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Neuromorphic computing demands scalable, energy-efficient
synaptic devices, yet conventional synthesis routes impose prohi-
bitive cost and complexity barriers. This work presents a transfor-
mative strategy for material design in which room-temperature
exposure to hydrogen sulfide gas converts thermally deposited
silver films into phase-pure monoclinic «-Ag,S, a superionic
conductor well-suited for electrochemical metallization (ECM) switch-
ing. Structural characterization confirms complete FCC-to-monoclinic
phase transformation within 48 hours. Planar Ag/Ag,S/Ag memristors
fabricated from these films exhibit robust unipolar resistive switching
with exceptional reproducibility across 16 devices. Systematic pulse-
train studies reveal consistent short-term plasticity (STP) behavior, with
volatile retention averaging ~49 seconds at 100 pnA compliance. This
synthesis approach eliminates vacuum processing requirements,
enabling the scalable production of high-performance a-Ag,S switch-
ing layers. This positions ECM devices as accessible and practical
elements for neuromorphic hardware.

1 Introduction

The exponential growth of data-intensive applications has
intensified the demand for computing architectures that trans-
cend the von Neumann bottleneck inherent to conventional
digital processors. Neuromorphic computing, inspired by the
brain’s massively parallel and energy-efficient signal proces-
sing, has emerged as a promising paradigm shift.! Synaptic
devices are at the core of neuromorphic systems, enabling in-
memory computation and adaptive learning capabilities.>
Recent demonstrations of memristor-based artificial synapses
have achieved femtojoule-scale switching operation, delivering
multilevel analog-conductance modulation® and highly effi-
cient synaptic behavior. Such features facilitate the hardware
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implementation of both short-term plasticity (STP) and long-
term potentiation (LTP),* key attributes of biological learning
processes. The choice of switching mechanism determines
whether a device can exhibit both STP and LTP. Several
competing approaches have been explored. Valence change
memory relies on oxygen vacancy migration through dielectric
oxides, offering high on/off ratios but suffering from discrete,
non-linear resistance switching and high switching energies.’
Phase-change memory achieves impressive data retention
through crystal-to-amorphous transitions, but requires crystal-
lization temperatures exceeding 400 °C, which are incompati-
ble with flexible substrates.® Neither approach naturally
encodes both STP and LTP in a single device architecture.
Among resistive switching (RS) mechanisms, electrochemical
metallization (ECM) has distinguished itself through its rever-
sible resistive switching properties. In contrast to Valence
Change Mechanism (VCM) and Phase Change Memory (PCM)
systems, ECM devices operate through voltage induced for-
mation and dissolution of metallic filaments, achieving precise
and gradual analog control of conductance states. In ECM
devices, active metal electrodes (such as Ag or Cu) undergo
electrochemical oxidation under an applied bias. The resulting
reaction drives cation migration through solid electrolytes.
Cations are subsequently reduced at inert electrodes. This
reduction forms conductive filaments.> The geometry and
thickness of these filaments are closely correlated with pulse
amplitude, width, and repetition frequency, governing the
transition between transient and persistent conductance states.
This mechanism naturally segregates STP from LTP. Transient
filament formation under intermittent stimulation produces a
volatile conductance enhancement characteristic of dynamic
synaptic behavior.”

Metal sulfides have gained prominence as ECM electrolytes.
They exhibit superior ionic conductivity (>10"° S ecm ™).
They support mixed Ag'/electron transport. Their temporal
dynamics resemble those of biological synapses, surpassing
the performance of oxide-based counterparts. Transition metal
sulfides include o-Ag,S°, M0S,,%° WS,,"° SnS,,"* and Sb,S;."
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Sulfur-vacancy-assisted ion migration within these materials
supports pulse-dependent synaptic plasticity, while the stimu-
lation frequency governs the transition between volatile and
non-volatile memory states. Consequently, sulfide-based ECM
devices allow precise tuning of STP/LTP ratios via pulse para-
meters an essential feature for implementing metaplastic
learning in neuromorphic architectures.’

Beyond stable long-term modulation, the transient or short-
term memory (STM) responses of such devices are equally
critical for real-time neuromorphic functions. STM, which
emulates the short-lived synaptic activity seen in biological
systems, reflects recent input history rather than permanent
storage.” Volatile STM behavior can be harnessed for temporal
filtering, noise suppression, and dynamic signal preprocessing,
enabling selective response to time-correlated.'®**® This fading-
memory characteristic is particularly beneficial for reservoir
computing, spike-based encoding, and adaptive sensory per-
ception, where temporal correlation and nonlinearity improve
pattern recognition and learning efficiency.'® Moreover, STM
devices are especially attractive for event-driven sensing, edge-
Al, and IoT tasks, as they provide energy-efficient transient
memory and on-device data processing without frequent
refresh operations, setting them apart from conventional non-
volatile."”"®

Silver sulfide (0-Ag,S) presents unique advantages among metal
sulfides due to its monoclinic phase stability at ambient tempera-
ture (below 450 K), exceptional ionic conductivity (107> S ecm ™),
and mechanical ductility contrasting sharply with brittle conven-
tional semiconductors.'®*® The stoichiometric o-Ag,S phase pro-
vides electronic conductivity approximately 10° times lower than
the superionic p-phase, enabling controlled resistance modulation
essential for stable synaptic operation.”’* Despite these advan-
tages, conventional synthesis routes remain challenging: solution-
based processes require multi-step precipitation with precise pH
control, while vacuum deposition demands high temperatures
(>200 °C) that often lead to phase impurities and increase
production cost.>***>¢

Recent studies have shown that exposing Ag-based films or
nanostructures to H,S gas provides a simple and efficient route
for forming Ag,S under mild conditions. Baghirov et al. reported
vapor-phase sulfidation of Ag nanowires in PVA matrices to yield
AgNW/PVA/Ag,S nanocomposites,>” and also demonstrated simi-
lar transformations in GO/AgNW composites.”® These reports
established the viability of H,S-induced sulfidation; however,
they primarily addressed morphological and optical modifica-
tions rather than resistive switching performance.

In this work, a cost-effective and straightforward technique
for synthesizing Ag,S films by exposing thermally synthesized
Ag films to H,S gas in a closed beaker is presented. The process,
which transforms FCC Ag into monoclinic Ag,S, is notable for
its minimal steps and use of inexpensive chemicals. Achieving
the formation of Ag,S films at room temperature remains a
significant challenge, underscoring the value of the proposed
method. With precise control over the exposure conditions, Ag,S
films were successfully synthesized. This innovative approach
enables the subsequent investigation of the behaviour of
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Ag/Ag,S/Ag devices, highlighting their potential for neuro-
morphic applications.

2 Experimental procedure
2.1 Chemicals used

Silver wire with a purity of 99.99% was obtained from Hydro Pneo
Vac Technologies, India. Sodium sulfide hydrate in flake form
(Na,S-xH,0) was sourced from HiMedia Laboratories Pvt. Ltd,
India. Concentrated sulfuric acid (H,SO,, 98%) was purchased
from M/s Loba Chemie Pvt. Ltd, India. Additionally, Milli-Q water
was utilised throughout the experimental procedures.

2.2 Experimental details

Glass substrates were meticulously prepared to ensure surface
cleanliness and activation before deposition processes. Initi-
ally, the substrates were immersed in a chromic acid solution
for 24 hours to remove organic contaminants and enhance
surface adhesion properties. They were then thoroughly rinsed
with Milli Q water to eliminate residual acid. Subsequent
cleaning involved immersion in Labolene solution and rinsing
with hot water to remove particulate matter and residual
chemicals. Furthermore, they were ultrasonicated sequentially
in Milli-Q water, acetone, and isopropyl alcohol to effectively
remove impurities and organic residues. Finally, the substrates
were dried using hot air to prevent recontamination and
maintain a pristine surface suitable for subsequent material
deposition and characterisation.

2.3 Deposition of Ag,S thin film

A thin, 100 nm layer of Ag film was deposited onto a glass
substrate using thermal vapour deposition. Subsequently, the
deposited film underwent a critical exposure phase to H,S gas
inside a closed beaker. This was carried out within a fume hood
environment. The generation of H,S gas was executed with
precision by combining 250 mg of sodium sulphide (Na,S) with
a 1:1 (v/v) aqueous sulfuric acid solution (H,SO,). The process
was repeated every 8 hours to consistently generate H,S gas in a
controlled experimental environment. The substrate was later
annealed at 60 °C for 2 hours x 6 to eliminate excess sulphur
residue. The film was optimised for varying durations (6, 12, 24,
48, and 72 hours) and quantities of Na,S (250 mg, 500 mg, 1 g,
1.5 g, and 2 g). The optimal conditions were 48 hours duration
and 1.5 g of Na,S. The schematic diagram of the procedure is
shown in Scheme 1.

2.4 Ag,S-based RRAM device fabrication

Silver electrodes were thermally deposited onto the Ag,S film
through a shadow mask to define a lateral Ag/Ag,S/Ag device
structure. The electrodes were spaced 110 pm apart, with a
uniform thickness of 150 nm. This planar configuration
enabled in-plane electrical measurements. The device was
subsequently evaluated for resistive switching and synaptic
behaviour.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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| Dil. H,S0,(1)+Na,S(s)

Scheme 1 Schematic diagram illustrating the passage of H,S gas over the Ag-deposited glass substrate.

3 Results and discussion

3.1 Analysis of structural changes

The interaction between Na,S and H,SO, results in the for-
mation of H,S gas, which, when exposed to the Ag film, triggers
structural changes that lead to the formation of an Ag,S layer.
The reaction is given in eqn (1) and (2).

Na,S (s) + HyS0, (1) — H,S (g) + Na,S0,~ () (1)
Ag (s) + HoS (g) — Ag:S (s) + Ha (g) (2)

Ag in its FCC structure undergoes a transformation to form
monoclinic Ag,S upon exposure to H,S gas. The process
involves a chemical reaction where H,S gas reacts with the

FCC structure

surface of the Ag, causing the S atoms to diffuse into the silver
lattice. This diffusion leads to the nucleation and growth of
Ag,S on the Ag-deposited glass substrate. Scheme 2 illustrates
the structural transformation of Ag thin film to Ag,S.

The crystal structure changes from the highly symmetrical
FCC lattice of pure Ag to the less symmetrical monoclinic lattice
of Ag,S. In this new structure, Ag atoms occupy different lattice
positions than in their original arrangement, resulting in a
distinctive monoclinic unit cell characteristic of acanthite, the
mineral form of Ag,S. This structural transformation is driven
by the incorporation of S atoms, which disrupts the original
metallic bonding in Ag and leads to the formation of ionic
bonds characteristic of Ag,S.

48 hours
> Ag,S Film
®
@ ]
o P
® @
d ®
® @
®

Monoclinic structure

Scheme 2 Schematic representation of the structural changes from Ag to Ag,S.
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3.2 Structural and morphological analysis

The XRD patterns of thermally deposited Ag films subjected to
sulfurization for durations ranging from 6 to 72 hours are
shown in Fig. 1a. The untreated Ag film (AS-00) exhibits distinct
diffraction peaks at 26 ~ 38.04° and 44.20°, corresponding to
the (111) and (200) planes of FCC Ag (ICDD 04-0783).>°*° Upon
sulfurization, notable changes in both peak position and phase
composition occur as a function of reaction time. In AS-06 and
AS-12, the Ag (111) peak shifts to higher angles (38.50° and
38.52°), with the (200) peak also shifting to 44.72° and 44.78°,
respectively. These shifts toward higher 20 values indicate a
reduction in interplanar spacing, attributable to compressive
strain in the silver lattice.®® At these initial stages, sulfur
species (S*7) do not directly substitute Ag® in the lattice.
Instead, they may adsorb on the surface or occupy interstitial
voids near the surface of the silver lattice. This chemisorption
induces localized compressive lattice distortion, as the metallic
lattice contracts to accommodate the foreign species.”>*° Con-
sequently, early sulfurization is governed by surface adsorption
and interstitial diffusion mechanisms rather than substitu-
tional lattice replacement.

At 24 and 48 hours (AS-24 and AS-48), the intensity of the Ag
peaks diminishes substantially, and new peaks corresponding
to monoclinic Ag,S (ICDD 14-0072) begin to emerge. These
include reflections at 26 ~ 29.38° (021), 31.40° (-112), 33.52°
(111), 34.00° (022), 34.60° (022), 36.70° (013), 37.64° (-103),
40.62° (031), and 43.30° (200).>>** The appearance and intensi-
fication of these Ag,S peaks confirm the phase transition from
metallic Ag to Ag,S. Some Ag,S peaks show minor shifts toward
lower 20 angles, indicative of tensile strain introduced by the
substitution of larger S>~ ions (184 pm) for smaller Ag" ions
(126 pm), resulting in lattice expansion.>**® In contrast, the
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XRD pattern of the AS-72 sample reveals no discernible diffrac-
tion peaks, indicating a complete loss of long-range crystal-
linity. This suggests that extended sulfurization leads to
structural degradation or over-saturation of sulfur, which likely
results in film corrosion or the formation of an amorphous
phase.”*?*%313¢ Table 1 gives XRD peaks and corresponding
planes for AS00-AS72 samples.

SEM analysis revealed S-induced corrosion, highlighting
distinct morphological differences between Ag (Fig. 1b) and
Ag,S (Fig. 1c) films. The Ag film exhibited a relatively smooth
and continuous surface, indicative of uniform distribution and
high film quality.>**” In contrast, the Ag,S film displayed a
rougher texture with increased void content, attributed to the
incorporation of S atoms. The presence of S within the lattice
promoted defect formation and altered the crystal structure, as
larger sulfide ions replace smaller Ag ions. This substitution led
to lattice expansion, resulting in a more densely packed crystal
structure. EDS analysis confirmed the elemental distribution of
Ag and S, as shown in Fig. 1e and f, respectively, illustrating the
elemental mapping of the Ag,S film.>>*%?® These results confirm
the transformation of Ag from the FCC phase to the monoclinic
phase of Ag,S after 48 hours of sulfurization. A higher angle shift
of Ag and Ag,S peaks is observed with increasing reaction time,
attributed to the transition from FCC Ag monoclinic Ag,S. This
phase transformation is driven by the rearrangement of atoms
within the crystal lattice, resulting in a denser monoclinic unit
cell and reduced interplanar spacing.***°

3.3 IV characteristics

The I-V characteristics of the Ag,S film were investigated,
revealing RS behaviour. The planar Ag/Ag,S/Ag memristive
device, fabricated with an inter electrode spacing of 110 um,
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Fig. 1

(a) Visual inspection of Ag films after sulfurization for 6, 12, 24, 48, and 72 hours, along with the untreated Ag reference. (b) SEM image of pristine

Ag film. (c) SEM image of the Ag,S film after 48 hours of sulfurization. (d) XRD patterns of Ag films (AS-00 to AS-72) corresponding to different
sulfurization durations. (e) and (f) EDS elemental mapping of the 48-hour Ag,S film showing the distribution of (e) Ag and (f) S.
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Table 1 XRD peak positions (20) and corresponding (hkl) planes of Ag and Ag,S phases for samples AS-00 to AS-72

AS-00 AS-06 AS-12 AS-24 AS-48 AS-72
Ag 20 () 38.04 (100) 38.50 (100) 38.52 (100) 38.10 (100) —
44.20 (200) 44.72 (200) 44.78 (200)
Ag,S 20 (°) — 29.56 (111) 37.56 (—103) 29.38 (021) 31.40 (—112) —
29.56 (111) 33.52 (111)
34.00 (022) 34.30 (022)
37.20 (121) 34.60 (022)
41.14 (031) 36.70 (013)
37.56 (—103)
40.62 (031)
43.30 (200)

exhibited reproducible unipolar RS behavior, as shown in
Fig. 2a. The forming process required an initial high voltage
sweep around 60 V, with the first switching event occurring at
48.7 V, indicated by a sharp current jump from 3.57 pA to the
compliance limit of 10 pA. With successive cycles (Fig. S3), the
set voltage decreased and stabilized in the range of 4.5-5.5 V for
both 10 pA and 100 pA compliance (Fig. 2b and c), suggesting
filament conditioning and lowered formation barriers. The
reset transitions occurred consistently between 0.1 and 1 V,
without polarity reversal, confirming a unipolar switching

mechanism driven by Joule heating-induced filament dissolu-
tion. The current jump also changed from 0.023 pA to 10 pA
(memory window 434) and 0.064 pA to 100 pA (memory window
1562.5), respectively, for 10 pA and 100 pA compliance. Similar
behaviour has been widely reported in ECM-based Ag devices
and is attributed to field-driven ion transport and thermally
triggered rupture of metallic filaments.*"***

Endurance tests were conducted at two compliance current
levels. At 10 pA, the device sustained stable switching over 100
cycles, whereas at 100 pA, stable operation was maintained for
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current limits following pulsed stimulation.
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25 cycles (Fig. S1a and b). The memory window, defined by the
resistance ratio between the high-resistance state (HRS) and the
low-resistance state (LRS), increased from 1.75 x 10 at 10 pA to
2.34 x 10° at 100 pA. This level of variability falls within the
range typically reported for Ag,S and other chalcogenide-based
ECM systems.”®**** The resistive switching and conductive
characteristics of the Ag/Ag,S/Ag devices prepared with differ-
ent reaction times (AS 06, AS 12, AS 24, and AS 72) are provided
in the supplementary information (Fig. S4 and S5). Samples AS
06-AS 24 show linear switching behavior, whereas AS 72 shows
negligible conductivity. In comparison, AS 48 exhibits clear
resistive switching behavior, indicating that a 48 hour reaction
time is appropriate for device operation.

View Article Online
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Device-to-device variability was rigorously evaluated across
20 fabricated devices, with 16 exhibiting successful and repro-
ducible switching behavior. Statistical distributions from these
functional devices reveal a forming voltage of 60 + 15 V (Fig. 3a),
SET voltage of 5 + 2 V (Fig. 3b), RESET voltage of 1 + 0.5 V
(Fig. 3c), LRS resistance of 0.1 £+ 0.05 MQ (Fig. 3d), and HRS
resistance of 0.2 £+ 0.05 GQ (Fig. 3e), yielding a robust memory
window of ~10° (Fig. 3f). Notably, all 16 devices demonstrate
consistent short-term plasticity emulation (Fig. 3g).

In pristine Ag,S planar devices, the stoichiometric Ag,S layer
exhibits high resistivity without pre-existing conductive paths,
necessitating a substantial electroforming voltage (~60 V,
equivalent to ~0.55 MV cm™') across the 110 pum electrode
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Fig. 3 Statistical distribution and synaptic conductance characteristics of the resistive switching devices. (a—f) Violin plots showing device-to-device
variation (16 devices) of the key switching parameters: (a) forming voltage, (b) set voltage, (c) reset voltage, (d) low-resistance state (LRS) resistance, (e)
high-resistance state (HRS) resistance, and (f) memory window. (g) Conductance (G) as a function of time under consecutive pulse stimulation,
demonstrating short-term synaptic plasticity (STP) like conductance dynamics.
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gap imposed by shadow mask limitations. This voltage drives
Ag oxidation at the anode, Ag" ion migration, local super-
saturation, nucleation, and dendritic filament formation to
establish the conductive pathway.?> Scaling down the electrode
gap is anticipated to significantly lower the forming voltage,
enhancing device scalability and practicality for neuromorphic
applications. The RS mechanism is based on the electrochemi-
cal metallization process. Upon positive bias, Ag atoms at the
active electrode oxidize (Ag — Ag' + e”), releasing Ag" ions into
the Ag,S matrix. These ions migrate under the electric field and
are reduced (Ag" + e~ — Ag°) near the counter electrode,
initiating filament nucleation. During the RESET process, local
Joule heating dissolves the filament, thereby returning the
device to HRS. The dynamic balance between filament for-
mation and rupture underpins the observed RS behavior
(Scheme S1a). The involvement of filament instability, espe-
cially under low to moderate compliance, has been mechan-
istically verified using kinetic models and thermal energy
competition between filament surface and volume terms.
Although a higher compliance current injected more Ag ions,
the resulting filament structure remained volatile (Scheme S1b).
This behavior is consistent with observations reported by La
Barbera et al.,”° who demonstrated that increased current com-
pliance may lead to denser dendritic branching rather than
thicker filaments. Their findings suggest that filament shape,
particularly the density and connectivity of dendritic branches,
can influence synaptic retention properties. Even at high current
compliance, filaments composed of thin, branched structures
tend to dissolve rapidly, maintaining STP characteristics. In this
case study, the persistence of volatile switching and limited
retention extension strongly suggests a similar morphology.
Although direct imaging was not performed, the retention
dynamics and electrical behaviour correlate well with this model.
Such filament morphology governed by electrical history and
current compliance can be tailored to emulate transient synaptic
functions in neuromorphic systems.***

The device exhibited compliance, current-tunable switching,
and retention behaviour, with well-defined ON/OFF ratios,
endurance stability, and synaptic-like short-term memory.
The ability to mimic biologically relevant plasticity through
purely electrical control makes this planar Ag,S platform a
promising candidate for future low-power, short-term memory
modules in neuromorphic architectures.

4 Conclusions

This study demonstrates a scalable, room-temperature strategy
for synthesizing phase-pure o-Ag,S films via controlled H,S
sulfidation of thermally deposited silver. Structural analysis
confirms the complete transformation of FCC Ag to monoclinic
Ag,S within 48 hours, eliminating the need for high-temperature
or vacuum-based processing. Planar Ag/Ag,S/Ag memristors
fabricated using this method exhibit highly reproducible uni-
polar resistive switching with excellent device-to-device unifor-
mity, as evidenced by statistical distributions of forming voltage,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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SET/RESET voltages, HRS/LRS resistance levels, and memory
window from 16 out of 20 devices.

The devices display robust STP governed by an electroche-
mical metallization mechanism, characterized by volatile con-
ductance retention averaging ~49 s at 100 pA compliance and
high-to-low resistance ratios exceeding 10°. This current-
tunable volatility closely emulates the temporal dynamics of
biological synapses, validating the material’s potential for
dynamic signal processing tasks. By combining a low-cost,
ambient synthesis route with reliable synaptic functionality,
this work establishes a«-Ag,S as a practical and accessible
electrolyte for energy-efficient, neuromorphic short-term mem-
ory applications.
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