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A B S T R A C T

In the push for next-generation memory technologies, crossbar selector devices play a critical role in suppressing 
sneak-path currents and enabling three-dimensional integration. This study investigates the operation of ovonic 
threshold switch devices based on Se-alloyed TeOx, focusing on how interfacial oxidation and electrode materials 
influence the switching behavior. A small amount of oxygen was intentionally incorporated during the deposition 
step, enabling stable selector operation without the need for additional dopants. Devices fabricated with Pt, W 
and Cr electrodes exhibited threshold switching with sub-50 ns responses and selectivity exceeding 103, with Pt 
delivering the best endurance (>103 cycles). In contrast, Ti, Ni and Al electrodes formed interfacial oxide layers, 
as confirmed by cross-sectional transmission electron microscopy, energy-dispersive X-ray spectroscopy, and 
electron energy loss spectroscopy, leading to resistive random-access memory-like behavior or switching failures. 
Optimal performance was consistently observed at a specific Se sputtering power (10 W), corresponding to low 
areal density and improved film uniformity, as verified by X-ray photoelectron spectroscopy, Rutherford back
scattering spectrometry, atomic force microscopy, and Raman spectroscopy. These findings demonstrate that 
selector performance capabilities are governed not only by the active-layer composition but also by electrode- 
induced interfacial defects. This work offers concrete design guidelines for reliable, low-voltage selector inte
gration in future high-density memory architectures.

1. Introduction

With the rapid expansion of the artificial intelligence industry, deep- 
learning workloads demand ever-larger data repositories [1]. In relation 
to this, global amounts of stored data are projected to reach 175 zetta
bytes (1 ZB = 1021 Bytes) by 2025 [2]. In addition, the general power 
usage effectiveness (PUE) of data centers for the storage of 175 ZB of 
information and for AI learning has been estimated as 1.55 according to 
industry report [3,4]. PUE is defined as the ratio of the total power input 
to a data center to the power consumed by its IT equipment; a value 
above 1 signifies that the excess is used for auxiliary systems such as 
cooling. It can be inferred that more than half of the power consumed by 
silicon-based devices is devoted to cooling. Consequently, hyperscale 
data centers—where silicon-based memory and logic dominate—now 
account for an estimated 1–3% of worldwide electricity consumption 
due to their high-power demand and cooling requirements [5,6].

Silicon, due to its indirect bandgap and material properties, 

dissipates a significant portion of carrier energy as heat rather than 
converting it efficiently into electrical work, leading to increased ther
mal losses. Excess heat in densely integrated silicon devices induces 
thermal hotspots and steep temperature gradients, amplifying leakage 
currents and electromigration These thermal constraints limit device 
scaling and 3D integration [7,8]. Moreover, the mechanical and struc
tural limitations of silicon, such as junction leakages and dielectric 
breakdowns under high electric fields, pose challenges that hinder 
further device miniaturization efforts [9–12]. To transcend silicon’s 
thermal and scaling limitations [13–15], alternative materials and ar
chitectures are urgently sought. One promising candidate is the chal
cogenide ovonic threshold switch (OTS), whose field-driven mechanism 
enables nanosecond-scale switching and low power dissipation, thereby 
facilitating dense three-dimensional integration [16,17].

OTSs are nonlinear resistive elements based on an amorphous chal
cogenide material. They exhibit volatile switching behavior according to 
which the resistance decreases abruptly when a defined threshold 
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voltage is exceeded. These devices serve as selectors that mitigate sneak 
currents in crossbar memory arrays. For selector applications, the ma
terial must remain amorphous while withstanding high-temperature 
annealing during the back-end-of-line process.

Existing studies have explored multicomponent OTS systems con
taining more than four elements [18], with examples being 
Ge–Te–Si–N–C [19], Ge–Te–C–N [20], Ge–Te–As–Si–N [21] and 
Ge–Te–As–Se–Si [22]. These systems demonstrate stable performance 
with selectivity (Ion/Ioff) exceeding 104 and threshold voltages Vth of less 
than 2 V. Research on such multicomponent OTS materials continues.

In the present study, stable device operation is pursued by doping a 
small amount of oxygen into otherwise pure chalcogen-based OTSs, in 
contrast to the conventional multicomponent chalcogenide OTS. 
Importantly, oxygen doping in chalcogenide films induces O–VTe–Ge 
dumbbell-like defects, raising the crystallization temperature and sta
bilizing the amorphous phase. This retards the crystallization kinetics 
and enhances thermal stability [23,24]. In previous studies, Ge, As, Si, C 
and N, among other elements, were added to raise the crystallization 
temperature and stabilize the amorphous system [25]. However, intro
ducing these elements requires an additional material source in the 
deposition tool, and for a multicomponent system, there are numerous 
parameters that must be optimized to achieve the desired composition, 
which demands a significant amount of time. We thus benefit from 
reducing the composition optimization time by simply oxidizing the 
active-layer in a Te–Se binary system. Oxygen doping offers the major 
advantage of conferring similar benefits while being controllable at the 
process-design stage without the need for a separate material, although 
it also increases the risk of partial oxidation at the electrode interface.

Nevertheless, the impact of such “intentional oxidation”—which 
forms a new defect-state/oxide layer at the electrode–OTS boundar
y—has not yet been sufficiently investigated. Existing studies regard 
chalcogenide-based OTSs as non-oxidizing and attribute electrode- 
dependent behavior to the interfacial defect density: a higher defect 
density lowers the barrier between trap sites via the Poole–Frenkel effect 
[26,27].

In contrast, this study directly visualizes interfacial oxidation and 
related defects through transmission electron microscopy (TEM), 
energy-dispersive X-ray spectroscopy (EDS), electron energy loss spec
troscopy (EELS), X-ray photoelectron spectroscopy (XPS), and Raman 
analyses of devices fabricated with a via-hole structure (Fig. 1a–b), 
experimentally demonstrating that the device-switching characteristics 
vary with the electrode-specific defect profiles, in contrast to previous 
studies, which relied on physical models that deduced defects solely 
from electrical data. This work clarifies the interplay between the 
electrode and the oxidized OTS interface through direct structural and 
chemical analyses.

2. Experimental Section

In the MIM structure, the bottom electrode was fabricated on a 100- 
nm-thick SiO2 layer on a silicon substrate. First, 100 nm of TiW(10% Ti, 
90% W) was deposited by DC sputtering and patterned to form the 
bottom electrode. Thereafter, a 100 nm SiO2 layer was deposited at 
300 ◦C via PECVD (P5000 Mark II, AMAT) and patterned to create 
measurement contact holes and selector vias. Next, the active-layer 
pattern under four power conditions [Se: 0, 10, 20 or 30 W and Te: 
40 W] was deposited at room temperature by DC co-sputtering through a 
shadow mask in an Ar:O2 (20:2 sccm) gas mixture. The top electrode was 
patterned with the same shadow mask, and Pt, Cr, Ti, Ni and Al were 
deposited by electron-beam evaporation. The tungsten (W) target was 
sputtered under identical shadow-mask conditions. The thickness of the 
top electrode was 100 nm. Standard photolithography was employed for 
all electrode and via patterning steps.

The absorption coefficient of the active-layer under four conditions 
was measured by UV–Vis spectroscopy (transmission and absorbance) 
(Lambda 1050, Perkin Elmer). Horizontal sections of the linear region in 
the tauc plot were extracted for each film. Additionally, UPS measure
ments (He Iα, 21.2 eV) for each thin-film condition were taken (Nexsa 
G2, Thermo Scientific). The film density and elemental composition 
were assessed by XPS depth profiling (Nexsa G2, Thermo Scientific) and 
RBS (6SDH-Q, NEC). To visualize the interfacial oxidation, high 
resolution-TEM imaging was conducted (JEM-F200, JEOL), and the 
oxygen distribution at the active-layer–top-electrode interface was 
evaluated by collecting the spectra via EDS (JEM-F200, JEOL) and EELS 
(Spectra Ultra, Thermo Fisher).

I–V characteristics were measured to evaluate the selector selectivity 
characteristics and the threshold voltage. Measurements were con
ducted at room temperature in the dark using a semiconductor param
eter analyzer. Here, V and I denote the applied voltage and measured 
current, respectively. For triangular-wave input measurements, a func
tion generator and an oscilloscope were mounted within a light-tight 
enclosure to apply triangular waveform stimuli and to monitor the 
resulting current. Triangular waves of 5 Vpp at 800 kHz were applied.

3. Results and Discussion

3.1. Electrical characteristics

In Fig. 2, the current–voltage (I–V) characteristics for four active- 
layer conditions (Se 0–30 W) and six types of electrodes are summa
rized. Fig. 2a–f show that, under the Se 0 W condition, every electrode 
except Ti exhibits only leakage-level current or fully insulating behavior. 
However, the Ti electrode displays a transient resistive random-access 
memory (RRAM)-like current burst, as shown Fig. 2d. Overall, the Se 

Fig. 1. A) array, single-device and cross-sectional views of a via-hole-type selector, with b) an om image confirming a hole size of ~ 1,000 nm.
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0 W active-layer behaves as an insulator that blocks current flow rather 
than as a semiconductor that supports conduction under specific bias 
condition. In contrast, Se-alloyed layers operate as effective selectors 
with Pt, W, and Cr electrodes. The Pt electrode delivers selectivity of 
≈103–104 (Fig. 2a) and endurance beyond 103 cycles. The W electrode 
shows slightly lower selectivity of ≈102. Cr-electrode devices provide 
modest selectivity of 10–102. Across all electrodes that function as se
lectors, Se 10 W yields the best performance; every top-performing de
vice reported herein employs this active-layer composition. Under the 
conditions where the electrodes operated successfully, we observed that 

the I-V characteristics varied with Se concentration. Specifically, a 
higher Se concentration led to a lower overall on/off ratio. This ten
dency is corroborated by Fig. S1 (Supporting Information). Overall, Pt 
affords the highest cycle count and, on average, the greatest selectivity. 
The anomalous behavior of the Al electrode is attributed to the forma
tion of a thick interfacial Al2O3 layer that suppresses selector operation 
by introducing a large parasitic voltage drop [28].

Fig. 3a–c further confirm sub-50 ns turn-on switching speeds for Pt, 
W and Cr, underscoring their suitability as selectors. For Ti and Ni 
electrodes, the I–V characteristics deviate from selector-type behavior 

Fig. 2. Electrical characteristics of Se/TeOx-based OTS selector devices using a) Pt, b) W, c) Cr, d) Ti, e) Ni and f) Al electrodes.

Fig. 3. A-c) triangular waveform measurements and d-f) turn-on speed graphs of se 10 W/TeOx-based electrode OTS selector devices taken to assess the switching 
speed characteristics.
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and instead exhibit RRAM-like responses, as evidenced by the absence of 
a discernible Vhold and the persistence of conduction after switching. 
Finally, with Al electrodes the current remains at leakage levels without 
abrupt resistance changes under any active-layer condition; as shown in 
Fig. S2 (Supporting Information), only under exceedingly high bias does 
an insulating-breakdown-like curve appear, and the device fails to 
operate as a selector. Due to these characteristics, the switching speed 
could not be observed in the Ti, Ni and Al cases. Fig. S3 (Supporting 
Information) confirms that no switching is observed when the active- 
layer does not contain oxygen, while the XRD data in Fig. S6
(Supporting Information) suggest that oxygen replaces Se–Se bonds 
[29], enhancing the amorphous characteristic.

When evaluating the endurance for each electrode, Pt showed the 
best performance with values exceeding 103 cycles, as shown in Fig. 4a. 
Although Cr and W did not reach this level, they exhibited measurable 
endurance outcomes nonetheless (Fig. 4b, c). However, unlike Cr, W 
demonstrated high selectivity but showed more pronounced 
degradation.

3.2. Hypothesis for selector operation

In Section 3.2, we present hypotheses that explain the device dif
ferences observed in Section 3.1 and present supporting experimental 
data. Because the selector has a canonical metal–insulator–metal (MIM) 
structure, its behavior is mainly governed by two transport mechanisms: 
bulk-limited [30–33] and electrode-limited [34–36] conduction. Section 
3.2 therefore introduces these transport-based hypotheses and describes 
how these mechanisms relate to the electrical behavior reported above.

3.2.1. Hypothesis 1: Effects of composition and active-layer density 
differences

The first hypothesis suggests that differences in the composition and 
in the density of the active-layer influence device performance outcomes 
depending on the electrode. To test this hypothesis, Rutherford back
scattering spectrometry (RBS) [37,38] was used to measure the density 
under each condition, with the peak intensities of the constituent ele
ments also examined via XPS simultaneously to confirm the composition 
ratio [39,40]. Based on the density, composition ratio, and conductive- 
atomic force microscopy (C-AFM) results, it was possible to identify the 
active-layer conditions that led to optimal selector performance.

AFM illustrates the surface topography at high resolutions, revealing 
features such as surface roughness, grain boundaries and defect distri
butions. C-AFM, undertaken while applying bias to the probe, simulta
neously acquires local current maps, enabling the identification of 
electrically active sites such as leakage pathways or conductive fila
ments [41]. In chalcogenide thin films, regions exhibiting higher current 
levels in C-AFM images often correlate with smoother or more well- 
defined morphological features. This correlation arises because elec
trical conduction tends to follow topographically continuous or less 
resistive regions, where structural disorder is relatively suppressed [42]. 

Consequently, areas with enhanced current contrast may also exhibit 
clearer or more uniform surface morphologies in AFM topography. The 
particle-like bright dots observed in Fig. 5a–d originate from intrinsic 
nm-scale compositional or density inhomogeneities in amorphous 
chalcogenide films, which locally alter the electrical transport pathways 
and manifest as localized conduction spots in the corresponding C-AFM 
images, rather than grain-boundary-related conduction [43,44].

AFM and C-AFM were employed to assess the degree of selector 
functionality for each active-layer condition. As shown in Fig. 5e, the Se 
0 W condition did not support selector operation, as current flow 
appeared only at isolated spots and was absent over larger areas, 
regardless of the grain structure. In contrast, other conditions exhibited 
areal-scale conduction, especially Se 10 W (Fig. 5f), which showed more 
uniform instantaneous current flow, indicating superior selector 
behavior under this condition. It should be noted that C-AFM mea
surements do not directly demonstrate selector or OTS operation, but 
rather provide complementary information on the spatial distribution 
and microscopic nature of conduction paths within the active layer.

As evidence to support the C-AFM results discussed above, we 
employed XPS, RBS, and Raman spectroscopy to investigate the 
composition ratio, surface density and bonding state of each active-layer 
thin film.

In Fig. 6a, the Te content across active-layer conditions is analyzed, 
revealing a decrease in the Te content with an increase in the Se sput
tering power. Notably, the amount of TeOx remained relatively constant, 
while the amount of elemental Te decreased. This trend correlates with 
the increase in the Se peak intensity observed in Fig. 6c. Peak decon
volution in Fig. 6b, d was performed to identify the chemical states and 
peak positions. The XPS trends were consistent across the other condi
tions, as shown in Figs. S4, 5 (Supporting Information).

Additionally, the RBS results for the areal density, shown in Fig. 6e, 
were cross-validated with XPS, confirming consistent trends in the Te 
and Se concentrations. The combined areal density and composition 
ratios derived from XPS and RBS are summarized in Table 1. Among all 
conditions, Se 10 W exhibited the lowest areal density [45].

This trend was investigated further using Raman spectroscopy. As 
shown in Fig. 6f, for Se 0 W—without the addition of Se—the intensity of 
the Te bonding peak was high. However, beginning at Se 10 W, the peak 
intensity decreased sharply, suggesting the disruption of Te–Te sym
metry bonds due to Se incorporation [46]. This leads to local reductions 
in the density, likely due to the formation of vacancies or the incorpo
ration of Se atoms at the bonding sites. These Se-induced modifications 
suppress metallic Te–Te conduction and introduce trap states, thereby 
establishing a trap-assisted transport framework essential for threshold 
switching.

3.2.2. Hypothesis 2: Schottky junction according to work function 
differences

In the previous section, it was confirmed that the internal conduction 
of the active-layer thin film does not significantly affect the metal- 

Fig. 4. On/off currents after repeat voltage vias up to the Se 10 W/TeOx device limit using a) Pt, b) W and c) Cr electrodes.
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electrode-dependent operation of the oxidized OTS selector device. 

Subsequently, a second hypothesis can be established, which describes 
the Schottky junction caused by the difference between the work func
tion of the electrode and the Fermi level of each active-layer con
dition—specifically, the limitation at the interface. To investigate this, 
the energy levels of the four active-layer conditions used in this study 
were determined through optical characterization. The absorbance and 
the corresponding tauc plots were analyzed to estimate the shape and 
magnitude of the bandgap and the positions of the valence band and 
conduction band were identified through ultraviolet photoelectron 
spectroscopy (UPS) measurements[47].

As shown in Fig. S5 (Supporting Information), the absorption region 
gradually decreases as the Se content is increased. This likely indicates 

Fig. 5. A-d) z heights and e-h) conductive afm topography images of se 0–30 W/TeOx active film samples.

Fig. 6. A) a comprehensive Te and c) Se XPS spectrum set of active-layer deposition conditions and b) single XPS graph of the Se 10 W or d) 30 W/TeOx condition 
active-layer. e) RBS data and f) Raman spectra of Se-alloyed TeOx film samples.

Table 1 
Areal density and composition ratio according to the active-layer deposition 
conditions.

Active-Layer Areal Density 
(atoms/cm2)

Atomic Percent Ratio

Se 0 W / TeOx 3.70 × 1017 Te0.82O0.18

Se 10 W / TeOx 2.40 × 1017 Se0.12Te0.72 O0.16 // 1: 6
Se 20 W / TeOx 2.90 × 1017 Se0.24Te0.60O0.16 // 1: 2.5
Se 30 W / TeOx 3.40 × 1017 Se0.34Te0.52O0.14 // 1: 1.53
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an increase in the bandgap due to the incorporation of Se into the lattice 
structure [48], and this assumption is substantiated by the tauc plot in 
Fig. 7a [49]. The band transition index for all four conditions was 
calculated and found to be 1/2, and the estimated bandgap values were 
1.52, 1.64, 2.00 and 2.28 eV for each condition [50]. Furthermore, a 
UPS analysis was conducted to obtain more detailed band structure in
formation [51]. As shown in Fig. 7b, the work function and Eff–Ev values 
for the four active-layer conditions were derived from the measurement 
results, and the full dataset is summarized in Table 2 [52]. The thin films 
under these four active-layer conditions are all p-type films fabricated by 
the co-sputtering of Se and Te, according to Fig. S6 (Supporting Infor
mation), XRD measurements confirm that they are amorphous [53].

Fig. 7c illustrates the interfacial energy alignment between the 
electrode and each active-layer condition, demonstrating that Pt, W, Cr 
and Ni form ohmic contacts, whereas Ti and Al form Schottky contacts 
[54].

However, this hypothesis cannot provide a full explanation of the 
device characteristics, as it cannot account for the non-functionality of 
the Se 0 W condition, nor the failure of the Ni electrode device—despite 
the presence of an ohmic junction—to operate as a selector, in contrast 
to other functional electrode configurations.

3.2.3. Hypothesis 3: Effects of interfacial defects between active-layer and 
electrode

In Chapter 3.2.2, instead of focusing on bulk-limited conduction, we 
considered that interfacial constraints between the electrode and active- 
layer were more dominant. However, this behavior could not be fully 
explained by the band alignment alone. Other interfacial factors—such 
as oxidation or surface roughness—rather than the intrinsic material 
properties, may influence selector performance outcomes. To verify this, 
we analyzed the device cross-section using scanning electron micro
scopy (SEM) and characterized the interface using TEM and EELS. SEM 
was used to check for structural issues at the interface, while TEM/EDS/ 
EELS identified interfacial defects.

The SEM analysis confirms an acceptable structure for most elec
trodes (Fig. 8), though Cr exhibited non-uniform film growth. In 
contrast, the metal film quality of the Ni and Al electrodes was poor and 
these samples showed severely damaged interfaces.

As a further check for interfacial defects, cross-sectional TEM images 
were obtained for each electrode. As shown in Fig. 9a–f, no clear oxide 
layers were observed in the Pt, W and Cr electrodes, whereas Ti, Ni and 
Al showed visible interfacial oxide layers. This observation was sup
ported by EDS mapping (Fig. 9g–l), where the oxygen intensity was 
higher in the Ti, Ni and Al cases, confirming oxidation of the electrode.

An EELS analysis, which provides elemental information by detect
ing the energy loss of electrons interacting with specific atoms in the 
sample, offers a higher spatial resolution for atomic distribution 
compared to EDS [55]. The corresponding EELS results were obtained 
along the directions indicated by the arrows shown in Fig. 9a–f. As 

shown in Fig. 10a–c, no significant oxygen signal was found at the 
interface, in contrast, as shown Fig. 10d–f, the presence of oxygen was 
strongly detected. In particular, the Al electrode exhibited an oxide layer 
approximately 10 nm thick, explaining the poor electrical performance 
of the selector in this case (Fig. 10f). In this work, electrode-induced 
interfacial oxidation refers to a degradation mechanism where the 
electrode scavenges oxygen from the active layer. This oxygen depletion 
leaves unpassivated Te/Se dangling bonds, which subsequently reform 
the continuous metallic Te-Te network. As summarized by the Raman 
spectroscopy analysis in Fig. S7, the presence of oxygen suppresses the 
metallic Te–Te bonding, whereas its absence leads to the recovery of the 
Te–Te network. Consequently, these interfacial defects facilitate un
controllable percolative Ohmic conduction, ultimately eliminating the 
threshold switching behavior.

Pt and W electrodes are known to exhibit minimal oxidation, while 
Cr forms Cr2O3, which suppresses oxygen diffusion and serves as a 
passivation layer [56], thereby enhancing the stability of the interface. 
In contrast, Ni, Ti and Al form insulating oxides that function as inter
facial defects, impeding the current flow of current. These results sup
port the initial hypothesis that oxidation-induced interfacial defects 
significantly impact selector performance. Oxygen-related interface 
defects were found to strongly influence charge transport.

4. Conclusions

In this study, we investigated selector operation in intentionally 
oxidized chalcogenide OTS materials using a via-hole device platform. A 
modest O2 flow during active-layer deposition was not a parasitic arti
fact but an engineering knob that tailors the interfacial defect spectrum 
and band alignment. This control enabled sub-1 V threshold (Vth ≈ 0.78 
V) and high selectivity (>104) under a Pt top electrode—figures that are 
difficult to reach with oxygen-free SeTe-based layers under identical 
processing.

To elucidate the mechanism behind the electrode-dependent 
behavior, we tested three hypotheses. First, Hypothesis 1 (Bulk-limited 
conduction) posits that the switching is determined by the intrinsic 
properties of the Se-alloyed TeOx layer. However, this hypothesis con
flicts with our experimental observation that the device performance 

Fig. 7. A) tauc plot, b) ups spectra near the conduction or valance band and c) band alignment of se-alloyed teox films based on absorbance and UPS data.

Table 2 
Material properties of each deposition condition.

Active-Layer 
Condition

Bandgap 
Energy 
(Eg / eV)

Work Function 
(eV)

Ef ¡ Ev 

(eV)

Se 0 W / TeOx 1.52 4.28 0.56
Se 10 W / TeOx 1.64 4.10 0.39
Se 20 W / TeOx 2.00 4.45 0.43
Se 30 W / TeOx 2.28 4.46 0.53
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varies significantly depending on the electrode material. If the mecha
nism were purely bulk-controlled, the electrode influence should be 
negligible. This discrepancy compels us to rule out Hypothesis 1 as the 
primary driver and focus on the interface properties (Hypotheses 2 and 
3).

Next, regarding the interface, Hypothesis 2 (Work function 
mismatch) suggests that a high Schottky barrier is the cause of the issue. 
While this explains the initial high resistance, it fails to account for the 
irreversible degradation observed in specific electrode combinations. 
This indicates that a purely physical model (Hypothesis 2) is insufficient.

This logical limitation leads us to Hypothesis 3 (Interfacial oxida
tion). Our analysis reveals that the oxidation of the electrode by the 
oxide active layer creates an unexpected insulating layer. Interestingly, 
this chemical reaction (Hypothesis 3) is closely associated with Hy
pothesis 2, as it physically modifies the effective barrier height and 
width, making the actual contact resistance much higher than theoret
ically predicted by the work function difference alone. Therefore, we 
conclude that Hypothesis 3 is the governing mechanism, as it provides 
the root cause for the interface instability that Hypothesis 1 and 2 could 
not fully explain.

These results articulate the advantage of oxidized OTS: when oxygen 
is introduced deliberately and within a narrow process window, it (i) 
suppresses filamentary/irreversible paths, (ii) increases subthreshold 
nonlinearity by defect/field engineering, and (iii) permits low-voltage, 
reproducible operation compatible with BEOL constraints. 

Importantly, the role of the electrode is not merely incidental; it co- 
defines the interfacial oxidation state and thus must be co-optimized 
with oxygen incorporation.

While the present work establishes a materials-agnostic guide
line—“controlled interfacial oxidation + appropriate electrode choic
e”—we recognize the value of generality checks in canonical OTS 
chemistries (e.g., Ge–As–Se). Extending the same via-hole methodology 
and interfacial analyses to those systems constitutes a clear avenue for 
future work and will further delineate which aspects are universal versus 
composition-specific.

Overall, our findings convert “oxidation risk” into a design param
eter for selector integration: by co-tuning oxygen incorporation and the 
electrode, oxidized chalcogenide OTS selectors achieve low Vth (Fig. S8, 
Supporting Information), high selectivity and reproducible switching 
needed for next-generation 3D cross-point arrays.
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