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ABSTRACT: Selector-only memory (SOM) has emerged as a promising memory concept for high-density cross-point and three-dimensional
vertical X-point (VXP) architectures by integrating selector and storage functions within a nanoscale single active material. In contrast to
conventional one-selector-one-resistor (1S1R) cross-point memories, SOM exploits polarity-dependent threshold-voltage (V,;) modulation in
amorphous chalcogenide materials, enabling nonvolatile information storage while retaining volatile selector behavior. This review provides a
systematic overview of recent advances in SOM. The threshold-switching behavior and microscopic mechanisms of polarity-dependent V),
shift that govern SOM operation are first discussed. Strategies for improving device performance and reliability are then summarized,
followed by recent progress in SOM-oriented materials screening and device modeling. Advances in array-level integration and industrial
demonstrations are subsequently highlighted. Finally, the key challenges limiting the further development of SOM are discussed, and possible
routes toward their resolution are outlined.
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particular attention because they combine high drive current,
nanosecond-speed operation, low leakage current, and excellent
scalability, and have already demonstrated industrial viability in
commercial 3D memory products such as Intel Optane [12].
However, practical studies suggest that OTS selectors can
already satisfy the required selector performance, whereas the
resistive memory element more often becomes the dominant

1 Introduction

Continuous advances in semiconductor technology have
dramatically increased computational capability over the past
several decades. However, the separation between processing
and memory in conventional von Neumann architectures has
created a fundamental bottleneck known as the “Memory Wall”

[1]. This challenge has become particularly severe in modern
artificial intelligence (AI) workloads, where massive data
movement between processors and memory dominates both
system latency and energy consumption. Consequently, the
development of new memory architectures and technologies has
become a critical requirement for next-generation computing [2—
6]. To address this challenge, cross-point architectures based on
emerging non-volatile memories have attracted particular
interest [7, 8]. In such arrays, selectors or transistors are
commonly used as access devices to suppress leakage currents,
and avoid sneak-path crosstalk [9-11], forming architectures
such as ISI1R (one-selector-one-resistor) and 1T1R (one-
transistor-one-resistor). Within this framework, chalcogenide-
based ovonic threshold switching (OTS) selectors have attracted

bottleneck in 1S1IR cells, particularly as scaling aggravates the
phase-change memory (PCM) component’s limitations in write
program margin, thermal disturbance, endurance, and structural
complexity [13]. This observation has motivated efforts to
simplify the cell architecture by integrating selector and memory
functionalities into a single active element, giving rise to self-
selecting concepts in which one device simultaneously provides
access control and information storage. An early example of
such a concept was reported by Macronix in 2003 [14], where
programmable threshold-voltage (V,, ) states were realized in
amorphous chalcogenide-based memory. Within this context,
selector only memory (SOM) was proposed as a promising
concept for next-generation storage-class memory by IMEC [15,
16] and SK hynix [13, 17, 18].

Table 1. Comparison of emerging nonvolatile memory technologies. The endurance data were primarily collected from studies [19—
32]. Abbreviations: 1S1R, one-selector-one-resistor; 1TIM, one-transistor-one-magnetic-tunnel-junction; 1T1C, one-transistor-one-
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capacitor. The magnetic tunnel junction serves as the storage element in MRAM, whereas the capacitor refers to a ferroelectric

capacitor in FeRAM.
Comparison PCM RRAM MRAM FeRAM SOM
Amorphous/ Resistance Magnetic Ferroelectric
Storage state P V¢p state
polycrystal phases state state polarization
Nonvolatility Yes Yes Yes Yes Yes
Endurance ~107 ~10"2 ~10' ~10"2 ~108
Cell structure IS1R IS1R ITIM ITIC 1SOR

SOM integrates both selector and memory functionalities
within a simple single-layer structure, forming an OTS-only
(1SOR) architecture. Unlike conventional cross-point memories
that rely on separate selector and resistive elements, this
approach significantly simplifies the device structure while
offering potential advantages in scalability, energy efficiency,
integration density and endurance (Table 1) [13]. The operation
of SOM relies on the polarity-dependent modulation of the V,,
in chalcogenide glass materials. By applying electrical
programming pulses, distinct V;, are created, thereby generating
a memory window that enables discrimination between logic
states. Although the low resistance state is volatile, the
programmed V,, state can be retained non-volatilely, allowing
SOM devices to simultaneously function as both memory cells
and selectors within cross-point arrays. Beyond serving as a

requires only a single selector-memory layer. This simpler stack
allows a smaller hole size and a more streamlined deposition
process, making SOM more suitable for VXP integration. As a
recently emerging memory concept, SOM remains in a rapid
stage of development. Despite the increasing attention from
academic and industrial communities, several challenges remain,
including achieving sufficiently large and stable memory
window (MW), controlling V,, drift and variability, and
enhancing write/read endurance, and understanding the
microscopic mechanisms (Figure 1).

In this review, recent advances in SOM technology are
summarized. The physical mechanisms responsible for threshold
switching and polarity-dependent V, shift in SOM devices are
discussed. Strategies for improving device performance through
experimental optimization and first-principles calculations are
then reviewed. Finally, recent progress in array integration and

structurally simplified alternative to cross-point arrays, SOM is industrial demonstrations is highlighted, followed by a
also particularly attractive for 3D vertical X-point (VXP) discussion of current challenges and possible future
architectures [7, 13, 18, 33], because an SOM-based VXP cell development pathways for SOM technologies.
[2021] @ [2022] ® [2023]
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Figure 1. Timeline of some representative developments of SOM from 2020 to the present, showing the progression from polarity-dependent V,

SOM device implementation and ongoing efforts to address key challenges for practical applications. Reproduced with permission from Ref. [15-18, 34, 35], ©

IEEE 2020, 2021, 2022, 2023, 2024.
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2 Main mechanism of Selector Only Memory
(SOM)

2.1 Threshold Switching Mechanisms

The operation of SOM is fundamentally built on the threshold-
switching behavior of OTS materials. Therefore, before discussing
the origin of polarity-dependent memory states in SOM, it is
necessary to first consider the physical mechanisms underlying
threshold-switching. Although OTS devices have been extensively
studied, the microscopic origin of their abrupt transition from the
high-resistance (OFF) state to the low-resistance (ON) state remains
under active debate. Several models have been proposed to explain
this process, as discussed below.

2.1.1 Electro-thermal models

The electro-thermal models were proposed to account for the
switching phenomenon [36—40], as illustrated by the feedback loop
of the thermal runaway model shown in Figure 2a. In this
framework, Joule heating raises the local temperature of the OTS
material, thereby enhancing its electrical conductivity and
establishing a positive electrothermal feedback loop. This self-
reinforcing process can drive an abrupt increase in conductivity and
a transition to a ON state. However, although thermal models were
successfully applied to describe the negative differential resistance
observed in single-crystal Si-doped yttrium-iron garnet [41], they
can’t yield the snapback-like negative-resistance region
characteristic of amorphous OTS materials [42, 43]. This limitation
suggests that purely electrothermal effects are not adequate and that
microscopic electronic processes must also be taken into account
[44, 45]. By the early 1980s, the thermal model had largely been
replaced by electric-field-driven OTS models based on electronic
excitation mechanisms [46].
Although traditional purely thermal models exhibit inherent
limitations, incorporating Joule-heating-induced modifications of
the structure or electronic states highlights the significant
contribution of thermal effects. At present, thermal effects are not
regarded as an independent switching mechanism, but rather as a
facilitating factor that cooperates with other mechanisms,
manifesting as thermally assisted atomic/electronic structure
transition [47—49]. For example, in our recent first-principles study
[48], Joule-heating-induced structural transitions in OTS materials
can strongly modify their electronic structure by narrowing or even
closing the band gap and inducing delocalization of originally
localized band-tail states in OTS+PCM devices. These changes
jointly increase the carrier concentration and electronic conductivity,
thereby helping to sustain the holding-ON state. These findings
indicate that thermal effects still play a crucial role in the OTS
devices.

2.1.2 Field-induced nucleation

The field-induced nucleation model, originally developed in the
context of phase-change materials, has also been extended to
explain OTS [50-53]. In this framework, a strong electric field
lowers the nucleation barrier and promotes the formation of
localized conductive nuclei within the amorphous chalcogenide
matrix, thereby giving rise to filamentary switching behavior
(Figure 2b). During the first firing, where a higher V; is required,
a metastable crystalline conductive filament forms within the
initially amorphous matrix. After forming, the conductive filament
does not fully revert to the initial amorphous state; some residual
nuclei remain. Because these residual nucleation sites have a lower
nucleation energy than the surrounding amorphous matrix,
subsequent nucleation is more readily initiated at these locations.
As a result, the later switching cycles exhibit faster ON switching
and a smaller V,, . At the same time, these field-stabilized
conductive nuclei are not all thermodynamically stable once the

electric field is removed, which accounts for the volatile nature of
threshold switching. However, the field-induced nucleation model
also faces limitations. Materials commonly used for OTS typically
exhibit high crystallization temperatures, making ultrafast
nucleation under electric field alone difficult to reconcile with the
experimentally observed sub-nanosecond switching dynamics [7].
Therefore, field-induced nucleation processes may not act entirely
independently, but may instead cooperate with electronic switching.
For example, Li and Chen proposed a synergistic filamentary—
electronic picture, in which carrier excitation from a seed filament
induces electronic and structural changes in the surrounding
amorphous material, which may in turn facilitate the formation of
conductive filaments [54].

2.1.3 High-field Poole—Frenkel

threshold switching

The high-field PF transport model proposed by Ielmini and
Zhang describes threshold switching in chalcogenide-based OTS
devices as a predominantly electronic process governed by field-
enhanced trap-mediated transports [55, 56]. As schematically
depicted in Figure 2c, in the low electric field, the band profile
remains comparatively uniform across the amorphous film, under
this condition, the electric field is distributed relatively uniformly
throughout the amorphous layer, and no localized highly conductive
region is formed, which describes the conduction as trap-limited PF
emission conduction model. After threshold switching, however,
the band diagram becomes nonuniform, and Fowler—Nordheim
tunneling enables a large number of carriers to transfer from deep
traps to shallow trap states, leading to an abrupt increase in current.
This nonequilibrium model provides an effective explanation for
several defining electrical features of OTS devices. It accounts for
the abrupt snapback behavior and S-shaped current—voltage
characteristic observed immediately after switching, as well as the
existence of a finite holding voltage required to maintain the ON
state. It also offers a natural explanation for the ultrafast switching
speeds experimentally observed in OTS devices, often in the sub-
nanosecond to nanosecond regime, without requiring a substantial
thermal incubation time. While the model is formulated primarily as
an electronic transport picture, the microscopic origin of the active
shallow trap states is likely more complex. Recent studies suggest
that these trap states may be associated with local structural
rearrangement,  compositional  segregation,  carrier-induced
polaronic relaxation, and other field-induced microscopic processes
[57-61].

2.1.4 Structural rearrangement

Beyond purely electronic descriptions, OTS in chalcogenide
glasses has also been associated with structural rearrangement of
the amorphous network. First-principles calculations by Guo et
al.[62] showed that carrier excitation in amorphous GeSe induces
additional Ge-Ge bonds and overcoordinated Ge sites,
accompanied by bandgap narrowing and enhanced delocalization of
the conduction states, suggesting that OTS cannot be fully
described by a purely electronic transition within a fixed atomic
network. Noé et al. [57], proposed a structural-rearrangement
model in which OTS was described as a field-induced
transformation between distinct local bonding configurations in the
amorphous chalcogenide network. In this model, high electric fields
and the associated electronic excitation promote local reordering of
the glass, including bond alignment and the evolution of local
structural motifs, leading to the formation of metastable metavalent
bonds (MVBs) (i.e., locally reconfigured bonding states with
enhanced electronic delocalization [63]). As illustrated in Figure
2d for amorphous GeSe, this structural reordering is accompanied
by pronounced electronic changes: compared with the OFF state,
the ON state exhibits a narrowed or even closed bandgap, an
increased density of states near the Fermi level, a reduced inverse

(PF) transport

3 /22



Nano Research | Vol. XX, No. XX

Wang et al.

participation ratio (IPR), and much stronger carrier delocalization.
These results support a picture in which threshold switching is
closely linked to dynamic local bonding rearrangement, which
stabilizes a more conductive electronic state under high field.
Similar structural-electronic coupling was also reported in
amorphous GeS [64], where carrier excitation promoted the growth
of Ge—Ge chains, increasing network connectivity and potentially
facilitating the formation of conductive local paths.

2.1.5 Polaronic Effects

Polaronic effects provide another important perspective for
understanding threshold switching in amorphous OTS materials.
Emin [59] proposed a small polaron model to explain threshold
switching in amorphous semiconductors, the threshold switching in
amorphous semiconductors takes place when the small-polaron
density rises to a critical steady-state level. Under this condition,
adjacent polarons interfere with one another and partially cancel the
lattice displacements induced by neighboring polarons, thereby
suppressing carrier—phonon coupling and facilitating the emergence
of high-mobility, quasi-free carriers. Although this model has faced
challenge, as strong small-polaron interactions in amorphous
materials are expected to occur only in rare and particular local
bonding environments, thereby precluding polaron-like band
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transport, it nevertheless emphasizes the important role of local
atomic relaxation in modulating electronic conduction [65, 66].
Recent first-principles studies have further highlighted the role of
polaron formation in OTS. Carrier excitation can induce local
structural relaxation and generate midgap states, rather than merely
activating a pre-existing static defect population [60, 67]. In our
recent work [60], it was found that the excited state after structural
relaxation exhibits newly emerged midgap states, as shown in
Figure 2e for amorphous SiGeAsTe. Further analysis showed that
these states originate primarily from carrier-induced electron—
phonon coupling, rather than from purely electronic occupation
changes. The spatial distribution of the midgap states also correlates
closely with the regions of the largest atomic displacements,
supporting their identification as polaron-related states. The same
excitation-induced polaronic midgap-state formation was also found
in GeSe and GeS, suggesting that this is a relatively general effect
rather than a material-specific coincidence. These findings support a
picture in which polaron-induced midgap states can provide
positive feedback to conduction and thus promote the switch-on
process. In this framework, the electric field promotes polaron
formation indirectly by driving carrier excitation, while the midgap
states are primarily associated with electron—phonon-like coupling
rather than purely electron—electron interactions.
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Figure 2. Schematics of threshold Switching Mechanisms. (a) Schematic of the feedback loop for thermal model. (b) Schematics of the field-induced nucleation process.
Reproduced with permission from Ref. [53], © AIP Publishing 2019. (c) Energy band schematic of High-field PF transport threshold switching model. Reproduced with
permission from Ref. [55] , © AIP Publishing 2019. (d) Calculated density of states (DOS) and inverse participation ratio (IPR) in off-state and on-state GeSe for
Structural rearrangement. Reproduced with permission from Ref. [57], © Noé P. et al. 2020. (e) Spin-polarized DOS and IPR of ground state and excited state
with/without structural relaxations. Reproduced with permission from Ref. [60], © American Chemical Society 2026. (f) Schematic band diagrams that correspond to
each region in the I-V characteristics in avalanche multiplication model. Reproduced with permission form Ref. [68], © Fantini P. et al. 2023. (g) Schematic of the
transition between localized and delocalized defects in OTS. Reproduced with permission from Ref. [34], © IEEE 2021. (h) Current sustained by defects for off-state,

threshold and on-state. Reproduced with permission from Ref. [58], © IEEE 2023.

2.1.6 Avalanche Multiplication

Early electronic models such as the double-injection model
suggested that carrier accumulation near the electrodes can strongly
reshape the internal field distribution [69, 70]. In this framework,
electrons and holes injected from opposite contacts recombine in
the bulk, giving rise to space-charge buildup near the electrodes. As

the applied voltage increases, the space-charge regions expand and
eventually overlap, leading to field collapse in the device interior
and the formation of narrow barriers near the interfaces. These thin
barriers facilitate carrier tunneling into the bulk, resulting in a high
charge density and a quasi-metallic conductive state. Adler et al.
[46] provided an electronic interpretation of OTS behavior,
showing that, when the field-induced carrier generation is assumed
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to proceed via impact ionization, S-shaped negative differential
conductance can arise from its interplay with Shockley—Read—Hall
recombination. Subsequent studies further improved this description
by adding avalanche-like multiplication as a carrier-generation
mechanism [71-74]. Fantini et al. [68] proposed a bipolar
avalanche multiplication model (Figure 2f). Subthreshold
conduction at low electric fields is governed by majority-carrier-
dominated PF transport, whereas increasing electric field drives a
transition toward bipolar impact ionization. The resulting electron—
hole pair generation and cooperative transport contribute to carrier
accumulation, abrupt conductivity enhancement, and the onset of
snapback. They further supported this model experimentally in the
subthreshold regime by extracting carrier multiplication factors
from I-V characteristics, consistent with avalanche multiplication.
These results support the relevance of avalanche processes in OTS
switching, although their relative contribution may depend on
material composition, device structure, and operating conditions.
More recently, Sun et al. [75] proposed a charge-triggered
switching mechanism in amorphous Se selectors, where high-
density trap pairs pin the Fermi level in the OFF state, while near
threshold the electrical excitation of trapped carriers, together with
avalanche multiplication, triggers abrupt turn-on and high on-
current. Overall, these studies indicate that avalanche multiplication
can serve as an important electronic contribution to OTS switching.

2.1.7 Percolation cluster model

In the percolation cluster model, cluster formation is based on
reversible transitions between localized and delocalized defect
states [76, 77]. In this framework, each defect is treated as a two-
state entity within a double-well potential, and the transition rates
are governed by the local electric field and temperature. Because
the delocalized state has a larger spatial extent than the localized
state, electrical turn-on can occur when a sufficient number of
neighboring defects become delocalized and overlap, thereby

forming a percolative conductive cluster across the amorphous layer.

As illustrated in Figure 2g, the OFF state corresponds to a
configuration in which most defects remain localized, whereas
threshold switching occurs when defect delocalization becomes
sufficiently extensive to establish a spanning conductive cluster.
The subsequent recovery of defects toward localized states disrupts
the cluster and restores the OFF state, thereby accounting for the
volatile character of OTS switching. This model provides a
phenomenological ~ framework  for  rationalizing  several
characteristic OTS behaviors, including ON-current increase, V
drift and switching-induced V,, variation [15, 76]. Although several
experimental observations are not fully reconciled within this
framework, including the much stronger dependence of switching
speed on applied voltage than on temperature, and the excellent
cycle-to-cycle (C2C) uniformity reported in some devices, which
may be difficult to fully reconcile with repeated cluster formation
and rupture processes [78—80], the percolation cluster model offers
an effective intuitive phenomenological picture.

Recently, Buscemi et al. [58] introduced a hydrodynamic
multiphonon Trap-Assisted Tunneling (TAT) model for describing
electrical transport and threshold switching in chalcogenide OTS
devices. In this framework, charge transport proceeds through
multiphonon TAT between localized defect states, resulting the
occurrence of temporary and progressive localization-delocalization
of the trap states, creating conductive channels inside the insulating
matrix, as given in Figure 2h. The model successfully reproduces
the characteristic [-V features of OTS devices, including the abrupt
turn-on at threshold, the subsequent snapback associated with
negative differential resistance, and the holding condition that
governs the stability of the ON state. Nevertheless, its description of
switching remains partly phenomenological, as the microscopic
origin and dynamics of the localized-to-delocalized transition are
not yet fully resolved.

2.2 Mechanisms of Polarity-Dependent V,; Shift

Polarity-dependent V., shift is the key physical basis of SOM,
enabling reversible programming between low-V,, and high-V;,
states with polarity voltage pulses, to achieve data storage function.
The microscopic origin of this behavior remains not clear. This
section discusses representative mechanisms proposed for polarity-
dependent V, shift in SOM.

2.2.1 Polarity-Dependent Traps

One plausible explanation for the polarity-dependent V;; shift in
SOM is trap-mediated electronic reconfiguration. The essential idea
is that polarity-dependent switching originates from an asymmetric
evolution of the trap landscape after programming, which
subsequently alters the threshold-switching condition under the
following read pulse. Earlier studies on chalcogenide glasses
suggested that valence-alternation-pair (VAP) related defect centers
can undergo excitation-induced charge transfer, accompanied by
local structural rearrangement and micro-anisotropy [81].
Consistent with this general defect-based perspective, Ravsher et al.
[82] proposed that switching of field-sensitive defects should be
one possible origin of the polarity effect in Se-based SOM devices,
based on their earlier two-state model for OTS materials [76] in
which defects are described as anisotropic structural units (ASUs)
that can undergo localization—delocalization transitions in a double-
well potential. Because the transition probability depends on the
orientation of the ASU relative to the applied electric field, opposite
programming polarities can selectively favor different defect
subpopulations. As a result, the retained defect configuration after
programming becomes either more or less favorable for subsequent
switch-on, leading to different V,,  states and thus a memory
window (Figure 3a).

Lee et al. [49] showed that the activation energy for carrier
transport exhibits a strong dependence on the programmed state,
whereas the effective inter-trap spacing remains nearly unchanged.
Based on thermally assisted hopping analysis [83], they extracted
both the trap spacing (Az) and activation energy (E,) for different
memory states and found that the state dependence is dominated by
changes in E, but not Az (Figure 3b). These results suggest that
opposite write polarities primarily alter trap condition or energetic
alignment. Sung et al. [84] suggested that polarity-dependent V,,
shifts in amorphous chalcogenide SOM originate from the
redistribution of charged defects, with VAPs and dimer-type defects
serving as trap centers. Under opposite programming polarities,
charged defects near the electrode interfaces are redistributed into
distinct configurations, leading to different transport barriers
(Figure 3c).

2.2.2 Segregation

Ravsher et al. [82] proposed atomic segregation as one possible
mechanism underlying the polarity effect in Se-based SOM devices.
In this picture, the field-assisted atomic motion within the
amorphous chalcogenide layer, leading to polarity-dependent
compositional redistribution in the bulk or near the electrode
interfaces. Such structural and chemical asymmetry can modify key
transport parameters, including the trap distribution, and charge-
injection barriers, thereby producing distinct threshold-switching
conditions after opposite programming polarities. First-principles
calculations further support this interpretation, showing that
compositional segregation can induce different electronic structures
at the two sides of the device and thereby modulate the mobility gap
and charge-injection barriers [85]. More recently, in Sh,Se;-based
SOM, an applied electric field drives controllable migration of Sb
and Se atoms, observed by in situ transmission electron microscopy
(TEM), further supporting a migration-related contribution to SOM
operation [86].
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However, some experimental evidence suggests that this
mechanism may become important mainly under relatively strong
electrical and thermal stress. In GeSe-based SOM device [87],
pronounced elemental segregation was observed only at high
operating current (/,p), indicating that large-scale atomic migration
is more likely to occur under high-current conditions. Consistently,
studies on SiGeAsSe devices showed no major compositional
difference between states programmed with opposite polarities [82].
Although a slight Se enrichment near the positively biased interface
was detected, the variation was small and remained within the
uncertainty of Energy-dispersive X-ray spectroscopy (EDS)
analysis (Figure 3d). Nevertheless, it is still plausible that some
atomic migration is happening on a local scale below the sensitivity
of EDS. These results suggest that atomic segregation is a plausible
contributor to the polarity effect, but its role under low-current
SOM operation may be limited or secondary.

2.2.3 Avalanche-Based Models

Based on the bipolar avalanche framework [68], Ha-Jun Sung et
al. [35] described the memory window of SOM using a space-
charge-region (SCR) model. In this model, charged defects
generated during the first-firing process and retained after RESET
induce band bending near the electrode interfaces, thereby
increasing the activation energy for carrier emission during
subsequent read operations. By modulating the extent of the SCR
under a nonuniform electric field, the spatial distribution of charged
defects gives rise to polarity-dependent barrier modulation and thus
a measurable memory window.

Fantini et al. [67] proposed a graded band gap (GBG) model as a
microscopic explanation for polarity-dependent V,;, shifts in SOM,
building on their bipolar avalanche threshold-switching description.
In this mechanism, the programming pulse establishes an
asymmetric injection landscape across the chalcogenide film. Near
the anode, strong electron injection induces local defect-state
relaxation that lowers the activation energy for hole injection and
enhances subthreshold conduction. Near the cathode, the strong
electric field suppresses or removes part of the in-gap localized
states, thereby increasing the corresponding hole-injection barrier.
As a result, when the subsequent read pulse has the same polarity as

the programming pulse, holes are injected from the low-barrier side
and V,,  is lower; under the opposite polarity, holes are injected
from the high-barrier side and V,, becomes higher, thereby
forming the memory window (Figure 3e). Density Functional
Theory (DFT) calculations provide atomistic support for this
process, which show that electron injection into amorphous
chalcogenide models can induce localized electronic states together
with local structural relaxation. Importantly, the resulting
downward shift of in-gap states toward the valence band persists
even after the injected electrons are removed (Figure 3f). The
resulting asymmetric distribution of in-gap states across the film
thickness modifies carrier-injection barriers under opposite read
polarities and thus gives rise to polarity-dependent V,,. A notable
strength of the GBG model is that it can be directly implemented in
Technology Computer Aided Design (TCAD), enabling quantitative
reproduction of experimentally observed polarity-window trends.

Overall, each proposed mechanism captures part of the polarity
effect in SOM, yet none has been fully established as a universal
picture. Trap-based models are attractive because E, and Az can
be extracted experimentally from trap assisted hopping analyses.
However, the microscopic origin, spatial distribution, and long-term
stability of the asymmetric defect configurations responsible for the
programmed V.,  states remain insufficiently understood.
Segregation-related mechanisms have been supported by direct
experimental observations, but in uniform materials their influence
may be confined mainly to the near-electrode regions, and excessive
field- or heat-assisted migration may eventually accelerate device
degradation. The SCR model provides an intuitive description of
polarity-dependent barrier modulation, but still requires more direct
experimental validation of the proposed charged-defect distribution
and interfacial band bending. The GBG model can quantitatively
reproduce several key experimental trends, including the
dependence of memory window on temperature, thickness, and
alloy composition, yet its microscopic assumptions also await more
direct experimental confirmation. Taken together, these results
suggest that the physical origin of SOM operation is still at an early
stage of development, and further combined experimental,
theoretical, and multiscale modeling studies are needed to establish
a more complete and predictive understanding.
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Figure 3. Mechanisms of Polarity-Dependent V,;, Shift in SOM. (a) Schematic of Anisotropic structural units (ASUs) that can undergo localization—delocalization
transitions in a double-well potential. Reproduced with permission from Ref. [82], © IEEE 2024. (b) Schematic illustration of the SOM mechanism, in which 2
delocalized defect-state energetics and their field-driven transitions govern threshold switching and memory window formation. Reproduced with permission from Ref.
[49], © IEEE 2024. (c) Polarity-dependent evolution of charged-defect distribution into low-V,, and high-V,, states (LVS/HVS). Reproduced from Ref. [84] under
the terms of the CC BY 4.0 license, © Sung H. et al. 2024. (d) Schematic illustration of field-induced elemental segregation and the comparison of relative Se
concentration between the two samples, showing only minor compositional differences between the two states. Reproduced with permission from Ref. [82], © IEEE
2024. (e) Schematic illustration of the Graded Band Gap (GBG) model with the two different activation energies (E,) for hole injection at the anode and cathode. (f)
Amorphous Ge,sAs3(Se,s electronic density of states with and without injected electrons. (e-f) Reproduced with permission from Ref. [88], © Fantini P. et al. 2026,
Springer Nature.
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Table 2. Summary of some representative works of SOM devices and their performances. *The specific material composition was not reported. Abbreviations:

HUST, Huazhong University of Science and Technology; POSTECH, Pohang University of Science and Technology; SIMIT, Shanghai Institute of Microsystem

and Information Technology.

) o . Memory . Write Read I Toric
Year  Main affiliation Material Retention write write Ref
window Endurance  Endurance (HA) (ns)
2022 SK Hynix OoTS” ~02V 85°C/1d 107 < 30 20 [18]
2023 KU SiGeAsSe* ~09V > 1 month 8 6 < 15 ~10 [16]
Leuven/IMEC ) > 10 > 10

2023 POSTECH . >12y ~ 10years 6 <100 ~10  [89]
Segs5(SiysTessAss2Geq)s ’ at RT > 10

2023 Samsung Se based OTS" >0.5V 108 10° 40 56 [32]
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o 5 3

2024  IBM/Macronix GescSes 1.5V 85°C/1d >10 (Reset/Set) 10°/50 [91]
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2025 University In-doped GeSbSeTe 1.5V at 85 °C >10 500 [93]
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2025 Samsung OTS* >0.75V >a£5y§*gs > 107 >10° 20 50 [96]
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3 Strategies for Performance and Reliability
Engineering of SOM

The dual-functional nature of SOM, in which a single active
material must serve as both selector and memory, imposes stringent
requirements on device operation and state stability. For practical
operation, SOM devices must not only exhibit reliable threshold
switching, but also generate and preserve distinguishable polarity-
dependent V,,  states for information storage. These requirements
are reflected in several key device metrics, including memory
window, Vg, variability, retention, endurance, programming
current, and speed. Some representative advances in SOM based on
amorphous chalcogenide materials are summarized in Table 2, and
the main strategies for performance and reliability enhancement are
discussed below.

3.1 Performance Enhancement Strategies for SOM
Devices

3.1.1 Compositional Optimization

Compositional optimization is important for improving SOM
performance as the elemental composition directly affect the
bonding configuration, trap landscape, and polarity-dependent
switching behavior of the active layer. In Ge-Se-based SOM
devices, tuning the Ge/Se ratio has been shown to systematically
modify the threshold-switching characteristics, memory window
magnitude, and device reliability [91]. Three GeSe compositions
were compared, Geg Seszg (Ge-rich), GescSesq (middle), and
GessSeqs (Se-rich) as shown in Figure 4a-c. The V., increases
progressively with increasing Se content, while the intermediate
composition, GescSeyq , exhibits the largest memory window
(AV=V;p = V.5 )of 1.3 V compared with the Ge-rich and Se-rich
compositions (Figure 4b,c). These results suggest that optimized
compositions provide an effective route for enhancing memory
window, state stability and reducing operational variability.
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Figure 4. (a) Compositions of GeSe-based SOM (b) Ge,Se;_,’s V;, increases (top) and I,¢s decreases (bottom) with higher Se content. (c) The top panel
indicates the the variation of reset voltage (V) and set voltage (V). The bottom panel demonstrates the AV, with increased Se content. The upper and lower
edges of the boxes represent the 75 and 25 percentiles of the data. (a-c) Reproduced with permission from Ref. [91], © Springer Nature 2024. (d) Voltage
schemes used for electrical characterization of SOM devices. (e,f) Electrical characteristics, memory characteristics, and endurance performance of Se-rich and
Te-rich SOM. (d-f) Reproduced with permission from Ref. [101], © Elsevier 2026.

The importance of composition becomes even more evident in
Ge—Se-Te materials, where compositional variation can alter not
only the memory window magnitude and electrical characteristics,
but even the polarity-switching direction itself [101]. Se-rich
(Ges4SeysTeyr ) and Te-rich (GeygSeysTes; ) compositions were

compared. As seen in Figures 4d-f, the two devices with different
compositions exhibit opposite polarity-dependent switching
characteristics. In both SOM devices, the individual V,;, states were
stably maintained under accelerated retention conditions,
confirming their reliable non-volatile characteristics. However,
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when a negative-voltage write pulse was applied, the threshold
voltage of Se-rich increased, whereas that of Te-rich decreased.
These observations highlight compositional optimization as a
critical and practically indispensable step for SOM device. In
practice, compositional tuning provides an important materials-level
route for balancing polarity response, stability, and reliability before
further device-level optimization [102]. It is therefore an important
part of SOM materials engineering alongside doping and other
performance-enhancement strategies.

3.1.2 Doping

Doping engineering is an effective and widely used strategy for
enhancing device performance. By introducing selected foreign
atoms into chalcogenide hosts, doping can modify the local bonding
configuration, defect-state energetics, atomic migration Kinetics,
and the structural stability of the amorphous network. One effictive
idea of doping is to suppress electric field-induced atomic or
structural rearrangement, thereby improving threshold stability and
device reliability. Wen et al. [94] showed that In doping in GeSe-
based materials improves both memory window size and write
endurance by suppressing excessive Se migration during repeated
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switching. The V,, and memory window vary with indium
concentration (Figure 5a), but the endurance improvement is non-
monotonic, with the best performance obtained at 3% indium rather
than at higher concentrations (Figure Sb). This result indicates that
optimizing device performance is a process that requires
comprehensive consideration. A similar stabilization effect is
observed for Ga doping in GeSe SOM. [98] A Ga concentration of
6% Ga doping yields a minimum C2C (cycle-to-cycle) variability
(Figure 5c¢), and the corresponding V., drift is reduced to 16.5
mV/decade, less than half that of undoped device (Figure 5d). This
improvement is associated with strong Ga—Se bonding, which
suppresses atomic diffusion and stabilizes the defect configuration
during switching. Si doping likewise improves reliability by
suppressing unstable homopolar bonds and strengthening the
amorphous backbone [100, 103]. As illustrated in Figure 5e-h, Si-
doped GeS SOM exhibits a larger memory window than undoped
GeS, together with greatly enhanced endurance and retention,
increasing from ~ 4 X 10° to beyond 4 X 108 cycles, and the
retention extends from > 3 X 10° s to beyond 107 s, respectively.
Moreover, the memory window broadens progressively with
increasing Si concentration (Figure 5Sh).
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Figure 5. (a) Memory window and (b) Endurance in GeSe-based SOM devices of different In concentrations. (a,b) Reproduced with permission from Ref. [94],
© IEEE 2025. (c) C2C distributions and (b) Vy, relaxation of GeSe-based SOM with varying Ga concentrations. (c,d) Reproduced with permission from Ref.
[98], © IEEE 2025. Reliability and multi-level operation characteristics of Si-doped GeS-based SOM devices: (e) I-V curve of the Si-doped GeS-based SOM
device. (f) Endurance characteristics of the Si-GeS device. (g) Data retention characteristics of the Si-GeS device. (h) V,, dependence on Si concentration. (e-h)
Reproduced with permission from Ref. [100], © Elsevier 2026. The I-V curve and band diagrams of (i) GSST-based SOM. and (j) In-GSST-based SOM.

Reproduced with permission from Ref. [93], © Elsevier 2025.

From an energetic perspective, the effect of doping is more
explicitly manifested in the direct modulation of the trap landscape
responsible for memory window formation. In GeSbSeTe (GSST),
Indium doping enhances the memory window by altering the local
bonding environments around Se atoms and introduces In—Se
heterobonds at the expense of part of the original Ge-Se bonding
network by XPS analysis, thereby changing the local chemical
environments around Se atoms [93, 104]. Se-Se homopolar bonds

tend to form relatively deep traps, whereas heteropolar bonds such
as Se—Ge and Se-In are associated with shallower traps. As a result,
Indium doping shifts the trap population toward shallower states
and further lowers the trap depth of the low-V;, state relative to the
high- V, state. This enlarged inter-state trap-depth contrast
directly widens the separation between two V,, states, leading to a
substantial increase in memory window. Compared with undoped
GSST, the memory window increases from about 0.5 V to about 1.5
V after Indium doping (Figures 5i,j). These changes strengthen the
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polarity-dependent V., separation and improve the
distinguishability of memory states. A similar trap-landscape
engineering effect has also been demonstrated by Sn doping in
GSST-based SOM. Seo et al. showed that Sn incorporation
broadens the memory window from about 0.4 to 0.8 V by reducing
trap depth and increasing the population of shallow band-tail trap
states, thereby improving the distinguishability and stability of the
programmed threshold states and enhanced endurance [105]. These
examples  highlight that, beyond suppressing structural
rearrangement, doping can also enhance SOM performance through
more direct engineering of defect energetics.

Overall, doping improves SOM performance through coupled
structural and electronic effects, but balancing different
performance metrics is equally important. In many cases, excessive
doping can degrade characteristics, such as endurance, V,, stability,
and switching speed, reflecting inherent trade-offs [94, 98, 100,
104]. Therefore, doping in SOM requires a comprehensive
mechanism-informed strategy to balance these competing
performance requirements.

3.1.3 Post-treatment
Chalcogenide-based amorphous alloys contain abundant defects,
and not all defect states are beneficial for memory window
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formation or switching stability. Excessive or unstable defect
populations may aggravate V,, drift and C2C variability.
Microwave annealing (MWA) and ultraviolet (UV) exposure has
been reported as an effective means of regulating bonding
configurations and defect populations after film deposition, thereby
improving V;, uniformity, suppressing drift and variability, and
enhancing endurance and retention without altering the material
composition or device architecture in OTS [106, 107]. Similar
approaches have therefore been explored to stabilize switching
behavior in Se-based chalcogenide SOM.

In Se-based SOM systems, unstable Se—Se homopolar bonds have
been identified as one important origin of switching variability and
nonuniformity [49, 108]. MWA has been shown to improve
switching uniformity by suppressing these bonds and thereby
reducing the number of switching-active traps [109]. Raman
analysis confirmed the reduction in the number of traps that induce
memory switching by the decreased of the Se—Se bonding peak
after MWA treatment (Figure 6a,b) [110, 111]. As a result, the
treated device retained a similar average memory window but
exhibited a much tighter V,, distribution than the untreated control
(Figure 6c¢,d). However, excessive MWA led to overall structural
degradation, indicating that the benefit of defect reduction must be
balanced against preservation of network integrity.
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Figure 6. (a) Schematic structure of MWA treatment. (b) Raman spectroscopy analysis of SOM devices. Vy, distribution of SOM with (c) and without (d)
MWA. (a-d) Reproduced with permission from Ref. [109], © IEEE 2024.. (¢) The fabrication flow for the UV-treated OTS device. (f) Cycling endurance
characteristics of the film with and without UV treatment. Vy, drift characteristics of OTS devices (g) before and (h) after the UV treatment. (e-h) Reproduced

with permission from Ref. [89], © IEEE 2023.

UV treatment likewise provides an effective route for stabilizing
Se-based SOM devices [89]. By inducing localized bond
rearrangement and reducing electrically active interface states, UV
exposure improves the stability of programmed defect
configurations. Although both treated and untreated devices showed
endurance exceeding 10% cycles, UV-treated devices exhibited
much lower variability and markedly improved retention, while the
untreated devices suffered from large V,, variation and poor
retention behavior (Figures 6e-h). Notably, the retention
improvement was achieved without a substantial change in the
V. drift slope, indicating that variability reduction, rather than
drift suppression itself, was the key factor underlying the enhanced

retention. Similar to MWA, excessive treatment can also degrade
device performance; therefore, the treatment duration needs to be
carefully optimized.

Overall, post-treatment highlights the importance of defect
conditioning after film deposition in SOM devices. When properly
optimized, such treatments provide an effective route to improve
switching uniformity and long-term reliability, serving as a defect-
regulation strategy that does not require changes in material
composition or device structure.

3.1.4 Pulse-Scheme Engineering
Pulse-scheme engineering is an important operation-level
strategy for SOM because the programmed threshold state is highly
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sensitive to the temporal profile of the applied voltage. In OTS-
based materials, V,j, can be influenced by multiple pulse parameters,
including polarity [112, 113], amplitude [17], width [49, 114], rise
time [15], and fall time [115], indicating that the pulse
configuration affects not only switching itself but also the stability
and accessibility of the stored threshold states. Therefore,
optimization of the pulse scheme is essential for improving SOM
performance.

In SOM operation, write pulses are typically stronger than read
pulses and thus impose a greater reliability burden on the device. In
particular, the use of square (SQ) voltage pulses during
programming often induces an overshoot current (/,,,,), which can
degrade device performance and even cause device damage[116].

To suppress this effect, Seo et al. [92] introduced an optimized
multi-step (MS) pulse scheme for SOM. As shown in Figure 7a,
the abrupt OFF-to-ON transition under a SQ pulse causes rapid
discharge of the parasitic capacitance, producing a pronounced /..
In contrast, the MS pulse enables a more controlled switching event.
When the rising-step amplitude exceeds V;,, the device turns on
during the intermediate step rather than at the full programming
voltage, reducing I,,., by about 40%. The same strategy also
mitigates the undershoot current (I,,,4.,) during turn-off by reducing
the instantaneous voltage drop and moderating the collapse of the
conductive path [117, 118], These results show that properly
designed pulse sequences can effectively reduce transient-current
stress and improve programming reliability.
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In addition to transient-current suppression, the falling time (T o)
of the programming pulse also plays an important role in regulating
Vp drift in SOM devices. Lee et al. [119] showed that increasing
Tpq from 100 ns to 10 us significantly improved the drift
characteristics from about 30 mV dec™ to below 10 mV dec™! for
both memory states (Figure 7b,c). Similarly, Song et al. [120]
reported that optimization of the T can also improve the memory
window and endurance of SOM devices, enlarging the memory
margin from 0.6 to 1.4 V and enhancing endurance by four orders
of magnitude. However, these improvements were accompanied by
an 18% increase in the OFF-state current and broader C2C
distributions, highlighting the trade-off between improved memory

characteristics and increased leakage or variability.

Beyond reliability optimization, pulse-scheme engineering also
provides a direct route to multilevel and multibit SOM operation.
Because the programmed V,, state depends on the write-pulse
condition, tailored pulse sequences can be used to generate multiple
nonvolatile threshold states with controlled separation. Jung et al.
[109] demonstrated that improved V., uniformity enabled
multibit operation in SOM devices, including 2-bit operation with
excellent endurance and retention, and the feasibility of 3-bit
operation with tight V., distribution as presented in Figure 7d,e.
Seo et al. [121] further developed a pulse-based programming
algorithm for reliable multilevel V,;,  control and demonstrated
stable 3-bit operation with low adjacent-state overlap, which was
subsequently extended to a 4k crossbar array. These studies show
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that pulse programming in SOM is not limited to stress mitigation,
but can also be used to define and access multiple memory states in
a controllable manner.

In summary, pulse-scheme engineering offers a fabrication-
compatible and low-cost route to improve SOM performance at the
operation level. By controlling transient current, Tr,; and
programmed-state separation, it can optimize reliability, V,;, drift,
and achieve multibit programmability.

3.1.5 Structural Innovation

Optimizing device structure provides a feasible and promising
route for improving SOM performance. In SOM devices, the
memory and selector functions are integrated within a
homogeneous single amorphous layer, making it difficult to
simultaneously optimize memory window formation, leakage
suppression, endurance, and operating current. By intentionally
breaking this structural homogeneity, strategies based on functional
decoupling can help relax these intrinsic trade-offs.

A related strategy was demonstrated in a multi-stack design, in
which the trap distribution was deliberately engineered by using
different compositions on the two sides to improve endurance and
reduce the write current [97, 99]. As illustrated in Figure 8a, the
SOM device was separated into a memory-switching layer and a
selector-switching layer. In such a structure, each layer can be
independently engineered to perform its respective function, thereby
enabling bifunctional switching behavior while overcoming the
intrinsic limitations of homogeneous single-layer designs. As
depicted in Figure 8b, devices with an interlayer thickness of t; =3
nm exhibited a sufficiently large memory window (> 1.3 V)
together with a low OFF-state current (Iof¢). Structural innovation
can also be implemented by shifting the defect source from the
active layer to the electrode side. Because Cu atoms are mobile
under an electric field, and have been reported to be utilized in
SOM devices [90]. Exploiting this characteristic, Lee et al. [122]
achieved SOM functionality in an OTS device by introducing Cu
from an external electrode together with a C diffusion barrier. The
C barrier is used to regulate excessive Cu migration, enabling stable

operation with a memory window of approximately 3 V (Figure 8c).

In contrast, the device without Cu did not exhibit SOM
characteristics (Figure 8d), whereas the device without the C
blocking layer showed conductive-filament-based RRAM behavior
(Figure 8e). This result highlights that controlled defect supply
from external structural components can provide an alternative

route to SOM operation without relying solely on intrinsic defect
formation within the amorphous layer. Taken together, these
examples demonstrate that structural innovation offers a powerful
means of improving SOM performance through spatial decoupling
of competing functions. By separating memory formation, selector
switching, and defect regulation into different structural regions,
these strategies alleviate the intrinsic constraints of single-layer
devices and open a more flexible route for optimizing memory
window, leakage, endurance, and operating current simultaneously.

Overall, the performance-enhancement strategies discussed
above do not represent independent optimization routes; rather, they
constitute complementary approaches acting at different levels of
SOM device. At the materials level, compositional optimization
determines the basic bonding configuration, defect distribution, and
polarity-dependent switching characteristics of the amorphous
active layer. Doping provides a more targeted and function-oriented
engineering strategy by modifying specific bonds, trap energetics,
and amorphous-network stability, which can further improve V,,
stability, retention, and state distinguishability; however, dopant
selection should also consider practical constraints such as toxicity,
process compatibility, and cost. Since both compositional
optimization and doping inevitably involve trade-offs among
memory window, leakage current, endurance, and switching
uniformity, material design alone is unlikely to simultaneously
optimize all key metrics. Post-treatment offers an additional defect-
conditioning route after film deposition, improving switching
uniformity and retention without changing the original device stack,
although excessive treatment may damage the amorphous network.
Pulse-scheme engineering shifts the optimization from material
design to operation control, allowing programmed threshold states
to be stabilized or separated through tailored voltage waveforms,
but this benefit may be accompanied by increased peripheral-circuit
complexity and leakage-related trade-offs. Structural innovation
provides a device-level route to relax the intrinsic limitations of
homogeneous single-layer SOM devices by spatially decoupling
memory formation, selector switching, and defect regulation,
although this strategy may also increase fabrication and structural
complexity. Therefore, the future development of high-performance
SOM devices should be regarded as a multi-factor optimization
problem, in which device performance, material selection, process
complexity, cost, and manufacturing compatibility need to be
balanced in an integrated manner.

13 /22



Nano Research | Vol. XX, No. XX

Wang et al.

(a)

1
tsomy:30nm M
Af SET tohi 15} T
< Memo tc er >
Trap density TE M : ry Switching Layer _
Distorted Octahedral structure = o A o
Sb-InTe & ---- > e S
P ™ ®  structural asymmetry — e [ 4100n ,’?..
=y 3 7
hi 4 - - Sufficient memory window 3 1.0 ' & :
InTe @1 ; i N
. < Selector Switching Layer > = }T <
. _ : @ Stable Tetrahedral structure 10 :;.\
n 1 11Un
Sb-InTe | IR a ? - Strong heteropolar bond § % | ~5nA 2
uppressed Vy, dri i
BE @ ® >s d V, drift 0.5 ; o
— Charged electron trap - Excellent switching stability 0 3 7 11 15
—— Charged hole trap Sb ®In @ Te (InTe) t (nm) (InTeSb)
(c) (d) (e) '
Forming WICU/C/ISTAG/W Forming W/C/STAGWI Forming W/Cu/STAGW
im ——— After reset pulse 1m — After reset pulse W/O Cu 1m b After reset pulse W/O C barrier
f—— After set pulse - 3 After set pulse v fr After set pulse
— g —_ — No selector behavior
Zwoowp oy < < 1004
E E ‘E Vr. «
3 g £ v
8 10uk S 6 10uf F
g [ N ’ “ ,u 1
b, M “f

14 0 1 2 3 4 5 6 7
Voltage [V]

Voltage [V]

0 1 2 3 4 5
Voltage [V]

Figure 8. (a) Schematic of the hybrid-stacked SOM structure. Sb-InTe and InTe serve as memory and selector layers, respectively. (b) I, (green) and memory
window (orange) of the hybrid SOM devices as a function of the interlayer thickness (t;). The total SOM thickness was fixed at 30 nm for all devices. (a,b)
Reproduced with permission from Ref. [99], © IEEE 2025. Typical AC I-V characteristics under three different conditions for Cu-based SiTeAsGe (STAG). (c)
W/Cu/C/STAG/W device with both Cu and a C barrier, (d) W/C/STAG/W device, (¢) W/Cu/STAG/W device with Cu but without a C barrier. (c-e)

Reproduced with permission from Ref. [122], © IEEE 2025.

3.2 Materials Selection and Reliability Modeling

For SOM, materials evaluation requires more than conventional
selector-oriented criteria. In addition to threshold-switching
performance, it is necessary to assess whether a material can
support stable polarity-dependent threshold states and maintain
them during repeated operation. Extensive efforts have been
devoted to identifying chalcogenide compositions that satisfy the
requirements for high-performance OTS operation and to
understanding these requirements from a theoretical perspective
[123-125]. However, it remains challenging to establish
quantitative metrics that directly reflect polarity-dependent stability,
including field-direction-dependent defect occupation, asymmetric
electronic-state response under opposite bias, and the coupling
between electronic excitation, structural relaxation, and memory
window formation.

Recent studies have begun to extend first-principles-based
screening frameworks toward SOM-oriented materials discovery. In
the work of Sung et al. [35], the memory window was modeled on

the basis of a charged-defect-induced space charge region under a
non-uniform electric field, which was further converted into a
barrier factor governing the increase in activation energy during
read operation. This treatment enabled AV,,  to be evaluated
within a materials-screening framework, rather than being
considered only at the empirical device level. By combining
bonding characteristics, thermal stability, electrical properties,
memory window formation, and V,, drift into a unified screening
workflow, ultimately identifying 18 promising Se-based candidates
from 3888 ternary amorphous chalcogenide compositions. The
screening outcome was further summarized through a five-
dimensional performance map, in which thermodynamic stability,
glass transition temperature (T, ), off-state current (Ippp), AVy,
and V,,  drift were simultaneously compared for the candidate
materials (Figure 9). This visualization highlights the
multidimensional trade-offs involved in SOM materials design,
where electrical performance, thermal robustness, and reliability
must be balanced simultaneously.
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Reliability modeling is equally important for SOM, especially in
view of endurance degradation during repeated programming and
readout. Unlike conventional selectors, in which endurance failure
is mainly evaluated in terms of switching degradation or
catastrophic breakdown, SOM endurance is directly coupled to the
stability of polarity-encoded threshold states. Sung et al. [126]
developed the Ab-initio Informed Multi-scale Endurance Modeling
for SOM (AIMES) framework, which links electrothermal
evolution, atomic diffusion, compositional relaxation, and device-
level electrical degradation across multiple scales (Figure 10a—e).

In this framework, repetitive pulse operation is first translated
into local electrothermal stress through finite-element simulation of
the device structure. The resulting temperature field is then used in
ab-initio molecular dynamics (AIMD) to extract the temperature-
dependent diffusivity of the constituent species. These diffusivities
are subsequently introduced into a drift-diffusion model, in which
repeated electric-field cycling progressively generates an axial
composition gradient inside the active layer, while interfacial mass
loss is described through an out-diffusion boundary condition. The
obtained cycle-dependent composition profile is not treated as a
single averaged quantity, but is further converted into spatially
resolved electronic-structure descriptors by assigning composition-
dependent band-gap (E;) and trap-density (N7) values to each local

region, thereby generating E,(Z)and N¢(Z) maps across the device.
These position-dependent material parameters are then implemented
in TCAD simulations, which self-consistently solve the electrical
response of the non-uniform device and reproduce the evolution of
the I-V characteristics, Vipser, Vinreser and the memory window
with cycling. In this way, endurance is predicted from the cycle at
which the simulated threshold-state separation collapses below the
readable margin. The model further shows that out-diffusion-
induced band-gap narrowing affects the RESET state more strongly
than the SET state because the former follows a classical Poole—
Frenkel conduction that is more sensitive to activation-energy
variations, thereby explaining the asymmetric collapse of the
memory window during late-stage degradation.

This framework highlights amorphous-network rigidity as an
important factor governing endurance degradation, thereby helping
to rationalize reliability improvements achieved through
compositional tuning and targeted doping, offering a physics-based
route for predicting SOM endurance and guiding reliability-oriented
materials optimization. Looking forward, more efficient SOM-
oriented methodological frameworks can be developed by
integrating first-principles calculations with machine-learning-
assisted approaches, thereby enabling more predictive materials
design, deepening the mechanistic understanding of SOM, and
extending atomistic insights to the mesoscale and device-relevant
length scales.
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4 Integration and Industrial Demonstrations of
SOM

The transition of SOM from a materials concept to a practical
memory technology depends critically on its integrability,
scalability, and reliability at the array and system levels. Beyond its
device-level functionality, the industrial interest in SOM is largely
driven by its potential to overcome the scaling limitations of
conventional chalcogenide cross-point memories based on PCM—
selector stacks. As highlighted by SK hynix in its 20 nm 4-deck 256
Gb cross-point memory study [13], although PCM-based cross-
point memory can achieve high-density integration through
advanced process optimization, its continued scaling is increasingly
constrained by shrinking write-program margins, the high aspect
ratio of the 1S1R stack, thermal disturbance associated with PCM
melting, and endurance degradation related to PCM failure. In this
context, SOM, which employs only two electrodes and a single
dual-functional material (DFM), offers a structurally simpler and
potentially more scalable alternative by reducing aspect ratio,
easing self-aligned etching and related integration processes, and
eliminating PCM-induced thermal disturbance.

Representative integrated SOM demonstrations from several
companies are summarized in Figure 11. At the 20 nm technology
node, SK hynix [18] showed that selector-only concepts can
support reliable cross-point array operation while significantly
reducing write current and eliminating the thermal disturbance
associated with phase-change switching. The simplified stack
structure also alleviated lithography and etching challenges at
advanced nodes, consistent with the broader industrial motivation
for replacing the more complex PCM-based ISIR architecture.

Micron Technology subsequently demonstrated a 20 nm half-pitch,
256 Gb, four-deck single-chalcogenide Xpoint memory, together
with further scaling toward the 1x-nm regime, highlighting the
substantial structural simplification and scaling potential[ 127]. IBM
and Macronix subsequently fabricated a 30 nm GeSe SOM array
[91], further demonstrating the integrability of SOM materials in
practical array structures. Samsung Electronics then demonstrated
SOM operation in a 64 Gb array at the 16 nm node [32], indicating
the scalability of the concept toward high-density integration. SK
hynix reported the first fully integrated 16 nm half-pitch SOM [31],
highlighting the potential of SOM for data-centric computing
systems. These studies collectively confirmed stable read-window
margins, low operating current, and promising endurance under
practically relevant operating conditions. SK hynix further
demonstrated, for the first time, a 16 nm half-pitch SOM with a
two-deck architecture [95], marking an important step toward
vertical integration and higher storage density. Samsung Electronics
[96] advanced SOM scaling through simultaneous lateral shrinkage
and vertical stacking. They reported the first fully integrated 14 nm
2-stack SOM with a 1 Gb main cell array while maintaining robust
read-window margins and acceptable endurance characteristics.
More recently, Samsung Electronics further improved the reliability
of fully integrated 14 nm SOM, achieving more than 10° write
cycles [128].

Taken together, these industrial demonstrations mark clear
progress toward advanced-node scaling and vertically integrated
SOM architectures. More broadly, they reinforce the potential of
SOM as a structurally simplified and integration-friendly route for
extending chalcogenide memory technologies beyond the practical
scaling limits of PCM-based cross-point memory.
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5 Challenges

SOM has advanced rapidly in recent years, yet several
fundamental challenges still hinder its development into a mature
and practically deployable memory technology. One of the most
critical issues is that its physical mechanism remains insufficiently
unified. Although threshold switching and polarity-dependent V
modulation have been discussed from multiple perspectives, the
microscopic origin and identification of the relevant defect states,
the detailed nature of defect evolution, the local structural changes
associated with programming, and the nonvolatile retention of the
programmed threshold states are still not fully understood. At
present, mechanistic studies of SOM rely mainly on experiments
and first-principles calculations. However, experiments can’t
directly resolve the relevant microscopic evolution, whereas
conventional DFT is typically restricted to relatively small
structural models because of its computational cost. Moreover, it is
difficult for DFT to capture the full process of defect relaxation and
field-driven structural evolution at quasi-device-relevant length
scales. Machine-learning interatomic potentials may offer a
promising route for extending SOM studies to large-scale structural
models on quasi-device-relevant scales.

Recent advances in machine-learning-based molecular dynamics
provide a promising route to overcome the intrinsic spatial and
temporal limitations of AIMD simulations[129—132]. Machine-
learning interatomic potentials trained on first-principles data have
enabled large-scale and long-time atomistic simulations of PCMs
while maintaining near-first-principles accuracy, facilitating the
investigation of amorphization, crystallization, and structural
evolution[133—136]. Similar approaches could be extended to SOM

materials to explore threshold-switching-related structural dynamics
over experimentally relevant length and time scales. In particular,

machine-learning-based  simulations may enable statistical
identification of switching-related local structural motifs,
investigation of thermally or electrically induced atomic

rearrangements, and efficient screening of candidate SOM materials.
For electrically driven switching, however, further developments
that  explicitly incorporate electric-field effects, charge
redistribution, or electronic degrees of freedom may be required.
When combined with first-principles calculations and experimental
validation, such approaches could provide a powerful framework
for establishing quantitative structure—property relationships and
accelerating the rational design of SOM materials.

However, at such scales, the accuracy of the structural-evolution
models themselves becomes a critical issue, particularly for
amorphous materials[137]. For example, structurally inaccurate
models may introduce spurious gap states in amorphous GeSe [138].
Besides, deep-learning density functional theory Hamiltonian
(DeepH) [139] offers an attractive strategy toward scalable
electronic-structure analysis by learning the mapping from material
structure to the DFT Hamiltonian. Such a framework is particularly
valuable because it provides a feasible route for identifying defects
and electronic states in large-scale models beyond the practical
scale of conventional DFT. Nevertheless, because SOM materials
are typically amorphous, the quantitative applicability of DeepH to
such structurally disordered systems still requires further systematic
validation. Therefore, representative amorphous SOM structures
and corresponding DFT benchmarks are still needed to evaluate its
accuracy in describing defect-related electronic states in amorphous
active layers.
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Another major challenge is to achieve a sufficiently large
memory window together with tight V,,  distributions, stable

retention, good endurance, and acceptable variability in device level.

In SOM, these metrics are strongly coupled rather than
independently tunable, because both selector and memory functions
are integrated into the same amorphous layer. Thus, improving one
aspect often comes at the expense of another, making it difficult to
establish a balanced operating regime. Therefore, the discovery of
novel materials that simultaneously provide large memory windows
and high stability remains a key question for future SOM
development. A further challenge is the lack of predictive SOM-
oriented materials design principles. Existing materials-screening
frameworks are not sufficient, because the mechanistic
understanding of SOM remains limited, as discussed above.
Therefore, further theoretical and data-driven modeling frameworks
are required to more explicitly capture the structure-property
relations governing SOM behavior. In this context, Al-driven
materials screening and design could provide an important
paradigm for accelerating SOM material discovery. By combining
experimental datasets, first-principles calculations, machine-
learning models, such approaches may help predict high-
performance material compositions and identify composition-
structure-property relationships that are difficult to obtain through
trial-and-error experiments alone, as exemplified by the AIMES
framework discussed in Section 3.2. This paradigm could provide a
useful route for connecting microscopic material descriptors with
practical SOM performance metrics. Materials selection for SOM
implementation is also constrained by practical integration
requirements. Even if a material exhibits promising SOM
characteristics at the device level, it may not necessarily be an
optimal choice for practical implementation, because materials
selection must also consider factors such as toxicity, cost and
process compatibility. In addition, although SOM offers clear
integration-related advantages, translating these benefits into
practical VXP-type remains challenging. Their realization still
requires careful control over film uniformity, interface stability,
process-induced structural damage or compositional deviation,
while maintaining compatibility with CMOS integration flows,
especially for advanced-node and vertically stacked architectures.
Therefore, future SOM development must address not only intrinsic
device performance, but also broader challenges associated with
integration, architecture-level implementation, and manufacturing
compatibility.
6 Conclusion

SOM has emerged as a promising memory concept by integrating
selector and storage functions into a single active material, thereby
enabling a 1SOR architecture with potential advantages in structural
simplicity, scalability, and low operating current. In this review,
recent developments of SOM have been reviewed from several key
aspects, including the physical understanding of threshold switching
and polarity-dependent memory formation, experimental
approaches for performance and reliability improvement,
computational and modeling frameworks for materials selection and
device optimization, and recent progress in array integration and
industrial demonstrations. Together, these advances highlight the
growing potential of SOM as an emerging high-density memory
technology. With continued progress in resolving challenges related
to both mechanistic understanding and device performance, SOM is
expected to further advance toward practical high-density memory
and Al applications.
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