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ARTICLE INFO ABSTRACT

Keywords: This study investigates the thermal behavior of Te-rich GeTe (GT)- and Se-doped GeTe (SGT)-based ovonic

Selecfﬂrs ) threshold switch (OTS) devices, focusing on understanding electrothermal dynamics and enhancing device

8"?“1‘: threshold switches reliability. Thermoreflectance-based thermal imaging (TTI) enables direct visualization of localized conductive
ele

channels, offering insights into heat localization during switching. Time-domain thermoreflectance (TDTR)
further provides accurate thermal properties of the amorphous films, enabling electrothermal (ET) simulations.
These simulations reveal that internal temperatures in GT-based devices may approach crystallization thresholds
during operation, emphasizing the need for optimized thermal design. In contrast, SGT-based devices exhibit
improved thermal stability, attributed to stronger bonding and reduced Joule heating, thereby maintaining their
structural integrity during switching. The combination of experimental thermal mapping and predictive
modeling offers a powerful framework for identifying potential failure points and guiding material design. By
comparing GT and SGT systems, the study highlights how targeted doping strategies and current optimization
can significantly improve thermal resilience and device durability. These findings provide a comprehensive
understanding of thermal dynamics in OTS devices and demonstrate a path forward for the development of more
robust and reliable selectors.
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Failure

1. Introduction two-terminal selector devices stacked on individual memory elements
has been proposed [5,6], prompting research into various types of se-
lectors, such as PNP (NPN) junctions [7,8], Schottky-type diodes [9-111,

tunneling selectors [12,13], mixed ion-electron conductors [14,15],

To emulate human-like inferences, learning, and recognition in
computing systems, large-scale integrated data storage devices are

essential. Crossbar array (CA)-based data storage devices, known for
their parallel memory structure, present a promising solution for high-
density memory architectures due to their ability to execute extensive
data processing with low power consumption, simple design, and high-
integration density [1-3]. However, as memory density increases in CA
structures, the issue of “sneak current” may arise, where current leakage
through adjacent cells disrupts read and write operations, leading to
reduced component durability and increased power consumption [4].
To address this sneak current problem, integrating nonlinear
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metal-insulator transitions [16], and ovonic threshold switches (OTS).
Among these, OTS devices have received significant attention due to
their high nonlinearity, rapid operation speed, and proven reliability in
conjunction with phase-change memory (PCM) [17].

OTS devices are two-terminal devices comprising an amorphous
chalcogenide film sandwiched between top and bottom metal elec-
trodes. The threshold switching (TS) phenomenon was first demon-
strated by Ovshinsky in 1968 [18]. Initially, in a high-resistance state
upon application of an external voltage, the device transitions rapidly to
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a low-resistance state upon exceeding a threshold voltage (Vy,). When
the external voltage is reduced below a certain threshold (Vplq), the
device returns to the initial high-resistance state, exhibiting volatile
resistance changes in response to voltage application. Recent studies
have reported variations in Vy, due to changes in the trap density within
the bandgap of chalcogenide films under different pulse conditions [19,
20]. Furthermore, these variations in Vy, exhibit memory effects that
depend on the applied voltage pulse conditions [21]. Due to this mem-
ory effect, OTS devices have garnered significant attention as
selector-only memory (SOM) devices [21-24].

Extensive research on chalcogenide film materials for OTS device
fabrication has been conducted [25], encompassing compositions
ranging from single-component films, such as GeS [26,27], GeSe [28],
SiTe [29], and Te-rich GeTe [30,31] to multicomponent films, such as
Ge-S-As [32], Ge-Se-As [33], Ge-Se-Si [34], Ge-Te-As [35], and
Ge-Te-As-Si [36]. Among these materials, we focus on Te-rich GeTe
(GT)-based OTS devices due to their fast operation, excellent TS char-
acteristics, good durability, and simple material structures. However,
amorphous chalcogenide films based on GT present a challenge
regarding thermal stability, as film crystallization occurs within the
back-end-of-line process temperature range, potentially impacting both
the manufacturing process and device operation [37]. Fundamentally,
the TS phenomenon in chalcogenide film acts as a precursor to the PCM
operation, generating a volatile conductive channel (CC) that eventually
induces a phase change owing to Joule heating [38]. Consequently,
heating from TS operation can degrade the device, negatively affecting
its durability. In contrast to GT devices, Se-doped GeTe (SGT)-based OTS
devices exhibit superior thermal stability, offering a solution to the is-
sues. Therefore, we aimed to observe the heating process caused by TS
behavior in real time and verify the internal temperature of GT devices
during the TS process by monitoring current and surface temperature
changes. Using the same approach, we analyzed SGT devices and con-
ducted a comparative study with GT devices to identify the TS properties
from a thermal perspective. In this study, we designated the composi-
tions of GT and SGT thin films as GeTes and Se3GezTes, respectively, and
confirmed these compositions using X-ray fluorescence analysis as
illustrated in Fig. S1.

Studies have reported heating during voltage application in two-
terminal memory devices such as resistive random access memory
(RRAM) and PCM using scanning thermal microscopy (SThM) [39-41].
However, SThM analysis requires horizontal device fabrication and
deposition of an Al;O3 capping layer for contact protection during
probe-tip contact. Furthermore, continuous voltage application during
scanning demands stability to prevent device failure or deformation.
This stability requirement can be challenging in the analysis of OTS
devices with poor stability. Thermoreflectance-based thermal imaging
(TTI) is another method involving irradiation of a device with
light-emitting diode (LED) light during voltage pulse application. It
detects changes in optical reflectivity due to heating, providing thermal
images during operation [42,43]. TTI has been used to analyze thermal
behavior during the Mott insulator-metal transition, offering direct
observation of surface temperature in typical device structures [44,45].
Additionally, leveraging these measurements and values obtained from
electrical and thermal property values experiments, electrothermal (ET)
simulations based on the finite element method were conducted. These
simulations predict the internal temperature of devices during TS
operation and their failure mechanism. Therefore, this study provides
insights into (1) the thermal dynamics and failure mechanisms of
GT-based OTS devices and (2) a comparison of SGT-based OTS devices,
suggesting future improvements to enhance reliability and performance.

2. Experimental
2.1. Film fabrication and analysis

For the TDTR analysis sample, amorphous GT films with a thickness
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of 30 nm and 100 nm were deposited on a Si substrate through co-
sputtering of GeTe and Te targets to analyze the thermal properties of
amorphous and crystalline GT films. The 30 nm amorphous GT film
underwent heat treatment in a vacuum atmosphere at 473 K for 30 min
using a rapid thermal annealing system (Real). Similarly, amorphous
SGT films with a thickness of 50 nm and 100 nm were prepared on a Si
substrate through co-sputtering of Se-doped GeTe and Te targets. Sub-
sequently, TiN and Au layers with thicknesses of 50 nm and 100 nm,
respectively, were deposited via sputtering.

To determine the crystallinity of the annealed GT thin film, XRD
analysis (D/MAX-2500/PC, Rigaku) was conducted. For determining the
thermal properties of GT and SGT thin films, TDTR analysis (N8-200
model, TMX Scientific™) was utilized. Short-duration pumping pulses
were directed onto the thin film to induce heating in the targeted area,
followed by the application of probing pulse for extended periods. Over
time, the heat generated by the heating pulse decayed and led to changes
in the reflectivity of the reflected probing pulse. By observing these
reflectivity changes over time, properties such as the thermal conduc-
tivity of the thin film and interfacial thermal resistance between the thin
films can be calculated.

2.2. Device fabrication and characterization

For electrical measurement and TTI analysis, a 50-nm-thick bottom
electrode of Pt was deposited on a SiOy/Si substrate using radio-
frequency magnetron sputtering. For the GT-based OTS device, an
amorphous GT film with a thickness of 100 nm was deposited by co-
sputtering of GeTe and Te targets. Similarly, for the SGT-based OTS
device, an amorphous SGT film of 50 nm was deposited by co-sputtering
of the Se-doped GeTe and Te targets. Finally, a 30 nm TiN layer and a 50
nm Au layer were sputtered sequentially as the top electrodes.

DC voltage sweeps were measured using a Semiconductor parameter
analyzer (HP 4155B). For electric pulse-based measurement, an arbi-
trary function generator (AFG 3102, Tektronix) and oscilloscope (TDS
3032B, Tektronix) were used. During measurements, the Pt bottom
electrode (BE) was grounded.

To map thermal behavior during TS, TTI (NT220 Series, Micro-
sanj™) analysis was performed. During pulse application to the DUT to
induce heating, laser pulses were applied to the DUT, and the reflected
light was captured by a CCD camera. By utilizing the change in thermal
reflectance due to induced heating, thermal mapping during pulse
application was achieved. The pixel size of the CCD camera was
approximately 55 nm, and the spatial resolution was down to ~250 nm.
The LED illumination time was adjusted during pulse application to
enable thermal mapping at specific time intervals. Sequential analysis
was performed using time-enabled in-situ analysis. A schematic of this
setup is shown in Fig. S2.

The thermal hotspots identified through TTI analysis were further
examined using focused ion beam (Helios™ 5 UX, Thermo Scientific™)
milling. Cross-sectional analysis was performed using TEM (NEO ARM,
JEOL). Subsequent analyses, including FFT, STEM, and EDS, were con-
ducted using this equipment. TEM and EDS analysis were performed at
the Korea Basic Science Institute using the JEOL Monochromated ARM-
200F (NEO-ARM, DJ105) operated at 200 kV with a dual SDD EDS
system.

2.3. Electrothermal simulations

To understand the internal temperature during TS operation and the
device failure process during the in-situ analysis, we conducted Elec-
trothermal (ET) simulations. We utilized COMSOL Multiphysics and
employed a heat-conduction model. To facilitate comparison with actual
surface temperature measurements, we designed a planar device struc-
ture: a 4 x 4 pm? area for GT-based OTS device and 10 x 10 pm? for
SGT-based OTS device to mimic the actual device. The electrodes, sub-
strate, and switching layer thickness were kept constant. The
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simulations involved determining of the thermal conductivity, electrical
conductivity, density, relative permittivity, and heat capacity of each
layer. These properties were extracted from experimental results and
references.

3. Results
3.1. GT-based OTS devices

TTI analysis is used to determine thermal mapping during the
operation of GT-based OTS devices. Subsequently, the in-situ TTI anal-
ysis is verified by findings that imply time-sequenced thermal mapping
during voltage application. Following TTI analyses, we confirmed the
device’s failure based on transmission electron microscopy (TEM)
analysis of the heated area and applied time-domain thermoreflectance
(TDTR) analysis to obtain the thermal properties necessary for ET

(@) (b)
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simulations. ET simulations were conducted to analyze internal tem-
peratures during TS operation and the device failure process during in-
situ analysis.

A cross-point structure was fabricated with a stack of Au (50 nm)/
TiN (30 nm)/GT (100 nm)/Pt (50 nm), where the junction area of the
cross-point was 16 pm?2. A schematic of the device is illustrated in Fig. 1
(a). Au, known for its high thermal reflectance coefficient, was used to
enhance the accuracy of the TTI analysis [46]. For the same reason, Au
was deposited on top of the sample with a GT layer. Fig. 1(b) presents
the current (I)-voltage (V) graph of the fabricated OTS device, demon-
strating typical TS behavior: after applying the electroforming voltage
(Vp) of 2.1V, threshold voltage (Vi) value of 2 V and hold voltage (Vho14)
of 1.9 V were observed with a compliance current of 0.1 mA. Subse-
quently, a pulse of 2 V with a duration of 1 ps was applied to induce TS
behavior, as depicted in Fig. 1(c). To suppress current overflow after TS
behavior, an external resistor load equal to 2 kQ was applied. During this
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Fig. 1. (a) Schematic of a cross-point GeTe (GT) device, stacked with Au/TiN/GT/Pt. (b) Current (I)-voltage (V) curves of a GT device demonstrating threshold
switching (TS) operation. After electroforming at ~2.1 V (Vg), TS occurred at ~2 V (Vy,), and the device turned off at ~1.9 V (Vye1q). (¢) TS behavior was
demonstrated using a pulse measuring system with an applied pulse (amplitude = 2 V, duration = 1 ps). To limit current, an external resistor load of 2 kQ was
applied. (d) Schematic of thermoreflectance thermal imaging (TTI) analysis showing a thermal image during the application of an external pulse. (e) Thermal image
of GT device during pulse application. A current of approximately 0.2 mA was observed with a 2 V pulse, confirming TS occurrence as compared to the I-V curve. (f)
Three-dimensional temperature mapping of the junction area in the device. The maximum temperature (Tpax) of 308.04 K was observed with a localized heating
spot, indicating TS occurred through a conductive channel (CC). (g) Time-voltage-temperature graph of in-situ TTI. The graph shows an increase in Tp,ax, followed by
a decrease and subsequent increase, likely due to device deformation during analysis. (h) Thermal images during in-situ analysis from t; (0.2 ps) to tg (6.7 ps) are
noted in (g). (i) I-V curves before and after TTI analysis. Device failure during TTI analysis was expected.
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pulse application, a current of approximately 0.2 mA was observed.

Transient TTI analysis aimed to obtain thermal images during the TS
operation of the fabricated device. While a voltage pulse sufficient to
induce TS was applied to the device under test (DUT), the LED illumi-
nated the device, and the resulting thermal mapping on the device
surface was captured using a charge-coupled device (CCD) camera, as
depicted in the schematic in Fig. 1(d). Fig. 1(e) shows the transient
thermal temperature (Tpax) of the mapping image observed during the
application of a pulse with a 2 V amplitude and an amplitude of 5 ps
using TTI analysis. As shown in the figure, the top and bottom electrode
lines respectively parallel to the x- and y-axes overlap, defining the
working area of the junction.

During TTI analysis, a thermal mapping image was observed with a
2V pulse amplitude and 5 ps duration. The measured device current was
approximately 0.2 mA which is consistent with the I-V characteristics
shown in Fig. 1(b) and (c), confirming the anticipated occurrence of TS.
Notably, Fig. 1(e), illustrates a distinct hot spot with a diameter of less
than 1 pm within the junction area, supported by the surface tempera-
ture distribution illustrated in Fig. 1(f), which varies based on the
junction’s position. This observation strongly suggests that the hot spot
originates from TS behavior. To further confirm that the hot spot arises
specifically due to TS, we conducted TTI analysis both before and after
the electroforming process. As shown in Fig. S3, the emergence of the
hot spot was only observed after forming, indicating that it is indeed
triggered by TS behavior. Supporting this interpretation, previous
studies using conductive-atomic force microscopy have reported an in-
crease in high-current density in localized regions of OTS device after
the electroforming process [47,48], along with the presence of localized
conducting path or CCs [49]. Based on these reports, to our knowledge,
the presence of CC has been directly observed in localized regions of the
actual device structure during TS events. These findings suggest that the
observed hot spots during TS events are activated CCs within the device.

To assess the lateral confinement of the CC, we analyzed surface
temperature line profiles obtained from high-resolution TTI measure-
ments. As shown in Fig. S4, the region of maximum surface temperature
was consistently confined within a ~300 nm-wide region, indicating
localized heating consistent with CC formation. This observation is not
limited by the spatial resolution of the TTI system (~250 nm), thus
supporting the presence of a laterally confined CC. A more quantitative
determination of the CC geometry will be provided later using ET
simulations.

Following confirmation of TS operation based on transient TTI
analysis, in-situ TTI analysis investigated thermal mapping over time
during pulse applications. The timing of LED illumination was adjusted
during voltage pulse application on the DUT to sequentially connect
transient TTI analysis results throughout the pulse duration for in-situ
TTI analysis. Fig. S2 illustrates the schematic of the in-situ TTI analysis.
To observe device failure due to heating, a 5 V voltage pulse was applied,
and thermal mapping was conducted using LED pulses at 500 ns in-
tervals during the pulse. Temporal voltage and temperature graphs
during the in-situ analysis are illustrated in Fig. 1(g), with the maximum
temperature (Tpax) extracted from thermal images. Results of the in-situ
analysis are presented in Fig. S5 and supplementary video. Temperature
increased from t; to tg, followed by a decrease at t4 and subsequent in-
crease until ts. The temperature returned to 293.15 K, pre-pulse appli-
cation, at tg after removing the external pulse. The thermal mapping
results at times t;—tg are displayed in Fig. 1(h). At t, localized heating in
the low-temperature range was observed, suggesting an off-state, while
the presence of CC was confirmed even in the off-state. Thermal images
from ty to ts in Fig. 1(h) illustrate varying heating regions, possibly due
to changes in CC or film properties during TS. To confirm the repro-
ducibility of these thermal features, we also performed repeated in-situ
TTI measurements on multiple GT devices, as shown in Fig. S6. A hot
spot was consistently observed in the electrode region upon TS, as
confirmed by repeated measurements. Additionally, a transient decrease
in temperature was repeatedly observed during the middle of the
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applied pulse, which will be further discussed in a later section.
Furthermore, transient TTI analysis at 5 V after the in-situ analysis
indicated increased electrical conductivity of the device and surface
Tmax, as illustrated in Fig. S7. This suggests device deformation likely
occurred during the in-situ analysis. A direct current sweep was con-
ducted after the TTI analysis, depicted in Fig. 1(i), with resistance and
electrical conductivity values listed in Table S1. Increased electrical
conductivity and the absence of TS behavior suggest impending device
failure.

The failure attributed to increased conductivity was caused by
crystallization occurring within the device during in-situ analysis. To
assess whether changes in the film occurred after the analysis, TEM
analysis of the heating area was performed to observe the device cross-
section (Fig. S8). The TEM cross-section of the heating area, illustrated
in Fig. 2(a), reveals a crystalline phase extending over 900 nm accom-
panied by thin-film shrinkage. This cross-section can be divided into
three distinct regions, as depicted in Fig. 2(b)—(d). Fig. 2(b) illustrates a
region with deformation and shrinkage in film thickness, where the
minimum thickness between the electrodes was measured at 25 nm. Fast
Fourier Transform (FFT) analysis confirmed the presence of crystalline
phases within the GT thin film. Similarly, Fig. 2(c) verifies the existence
of crystalline phases and slight shrinkage within the GT thin film. In both
regions, the Te crystal structure was identified. Detailed observations of
these are provided in this study. In contrast, Fig. 2(d) highlights an area
where the GT remained amorphous without film deformation.
Comparing these findings to the cross-sectional TEM image of the as-
deposited device, Fig. S8 demonstrates similarities to Fig. 2(d), char-
acterized by the absence of crystallization. This suggests that device
failure resulted from localized crystallization. Fig. 2(e)-(j) presents the
energy-dispersive spectroscopy (EDS) analysis of Ge and Te in the re-
gions shown in Fig. 2(b)-(d). Fig. 2(i) and (j) illustrates the uniform
distribution of Ge and Te, while Fig. 2(e)-(h) reveals the phase separa-
tion of Ge and Te in the crystalline region. The elemental distribution in
the crystalline regions is further detailed in Fig. S8.

In the region illustrated in Fig. 2(b), Te predominantly accumulated
in the upper part of the device. This phenomenon was attributed to
electromigration (EM) of Te, induced by the positive bias voltage
applied from the top electrode, which caused Te, with its high electro-
negativity to migrate [50]. Additionally, EDS elemental mapping
confirmed that the region where Te accumulated coincided with areas
that experienced significant shrinkage. This observation suggests that
EM occurs in regions where the electric field and Joule heating are
concentrated, along with crystallization. Consequently, failure in the GT
device was inferred to result from repeated pulse applications, leading to
crystallization and phase separation. Further discussion on the correla-
tion between crystallization and phase-separation phenomena is pro-
vided. In contrast, the EDS results in Fig. 2(c) indicate that Ge remained
concentrated at the center of the film, while Te migrated outward (to
both the upper and lower regions), exhibiting a segregated morphology
that suggests material separation independent of the voltage direction.
This implies a different crystallization trend compared to Fig. 2(b),
indicating that crystallization occurred due to Joule heating during
device operation. Crystallization in regions without concentrated elec-
tric fields occurred because of heat transfer from the generated CC to the
surrounding areas. Thus, two pathways of failure were identified: (1)
crystallized regions with high Te concentration migrated toward the
upper part of the device, and (2) crystallized regions formed as Te
migrated both upper and lower parts from the initial region. Although
both crystallization modes were experimentally observed, it was not
possible to determine which played a dominant role or occurred earlier
during the failure process. Therefore, to gain further insight into the
relative importance and sequence of these mechanisms, ET simulations
were conducted by evaluating the thermal conditions under electrical
stress.

TEM analysis confirmed the presence of amorphous GT (a-GT) and
crystalline GT (c-GT) films. Additionally, to comprehensively
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20 nm

Fig. 2. (a) The transmission electron microscopy (TEM) image shows the heating region. Fast Fourier Transform (FFT) analysis confirmed the presence of a crys-
talline phase over a region of 900 nm. Three distinct regions are identified in this TEM image, labeled as (b), (c), and (d), respectively. (b) Crystalline region, where
the crystalline GT layer was confirmed, along with device deformation and film shrinkage. (c) Crystalline region with slight device shrinkage; the crystalline GT layer
was similarly confirmed. (d) Amorphous region without shrinkage. It is expected that localized crystallization caused device failure. (e)-(j) TEM-Energy dispersive
spectroscopy (EDS) analysis results for Ge and Te elements corresponding to the regions (b)-(d). Element segregation was observed in crystallized films.

understand the internal temperature during the TS operation of the OTS
device and the failure process during in-situ analysis, the thermal
properties of both amorphous and crystalline were needed.

To obtain these properties, three types of GT thin films were pre-
pared: 30-nm- and 100-nm-thick a-GT (based on the actual thickness of
the device), and 20-nm-thick c-GT (obtained by annealing the 30-nm-
thick a-GT). This thickness corresponded to the device’s minimum
crystallization thickness, found to be 25 nm in Fig. 2(b). The ¢-GT film
was annealed at 200 °C for 30 min after deposition. XRD analysis was
performed to verify the crystalline phase after annealing, as shown in
Fig. 3(a). This figure demonstrates that the films were initially amor-
phous and crystallized after heat treatment. Using the Joint Committee
on Powder Diffraction Standards (JCPDS), the presence of the Te crystal
phase in the c-GT film was confirmed. These results are consistent with
the FFT analysis results in the inset of Fig. 2(b).

TDTR analysis was used to determine the thermal properties of the
prepared films. Au/TiN/GT/Si stack samples were prepared, and the
film thicknesses, thermal properties of Si substrate, and thermal
boundary resistance of Au/TiN are shown in Figs. S9 and S10, and
Table S2. Fig. 3(b) illustrates a schematic of the TDTR analysis. The
thermal decay curves of the samples are in Fig. 3(c), where the x-axis
represents time and the y-axis represents the amplitude of the reflected

light, which decreases time. The decay rate of the reflected light
amplitude in the c-GT was faster than that in the 30-nm-thick a-GT,
indicating the higher thermal conductivity of the c-GT. Additionally, the
slowest decay rate of the 100-nm-thick a-GT film is attributed to its
thickness. The thermal conductivity and interfacial thermal resistance
between the TiN electrodes and the GT films were calculated by fitting
the TDTR thermal decay curves of the samples, as shown in Fig. 3(d).
The thermal conductivities of a-GT (30 nm and 100 nm) and c¢-GT (20
nm) were approximately 0.14, 0.15, and 0.45 W m~! K2, respectively.
This confirms the higher thermal conductivity of the c¢-GT and the trend
of increasing thermal conductivity with increasing thickness of the a-GT.
The thermal boundary resistances of TiN/GT were 28.5, 27.15, and
23.79 m? K GW ™}, respectively, similar to values reported in the liter-
ature for chalcogenide film thermal conductivity and thermal boundary
resistance (Fig. S10 and S11) [41,51-53].

Based on the results of the TTI and TEM analyses, we confirmed the
presence of CC due to localized hotspots and device failure (crystalli-
zation and phase separation) caused by heating. Additionally, from the
electrical measurements and TDTR, we observed increases in electrical
and thermal conductivities after crystallization. These findings guided
our prediction of the device’s internal temperatures during TS operation
and our understanding of the failure process during in-situ analysis using
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Fig. 3. (a) X-ray diffraction results of amorphous GT (a-GT) films as-fabricated and crystalline GT (c-GT) films annealed at 200 °C for 30 min. Te metal peaks were
confirmed in the annealed GT thin film. (b) Schematic of time-domain thermoreflectance (TDTR) analysis. (¢c) TDTR results of the a-GT (30 nm and 100 nm) and c-GT
(20 nm). The thermal decay rate of c-GT is faster than that of a-GT (30 nm), attributed to the higher thermal conductivity of c-GT. The slower decay rate observed in
a-GT (100 nm) is due to its increased thickness. (d) Calculated thermal conductivities and thermal boundary resistances of a-GT and ¢-GT (20 nm). The thermal
conductivities of a-GT (30 and 100 nm) and c-GT were approximately 0.14, 0.15, and 0.45 W m K respectively. The thermal boundary resistance values were

28.5, 27.15, and 23.79 m?> K GW ™.

ET simulations. The parameters required for the simulation are listed in
Table S3. A simulation strategy is first necessary to predict the internal
temperature. Fig. 4(a) illustrates the simulation strategy. We adjusted
variables such as the size of the CC and crystallization onset to ensure
that the surface Ty calculated from the simulations closely matched
the observed surface Tp,x from the TTI analysis. We then aimed to
determine the internal Ty, values calculated from the simulations.

To predict the internal temperature of a device during TS operation,
it is essential to consider the shape, properties, and size of the CC. Pre-
vious studies have investigated various CC shapes [47,49]; however, a
cylindrical CC was introduced to simplify the modeling process. Addi-
tionally, the mechanism underlying the TS phenomenon within the OTS
device was considered to define the CC. Several theories on the oper-
ating mechanisms, such as the thermal runaway [54,55] and
field-induced nucleation [56-58], have been proposed to explain the TS
phenomenon in OTS. However, these models are based on insufficient
evidence: negative differential resistance was not implemented, elec-
tronic properties were not adequately integrated, and material con-
ductivity was insufficiently considered.

In contrast, electrical models have emerged as a promising mecha-
nism to address these challenges and have gained considerable attention
[38,47,48,59]. In these models, the forming process induces localized

trap-rich regions within the amorphous matrix, primarily through the
generation and accumulation of valence alternation pairs (VAPs) [60].
These VAPs act as metastable defect states formed via bond rearrange-
ment under strong electric fields, modulating the local electronic
structure without altering the material phase. The resulting inhomoge-
neous defect landscape facilitates field-driven carrier transport during
TS, without involving any structural transformation.

To investigate the intrinsic behavior of TS, we focused on SGT de-
vices, which offer improved thermal stability. Our TTI and subsequent
TEM analyses of these structures revealed that the hot spot region
remained amorphous, even after repeated switching events—supporting
the electronic origin of the switching process.

This observation reinforces the core assumption of the electrical
model: that the conductive path is transient, electronic in nature, and
not accompanied by any structural phase change during TS. Accord-
ingly, we characterized CC as an electronic filament formed via field-
induced conductivity modulation within the amorphous matrix, which
serves as the basis for the ET simulation modeling presented in the
subsequent section.

Due to the challenges in observing the size of CC caused by its
volatility, we chose to employ this strategy. Simulations were conducted
for various CC sizes to identify the size at which the surface Tpax aligned
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Fig. 4. (a) The electrothermal (ET) simulation strategy involves adjusting unknown parameters to match the maximum surface temperature observed in TTI analysis
results, to understand the internal temperature and failure process. (b) Size screening of the CC under the same TS conditions as those in Fig. 1(e). The CC diameter is
approximately 350 nm, and the maximum internal temperature (internal Tp,,,) reaches 532 K. (c) Cross-sectional image of ET simulation for Fig. 4(b). (d) Size
screening of the CC under the conditions of Fig. 1(g) at ts (4.7 ps). The CC diameter is approximately 900 nm, and the maximum internal temperature reaches 465 K.
(e) Cross-sectional image of ET simulation for Fig. 4(d). (f) Voltage and temperature graphs on the device surface obtained from in-situ TTI analysis as a function of
time, comparing experimental and simulation results. (g) Simulated internal Tyax of GT during in-situ analysis. (h) Schematic of the failure process during in-situ
analysis. Up to tj, the device remains in the off state. At to, TS occurs; after to, crystallization occurs without further changes in the CC size. This process involves
crystallization occurring alongside electromigration. At ty, failure is expected due to an increase in CC size caused by crystallization in the surrounding area as a result

of Joule heating.

with the TTI analysis results (Figure S 12). Subsequently, the internal
temperature at that point was determined. The simulation results for
these conditions are shown in Fig. 4(b). As the CC size increased, both
the surface Tpax and internal T,y decreased. However, the rate of
decrease differed significantly. While the surface Tmax showed a gradual
decline, the internal Tp,.x decreased exponentially. This pronounced
decrease is attributed to the low thermal conductivity setting assigned to
the CC, which leads to strong thermal confinement and limited heat
dissipation within the conductive region. The simulated surface Tpax of
308 K, matching the TTI result, was obtained when the CC diameter was
350 nm—closely corresponding to the ~300 nm lateral size observed in
Fig. S4. At this point, the internal Tpax Was estimated to be 532 K. As
shown in Fig. 1(f), the surface temperature increase appears to be
limited to approximately 15 K, whereas simulation results suggest that
the internal temperature of the amorphous layer can reach up to 532 K
under typical switching conditions. This apparent discrepancy is likely

attributed to the low thermal conductivity of the amorphous GT layer,
which is thought to confine most of the heat within the film and suppress
its escape to the surface. A similar trend has been reported in RRAM
devices, where SThM measurements revealed only modest surface
heating (~20 K), despite simulations indicating internal filament tem-
peratures exceeding 1000 K. This observation supports the notion that
low surface temperature signals can still be consistent with filamentary
conduction [39]. Fig. 4(c) shows a cross-sectional image obtained dur-
ing the simulation under these conditions. The central region of the CC
exhibited the highest heat generation, with temperatures exceeding 400
K across the entire area. This temperature is sufficient to induce
degradation of the component, similar to or higher than the previous
annealing temperature of 473 K. However, due to the absence of crys-
tallization, it was inferred that the pulses applied were too short to
induce crystallization. It was also noted that repeated operation of the
component under these conditions could lead to degradation. In
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summary, based on our modeling, we predicted that when TS occurs
(with a current of 0.2 mA at 2 V) with a diameter of 350 nm forms, the
internal temperature could increase to 532 K. We then simulated the
internal temperature during the in-situ analysis to understand the failure
process.

To simulate the failure process during in-situ analysis, the following
additional assumptions were necessary for modeling the internal tem-
perature during TS operation: 1) changes in the size of the CC and 2)
changes in electrical conductivity during thermal analysis and crystal-
lization. We first describe the strategies used to adjust these variables.

The variation in the CC size was considered. Previous simulations
indicated the presence of a 350 nm CC during TS occurrence; however,
TEM analysis revealed a crystallized area of 900 nm. Upon adjusting the
CC properties to match those of the c-GT, we conducted simulations with
a size of 900 nm, which yielded a surface Tp,x similar to that of the
actual analysis results, as shown in Fig. 4(d). This suggests that the
crystalline region, once crystallized, function as the CC due to its high
electrical conductivity. Fig. 4(e) shows a cross-sectional image from the
simulation under crystallized CC. Consequently, the CC size boundary
was inferred to range from 350 nm to 900 nm. Fig. 4(b) and (d) confirm
that increasing the CC size reduces heat generation. Thus, during in-situ
analysis, we aimed to increase the CC size when the surface Tpax
decreased; to minimize variables, we expanded the CC size accordingly.

Second, the changes in electrical conductivity and the timing of
crystallization during thermal analysis were considered. Regarding
electrical conductivity, Fig. S7 shows a difference in device resistance
before and after the in-situ analysis. Based on these results, the device
resistance boundary during the in-situ analysis was determined, and the
variables were adjusted to increase the electrical conductivity of the CC.
Furthermore, due to continuous heating during the in-situ analysis, it
was expected that once crystallization occurred, it would persist. In
other words, we aimed to identify the point at which the properties of CC
transitioned to those of c-GT. An increase in the thermal conductivity of
the CC led to a simultaneous rise in surface temperature and a decrease
in the internal temperature. Thus, it was inferred that crystallization
occurred when the internal temperature increased anomalously
(Fig. S13). By adjusting these variables, a surface Tp,ax similar to that in
the in-situ analysis results was calculated, as shown in Fig. 4(f). The time
points t1—tg from Fig. 1(g) are directly marked in Fig. 4(f).

Through the alignment of the experimental and simulation results in
Fig. 4(f), the temporal states of the in-situ analysis results can be un-
derstood as follows: up to t;: (i) off-state; tj—to: (ii) occurrence of TS;
to—ts: (iii) EM with crystallization, and t3 onward: (iv) broadening of CC.
Additionally, the internal Tp,,x value during this process was confirmed,
as shown in Fig. 4(g). As mentioned previously, the low heat generation
at t; indicates an off-state. Subsequently, the temperature from t; to ty,
matches the transient TTI analysis results, indicating the occurrence of
TS. Furthermore, it was confirmed that the internal heating temperature
increased from 570 K to 602 K during the TS. This indicates an increase
in the device current due to heating during TS, which is expected to
accelerate device degradation. After t;, CC crystallization was
confirmed. Moreover, two distinct states, namely (iii) and (iv), were
observed based on the CC diameters of 350 nm and 900 nm. Based on
previous findings (Figs. S8 and 2(d)), it was confirmed that 1) crystal-
lization occurred concurrently with the EM phenomena, and 2) pe-
ripheral crystallization occurred due to CC heating. In case (iii),
crystallization was expected to occur in the 350 nm area where the
electric field was concentrated. Conversely, in (iv), crystallization was
expected to occur across the 900 nm region due to heat transfer to the
periphery. Thus, increased internal heating during TS led to CC crys-
tallization concurrent with the EM phenomena. Subsequently, heating
from repeated pulse applications led to an increased crystallization area
around the CC periphery. These processes are illustrated schematically
in Fig. 4(i). A mismatch between the experimental and simulation results
was observed, particularly after the pulse application. This discrepancy
is likely due to a technical artifact in the in-situ TTI measurement setup.
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Specifically, the LED light source used for thermal imaging has a finite
pulse width (~500 ns), which can overlap with the trailing edge of the
electrical pulse. This timing mismatch results in apparent post-pulse
heating artifacts, even though the applied voltage has already ceased.

3.2. SGT-based OTS devices

As aforementioned, the study was conducted on the SGT-based OTS
device, which exhibits excellent thermal stability, using the same
approach applied to the GT-based OTS device. This section focuses on a
comparative interpretation of the electrical, thermal, and structural
characteristics of SGT-based devices, leveraging the methodologies
established in Section 3.1. The SGT-based OTS device was fabricated
with a cross-point structure identical to that of the GT-based OTS device,
comprising Au (50 nm)/TiN (30 nm)/SGT (50 nm)/Pt (50 nm), with a
junction area of 100 pm?2. The thickness and area of the SGT device were
carefully selected based on experimental results obtained under various
device conditions, in order to exhibit device characteristics comparable
to those of the GT device. Further details regarding the characteristics of
the SGT devices are presented in Fig. S14-S16.

Fig. 5(a) presents the I-V curve of the fabricated SGT-based OTS
device, showing typical TS behavior: after the application of 2.7 V of Vy,
a Vi, of 1.65 V and a V19 of 1.55 V were observed with a compliance
current of 10 pA. Although the V¢ for the SGT device was higher than
that for the GT device, the operating voltage was lower, which can be
attributed to the thinner SGT film. Subsequently, a 3 V pulse with a 5 ps
duration was applied to induce TS behavior, as shown in Fig. 5(b). To
limit the current, an external resistor of 2 kQ2 was used, similar to the GT-
based OTS device. During this application, a current of approximately
0.25 mA was observed. The endurance test results (Fig. 5(c)) demon-
strated that the SGT-based OTS devices reliably operated for up to 10*2
cycles, highlighting their excellent endurance characteristics. This su-
periority can be attributed to the SGT film’s enhanced thermal stability.
Accordingly, TTI analysis was conducted on the SGT-based OTS device
in the same manner as for the GT-based OTS device to investigate its
thermal behavior. As expected, superior thermal properties were
observed. Fig. 5(d) shows the transient thermal mapping image obtained
during the application of a pulse with a 5 V amplitude and a duration of
90 ps. A current of 0.25 mA was measured, and, like the GT-based OTS
device, a distinct hot spot with a diameter of less than 1 pm was observed
within the junction area. This observation was corroborated by the
surface temperature distribution illustrated in Fig. 5(e), which varies
based on the junction’s position. The Ty« at this time was 299.28 K,
lower than the 308.04 K observed for the GT-based OTS device with a
shorter pulse. To verify the consistency of thermal behavior across
different devices, we conducted additional TTI measurements on various
SGT devices, which exhibited consistent temperature profiles. An in-situ
TTI experiment was also performed on another SGT device with a
different structural configuration. Both results are presented in Fig. S17.

While the temperatures observed in the TTI analysis correspond to
the device’s surface temperature, as shown in Fig. 4, predicting the in-
ternal heating temperature through ET simulations is necessary. How-
ever, even a comparison of surface temperatures demonstrates that the
Joule heating effects in SGT-based OTS devices are significantly lower.
Given that the GT devices suffered from thermally induced degradation
likely caused by high Joule heating and EM, this reduction in SGT may
help suppress similar breakdown events. The I-V characteristics of the
same SGT device before and after TTI analysis, including the forming
step, are shown in Fig. 5(f). These DC measurements clearly demonstrate
that TS behavior is preserved after thermal imaging, although the Vi,
decreases slightly from 1.9 V to 1.4 V, accompanied by an increase in off-
state current. This degradation is attributed to minor device wear
induced by repeated operation. The corresponding TTI results for this
device, including thermal images acquired before and during the voltage
pulse, are provided in Fig. S18.

Importantly, while a localized hot spot is observed during the pulse
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Fig. 5. (a) The I-V curves of the SGT device demonstrate the threshold switching (TS) operation. After the electroforming process at ~2.7 V (Vg), TS occurred at
~1.65 V (Vy,), and the device turned off at ~1.55 V (V14). (b) TS behavior was demonstrated using a pulse measurement system when a pulse (amplitude = 3 V,
duration = 5 ps) was applied. To limit the current, an external resistor load of 2 kQ was used. (c) Endurance cycle test of the SGT device showing stable on-current
over 10'2 pulses (main), and preserved TS behavior before and after cycling (inset), confirming excellent endurance and switching reliability. (Pulse condition: 3 V
unipolar pulses with a pulse width of 100 ns and a pulse period of 200 ns) (d) A thermal image of SGT device during pulse application. When a 5V pulse was applied,
a current of ~0.25 mA was observed, confirming TS occurrence when compared with the pulse measurement results. (e) Three-dimensional temperature mapping of
the junction area in the device revealed a maximum temperature (Tp,x) of 299.28 K with a localized heating spot, consistent with the GT thermal mapping result
(Fig. 1(f). (f) DC I-V characteristics of the same SGT device before and after TTI analysis, including the forming step. The TS behavior is clearly preserved, con-
firming that the device remained operational following thermal analysis. The corresponding TTI results for this device, including thermal images before and during

pulse application, are provided in Fig. S18.

application (Fig. S18(c)), the device retains its TS functionality after-
ward. This reinforces the conclusion that hotspot formation does not
necessarily indicate device failure but is instead a manifestation of
localized Joule heating associated with TS operation. Furthermore, the
current magnitude observed during the TTI analysis is comparable to
that measured in the DC I-V curve (Fig. 5(a)) and pulse-based mea-
surement (Fig. 5(b)), suggesting that the thermal signal captured during
TTI corresponds to the TS occurrence. Motivated by the thermal
behavior observed in the TTI analysis, we next performed TEM analysis
to investigate whether the hotspot region exhibited any structural
modifications.

TEM analysis was conducted to investigate the structural charac-
teristics of the heat-generating region. During the FIB processing,
however, the top electrode detached, resulting in the absence of Au and
TiN materials in the heat-generating region. Fig. 6(a) displays the TEM
analysis results, which confirm that the SGT thin film is amorphous
throughout the region, as evidenced by FFT analysis. Additionally, TEM-
EDS analysis results for Ge, Se, and Te elements are illustrated in Fig. 6
(b)-(d). These results indicate that the three elements are uniformly
distributed, contrasting with observation in GT-based OTS devices
where EM phenomena were detected. This difference suggests the
presence of Ge-Se bonds (2.14 eV per bond, ~207 kJ/mol) with higher
bond energy than Ge-Te bonds (1.53 eV per bond, ~148 kJ/mol) in the
SGT thin film, enhancing resistance to EM phenomena [61,62]. Conse-
quently, the high bonding energy of the SGT thin film may contribute to
improved thermal stability, reducing the likelihood of device failure.

Simultaneously, the Joule heating effect during TS operation in the
SGT-based OTS device was analyzed. The internal temperature

expectations were determined through ET simulations, employing the
same methodology used for the GT-based OTS device.

Prior to this, the thermal properties of the SGT thin film were ob-
tained through TDTR analysis, conducted similarly to the analysis for
the GT thin film. For the SGT thin film, only amorphous thin films were
analyzed, as no crystalline phase was observed during operation of the
SGT-based OTS device. Additionally, to enhance accuracy, TDTR anal-
ysis was performed using SGT thin films of 50 nm and 100 nm thickness
(Fig. S10, Table S2). The results, shown in Fig. 6(e), indicate a faster
thermal decay rate for the 50 nm thin film. Based on these results,
extracted thermal properties are presented in Fig. 6(f). The thermal
boundary resistance values were 28.9 and 28.93 m? K-G-W ! for the 50
nm and 100 nm thin films, respectively, confirming that interfacial
characteristics were independent of the thickness of the SGT thin film. In
contrast, thermal conductivity values were 0.14 and 0.153 Wm ! K},
respectively, showing a slight increase with greater thickness. These
results and trends are similar to those for GT thin films (0.14 and 0.15 W
m~! K for 30 nm and 100 nm amorphous GT thin films), indicating
minimal differences in the thermal properties of the two thin films. This
confirms that the high thermal stability of the SGT thin film, due to its
high bonding energy, influences its higher crystallization temperature
compared to the GT device [37], while having minimal impact on
thermal conductivity or thermal boundary resistance. In terms of ther-
mal conductivity within OTS devices, SGT thin films are expected to
exhibit lower thermal conductivity due to their thinner thickness,
thereby slowing heat dissipation.

Therefore, to analyze the effect of the low thermal conductivity of
the SGT thin film on the internal temperature during TS operation, ET
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Fig. 6. (a) TEM image demonstrating the heating region of SGT device. Unlike the GT results, FFT analysis confirmed the presence of an amorphous phase
throughout the entire region. (b)-(d) TEM-EDS analysis results for Ge, Se, and Te elements corresponding to region (a), showing that each element was evenly
distributed. (e) TDTR results for SGT thin films with thicknesses of 50 nm and 100 nm. The faster decay rate observed in the SGT 50 nm is attributed to its reduced
thickness. (f) Calculated thermal conductivities and thermal boundary resistances of SGT thin films with thicknesses of 50 nm and 100 nm. The thermal conduc-
tivities of 50 nm and 100 nm SGT were approximately 0.14 and 0.153 W m~! K™%, respectively. The thermal boundary resistance values were 28.9 and 28.93 m? K
GW™1, respectively. (g) Size screening of the CC under the same TS conditions as those shown in Fig. 5(d). The CC diameter was approximately 350 nm, similar to
that of the GT device, with an internal Ty, ,x reaching 444 K. (h) Cross-sectional image of the ET simulation corresponding to Fig. 6(g). Compared to the GT device

(~532 K), the SGT device exhibited a lower internal Tp,.y.

simulations were conducted following the same methodology. By
adjusting the CC size and comparing the TTI analysis results of the TS
operation process with the ET simulation results, the CC size in the SGT
device was estimated. Fig. 6(g) presents the ET simulation result after
varying the CC size. Notably, the surface temperature aligned with the
TTI analysis results when the CC diameter was approximately 350 nm,
consistent with the ET simulation results of the GT-based OTS device.
This finding indicates that during OTS device operation, TS operation
can be expected within a CC diameter of 350 nm under TTI analysis
conditions. Furthermore, the internal Ty, under these CC conditions
was determined to be approximately 444 K, which is lower than the ET
simulation results for the GT-based OTS device. This is attributed not to
the high thermal conductivity of the SGT thin film, but rather to its lower
electrical conductivity, resulting in reduced Joule heating.

In summary, the SGT-based OTS device demonstrated enhanced
resistance to EM phenomena, attributed to the high bonding energy of
the SGT thin film and reduced Joule heating due to its lower electrical
conductivity. To improve the durability of OTS devices, two strategies
can be employed: (1) suppressing EM by increasing the thin film’s
bonding through elemental doping, and (2) optimizing electrical prop-
erties to minimize Joule heating during TS operation by reducing the on-
current. While electrical properties have a more significant effect on
durability, the ET simulation results for the SGT-based OTS device
indicated that the internal Tp,x increased by approximately 150 K— a
level high enough to induce thermal stress during repeated operation.
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Moreover, the subtle structural/chemical changes caused by this Joule
heating cannot be overlooked as contributing factors. Given the ongoing
discussions about Joule heating effects in SOM devices, further research
is necessary to quantitatively analyze its impact and clarify its interac-
tion with electrical properties.

4. Conclusions

We fabricated and compared GT-based and SGT-based OTS devices
using a cross-point architecture. Transient TTI analysis of both devices
enabled direct observation of the conducting channel evolution during
volatile TS and allowed determination of the associated heating tem-
peratures. Specifically, for the GT-based OTS device, in-situ TTI analysis
provided real-time videos of the heating process and surface tempera-
ture profiles over time, which were crucial for understanding the
breakdown process. Subsequent TEM analysis identified the structural
changes in the device after TS, confirming either the retention of the
amorphous state or localized crystallization within the heating region.
EDS and XRD analyses of the GT-based OTS device revealed that the EM
of Te, induced by repetitive pulses and crystallization due to Joule
heating, led to device failure. In contrast, the higher bonding energy in
the SGT film appeared to suppress EM, contributing to enhanced device
stability. To investigate the internal temperature during TS and the
failure mechanisms, ET simulations were conducted using thermal
properties derived from TDTR analysis. The TDTR results showed no
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significant differences in thermal properties between GT and SGT films,
indicating negligible disparities in heat dissipation effects. ET simula-
tions revealed that during TS, a CC with a diameter of 350 nm formed in
both GT- and SGT-based OTS devices, elevating the internal Tpax to
approximately 530 K and 444 K, respectively. Through the ET simula-
tions of the in-situ TTI analysis of the GT-based OTS device, device
failure was primarily attributed to high internal heating during TS,
which caused EM and crystallization of Te induced by repetitive pulse
operations, followed by peripheral crystallization due to heat transfer.
The SGT-based OTS device demonstrated greater durability and stable
operation compared to the GT-based OTS device, primarily due to
higher bonding energy within the thin film and reduced Joule heating.
Conversely, failures in the GT-based OTS device were caused by Te EM
and crystallization triggered by repetitive pulse operations. These
findings underscore the importance of strategies to suppress EM and
minimize Joule heating to improve the durability of OTS devices.

Future research should focus on quantitatively analyzing the impact
of Joule heating on the thermal and electrical properties of devices, as
well as identifying subtle degradation factors that may also affect SGT-
based devices. Further efforts should aim to improve the synchroniza-
tion between optical and electrical signals in order to minimize timing
artifacts in the TTI system and thereby enhance measurement accuracy.
This study provides valuable foundational data to improve the perfor-
mance and reliability of OTS devices.
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