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ABSTRACT
The growing demand for energy- and area-efficient computing in edge devices has highlighted the limitations of conventional von
Neumann architectures, which suffer from the memory bottleneck due to frequent data transfer between logic andmemory units.
Processing-in-memory (PIM) has emerged as a promising solution, and among its approaches, stateful logic enables computation
directly within memory arrays using simple voltage pulses. To realize this concept, we demonstrate the stateful logic functionality
using selector-only-memory (SOM) device based on Sn-doped GeSeTe (SGST). The device reveals a distinctive switching behavior,
where the direction of threshold switching can be reversibly tuned by adjusting the external series resistance. This behavior
originates from RC delay effects, which induce a residual opposite-polarity voltage during the falling edge of the input pulse.
Utilizing this property, we implement various stateful logic operations—including IMPLY, NAND, NOR, AND, and OR—directly
within the SOM array. Furthermore, a half-adder circuit is experimentally realized, confirming the scalability of the approach.
The low off-state current and reconfigurable switching behavior make the SOM device highly suitable for dense and low-power
logic-in-memory architectures, particularly in large-scale arrays for edge computing. This work will provide a new direction for
designing stateful logic devices with both structural simplicity and functional versatility.
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Introduction

he rapid proliferation of edge devices—such as those used in
oT systems, wearable electronics, and autonomous sensing—has
ed to increasing demand for computing architectures capable
f efficient data processing under strict power and area con-
traints [1–4]. In such environments, the physical separation
etween processing units and memory units imposes significant
imitations on performance and energy efficiency due to the
verhead of frequent datamovement. The conventional von Neu-
ann architecture, which inherently suffers from the memory
ottleneck, is fundamentally inadequate for overcoming these
ong Ho Song and Young Yun Mun contributed equally to this work.
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limitations. As a result, processing-in-memory (PIM) technology
has gained attention as a promising alternative. By enabling
computation and storage within the same physical location, PIM
significantly reduces data movement, power consumption, and
response latency [5–8]. These characteristics make it a highly
suitable approach for implementing high-efficiency, high-density
computing systems in edge applications.

The selector-only-memory (SOM), which integrates both selec-
tion and storage functionalities within a single device, has
recently gained attention as a promising candidate for imple-
menting PIM architecture. SOM devices are typically based on
lligence technologies or similar technologies.
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FIGURE 1 (a) Schematic illustration and electrical characteristics of the SOM device consisting of a W/active layer/W structure and the I–V curve
exhibits bidirectional threshold switching with different positive and negative threshold voltages (Vth.p and Vth.n). In the off-state region, conduction
is governed by trap-assisted PF hopping through a large density of localized trap states within the chalcogenide layer. The device enables high-density
integration and suppressing sneak currents in crossbar arrays. (b) Three-dimensional schematic of stateful logic and SEM image of fabricated crossbar
array structures. (c) Cross-sectionalHR-TEM image of the SOMdevice, showing a 115 nm thick SGST (SnGeSeTe) layer sandwiched betweenWelectrodes.
The inset shows the selected area diffraction pattern (SADP), confirming the amorphous phase of the SGST layer.
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vonic threshold switches (OTS), exhibiting high nonlinearity,
brupt threshold switching behavior, and extremely low off-state
urrent [9–13]. As shown in Figure 1a, SOM exhibits a polarity-
ependent, nonvolatile modulation of the threshold voltage (Vth),
etermined by the polarity of previously applied voltage pulses.
his behavior has been attributed to the presence of numerous
rap states in the chalcogenide-based intermediate layer, which
ay cause modulation of the Poole–Frenkel (PF) conduction
arrier depending on pulse polarity [14, 15]. As a result, Vth
ecomes electrically tunable, enabling its effective use for storing
nd controlling logical states. In addition, compared to conven-
ional memory devices such as resistive random access memory
RRAM) and phase-change random access memory (PCRAM),
OMs demonstrate superior structural and electrical advantages,
ncluding low sneak current even in large-scale arrays and
of 17
simplified cell structures that allow for high integration density
without requiring additional selectors [9, 16, 17].

To implement PIM architectures that perform data storage and
processing in the same physical location, stateful logic has been
proposed as an effective approach. In stateful logic, logical states
are stored directly in memory cells, and logic operations are per-
formed by applying voltages between cells, thereby blurring the
boundary between computation and storage. This architecture
enables direct logic operations within memory arrays without
separate logic circuits, offering advantages such as(structural
simplicity, improved energy efficiency, and ease of parallel pro-
cessing [18–22]. As illustrated in Figure 1b, logic operations are
implemented by applying input voltages (Vin) to the designated
input cells (red-colored cells) and an output voltage (Vout) to
Small, 2026
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he target output cell (blue-colored cell), with a series resistor
onnected to the common ground. Applying Vout to the output
ell programs its state in accordance with the intended logic
unction. In this work, we fabricated a SOM-based array structure
nd verified its physical configuration using scanning electron
icroscope (SEM) imaging. Earlier demonstrations of stateful
ogic were based on memristor devices implementing IMPLY
perations and have since been extended to various logic gates
sing nonvolatile memory (NVM) devices such as RRAM and
CRAM [18–20]. However, these NVM-based approaches suffer
rom high off-state current and sneak-path-induced malfunc-
ion. These limitations become more pronounced in large-scale
emory arrays, posing significant challenges to practical imple-
entation and scalability. In particular, RRAM and PCRAM
evices inherently require integration of a dedicated selector in
eries with eachmemory cell to suppress leakage currents, which
urther increases fabrication complexity and limits array density
23–26].

n this study, we investigated the switching behavior of SOM-
ased array structures and observed that the directionality of
th-switching can be reversiblymodulated by varying the external
eries resistance within the same device structure [27, 28]. This
irectionality control allows multiple stateful logic functions to
e selectively realized within a single SOM platform without
odifying the device structure. These features demonstrate the
otential of SOM as a memory element as well as a recon-
igurable logic device with intrinsic switching versatility. The
OM device used in this work employed a Sn-doped GeSeTe
SGST) chalcogenide compound as the active layer. The atomic
omposition of the SGST layer was confirmed by Auger electron
pectroscopy (AES) analysis and determined to be Sn:Ge:Se:Te
7.0:23.0:29.7:40.3, as shown in Figure S1. SGST was selected
ecause it exhibits stable threshold-switching behavior and a
ufficiently wide memory window, enabling reliable state dis-
rimination during stateful logic operations [29]. As shown
n Figure 1c, cross-sectional transmission electron microscopy
TEM) and selected-area electron diffraction (SAED) analyses
onfirm that the SGST layer is in the amorphous phase [30–
2]. A 115 nm-thick SGST layer was selected to provide stable
hreshold-switching characteristics and suppress leakage cur-
ent during the stateful logic demonstrations presented in this
ork.

ased on the characteristics above, various binary logic opera-
ions were experimentally demonstrated using the SOM device,
ncluding IMPLY, NAND, NOR, AND, and OR gates. These
perations were implemented without the need for complex
eripheral circuits, relying solely on the application of simple
oltage pulses, thereby confirming the practical feasibility of
OM-based stateful logic. Furthermore, by combining these basic
perations, a half-adder circuit was constructed and experi-
entally verified, suggesting that SOM devices are capable of
mplementing not only elementary logic gates but also more
omplex logic functions. In particular, the extremely low off-state
urrent of the SOMenables reliable logic operations in large-scale
rrays without malfunction due to sneak current. In addition, the
bility to control the Vth-switching directions through external
eries resistance allows for directionally reconfigurable logic
perations within the same cell structure.
mall, 2026

C

2 Result and Discussion

2.1 Switching Polarity Modulation Via Series
Resistance Control

Figure 2a illustrates the schematic of the measurement circuit
used to characterize the SOM devices. An arbitrary function
generator (AFG) was used to apply voltage pulses to the device,
and an oscilloscope (OSC)with an internal resistance of 1MΩwas
employed to measure the voltages across both the series resistor
(Rseries) and the SOM. By connecting the series resistor in line
with the SOM, the circuit allowed simultaneous monitoring of
the device voltage and current. All unit-cell pulse measurements
were performed using this configuration.

Figure 2b presents a transient measurement obtained with a 4 kΩ
series resistorwhen a 1 µs pulsewidth, 5V amplitude voltage pulse
was applied. The traces show the input voltage (Vin, black-colored
line), the voltage across the resistor (VR, red-colored line), and the
voltage across the SOM (VSOM, green-colored line). Since Vin =
VR + VSOM, both VR and VSOM exhibit positive amplitudes during
the pulse, generating a positive electric field across the SOM. At
the beginning of the pulse, the parasitic capacitance originating
from the device and measurement setup (including probe pads,
wiring, and the device structure), together with the series resistor,
induces an RC delay that governs the initial voltage dynamics
across the SOM. This causes VR to increase exponentially, while
VSOM gradually decreases as the device switches from high to
low resistance. After the pulse terminates, Vin drops to 0 V;
however, due to the resistive and capacitive components of both
the resistor and the SOM, an RC delay occurs, producing a
transient decay in VR. This decay drives a momentary negative
voltage across the SOM, resulting in a transient negative electric
field, as indicated by the post-pulse waveform. This phenomenon
can affect the logical state of the SOM, which exhibits bias-
polarity-dependent Vth-switching. Furthermore, the intensity of
the post-pulse waveform is controlled by the magnitude of the
series resistor (RC delay), and the directionality of Vth-switching
can be modulated.

To quantify this effect, the minimum negative voltage across the
SOM was defined as Vmin, and the decay time constant τ was
defined as the time required for VSOM to decrease from Vmin to
37% of its minimum value [33, 34]. As shown in Figure 2c, both
|Vmin| and τ become larger as the series resistance increases. The
voltage–time integral of the residual opposite-polarity pulse was
additionally analyzed, as shown in Figure S2, to quantify the
cumulative effect of the RC-delay-induced transient pulse. Since
SOM devices are known to exhibit nonvolatile modulation of the
Vth depending on the polarity of the previously applied pulse, an
increase in the magnitude and duration of this negative electric
field can significantly affect Vth [35, 36].

Figure 2d shows the variation of Vth as a function of the series
resistance value. Here, Vth.p (red-colored) denotes the Vth mea-
sured after applying a positive pulse, while Vth.n (blue-colored)
represents the value after a negative pulse, as indicated by the
pulse scheme in the inset of Figure 2d. A detailed description
of the read-pulse measurement protocol is provided in Figure
S3. With increasing series resistance, Vth.p increases, whereas
3 of 17
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FIGURE 2 (a) Schematic measurement setup for threshold switching characteristics of the SOM device, consisting of an AFG, OSC, and series
resistance (Rseries). (b) Transient voltage response of the SOM device under a 1 µs programming pulse with an external series resistance of 4 kΩ. The
applied input (Vin), node voltage (VR), and device voltage (VSOM) are shown, illustrating the undershoot (Vmin) and relaxation time constant (τ) arising
from RC delay effects. (c) Extracted values of |Vmin| and τ as a function of Rseries, indicating that both parameters increase with larger Rseries. (d)
Dependence of threshold voltages by positive (red) and negative (blue) write pulse on Rseries. (e) Dependence of threshold voltages by positive and
negative write pulse on pulse width in 400 Ω. (f) Dependence of threshold voltages by positive and negative write pulse on pulse width in 10 kΩ.
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th.n decreases. This behavior indicates that a larger resistance
rolongs and enhances the negative electric field generated after
positive pulse (and vice versa), driving Vth.p toward Vth.n and
th.n toward Vth.p. As a result, the relative magnitude relationship
etween Vth.p and Vth.n changes, such that the initially lower Vth
ecomes higher than the other between 1 and 4 kΩ, offering a
ontrollable means to reverse the Vth-switching polarity without
ltering the device structure.

o further analyze this polarity reversal behavior, two represen-
ative resistance values were selected: 400 Ω, where Vth.p < Vth.n,
nd 10 kΩ, where Vth.p > Vth.n. Figure 2e shows that with 400 Ω,
ncreasing the write-pulse width reduces Vth.p while increasing
th.n, thereby widening the memory window (difference between
th.n and Vth.p, MW). In contrast, Figure 2f demonstrates that
ith 10 kΩ, Vth.n increases and Vth.p decreases, resulting in a
arrowing of the memory window. These findings confirm that
he switching directionality in SOM devices can be effectively
uned via the series resistance, enabling polarity control of theVth
odulation. Based on these polarity-tuning results, subsequent
lectrical characterization and reliability evaluationswere carried
ut using a 3 µs write pulse for the 400 Ω configuration and a 1
of 17
µs write pulse for the 10 kΩ configuration. Although the intrinsic
threshold-switching speed is below 50 ns, as shown in Figure S4,
longer pulse widths were employed in the logic demonstrations
to ensure stable logic operation and sufficient threshold-voltage
separation between logic states. To further verify the reversibility
of the resistance-controlled threshold modulation, the series
resistance was repeatedly alternated between 400 and 10 kΩ. As
shown in Figure S5, stable threshold modulation was maintained
throughout the repeated resistance-switching cycles, confirming
the reversible nature of the proposed operation.

Figure 3 compares the electrical characteristics and reliability of
SOM devices for two representative series resistance values: 400
and 10 kΩ. Figure 3a–c presents the DC and AC current–voltage
(I–V) results for Rseries = 400 Ω. In the DC I–V characteristics
shown in Figure 3a, Vth.p = 1.7 V and Vth.n = 4.1 V were observed,
corresponding to a MW of 2.4 V. The Vth switching behavior,
monitored over 50 consecutive cycles using a single triangular
read pulse as presented in Figure 3b, shows stable alternation
between the two Vth states. The cumulative distributions in
Figure 3c reveal that Vth.p has a mean of 2.1 V (σ = 0.30) and
V has a mean of 4.6 V (σ = 0.23), with the smallest observed
Small, 2026

ve C
om

m
ons L

icense



FIGURE 3 Electrical performance of SOM devices under different series resistances. (a) DC I–V switching characteristics with Rseries = 400 Ω.
(b) Pulsed switching results over 50 cycles with the same resistance configuration. (c) Cumulative threshold voltage distributions extracted from the
50-cycle pulsed switching measurements in (b), together with extracted mean (m) and standard deviation (σ). (d) DC I–V switching for Rseries = 10 kΩ.
(e) Pulsed switching operation over 50 cycles. (f) Threshold voltage distributions for the 10 kΩ case. (g) Retention test at 85 ◦C with a read bias of 2.8 V
for Rseries = 400 Ω. (h) Endurance characteristics for the 400 Ω configuration. (i) Vth drift characteristics for the 400 Ω case. (j) Retention test for Rseries
= 10 kΩ. (k) Endurance for the 10 kΩ case. (l) Vth drift characteristics under 10 kΩ series resistance.
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eparation between the two states being 1.6V, demonstrating clear
istability.

or the case of Rseries = 10 kΩ, the DC characteristics shown in
igure 3d yield Vth.n = 1.3 V and Vth.p = 3.8 V, corresponding to
MW of 2.5 V. When the Vth switching behavior was monitored
ver 50 consecutive cycles using AC read measurements, as
resented in Figure 3e, the two states remained distinct and
table. The cumulative distributions in Figure 3f indicate that
th.n has a mean of 2.2 V (σ = 0.23) and Vth.p has a mean of
.7 V (σ = 0.21), with a minimum observed separation of 1.6 V.
omparing the two configurations (400 and 10 kΩ), the Vth states
re consistently well-separated, but their relative magnitudes are
nverted depending on the series resistance value. To further
nvestigate the threshold-voltagemodulation behavior, additional
F fitting results obtained under the representative resistance
onditions of 400 and 10 kΩ are provided in Figure S6.

igure 3g–l illustrates the reliability performance of the SOM
evices under both series resistance conditions. In the reten-
ion measurements at 85 ◦C, shown in Figure 3g and 3j, both
onfigurations maintained their Vth states for more than 2
our, demonstrating robust nonvolatile behavior. For the sake of
onvenience, the Vth state of each case was verified by current
esponses at the given read voltage (the mean of Vth.p and Vth.n).
ndurance testing, presented in Figure 3h and 3k, revealed that
he 400 Ω configuration supported stable switching up to 104
ycles, whereas the 10 kΩ configuration extended endurance to
05 cycles before the MW collapsed. This difference in endurance
s attributed to the higher current flowing in the low-resistance
tate for the 400 Ω configuration, which increases the energy
issipated during switching. Such excess energy accelerates local
tructural changes, including trap redistribution and atomic
earrangements, ultimately leading to earlier device failure.

he Vth drift characteristics, which represent the amount of Vth
ariability during the time interval between writing and reading
as shown in Figures 3i and 3l), indicate that for a series resistance
f 400Ω, Vth.n and Vth.p drift at rates of 47mV/dec and 12mV/dec,
espectively, whereas for 10 kΩ, the corresponding drift rates
ncrease to 66 and 84 mV/dec. This drift arises from gradual
elaxation processes occurring in the chalcogenide layer after
rogramming, including redistribution of trap states and local
ond rearrangements [37, 38]. Such processes are influenced
y the transient electric fields applied during and immediately
fter the switching event. The results suggest that, while both
esistance configurations maintain performance adequate for
tateful logic, variations in series resistance may affect the sta-
ility of switching and the magnitude of drift through its impact
n post-switching relaxation dynamics. Additional device-to-
evice (D2D) statistical characterization, including pulse I–V,
ndurance, and threshold-voltage drift measurements obtained
rom multiple SOM cells, is provided in Figure S7–S9 to further
erify the reproducibility of the SOM operation.

.2 Implementation of Logic Operations in
OM-Based Stateful Logic

ased on the observations that the polarity relationship between
th.p and Vth.n can be reversed by adjusting the series resistance,
of 17
this property was incorporated into the logic operation design. To
clarify how this tunable polarity affects the device response dur-
ing logic execution,we first analyzed the switching characteristics
of the SOM under positive write pulse application, as shown in
Figures S10a and S10b. In this study, we defined the application
of a positive pulse as the write operation, which serves as the
fundamental basis for subsequent logic execution.

Here, the logic states are defined according to the relative Vth of
the SOM device: the high-threshold state is designated as logic
“0”, whereas the low-threshold state is designated as logic “1.”
When a positive write pulse is applied, two distinct responses
emerge depending on the relative magnitudes of Vth.p and Vth.n.
If Vth.p < Vth.n and the device is initially set to logic “0”, the
application of a positive pulse decreases the effective Vth, thereby
shifting the device into the logic “1” state. Conversely, when
Vth.n < Vth.p and the device is initially set to logic “1”, a positive
write pulse shifts Vth from Vth.n toward Vth.p, thereby raising the
effective Vth.

Accordingly, we classify logic operations into two categories: set
logic gates and reset logic gates. In a set logic gate, the device
starts from logic “0”, and the write operation corresponds to the
set process, whereby the device switches to logic “1” through
threshold switching. In a reset logic gate, the output cell starts
from logic “1”, and the write operation corresponds to the reset
process, whereby the device is driven back to logic “0.” Thus,
whether the set or reset transition serves as the write operation
is determined jointly by the polarity relationship between Vth.p
and Vth.n and the enforced initial state of the device.

To quantitatively validate the feasibility of logic operations, we
next examined the resistance characteristics of the SOM device
under both off-state and on-state conditions, as summarized
in Supplementary Figure S10c–S10f. In the off-state, resistance
values were obtained using DC sweeps because the current level
before threshold switching was too low to be reliably captured
by the OSC. As shown in Figure S10c and S10d, the measured
resistance exceeded 106 Ω for both resistance configurations of
400 Ω and 10 kΩ, confirming that the SOM maintains suffi-
ciently high isolation in the nonconductive regime. This ensures
negligible leakage and provides a clear separation for defining
logic “0.”

In the on-state, the transient resistance response during pulse
applicationwas recorded. For thesemeasurements, voltage pulses
with an amplitude of 5 V, rise and fall times of 10 ns, and a
pulse width of 1 µs were applied. Figure S10e and S10f illustrate
the abrupt resistance drop associated with threshold switching,
followed by saturation during the remainder of the pulse. The
initial sharp transition reflects the RC delay inherent to the
circuit, after which the resistance stabilizes at a relatively low
value. Notably, the stabilized-on resistance depended on the
polarity condition: approximately 1 kΩ for the 400 Ω case (Figure
S10e) and 5 kΩ for the 10 kΩ case (Figure S10f). These results
indicate that the observed variation in the on-resistance level
arises primarily from the different series resistance conditions
imposed during operation.

Together, the ultrahigh off-resistance (≥106 Ω) and the polarity-
dependent but stable on-resistance (1–5 kΩ) ensure a robust
Small, 2026
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FIGURE 4 (a) Circuit configuration for logic operation using SOM devices, consisting of two input nodes Vin1, Vin2 and one output node Vout with
series resistances (400 or 10 kΩ) and parasitic capacitance Cp. (b) Timing diagram of the applied input and output voltages during logic operation. (c)
Logic scheme of SOM devices, where switching occurs if (Vout − Vx) > Vwrite.min (filled circles) and is suppressed otherwise (open circles). Depending
on input amplitudes and initial states, the same circuit can realize AND/NAND or OR/NOR functions.
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eadoutmargin between logic “0” and logic “1”, thereby validating
he device’s suitability for reliable stateful logic execution.

igure 4a shows the circuit configuration implemented for state-
ul logic operations [18]. The top electrodes (TEs) ofmultiple SOM
evices were individually connected to voltage sources, while all
ottom electrodes (BEs) were tied together to a common node. (as
hown in Figure 1b) This node was connected to ground through
selectable series resistor, enabling control over the switching
olarity. The logic operations were performed by using the SOM
evices at IN1 and IN2 as inputs to modulate the state of the
OM device at OUT, where the output state reflects the logical
ombination of the two inputs according to the applied pulse
equence. In this configuration, the parasitic capacitance arising
rom the device structure, wiring, and probe pads contributes to
ransient voltage behavior during pulse application, affecting the
ost-pulse relaxation across the SOM. The series resistor was set
o either 400 or 10 kΩ to examine the impact of resistance on
olarity control and logic operation stability. This setup emulates
single row of a crossbar array, in which multiple devices share a
ommon line, allowing investigation of array-level stateful logic
unctionality. The voltage Vx at the common BE node during
ogic operation can be determined from Kirchhoff’s current law
mall, 2026
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as Equation (1) [39, 40].

𝑉𝑥

𝑅series
+
𝑉𝑥 − 𝑉in1

𝑅in1
+
𝑉𝑥 − 𝑉in2

𝑅in2
+
𝑉𝑥 − 𝑉out

𝑅out
= 0, (1)

From Equation (1), Vx can be expressed as Equation (2).

𝑉𝑥 =
𝑉in1𝑅in2𝑅out + 𝑉in2𝑅in1𝑅out + 𝑉out 𝑅in1𝑅in2

𝑅series𝑅in1𝑅in2 + 𝑅series 𝑅in2𝑅out + 𝑅series 𝑅in1𝑅out + 𝑅in1𝑅in2𝑅out
𝑅series

(2)
Here, Rseries is the selectable external series resistance, Rin1
and Rin2 are the instantaneous resistances of the input SOM
devices, Rout is the resistance of the output device, Vin1 and
Vin2 are the input voltages, and Vout is the voltage applied to
the OUT device. Since the effective voltage across the output
SOM during logic operation is given by (Vout–Vx), whether this
applied voltage exceeds the write threshold directly determines
if the SOM undergoes logic state switching, thereby defining the
outcome of the logic operation.

Figure 4b illustrates the timing scheme used for pulse application
during stateful logic operations. In SOM devices, the Vth state
determines the voltage level required for switching, but at low
bias voltages both the high-Vth and low-Vth states exhibit similarly
7 of 17
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ow current due to the steep turn-on behavior of the device.
herefore, to reliably exploit the large conductance contrast
etween on and off states during logic operations, the input cells
IN1 and IN2) were biased earlier than the output cell within
he same operation cycle, using pulses with a longer duration. In
his scheme, the pulses for IN1 and IN2 start before the pulse for
UT and remain active during its application, ensuring that the
nput devices have already reached their intended conductance
tates by the time the output cell is programmed. To achieve
his, a deliberate time delay was introduced between the input
nd output pulses, taking into account the intrinsic switching
peed of the SOM when transitioning from the off-state to the
n-state, and theRCdelay associatedwith the device’s resistance–
apacitance response, which governs the time required for the
evice to reach a stable low-resistance state. This sequencing
revents unintended voltage division and ensures that the output
ell experiences the correct programming conditions derived
rom the conductive states of the input cells.

igure 4c schematically illustrates the logic determination princi-
le based on the relative magnitude of the applied programming
oltage across the SOM device. Specifically, writing occurs only
hen the effective voltage drop across the output device, defined
s (Vout−Vx) , exceeds the minimum writing threshold voltage
Vwrite.min ). Here, Vwrite.min represents the minimum voltage
equired for a write operation to occur, below which no state
hange is induced. SinceVout is fixed in this study, the logic behav-
or is determined by how Vx is established through Equation (2),
nd the resulting value of (Vout−Vx) dictateswhether awrite event
akes place.

or intuitive analysis, the resistance of the SOM devices in their
igh-resistance off-state is approximated as infinite, simplifying
he evaluation of Vx . Here, the device states are denoted as (IN1,
N2, OUT), where each entry corresponds to the logic level of
he respective SOM cell. Under this assumption, the resulting
xpressions for Vx were derived for the four representative logic
tates, namely (0,0,0), (0,1,0), (1,0,0), and (1,1,0). These cases are
ummarized in Equation (3–6).

(𝑅in1, 𝑅in2, 𝑅out ) = (0, 0, 0) → 𝑉𝑥 = 0 (3)

(𝑅in1, 𝑅in2, 𝑅out ) = (0, 1, 0) → 𝑉𝑥 =
𝑅series 𝑉in2

𝑅series + 𝑅in2
(4)

(𝑅in1, 𝑅in2, 𝑅out ) = (1, 0, 0) → 𝑉𝑥 =
𝑅series 𝑉in1

𝑅series + 𝑅in1
(5)

(𝑅in1, 𝑅in2, 𝑅out ) = (1, 1, 0) → 𝑉𝑥 =

𝑅in2𝑉in1 + 𝑅in1𝑉in2

𝑅series 𝑅in1 + 𝑅series 𝑅in2 + 𝑅in1𝑅in2
𝑅series (6)

y comparing (Vout−Vx) with Vwrite.min , one can directly predict
hether writing will occur under each input condition. In
he schematic representation, filled circles denote input condi-
ions where (Vout−Vx) > Vwrite.min and writing is successfully
of 17

v

induced, while open circles indicate conditions where (Vout−Vx)
< Vwrite.min, and the device state remains unchanged. For the
case of Rseries = 400Ω, the initial state is defined as logic “0”,
and writing corresponds to a transition into logic “1.” When the
device state is (0,0,0), Vx becomes zero, and thus the entire Vout is
applied across the output device, exceedingVwrite.min and inducing
a switching event that changes the state to logic “1.” In contrast,
when the device state is (1,1,0), Vx attains the largest value among
the four cases. By appropriately selecting Vin1 and Vin2, Vx can be
made sufficiently large so that the effective voltage drop (Vout−Vx)
does not surpass Vwrite.min, thereby suppressing switching and
maintaining the logic “0” state. For the device states (1,0,0) and
(0,1,0), the resulting Vx takes an intermediate value between the
(0,0,0) and (1,1,0) cases. In the (1,0,0) condition, Vx is primarily
determined by Vin1, since the second input remains in the high-
resistance state and contributes negligibly. Conversely, in the
(0,1,0) condition,Vx is governed byVin2 under the same reasoning.
Whether switching occurs in these cases therefore depends on
the specific magnitude of the active input voltage: if the applied
Vin is sufficiently low, Vx remains small, allowing (Vout−Vx) to
exceed Vwrite.min and trigger switching, thereby realizing a NAND
operation. If Vin is set higher, Vx increases, (Vout−Vx) falls below
Vwrite.min, and switching is suppressed, leading instead to a NOR
operation. Thus, by appropriately tuning the input voltages in
this configuration, both NAND and NOR logic functions can be
achieved within the same circuit framework.

On the other hand, when the series resistance is Rseries = 10
kΩ, the device is initialized in logic “1”, and the write process
corresponds to resetting the cell to logic “0.” In this case, the
voltage across the output device, given by (Vout−Vx), follows the
same dependence on the device states as described earlier, but the
resulting logic mapping is reversed. Specifically, when the device
state is (0,0,1), Vx is minimized, so (Vout−Vx) readily exceeds
Vwrite.min and the output resets to logic “0.” When the device state
is (1,1,1), Vx reaches its maximum value, suppressing switching
and preserving the output at logic “1.” For the states (1,0,1) and
(0,1,1), Vx takes intermediate values determined by the active
input, and the outcome depends on the applied Vin amplitude. If
Vin is low enough to keep Vx small, (Vout−Vx) surpasses Vwrite.min
and the output resets, producing an AND operation. Conversely,
if Vin is higher, Vx increases and switching is suppressed, so
only the (0,0,1) case induces a reset, yielding an OR operation.
Thus, while the 400 Ω configuration enables NAND and NOR
operation through set-based transitions, the 10 kΩ configuration
realizes AND and OR operation through reset-based transitions,
suggesting the dual functionality achievable within the same
SOM architecture.

Based on the circuit configuration and pulse scheme described
above, we implemented stateful logic operations using the SOM
devices. As shown in Figure 5a, the IMPLY operation requires one
input device and one output device. Therefore, two SOM cells
were employed, with a series resistance of 400 Ω connected to
the common bottom electrode node. The governing Kirchhoff’s
current law for this circuit is identical to Equation (7), and the
corresponding voltage drop across the output device, (Vout–Vx),
was calculated according to Equation (8).

(
1

𝑅series
+ 1

𝑅in1
+ 1

𝑅out

)
𝑉𝑥 =

𝑉in1

𝑅in1
+
𝑉out

𝑅out
(7)
Small, 2026
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FIGURE 5 (a) Circuit configuration for IMPLY logic operation using SOM devices, where the input Vin1 and output Vout nodes are controlled with
a series resistance of 400Ω. (b) Truth table of the IMPLY logic function. (c) Experimental demonstration of the IMPLY logic gate in the SOMcircuit. input
(red) and output (green) voltages, node voltage (gray), and corresponding device currents, confirming correct logic states for all input combinations. (d)
Time-resolved measurement of the node voltage Vx together with Vin1 and Vout, showing its transient evolution during the IMPLY sequence (t1: input
activation, t2: output programming).

T
e
h
a
a
t
c
s

S

 16136829, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/sm

ll.74702 by Jongho Song - Y
onsei U

niversity L
ibrary , W

iley O
nline L

ibrary on [23/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

rea
𝑉𝑜𝑢𝑡 − 𝑉𝑥 = 𝑉𝑜𝑢𝑡 −
𝑅series (𝑉in1 𝑅out + 𝑉out 𝑅in1 )

𝑅in1 𝑅out + 𝑅series 𝑅in1 + 𝑅series 𝑅out
(8)

he truth table for IMPLY logic is provided in Figure 5b. For the
xperimental conditions, the output voltage was set to 5 V, the
igh-resistance off-state was approximated as infinite resistance,
nd the low-resistance on-state was fixed at 1 kΩ. Under these
ssumptions, the operational read voltage was set to 3.7 V, and
he input voltages were also fixed at the same level, ensuring
onsistent biasing conditions and reliable distinction of logic
tates.
mall, 2026
As shown in Figure 5c, the logic results of the SOM devices
were consistent with the IMPLY truth table under all input
combinations. In this panel, the red color denotes Vin1 with
its corresponding voltage and current, the green color denotes
Vout with its voltage and current, and the gray color indi-
cates the node voltage Vx, along with the corresponding
current reflecting logic transitions. Prior to executing the
logic operation, an initial read pulse was applied to verify
the device state by confirming the presence or absence of
threshold switching. After the logic operation, another read
pulse was applied to confirm the updated logic state of the
device.
9 of 17
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n our implementation, each read pulse was applied with a
uration of 3 µs. For logic operations, the input pulse was
pplied with a duration of 6 µs and the output pulse with a
uration of 3 µs, such that the onset of the output pulse was
elayed by 3 µs relative to the input pulse. This delay provides a
ufficiently long time interval compared with the intrinsic device
ynamics: as shown in Figure S4 the intrinsic switching speed
f SOM devices is below 50 ns, while Figure S10 demonstrates
hat the gradual relaxation induced by RC delay saturates within
pproximately 1 µs. Therefore, the chosen 3 µs delay ensures that
oth the threshold switching event and resistance stabilization
re fully completed before the subsequent programming step,
uaranteeing reliable execution of the IMPLY operation.

igure 5d shows the time-dependent evolution of the node voltage
x. At t1, a bias pulse is applied to the IN1 device to initiate its
ctivation, whereas the OUT cell remains unbiased at this stage.
hen the initial state of IN1 is “0”, its higher threshold voltage
revents switching, and no transition is observed. In contrast, if
he initial state is “1”, the lower threshold voltage allows threshold
witching to occur, which is clearly observed in the transient
esponse.

t t2, once the output programming pulse is applied, the effective
rogramming voltage across the output device (Vout–Vx) deter-
ines whether the SOM undergoes switching. If the applied
oltage is insufficient, no threshold switching is triggered and the
utput retains its prior state. If it exceeds the switching condition,
hreshold switching occurs and the output is updated. However, it
hould be noted that the actual switching behavior also depends
n the initial threshold level of the output device. For example,
nder the device state (IN1, OUT) = (1,0), if the output device
s initially in logic “0”, the applied voltage may not be sufficient
o induce threshold switching, whereas in the (IN1, OUT) = (1,1)
ondition, the lower initial Vth of the output device can enable
witching under the same bias. Through this mechanism, the
MPLY operation is successfully executed in accordance with the
esigned logic scheme.

uilding upon the circuit configuration shown in Figure 6a, con-
isting of two input devices (IN1 and IN2) and one output device
onnected through a 400Ω series resistor, we implementedmulti-
nput logic gate operations. The corresponding truth tables for
AND and NOR operations are presented in Figures 6b and 6c,
espectively. To determine the appropriate pulse amplitudes for
he input devices, we first performed a theoretical analysis of
he switching conditions. Using the expression for Vx described
n Equations (3–6), and by substituting experimentally relevant
arameters (Vout = 5 V, Roff ≈ ∞, and Ron ≈ 1.1 kΩ, Rseries ≈ 400
), the effective node voltageVx was calculated for different input
tates. For simplicity, we proceed under the assumption that Vin1
Vin2 = Vin.

hen the devices were in the high-resistance state (0,0,0), the
ode potential was Vx = 0, giving the maximum programming
ias across the output device (Vout−Vx) = 5 V. Since the output
evice is biased with a voltage almost equal to the applied write
ulse, this value consistently exceeds Vwrite.min, ensuring a state
ransition into logic “1.” In the device states (1,0,0) and (0,1,0),
he node voltage was found to be Vx = 4

15
Vin1 or Vx = 4

15
Vin2,
0 of 17

rea
respectively. Depending on the applied Vin amplitude, (Vout−Vx)
may exceed or fall below Vwrite.min. For the (1,1,0) state, both input
resistances contribute, resulting in a larger node potential of Vx =
4

19
(Vin1 + Vin2), which reduces the effective output voltage.

The logic outcome depends critically on whether (Vout−Vx)
exceeds Vwrite.min. If writing occurs for (0,0,0), (1,0,0), and (0,1,0)
but is suppressed in the (1,1,0) condition, the output switches to
“1” in the first three cases and remains “0” in the last, corre-
sponding to NAND logic. This requires satisfying the inequalities
(5− 4

15
Vin) > Vwrite.min and (5−

8

19
Vin) < Vwrite.min, which together

define the allowable range of input amplitude as 19

8
(5−Vwrite.min)

< Vin <
15

4
(5−Vwrite.min). Conversely, if writing occurs solely to the

(0,0,0) case, with the states (0,1,0), (1,0,0), and (1,1,0) suppressed,
the truth table corresponds to NOR logic. This condition is
realized when (5− 4

15
Vin) < Vwrite.min and (5− 8

19
Vin) < Vwrite.min,

which simplifies to Vin >
15

4
(5−Vwrite.min).

Thus, by carefully choosing the amplitude of the input voltages,
the same physical configuration can reproducibly execute either
NAND or NOR operations. In this analysis, the Vwrite.min was set
equal toVth.n because programming does not occur for amplitudes
below Vth.n, whereas application of a bias exceeding Vth.n triggers
threshold switching and consequently induces the transition
from the Vth.n state to the Vth.p state. Based on this definition and
assuming Vwrite.min = 4 V, the derived inequalities indicate that
NAND functionality can be realized when 2.375 V < Vin < 3.75 V,
whereas NOR functionality is obtained when Vin > 3.75 V. As
experimentally demonstrated in Figures 6d and 6e, NAND and
NOR operations were reliably obtained by selecting Vin = 3.5 V
and Vin = 3.9 V, respectively, in excellent agreement with the
theoretical predictions.

Building upon the 10 kΩ series resistance configuration, we next
investigated the realization of AND andOR logic operations, with
the circuit diagram shown in Figure 7a and the corresponding
truth tables summarized in Figures 7b and 7c. In this case, the
polarity condition corresponds toVth.p >Vth.n, and thus the device
was initialized to logic “1”, with writing defined as the reset
operation to logic “0.” For the experiments, the read pulse was
applied with an amplitude of 2.8 V and a duration of 1 µs. During
the logic operation, the output pulse was applied with a duration
of 1 µs, while the input pulses were applied with a duration of
4 µs. The onset of the output pulse was delayed by 3 µs relative
to the input pulses, ensuring the correct sequencing of logic
execution. To theoretically determine the switching conditions,
the effective node voltage Vx was derived from Equations
(3–6) for each input state, while setting the circuit parameters to
experimentally relevant values (Vout = 5 V, Roff ≈ ∞, and Ron ≈

5 kΩ, Rseries ≈ 10 kΩ). When the device state is (0,0,1), the node
voltage collapses to zero, so the applied programming bias across
the output device reaches the full Vout amplitude, inevitably
exceeding the writing threshold and resetting the device to logic
“0.”

For the mixed states (1,0,1) and (0,1,1), the node voltage Vx
becomes 2

3
Vin1 or

2

3
Vin2, such that the effective programming bias

is reduced to (5− 2

3
Vin). When switching occurs in these cases
Small, 2026
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FIGURE 6 (a) Circuit configuration for two-input logic operation using SOM devices with a 400 Ω series resistance. (b,c) Truth tables of NAND
and NOR logic functions, respectively. (d) Experimental NAND operation. The output switches only for device states (IN1, IN2, OUT) = (0,0,0), (0,1,0),
and (1,0,0), while remaining unchanged for (1,1,0), reproducing the NAND truth table. (e) Experimental NOR operation. The output switches exclusively
for the device state (IN1, IN2, OUT) = (0,0,0), while other states remain unchanged, corresponding to the NOR truth table.
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ut is inhibited in the (1,1,1) state, the output behavior matches
hat of an AND gate. Conversely, if switching is suppressed
or both the mixed states and the (1,1,1) state, only the (0,0,1)
ondition induces a reset, thereby reproducing an OR operation.
or the (1,1,1) state, both input channels conduct simultaneously,
aising the node potential to Vx = 2

5
(Vin1 + Vin2). This is the

argest value among all input combinations, and thus the effective
rogramming bias (Vout−Vx) becomes the smallest.

o realize an AND operation, the mixed-input states (1,0,1) and
0,1,1) must undergo switching while the (1,1,1) state remains
nswitched. This condition requires that (5− 2

3
Vin) > Vwrite.min
mall, 2026

e

and (5− 4

5
Vin) < Vwrite.min are simultaneously satisfied, which

simplifies to the inequality 5

4
(5− Vwrite.min)< Vin <

3

2
(5− Vwrite.min).

Conversely, to realize an OR operation, (0,0,1) statemust undergo
switching while all other states—(1,0,1), (0,1,1), and (1,1,1)—
remain unswitched. This requires that both (5− 2

3
Vin) < Vwrite.min

and (5− 4

5
Vin)<Vwrite.min hold true, which reduces to the condition

Vin >
3

2
(5−Vwrite.min).

Experimentally, Vwrite.min was defined as the minimum volt-
age required to reliably induce the intended write operation.
Under the 10 kΩ condition, threshold switching can occur
11 of 17
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FIGURE 7 (a) Circuit configuration for two-input logic operation using SOM devices with a 10 kΩ series resistance. (b,c) Truth tables of AND and
OR logic functions, respectively. (d) Experimental AND operation. The output resets only for device states (IN1, IN2, OUT) = (0,0,1), (0,1,1), and (1,0,1),
while remaining unchanged for (1,1,1), consistent with the AND truth table. (e) Experimental OR operation. The output resets exclusively for the (0,0,1)
device state, while other states remain unchanged, reproducing the OR truth table.
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ven within the read-voltage range, and repeated switching
vents may progressively modify the threshold-voltage state.
herefore, the onset of threshold-state degradation was adopted
s the practical criterion for determining Vwrite.min. Accordingly,
write.min was set to 3.1 V, and the analysis confirmed that AND
peration could be realized when the input amplitude satisfied
.375 V < Vin < 2.85 V, while OR operation was obtained for
in > 2.85 V.

s shown in Figures 7d and 7e, the experimental waveforms
erified these conditions: when Vin was set to 2.7 V within the
redicted range, the device states (1,0,1) and (0,1,1) switched
hile the (1,1,1) state remainedunswitched, reproducing theAND
ruth table in Figure 7d. Conversely, at Vin = 2.9 V above the
hreshold, only the (0,0,1) state underwent switching while all
2 of 17
other states were suppressed, consistent with OR logic behavior
in Figure 7e. These results confirm stable and reproducible
AND and OR gate operations, in excellent agreement with the
theoretical predictions.

Taken together, the results from Figures 5–7 demonstrate the
programmability of logic functionality in SOM-based circuits
by controlling the series resistance and initial output state.
Specifically, when the circuit is configured with a 400 Ω resistor,
set-type logic gates such as IMPLY, NAND, and NOR are realized,
while with a 10 kΩ resistor, reset-type logic gates such as AND
and OR are obtained. This dual-mode capability underscores the
flexibility of SOM devices for implementing a complete set of
universal logic operations within a compact and reconfigurable
hardware framework.
Small, 2026
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.3 Demonstration of Half-Adder Logic Circuit

o further validate the feasibility of cascading logic operations in
he proposed SOM devices, we implemented a half-adder circuit
sing the previously demonstrated logic gates. A half-adder is a
undamental combinational logic block that generates a SUMand
CARRY output from two binary inputs [19, 41]. Conventionally,
t can be realized using a combination of one AND gate and
ne XOR gate (or equivalently, NAND/NOR-based structures)
42, 43].

n this work, the half-adder was constructed under the 400 Ω
eries resistance condition (Vth.p < Vth.n). Instead of employing
onventional AND/XOR gates, we designed the circuit using
nly IMPLY and NAND operations, thereby demonstrating the
ersatility and universality of the SOM-based stateful logic frame-
ork. The logic network required a total of seven SOM cells and
roceeded through five sequential operation steps.

he schematic representation of the circuit is shown in Figure 8a
19]. Two devices, labeled IN1 and IN2, served as the primary
nputs to the half-adder. Three additional intermediate devices
IN3, IN4, IN5) were introduced to store and process intermediate
ogic states. Finally, two dedicated devices acted as the output
lements, providing the SUM and CARRY values. A fixed 400 Ω
esistor was connected in series with the network to maintain the
esired switching dynamics.

he sequence of logical operations executed across the five steps
s summarized in Figure 8b. The design employed a total of four
AND and one IMPLY operations to generate the complete half-
dder functionality. Each step produced intermediate results in
he auxiliary devices, which were subsequently used as inputs to
he following step. The cascading of these operations confirmed
hat multistage computation can be stably realized in this SOM-
ased architecture.

he corresponding electrical measurements are presented in
igure 8c. The top panel shows the voltage waveforms applied
o each device during the sequential operations, while the lower
our panels plot the measured current responses. In each logic
tep, the current flowing through the input, intermediate, and
utput devices was monitored to determine their logic states. The
Read input” and “Read output” regions represent the current
evels measured under read pulses to verify the logic state of
ach device. The shaded regions denote the logic execution
indows, where the voltage difference across the output device
Vout−Vx) exceeded Vwrite.min , thereby inducing state transitions.
n these plots, IN1, IN2, SUM, and CARRY are color-coded as
ed, blue, yellow, and green, respectively, while the intermedi-
te devices are shown in gray. Importantly, the experimental
esults confirmed that the output devices correctly transitioned
ccording to the expected truth table, yielding stable SUM and
ARRY outputs. Overall, the demonstration validates that SOM-
ased stateful logic devices are capable of cascaded multistep
perations, not limited to elementary gates but extending to
ompound logic circuits. The stable realization of the half-adder
urther highlights the potential of this platform for construct-
ng more complex arithmetic units, and ultimately full adders,
sing compact two-terminal SOM devices and simple resistive

etworks.

mall, 2026

ti
Furthermore, the demonstrated half-adder provides experimen-
tal evidence that the load-resistance conditions identified from
single-device measurements remain effective in cascaded logic
architectures. Despite the involvement of seven interconnected
SOM devices and five sequential logic-operation steps, reliable
logic functionality was maintained throughout the computation
process, indicating sufficient robustness for multistage logic
execution within the proposed SOM-based architecture.

Table 1 provides a comparative summary of experimental demon-
strations of logic-in-memory using various emerging memory
technologies, including RRAM, PCRAM, and the SOMdeveloped
in this work. Previous studies on RRAM-based stateful logic
have demonstrated functions such as IMPLY, NIMP, AND, OR,
and NOR with pulse durations ranging from a few microsec-
onds to hundreds of microseconds, depending on the oxide
material system employed [20, 44, 45]. Similarly, PCRAM-based
demonstrations have shown reliable NOT, IMPLY, OR, and
NIMP operations with shorter pulse durations on the order of
tens of nanoseconds [18, 46]. Recent logic-in-memory platforms
based on FeFETs, FBFETs, and gated silicon diodes have also
demonstrated various operations and improved energy efficiency.
While these approaches provide important validation of logic-
in-memory in different device classes, each platform involves
trade-offs in operating speed, device structure, scalability, or
integration complexity.

In contrast, the SOM device presented in this work offers several
key advantages. The pulse width required for stable SOM-based
operations is on the order of 6 µs, which, while longer than
the fastest PCRAM demonstrations, is still significantly shorter
than the hundreds of microseconds reported for certain RRAM-
based approaches.Moreover, the intrinsic switching dynamics (as
shown in Figure S4) reveal sub-50 ns response times, indicating
that the experimentally applied pulse widths are far from the
device’s physical speed limit. This suggests that, with further
circuit optimization, SOMs can compete with PCRAM in terms of
high-speed operationwhilemaintaining superior logic versatility.
The SOM exhibits an off-resistance greater than 106 Ω, which is
comparable to or higher than most prior demonstrations. This
ensures a clear distinction between logic states during both read
and write operations, thereby minimizing leakage and misread
errors, for instance, an issue that often plagues oxide-based
RRAM devices with relatively low off-state resistance. The SOM
does not require an additional access transistor or selector, unlike
conventional RRAM or PCRAM crossbar implementations. This
selector-free operation enables reliable logic functionality even
in large-scale arrays, ensuring high integration density beyond
simple single-line configurations [25]. Such structural simplic-
ity not only reduces fabrication complexity but also facilitates
straightforward array-level scaling for future logic-in-memory
architectures.

3 Conclusion

A SOM device based on SGST was experimentally demonstrated,
exhibiting a unique capability of tunable operation directionality.
The direction of threshold switching could be reversibly adjusted
by varying the external series resistance, which modifies the
transient RC dynamics during pulse application and results in
13 of 17
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FIGURE 8 (a) Circuit schematic of the SOM-based half-adder consisting of seven devices: two primary inputs (IN1, IN2), three intermediate nodes
(IN3–IN5), and two outputs for sum (S) and carry (C). A 400 Ω series resistor was included to control the switching dynamics. (b) Operation sequence of
the half-adder, summarized in five steps. Intermediate nodes IN3–IN5 are generated, followed by the evaluation of the carry (C) and sum (S) bits using
combinations of NAND and IMPLY operations. (c) Experimental demonstration of the half-adder. Top panel shows the applied voltage waveforms, and
lower panels present the measured current responses of all devices. The extracted logic states confirm correct operation of both S and C outputs for all
four input combinations, validating cascaded multistep computation within the SOM array.
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olarity-dependent modulation of the effective switching thresh-
ld. The device further showed high resistance contrast and
trong nonlinearity, enabling stable switching. These intrinsic
roperties, combinedwith the simple two-terminal capacitor-like
tructure, eliminate the need for auxiliary selector elements and
ffer strong prospects for high-density integration.
4 of 17
Building upon these device characteristics, we implemented
a complete set of stateful logic operations, including IMPLY,
NAND, NOR, AND, and OR gates, within the same SOM-based
architecture. By tailoring the input pulse amplitudes and exter-
nal resistance, distinct logic functionalities could be selectively
enabled, highlighting the reconfigurable and versatile nature of
Small, 2026
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TABLE 1 Experimental demonstrations of logic in memory with various memories.

Device type
Device

configuration Functions

Pulse duration
for logic

operation (µs)
Off resistance

(Ω) No. Steps

Energy
consumption

(nJ)
Layout
area

RRAM Pt/TiO2/Pt [20] IMPLY 2 >106 1 <10−1 12F2

RRAM Ta/TaOx/Pt [44] IMPLY, NIMP,
AND, OR, NOR

100 105 1 — 12F2

RRAM Pt/Ta2O5/W/Pt
[45]

OR, NIMP 100 5 × 104–5 × 105 1 — 12F2

PCRAM TiN/GeSbTe/
TiN [46]

NOT, AND 60 ∼ 120 >106 2, 3 — 12F2

PCRAM W/GeSbTe/TiN
[18]

NOT, IMPLY,
NOR

1 105–106 1 — 12F2

Diode p+-n-p-n+ GSD
[19]

NAND, NOR 2 ∼ 10 >109 1 <5 × 10−5 12F2

FeFET HfOx-based
FeFET [47]

NAND, NOR <0.01 >107 2 <10−8 —

FBFET Triple-Gated
NS-FBFET [48]

NAND, NOR N/A ∼107 1 <9 × 10−2 —

SOM (This
work)

W/GeSnSeTe/W IMPLY, OR,
AND, NOR,
NAND

6 >106 1 <200 12F2
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OM-based logic. The feasibility of cascading operations was
onfirmed through the successful implementation of a half-adder,
emonstrating that multistage logic can be stably executed in this
latform.

ompared with previous demonstrations of stateful logic in
RAM- and PCRAM-based devices, the proposed SOM approach
ffers clear advantages, including higher off-state resistance,
tronger nonlinearity, and structural simplicity without the need
or integrated selectors. These benefits directly address the long-
tanding challenges of sneak current, scalability, and circuit
verhead in large-scale in-memory computing systems. Overall,
he presented SOM framework establishes a promising path-
ay toward reconfigurable, energy-efficient, and highly scalable
ogic-in-memory architectures, making it a strong candidate
or next-generation edge computing and beyond von Neumann
ystems.

Experimental Section

.1 Device Fabrication

SOM device was fabricated based on a SGST chalcogenide
aterial, forming a two-terminal capacitor-like structure. The
abrication process began with the deposition of a 30-nm-thick
ungsten bottom electrode onto a Si/SiO2 substrate using direct
urrent (DC) magnetron sputtering. The BE was patterned via
hotolithography and inductively coupled plasma reactive-ion
tching (ICP-RIE), using Ar (4 sccm) and Cl2 (30 sccm) as
tching gases under a pressure of 5 mTorr, with an ICP source
ower of 300 W and substrate bias of 50 W. The etch rate
as approximately 1 nm/min. Residual photoresist was removed
mall, 2026
sequentially using acetone, isopropyl alcohol, and deionized
water. The SGST active layer was deposited via radio frequency
(RF) sputtering using separate Sn, GeSeTe, and GeTe targets at
20, 40, and 30 W, respectively. The process was carried out under
a base pressure of 5 × 10−7 Torr and a working pressure of 3.3
mTorr with an Ar flow rate of 20 sccm. A 65-nm-thick W top
electrode was then deposited by DC sputtering and patterned
through photolithography, followed by a lift-off process. The TE
deposition was performed under a base pressure of 1 × 10−6 Torr
and a working pressure of 2.1 mTorr, with a DC power of 140 W
and an Ar flow rate of 15 sccm.

4.2 Material Analysis

Cross-sectional views of the SOM device were obtained using
high-resolution transmission electron microscopy (HR-TEM;
JEM-F200, JEOL). The fabricated SOM arrays were observed
using field-emission scanning electron microscopy (FE-SEM;
JSM-7800F, JEOL).

4.3 Electrical Characterization

The current–voltage (I–V) sweep mode of an HP4155B semi-
conductor parameter analyzer was employed to measure the
switchable threshold voltage characteristics of the device. DC
measurements were used to characterize both the off-state cur-
rent and the high-resistance state in the off-region, allowing
precise evaluation of the switching behavior under static bias
conditions. For pulse-based electrical characterization, the setup
consisted of an AFG (Agilent 81150A), an OSC (MSOX3024T,
Tektronix), an RF electrical circuit switch box, and an external
15 of 17
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ariable resistor. During all measurements, the voltage bias was
pplied to the W top electrode, with the W bottom electrode
onnected in series with an external variable resistor before
round, providing a controllable reference path. All write pulses
ere configured with an amplitude of 5 V and rise/fall times of
0 ns, enabling fast and reproducible switching. The programmed
th was verified by applying a single triangular read pulse capable
f capturing the exact threshold voltage of the device in its current
tate. This method enables accurate Vth measurement across all
rogrammed states. For standard read operations, a triangular
ulse with an amplitude of 6 V and rise/fall times of 40 µs was
mployed to ensure complete signal capture.

ndurance characteristics were assessed by repeatedly applying
wo alternating write voltages. Throughout the cycling process,
he Vth for both programmed states was intermittently measured
sing the triangular read pulse method. Retention measure-
ents were conducted at an elevated temperature of 85◦C to
ccelerate potential degradation mechanisms. Each Vth state was
rogrammedusing thewrite pulse and thenmonitored to confirm
hether it was maintained for at least 2 h. The read pulse used in
etention testing had an amplitude of 2.8 V, the same width as
he write pulse, and rise/fall times of 10 ns to ensure consistent
ensing conditions.

dditionally, the threshold voltage drift phenomenon—known to
ccur in ovonic threshold switching devices—was investigated
n detail. After applying a write pulse, triangular read pulses
ere applied at elapsed times of 10−6, 10−4, 10−2, 100, and 102
econds to monitor temporal changes in Vth. This time-resolved
pproach provided direct insight into the short-term and long-
erm stability of the programmed states, allowing assessment of
he intrinsic drift behavior of the SOM device under realistic
perating conditions.
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