ag/HfOX/AgEuBr4/FTO memristor
exhibited a clear PPF effect, with the amplitude of the sec-
ond EPSC strongly influenced by the time interval between
pulses [3], [8], [29]. Under dark conditions, the first pulse
induced an EPSC of 98.38 nA, while the second EPSC
progressively decreased from 125.93 to 104.05 nA as 1t
increased from 100 to 400 ns. A similar trend was observed
under UV irradiation, where the initial EPSC was 115.47 nA,
and the second EPSC dropped from 180.81 to 135.52 nA with
increasing pulse intervals. This reduction in facilitation with
longer delays is consistent with the transient memory decay
characteristics of biological synapses. Therefore, as shown
in Fig. 5(e), the device exhibited a decreasing PPF% with
increasing 1t , consistent with the characteristic memory decay
behavior observed in biological synapses. Notably, under
UV irradiations, the device exhibited an enhanced PPF%,
attributed to photoinduced carrier generation and improved
Ag+ ion mobility, which collectively facilitate more effi-
cient paired-pulse transmission. Even at larger 1t values, the
PPF% under UV remained higher than in dark conditions,
with enhancements of 1.22X, 1.13X, 1.09X, and 1.11X at
1t values of 100, 200, 300, and 400 ns, respectively. This
enhanced PPF% under UV is a desirable feature, as it reflects
improved synaptic responsiveness and greater short-term mem-
ory retention, which are essential for mimicking dynamic
signal processing in biological neural networks. In neuro-
morphic systems, higher PPF indicates stronger facilitation
during high-frequency spiking activity, enabling more accurate
emulation of sensory perception and associative learning [3],
[8], [29]. These results confirm that photon-assisted ionic
transport and charge dynamics contribute to improved STP and
LTP facilitation, demonstrating the phototunable neuromorphic
capability of the Ag/HfOX/AgEuBr4/FTO ReRAM systems.

As shown in Fig. 5(a), the formation of Ag CFs enables
potentiation during the application of consecutive positive
voltage pulses. This follows the electrochemical reduction of
Ag+ ions to Ag atoms (Ag+

+e−
→ Ag) [1], [30], [38] at

the AgEuBr4/FTO interface, facilitating the growth of the Ag
atoms from BE to TE and resulting in incrementally increased
conductance. Conversely, depression occurs under negative
voltage pulses [see Fig. 5(b)], which induces the oxidation
of Ag atoms to Ag+ ions as Ag →Ag+

+ e−, rupturing the
CFs and decreasing conductance. A schematic representation
of Ag filament formation and rupture is provided in Fig. 5(f).

These findings position the Ag/HfOx/AgEuBr4/FTO
ReRAM as a highly promising optoelectronic memristive
platform for neuromorphic computing applications. Its
capability to achieve linear, nonvolatile, and photon-modulated
conductance updates makes it particularly well-suited
for enabling energy-efficient, bioinspired computational
architectures.

IV. CONCLUSION

In summary, this work presents a novel lead-free
perovskite-inspired lanthanohalide, AgEuBr4, as a highly
efficient SL for phototunable ReRAM devices. The robust
Ag/HfOX/AgEuBr4/FTO architecture was fabricated using a
fully dry process that leverages the use of an indigenously
custom-designed and developed In-MAA MOC-based neg-
ative PR. This cutting-edge, solvent-free dry development
method ensures unparalleled precision in patterning the sil-
ver (Ag) electrodes. The devices exhibited stable bipolar
RS with impressively low operating voltages (±0.48 V in
dark and ±0.30 V under UV) and high LRS/HRS ratios
(∼5897.04 in dark and ∼9526.35 under UV). Under UV
illumination, enhanced conductance modulation was observed
during pulse-based synaptic tests (LTP and STP), confirm-
ing the phototunable nature of AgEuBr4 and its suitability
for neuromorphic applications. The Ag/HfOX/AgEuBr4/FTO
ReRAM demonstrated ultrafast switching while transitioning
from LRS to HRS and vice versa at a switching duration of
10.16 ns (dark) and 10.07 ns (UV). Overall, the integration of
AgEuBr4 as a photoreactive switching material, along with the
novel fabrication strategy, demonstrates a promising platform
for optoelectronic memory and artificial synapse devices,
making it an ideal candidate for transformative neuromorphic
applications.
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