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a b s t r a c t

For the future scaling of 3D cross-point (X-point) memory, it is necessary to implement atomic layer de
position (ALD) of chalcogenides for ovonic threshold switch (OTS) applications. We investigated ternary Ge- 
Se-S amorphous chalcogenide alloys based on ALD process, motivated by the expectation of low off-current 
and stable OTS behavior by partially replacing S in binary Ge-Se. Ge-Se-S alloys were synthesized by post- 
deposition sulfurization of ALD GeSe2 thin films. Especially, we investigated the growth characteristics and 
film properties of ALD GeSe2 using HGeCl3 precursors with Se(SiMe3)2 together with density-functional 
theory (DFT) calculations. By changing the temperature and the low-temperature plasma sulfurization time, 
the compositions of 10-nm-thick Ge-Se-S thin films were controlled along the GeSe2-Ge2S pseudo-binary 
line in ternary phase diagram. It was confirmed that the Ge5Se3S2 alloys maintained an amorphous phase 
and excellent step coverage, similar to ALD GeSe2. Finally, we compared the OTS electrical characteristics of 
10-nm-thick ALD GeSe2 with Ge5Se3S2 amorphous chalcogenide thin films in a mushroom-type device with 
a 50-nm bottom electrode. The novel Ge5Se3S2 had a slightly larger threshold voltage (Vth) drift than GeSe2 

but exhibited the advantages of a higher threshold field, lower off-current, and smaller Vth fluctuation up to 
106 cycles.
Data availability: The data that has been used is confidential.

© 2023 Elsevier B.V. All rights reserved. 

1. Introduction

In the late 1960 s, Ovshinsky discovered that chalcogenide ma
terials (such as sulfide, selenide, and telluride) have a switching ef
fect, which is called ovonic threshold switching (OTS) [1]. After 
approximately 40 years, various two-terminal selectors, including 
OTS for cross-point (X-point) arrays, have been studied owing to the 
cost-efficiency and performance limitations of conventional mem
ories and the need to introduce neuromorphic computing systems 
[2,3]. The OTS selector is considered as the most promising candi
date for X-point arrays for 1S1R structures connected in series with 
resistive memory elements because the OTS selector has the ad
vantages of a low leakage current, high on-current, low latency, and 

suitable threshold voltage. OTS with these advantages are the 
technology that has been applied to mass production [4] of such as 
PCRAM (phase change RAM), CBRAM (conductive bridge RAM), 
OXRAM (oxide-based resistive RAM), and STT-MRAM (spin-transfer 
torque magnetic RAM) [5–7].

Phase change memory (PCM) materials, for which Ge-Sb-Te (GST) 
is the typical example, should have a rapid and reversible transition 
between amorphous and crystalline phases. In contrast, OTS mate
rials should maintain an amorphous phase even at high tempera
tures for extended periods, which is induced by continuous and 
repetitive Joule heating with electrical switching. Since OTS mate
rials are glass formers with strong bonding, it is appropriate to 
contain lighter elements with shorter bond-length, such as Se and S, 
rather than Te [8]. Moreover, in Ge- or Si-based chalcogenide alloys, 
an increase in the optical bandgap can be expected to achieve a 
lower off-current, for which Se and S are better than Te [9–11].

Recently, various atomic layer deposition (ALD)-based processes 
have been reported for OTS applications aiming for vertical X-point 
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(VXP) three-dimensional (3D) structures with improved step-cov
erage and cost per bit [12]. The study of chalcogenide ALD for OTS 
applications started few years ago, mainly with binary Ge-Te and Ge- 
Se [13–17]. The ALD Ge-Te showed excellent step-coverage and 
electrical feasibility, but revealed limitations in low crystallization 
temperature and insufficient reliability characteristics for OTS ap
plications. In the case of ALD Ge-Se, various research groups have 
studied OTS applications due to excellent thermal stability, and there 
have been many GeSex-based OTS studies with various elements to 
investigate the effect of incorporation of Sb, N, C, As, etc., improve, 
and control the performance for a selector [18–21]. For example, V. 
Adinolfi et al. have published a study of ternary ALD Ge-Se-Te in 
which the threshold voltage (Vth) increases and the leakage current 
decreases by including Se in ALD Ge-Te using the super-cycle ALD 
method of Ge-Te and Ge-Se [18]. However, no research based on Ge- 
Se-S alloy for OTS application has been reported although in
corporating S into Ge-Se can lead to the better OTS performance 
owing to its shorter bonding length and higher optical bandgap than 
Se. Furthermore, there only have been ALD OTS studies containing 
the fundamental electrical characteristic analysis such as on/off 
current ratio, Vth, and endurance of resistance, even though ex
tensive and in-depth studies of electrical characteristics such as Vth 

drift and Vth fluctuation are vital to prepare practical application and 
mass production of future 3D VXP memory.

In this study, we succeeded in synthesizing the novel ternary ALD 
Ge-Se-S alloy containing S of stronger bonding to ALD Ge-Se, re
vealing the advantages of OTS application of ternary Ge-Se-S de
vices. Here, we developed a two-step process of a novel Ge-Se-S 
alloy consisting of ALD GeSe2 followed by post-sulfurization. Then, 
thin films were fabricated for 50-nm technology devices using ALD 
GeSe2 and Ge5Se3S2 chalcogenide alloy. We analyzed the preliminary 
DC characteristics, the fundamental first firing phenomenon, Vth, 
and leakage current characteristics for the first time. In addition, a 
reliability analysis of the Vth drift, Vth fluctuation, and endurance of 
the ALD GeSe2 and Ge5Se3S2 devices was performed. Furthermore, 
the device characteristics of a novel ALD-based Ge5Se3S2 OTS ma
terial were compared with those of conventional ALD GeSe2, and the 
advantages of high Vth, low leakage current, and reliability char
acteristics were extensively discussed.

2. Material and methods

2.1. DFT calculations

All DFT calculations were performed using the Gaussian 16 suite 
of programs [22]. All the geometries were optimized with Becke’s 
three-parameter hybrid functional (B3LYP) [23,24]. For dispersion 
correction, Grimme’s dispersion with Becke–Johnson damping 
(GD3BJ) was used [25,26]. For the DFT calculation, the Def2SVP basis 
set was used for Si and Ge, and Def2TZVP was used for H, C, and Cl. 
The LanL2DZ basis set with an effective core potential (ECP) was 
used for Se.

2.2. Sample preparation

The ALD of Ge-Se thin films and the post-sulfurization process 
were investigated using traveling waveform type equipment (SNTEK 
Co., LTD) using trichlorogermane (HGeCl3), bis (trimethylsilyl) sele
nide (Se(SiMe3)2) precursors, and a hydrogen sulfate (H2S) gas re
actant. In the ALD process, a canister of the HGeCl3 precursor with a 
high vapor pressure of approximately 100 Torr at 30 °C was used 
with a refrigerated water bath circulator (Jeio Tech, RW3–25) low
ered to 3 °C. The Se(SiMe3)2 precursor was maintained at a vapor 
pressure of approximately 5 Torr at 40 °C using a heating tape on the 
canister. Ar purging was performed at 30 sccm using a mass flow 
controller (MFC). The base pressure of the ALD chamber was 25 

mTorr, and the working pressure was set at ∼1.5–2.0 Torr by ad
justing a throttle valve. For sulfurization of the Ge-Se thin film, in
ductively coupled RF plasma was applied in a H2S and H2 gas 
atmosphere. Chamber heating and cooling was performed under Ar 
50 sccm flow conditions, and inductively coupled RF plasma 150-W 
conditions were applied while flowing H2S at 20 sccm and H2 at 20 
sccm, at the target sulfurization temperature, as shown in Fig. S1.

2.3. Film analysis and electrical measurements

The thickness of the thin film was measured using a model-va
lidated spectroscopic ellipsometer (SE, Ellipso Technology, Elli-SE-F) 
and a scanning electron microscope (SEM, Hitachi, su-9000). Atomic 
composition and impurity analyses of the thin films were performed 
using Auger electron spectroscopy (AES, ULVAC, PHI-710), X-ray 
photoelectron spectroscopy (XPS, Thermo Fisher Scientific, K-Alpha), 
and focused ion beam transmission electron microscopy equipped 
with energy-dispersive spectroscopy (FIB-TEM/EDS, JEOL, JEM F- 
200). FIB-TEM was also used to confirm the step coverage of the ALD 
thin films. Atomic force microscopy (AFM, Bruker, Dimension ICON) 
was used to analyze surface roughness. The amorphous phase and 
optical bandgaps (Eg) of the thin films were determined using X-ray 
diffraction (XRD, Rigaku, SmartLab) and ultraviolet-visible near-in
frared spectrophotometry (UV-NIR, Agilent, Cary 5000) measure
ments. For the OTS device, ALD Ge-Se and Ge-Se-S thin films were 
deposited on a patterned substrate, including a 50-nm-diameter TiN 
bottom electrode contact (BEC). Subsequently, an amorphous carbon 
layer (ACL) and Ru were deposited by sputtering, and the top elec
trode (TE) was patterned. The electrical characteristics were mea
sured using a Keithley 4200A-SCS parameter analyzer with two 
source-measure units (4200-SMU), an ultrafast pulse measurement 
unit (4225-PMU), and two remote preamplifier/switch modules 
(4225-RPM).

3. Results and discussion

3.1. DFT calculations

To study the reaction between HGeCl3 and Se(SiMe3)2 as the 
precursor and reactant, we investigated the coordinate diagram of 
the ALD reaction using DFT calculations, as shown in Fig. 1. As 
HGeCl3 is known to be decomposed by the GeCl2 + HCl reaction [17], 
the half-reactions of the ALD process were simulated by calculating 

Fig. 1. Proposed reaction coordinate diagram between HGeCl3 and Se(SiMe3)2 pre
cursor.
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the ligand-exchange reactions of GeCl2 with the Se(SiMe3)2, as 
shown below [27,28].  

GeCl2 + Se(SiMe3)2 → ClGeSe(SiMe3) + SiMe3Cl                              

The adsorption energy of Se(SiMe3)2 and GeCl2 is 17.13 kcal/mol 
with exothermicity. After physical adsorption, Cl atoms from GeCl2 

migrate to Se(SiMe3)2 with activation barriers of 23.09 kcal/mol. 
Finally, after Cl migration and desorption of the SiMe3Cl byproduct, 
the final structure of each reaction was changed to ClGeSe(SiMe3). 
The exothermicity for each reaction is 22.56 kcal/mol. In this result, 
it can be predicted that the ALD reaction of HGeCl3 and Se(SiMe3)2 is 
a reasonable process on the physisorption energy, activation barrier, 
and chemisorption energy of the final state.

3.2. ALD growth characteristics of Ge-Se

Fig. 2 shows the growth characteristics of ALD Ge-Se thin films 
on SiO2 substrates as a function of the HGeCl3 and Se(SiMe3)2 pre
cursor exposure time, number of ALD cycles, and growth tempera
ture. Fig. 2(a–c) show the growth rate of self-limiting growth 
behavior with a GPC (growth per cycle) of 0.25 Å/cycle in the ALD 
sequence of Ge precursor (4 s); Ar purge (8 s); Se precursor (2 s); and 
Ar purge (8 s) at a growth temperature of 60 °C. Fig. 2(d) shows the 
change in the growth rate of the ALD Ge-Se thin films as a function of 
the growth temperature. It was observed that the growth rate of 
0.25 Å/cycle at 60 °C decreased to 0.1 Å/cycle at 100 °C, whereas the 
growth observed at 140 °C was negligible. This result was similar to 

those of previous Ge-Se ALD studies, which discussed the desorption 
potential of volatile Se at elevated temperatures [14,16].

Fig. 2(e) shows cross-sectional FIB-TEM and EDS element (Ge, Se) 
mapping images of the 10-nm-thick ALD Ge-Se thin film, to evaluate 
the step coverage and quantitative elemental composition. The 
substrate used had a 12:1 aspect ratio with a width of 200 nm and a 
SiO2 height of 2400 Å on the Si wafer. The step coverage, including 
top, side, and bottom, demonstrated the advantage of ALD, with 
excellent conformality of approximately 94 %. Fig. S2(a) shows the 
AES depth profile analyzed for the composition and impurities of the 
ALD Ge-Se thin film at a growth temperature of 60 °C. The compo
sition of the ALD Ge-Se thin film was identified as Ge0.32Se0.68, ex
cept for approximately 4 % of oxygen and silicon impurities, which 
can be called the stoichiometric composition of GeSe2. The atomic 
composition of the ALD GeSe2 alloy was supported by the TEM-EDS 
analysis results in Fig. 2(e).

3.3. Composition control using post sulfurization

We performed a two-step post-sulfurization process to synthe
size Ge-Se-S alloys based on GeSe2 thin films with confirmed ALD 
behaviors. To control the composition of the Ge-Se-S alloys without 
crystallization from the ALD GeSe2 amorphous thin films, the plasma 
sulfurization temperature was controlled between 100 and 300 °C 
for 30 min (Fig. S1). Fig. 3(a–c) show the XPS measurement results 
for the Ge 3d, Se 3d, and S 2p binding energies of the atomic com
position change, depending on the plasma sulfurization temperature 
of the 30-nm-thick ALD GeSe2 thin films. As the sulfurization 

Fig. 2. Growth and self-limited saturation behavior of ALD at 60 °C using a HGeCl3 and Se(SiMe3)2 precursor as a function of: (a) HGeCl3 exposure time; (b) Se(SiMe3)2 exposure 
time; (c) Film thickness with various numbers of ALD cycles; (d) Growth temperature; (e) TEM image, TEM-EDS elemental mapping of Ge, Se and composition analysis of a 10-nm- 
thick ALD GeSe2 thin film on a SiO2 trench pattern wafer.
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temperature increased, the peak corresponding to Ge 3d in Fig. 3(a) 
shifted from Ge-Se (∼31.3 eV) to Ge-S (∼30.5 eV), and these peak 
shifts mean composition change from Ge-Se to Ge-S which is at
tributed to decrease of Ge-Se peak intensity and increase of Ge-S 
peak intensity. In addition, Fig. 3(b, c) show that the peaks corre
sponding to Se 3d (∼55.0 eV) and Se 3p (∼160.9 eV) decreased; 
however, increase of S 2p (∼162.5 eV) was clearly observed. In the 
plasma sulfurization process, it was confirmed that the Se atoms 
were spontaneously replaced by S atoms in the S-rich environment.
[29] The AES depth profile analysis in Fig. S2 supports the compo
sitional change of the ALD GeSe2 thin film to Gex-Sey-Sz in the depth 
direction without a significant change in impurities. Fig. 3(d) shows 
the composition-controlled results along the GeSe2-Ge2S pseudo- 
binary line by changing the temperature and time of the plasma 
sulfurization process in the Ge-Se-S ternary diagram. In particular, 
the low-temperature plasma sulfurization process revealed that the 
desorption of Se atoms was more dominant than the adsorption of S 
atoms from the results of the complete conversion of ALD GeSe2 to 
the Ge2S alloy. In addition, ALD Ge5Se3S2 via post-plasma sulfur
ization was confirmed to have an amorphous phase by XRD mea
surements in Fig. S3. As shown in Fig. 3(e), from FIB-TEM and EDS 
analysis, it was shown that the ALD Ge5Se3S2 alloy thin film syn
thesized through the 10-nm-thick ALD GeSe2 and subsequent 
plasma sulfurization process (300 °C, 30 min) exhibited uniform 
atomic distribution and slight degradation of surface morphology at 

the top side of the trench, which can be attributed to damage by 
reactive H2S plasma species such as proton.[30] To confirm the 
morphology degradation by the plasma process, the surface rough
ness RMS (root-mean-square) through AFM analysis was measured 
(Fig. S4). As a result, the surface roughness increased slightly from 
1.01 to 2.04 nm compared to ALD GeSe2, and this result is consistent 
with Fig. 3(e).

3.4. DC characteristics

ALD of binary GeSe2 and ternary Ge5Se3S2 amorphous chalco
genide alloys was studied in terms of their OTS electrical char
acteristics. Fig. 4(a) shows a schematic of the electrical measurement 
system, including the PMU with RPM for the reliability analysis, as 
well as the SMU for the basic DC test. Fig. 4(b) shows an FIB-TEM 
cross-sectional image of a mushroom-type OTS device with a 10- 
nm-thick OTS cell (ALD GeSe2, Ge5Se3S2)/intermediate electrode 
(ACL)/TE (Ru) structure on a 50-nm BEC (TiN). An ACL was applied as 
an intermediate electrode to improve device reliability and perfor
mance [31]. In addition, a 10-kΩ load resistor was included to 
minimize device degradation owing to the current overshoot in the 
Vth region. Fig. 4(c, d) show the DC I–V curves of the GeSe2 and 
Ge5Se3S2 devices measured at room temperature with a compliance 
current of 100 mA. The OTS devices exhibited the first firing behavior 
to initialize the amorphous chalcogenide cells and drive them to 

Fig. 2.  (continued) 
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stationary behavior. The 10-nm-thick ALD GeSe2 devices showed a 
median value of first firing voltage (Vff) and threshold voltage (Vth) of 
3.4 and 1.9 V, respectively. In contrast, the 10-nm-thick ALD Ge5Se3S2 

devices showed higher median values for Vff and Vth of 4.3 and 3.2 V, 
respectively, compared to that of GeSe2 devices. These changes of 
the electrical parameters can be related to Eg difference of 

Fig. 3. XPS spectra for (a) Ge 3d; (b) Se 3d; and (c) S 2p core levels of Ge-Se-S alloys through the plasma sulfurization temperature. (d) Ge-Se-S ternary diagram showing the 
composition-controlled alloys via the ALD GeSe2 and post plasma sulfurization. (e) TEM image, TEM-EDS elemental mapping of Ge, Se, S and composition analysis of a 10-nm- 
thick ALD Ge5Se3S2 thin film on a SiO2 trench pattern wafer.
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chalcogenide films, and the Eg of GeSe2 and Ge5Se3S2 will be com
pared later in this paper. Also, it is remarkable that Vth of Ge5S3Se2 is 
higher than that of previously reported (Ge0.6Se0.4)0.78Sb0.22, having 
same Ge and Se contents with Ge5Se3S2 except for S, even though the 
thickness of Ge5Se3S2 was much thinner than (Ge0.6Se0.4)0.78Sb0.22 

[32]. It can be also explained by higher Eg of Ge5Se3S2 attributed to S 
incorporation as mentioned in introduction. ALD Ge5Se3S2 with 
higher threshold field (Eth) characteristics has a very important 

scaling advantage in VXP architecture, where the thin film thickness 
directly affects chip size [9].

In addition, ALD Ge5Se3S2 showed good off-leakage properties, 
which were significantly lower from ∼200 to ∼40 nA compared to 
ALD GeSe2 based on the normalized off current at half Vth (Ioff,1/2). 
Low leakage current is another significant key performance indicator 
for high-density implementation and scaling, because the low Ioff 

characteristics of the OTS device can reduce the sneak current of the 

Fig. 4. OTS device characteristics of 10-nm-thick ALD GeSe2 and Ge5Se3S2 thin films. (a) Schematic of electrical measurement; (b) Cross-section FIB-TEM image of mushroom-type 
OTS device on a 50-nm BEC; (c, d) DC I–V curves; (e, f) Triangular pulsed I–V curves.
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X-point arrays [33]. Because the Eg of amorphous chalcogenide 
corresponds to the activation energy (Ea) of the modified Poole–
Frenkel (PF) equation by the trap-limited conduction model, which 
describes the electrical conduction mechanism of OTS, the OTS 
materials with a high Eg are reported to have a low Ioff and high Eth 

[34,35]. In the Tauc plot shown in Fig. S5, it was confirmed that the 
Eg extracted as a linear trend line when (αhυ)1/2 is zero was 1.15 and 
1.35 eV for the ALD GeSe2 and ALD Ge5Se3S2, respectively. The reason 
Ge5Se3S2 has a high Eg is that although the proportion of Group 6 
chalcogen elements (i.e., S, Se, Te) is small, the Eg contribution of S is 
greater than that of Se [36,37]. In addition, Tauc parameters (B1/2), 
which is the slope of tangent line of Tauc plot, were extracted to 
obtain information for the film disorder [38,39]. Extracted Tauc 
parameters of GeSe2 and Ge5Se3S2 showed similar values of 586.6 
and 591.4 cm−1/2eV−1/2, respectively, and this means that post sul
furization process in this work didn’t significantly affect the film 
disorder of GeSe2.

3.5. AC characteristics

Fig. 4(e, f) show the time-dependent I−V curve, from which Vth 

can be extracted using triangular pulses (rising/falling = 5 µs/5 µs) 

for reliability evaluation. Both ALD GeSe2 and ALD Ge5Se3S2 showed 
on-current characteristics of 100 µA or more, and switching char
acteristics were confirmed at a level similar to Vth, shown in the DC 
I–V curves in Fig. 4(c, d). Also, both devices were turned on within 
75 ns as shown Figs. S6. The OTS devices with ALD GeSe2 and 
Ge5Se3S2 investigated the VFF, Vth, Ioff, and Ion characteristics as the 
basic requirements of the selector of the 3D X-point memory ar
chitecture. Next, reliability characteristics were explored.

Fig. 5(a) shows the Vth drift characteristics, which are popular as 
a mechanism of defect annihilation by structure relaxation of 
amorphous chalcogenides over time [40]. In addition, the Vth fluc
tuation related to random telegraph noise (RTN) caused by electron 
capture and emission at a trap site were analyzed together through 
repeated Vth drift measurements [41]. The read window margin 
(RWM) of 3D X-point memory suffers as the values of these two 
parameters increase [41]. For the median characteristics of the ALD 
GeSe2 devices, the Vth drift was 25.3 mV/decade and the Vth fluc
tuation was 27.8 mV/σ. In contrast, for ALD Ge5Se3S2 devices, the 
median values of Vth drift and Vth fluctuation were 30.0 mV/decade 
and 14.6 mV/σ, respectively. ALD Ge5Se3S2 showed a slight increase 
in the Vth drift but a significant decrease in the Vth fluctuation 
compared to ALD GeSe2. Fig. 5(b–d) show the cyclic switching 

Fig. 5. (a) Vth drift and Vth fluctuation characteristics of 10-nm-thick ALD GeSe2 and Ge5Se3S2 OTS devices; (b) Vth fluctuation with endurance cycles; (c, d) Pulse I–V curves with 
endurance cycles.
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endurance characteristics of the ALD GeSe2 and Ge5Se3S2. The cyclic 
switching pulses of the two devices were applied at 4.2 and 6.0 V, 
respectively, considering the Vth difference and the normalized on- 
state current of approximately 100 µA. In both cases, hard failures 
did not occur until 106 cycles. However, the ALD GeSe2 showed a 
large increasing directional long-term Vth fluctuation of approxi
mately 1.1 V in the long cyclic switching operation, whereas the ALD 
Ge5Se3S2 showed a monotonous small long-term Vth fluctuation of 
approximately 0.3 V. ALD GeSe2 is likely to be seen as a soft failure, 
depending on the read and write operation margins of the 3D X- 
point memory.

The difference in the Vth drift and Vth fluctuation characteristics 
between ALD GeSe2 and Ge5Se3S2 can be attributed to the ratio of Ge 
and chalcogen elements (S, Se). Because Ge5Se3S2 is rich in ther
modynamically unfavorable Ge-Ge bonds, it can be explained that 
the Vth drift is larger owing to the relaxation and aging of Ge-Ge 
bonds with time [42]. Meanwhile, for the ALD GeSe2, non-preferred 
Ge-Ge bonds are generated and activated at longer cyclic switching 
operations, unlike the ALD Ge5Se3S2 with a large number of Ge-Ge 
bonds that already exist [43]. Unlike the binary Ge-rich GexSe1−x, the 
ternary Ge5Se3S2 replaced Se with shorter bond-length atoms of S, 
and moved toward stronger and shorter bonds, resulting in larger 
hybridization parameters [8]. Furthermore, statistical distribution in 
mobility gap-induced repetitive switching can be expected to de
crease because the ratio of chalcogen acting as deep trap sites is 
reduced [44]. The design of the OTS material replacing Se with S 
while reducing the proportion of chalcogen revealed that it main
tains a more stable amorphous state with small Vth fluctuations.

4. Conclusions

We studied the process and device characteristics of novel 
ternary Ge-Se-S for OTS applications. DFT calculation was utilized to 
predict feasibility of the ALD reaction with HGeCl3 and Se(SiMe3)2. 
Based on DFT result, ALD GeSe2 thin films were synthesized using 
HGeCl3 and Se(SiMe3)2 precursors. By controlling the temperature 
and time of the post plasma sulfurization process, composition of 
GeSe2 was controlled from GeSe2 to Ge2S. It was confirmed that 
excellent step-coverage and amorphous phase of GeSe2 were 
maintained after the post sulfurization process. Finally, we fabri
cated OTS devices with a 50-nm BEC using 10-nm-thick ALD GeSe2 

and Ge5Se3S2 and investigated the DC characteristics, reliability of 
the Vth drift, fluctuation, and endurance. The OTS device of ALD 
Ge5Se3S2 showed higher Vth (3.2 V), lower Ioff,1/2 (∼40 nA), smaller 
short-term Vth fluctuation (14.6 mV/σ), and more stable long-term 
Vth fluctuation (< ∼0.3 V up to 106 cycles) although Vth drift 
(∼30.0 mV/decade) increased slightly compared to ALD GeSe2 as 
shown in Table 1. This study on the ALD ternary Ge5Se3S2 will 
contribute to the preparation of future 3D X-point memory scaling.
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