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a b s t r a c t

3D cross (X)–point memory arrays have attracted attention for future memory architecture due to their cost 
efficiency and high density. Chalcogenide–based materials are suitable candidates for 3D X–point memory 
because they can be stacked to form both memory and selector with a simple process. Conventional binary 
chalcogenide ovonic threshold switching (OTS) selectors such as GeXSe1−x or GeTe suffer from thermal 
instability. Furthermore, ternary OTS selectors are being investigated by doping various materials to 
overcome thermal instability. Here, we introduce a wide range of Ge1−xSx films to analyze and confirm the 
selector behavior for future applications. S–rich region (0.5 ≤ x ≤ 0.67) devices behaved as OTS selector with 
low leakage current (1.3 nA) and high thermal stability (amorphous up to 600 °C). To study the mechanism 
of devices with different compositions, the modified PF–model was used to calculate trap density, activation 
energy, subthreshold swing, and distance between traps. Additionally, extracted optical bandgap (1.65 – 
3.45 eV) and urbach energy (166 – 103 meV) had good accordance with electrical characteristics of each 
device. This innovative research has potential to enable 3D X–point memory by combining conformal OTS 
selector and chalcogenide–based phase change memory.

© 2022 Published by Elsevier B.V. 

1. Introduction

Due to emerging technologies such as big data, cloud computing, 
and neuromorphic computing, memory products have required fast 
access speed, high density, and low power consumption [1–3]. 
Chalcogenide–based phase–change random access memory 
(PCRAM), a candidate that meets those requirements, has been in-
vestigated and commercialized [4–6]. Three–dimensional (3D) 
cross–point (X–point) memory devices have attracted attention as 
new memory array architecture due to their high storage density 
[7–10]. However, the 3D stacking array has suffered from sneak path 
current, causing the cross–talk interference between adjacent cells, 
which can lead to misinterpretation [11]. It is very beneficial that 

PCRAM is coupled with a selector device vertically to minimize 
cell–to–cell interference and maximize memory density [12–15]. 
Chalcogenide Ovonic Threshold Switching (OTS) selectors are the 
most suitable candidate because of the rapid and reliable reversible 
transition between high resistive (OFF state) and conductive (ON 
state) by subtle atomic rearrangements under an applied critical 
electric field Eth (or threshold voltage Vth) without phase change in 
an amorphous state.

Several studies on binary chalcogenide OTS selectors based on 
either Te or Se alloys combined with Ge have been reported [16–19]. 
Anbarasu et al. fabricated GeTe6–based OTS device, which shows fast 
threshold switching (5 ns) and stability of the on/off state over 600 
cycles [20]. Song et al. demonstrated a Ge1−xSex OTS device, which 
has improved performance, such as low leakage current at off state 
(Ioff < 0.1 nA at 1/2 Vth of 1 V), high current at the on state (Ion > 1 mA 
at Vth of 2 V), and sharp switching slope (< 3 mV/dec) [21]. However, 
those binary OTS selectors are thermally unstable and have a low 
thermal budget due to crystallization or segregation from glassy 
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structures [22]. To enhance thermal stability, ternary OTS selectors 
are fabricated by doping or incorporating materials including As, N, 
and Sb [23]. Liu et al. implanted As ions into sputtered GeSe layers, 
which maintained an amorphous phase even at elevated tempera-
ture (400 °C) and had a high Ion of 10 mA at 2.5 V [24]. Those con-
ventional chalcogenide OTS selectors still suffer from toxicity and 
complexity. Thus, thermally stable OTS selectors with simple pro-
cesses and outstanding performance are strongly demanded.

Recently, Ge1−xSx alloy films have emerged as a replacement for 
conventional OTS selector devices due to their high thermal stability 
and large optical bandgap [25,26]. In terms of atomic bonding, OTS 
selectors are preferable because they have stronger covalent 
bonding, which improves thermal stability and results in a high Ion 

[27,28]. Thus, lighter and smaller S elements compared to those of Se 
and Te may lead to stronger covalent bonds by increasing the hy-
bridization of Ge1−xSx alloy films [29]. Furthermore, Ioff and larger 
selectivity (Ion/Ioff) can be expected due to the larger optical bandgap 
of Ge1−xSx than those of GeTe and Ge1−xSex [30–34]. Despite of being 
appealing material, systematic studies for wide range of Ge1−xSx 

alloy films have not been reported.
In this study, we analyzed a wide range of S compositions in 

Ge1−xSx alloy layers to better understand OTS behavior, thermal 
stability, AC/DC transient characteristics, and optical properties. To 
investigate the device behavior of a selector, the device was 

fabricated with a Ru/Amorphous–C/Ge1−xSx/TiN structure. Each part 
plays the role of the top electrode, insulating layer, OTS selector, and 
bottom electrode, respectively. The device demonstrated different 
transient characteristics with variations in the Ge and S ratio. 
Devices with Ge–rich composition (0.2 ≤ x  <  0.5) showed metallic 
behavior after applying electrical fields. In as–deposited state, the 
film remained in an amorphous state, which consists of some broken 
covalent bonds along with lone pairs or vacancies. After joule 
heating induced from the electric field, Ge atoms occupied vacancy 
sites and recombined with lone pairs, which led to the crystallization 
of films. On the other hand, the device with S–rich compositions 
(0.5 ≤ x ≤ 0.67) demonstrated reliable OTS behavior with high 
electrical performance and thermal stability. In–situ X–ray 
Diffraction analysis (XRD) confirmed that the films remained as an 
amorphous state from as–deposited to 600 °C. In DC–IV character-
istics, the Vth increased from 3.4 to 5.0 V and Ioff decreased from 20 to 
1.3 nA as the S composition increased. Activation energies (Ea) and 
trap densities (Nt) increased from 518 to 630 meV, and 3.14 × 1020 to 
4.83 × 1020 cm−3, respectively, of which values were calculated using 
the modified Poole–Frenkel (PF) model. Fast on/off switching speeds 
up to 15 ns (ton) and 20 ns (toff) were observed in AC I–V char-
acteristics, with high stability (∼ 109 cycles). Optical properties had 
good accordance with the electrical characteristics; the higher the 
optical bandgap, the higher Vth.

Fig. 1. (a) Schematic of OTS device, (b) Cross–sectional TEM image of selector device based on Ge1−xSx film and EDS mappings of each material, Ru (TE), a–C (insulator layer), Ge 
and S (selector layer). (c) Auger Electron Spectroscopy (AES) analysis of Ge1−xSx film. (d) X–ray diffraction (XRD) curve of each composition at deposited.
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2. Material and methods

2.1. Sample preparation

RF magnetron sputtering (SNTEK Co., LTD) was used to deposit 
Ge1−xSx films using a Ge0.33S0.67 alloy target and germanium target, 
purchased from AVENTION (2inch diameter, 3 mm–thick). Under base 
pressure lower than 6E−6 Torr, the working pressure was set to 3 mTorr 
with Ar of 15 sccm, and the substrate temperature was set to 50 °C. 
Ge1−xSx films were deposited through co–sputtering of the Ge0.33S0.67 

alloy target and Ge target. The Ge0.33S0.67 plasma power was fixed at 
50 W to prevent melting or segregation of the target, and Ge plasma 
power was adjusted from 5 ∼ 25 W to confirm various compositions. A 
100–nm–thick SiO2/Si(P+) wafer was employed for the substrate.

2.2. Film analysis and electrical measurements

A scanning electron microscope (FEI, Nova Nano SEM 200) and 
transmission electron microscopy (TEM, JEOL, JEM F–200) were 
employed to measure the film thicknesses. Quantitate ratios of Ge, S, 
and impurity levels were analyzed using auger electron spectro-
scopy (AES, ULVAC, PHI–710). In–situ high–temperature XRD 
(HT–XRD, Rigaku, SmartLab) was employed to determine the 
thermal stability of each film. To measure the DC electrical char-
acteristics, a Keithley 4200A–SCS semiconductor parameter analyzer 
was employed. Devices were fabricated by sputtering a–C (barrier 
layer) and Ru top electrode on top of Ge1−xSx films using patterned 
mushroom–type 60–nm diameter TiN bottom electrode. Similarly, 
AC characteristics were measured by adding external phase mea-
surement unit sensors.

2.3. Optical measurements

A UV/VIS–spectrophotometer (UV–VIS–NIR, Agilent, Cary5000) 
was used to measure the optical characteristics. The reflectance and 
transmittance of each composition were measured to calculate the 

optical bandgap. On quartz substrates, thicknesses were fixed at 
500 nm, and reflectance and transmittance were measured with 
wavelengths ranging from 200 to 2000 nm.

3. Results and discussion

3.1. Growth of germanium sulfide film

Fig. 1a demonstrates the schematic of OTS selector devices. Using 
a patterned mushroom–type–60 nm diameter bottom electrode 
(TiN), Ge1−xSx layers (0.2 ≤ x ≤ 0.67) were deposited with the same 
thickness of 15 nm using co–sputtering system. Fig. 1b shows the 
cross–sectional transmission image of the fabricated Ge1−xSx selector 
device with an insulating layer (amorphous carbon (α–C)) and top 
electrode (Ru), of which thicknesses are 30 nm, respectively. Fig. 1b 
right–hand side transmission electron microscopy (TEM) and energy 
dispersive spectroscopy (EDS) elemental mapping images, which are 
magnified as red dotted areas of TEM image, exhibited clear and 
sharp interfaces. The α–C insulating layer was deposited on top of 
Ge1−xSx layer to prevent an overflow of heat on the Ge1−xSx layer, 
which improved the reliability of the selector device [35–37]. To test 
the reliability of devices, nine same–dimensional devices with/ 
without α–C layers were fabricated. Devices without α–C layer 
showed unsteady variability (Vth of 4.8  ±  0.9 V), whereas devices 
with α–C layer demonstrated sharp distribution (Vth of 4.8  ±  0.1 V). 
The large variability shown in Fig. S1a can be attributed to the lack of 
a thermal insulator, which increased resistance in series. Composi-
tional analyses were performed by AES using separately prepared 
Ge1−xSx films deposited on 100–nm–thick SiO2/Si(P+) substrates. 
Fig. 1c shows that the film compositions were uniform with a low 
level of impurities. The total amount of impurities only on the film 
was less than 3% throughout the film. As the plasma power of the Ge 
target was decreased, Ge contents in Ge1−xSx layers decreased from 
0.8 to 0.33. Fig. 1d illustrates the XRD patterns of as–deposited (∼ 
50 nm–thick) of Ge1−xSx films, of which films were amorphous state 
regardless of compositional ratio. Deposited Ge1−xSx films primarily 

Fig. 2. (a) DC I–V characteristics of selector devices of Ge1−xSx with thicknesses of 15 nm. Ge–rich composition (0.2 ≤ x  <  0.5) devices exhibited metallic behavior, where S–rich 
composition (0.5 ≤ x ≤ 0.67) devices behaved as OTS selector. (b) Comparison of threshold voltage (Vth) and off current (Ioff) from DC I–V curve with other works [43–46]. (c) 
Subthreshold slope (1/Ss-th) and distance between traps (∆z) of S–rich composition, where subthreshold slope is calculated from measured DC I–V and distance between traps are 
output of PF–model. (d) Activation energy (Ea) and Trap density (Nt) were also extracted from PF–model.
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contained a short range of tetrahedral units of GeS, homopolar 
Ge–Ge or S–S, lone pair, and vacancies [38,39]. This amorphous 
phase is suitable to modulate conductive channels from the local 
formation of ‘metavalenet’ bonds, which is an observable feature of 
tunable transition between localized and delocalized states [40,41].

3.2. DC electrical characterization

The DC I–V characteristics of the selector devices based on 
15–nm–thick Ge1−xSx films were measured with a voltage sweep of 
0.1–V intervals and current compliance at 100 µA. To initiate the device 
to contain OTS behavior, a higher voltage than Vth was applied in the 
first sweep, called as firing process. In Fig. 2a, devices with Ge–rich 
compositions (0.2 ≤ x  <  0.5) showed permanently reversible metallic 
behavior after the firing process. This behavior is due to crystallization 
caused from joule heating during the firing process. In–situ XRD 
measurement at 300 °C was performed to confirm crystallization in 
firing process. Fig. S2 shows the XRD patterns of Ge1−xSx films, in-
dicating that Ge–rich films showed sharp peaks corresponding to Ge 
(111), (220), (311), respectively [42]. Ge–rich films easily formed crystal 
structures compared with S–rich films because of the Ge contents 
being higher than the stoichiometry of GeS. On the other hand, devices 

with S–rich compositions (0.5 ≤ x ≤ 0.67) demonstrated OTS behaviors 
with superior performances (Vth of 5.0 V and Ioff of 1.3 nA). To compare 
electrical performances, Vth and Ioff of previous studies [23,43–46] and 
those of our work are shown in Fig. 2b. Si1−xTex devices showed Ioff 

range of 500–390 nA with Vth of 1.55 and 1.2 V as the Te increased. In 
the case of Ge1−xTex devices, device based on GeTe4 showed Vth of 
1.55 V and Ioff of 200 nA, whereas the device based on GeTe6 exhibited a 
Vth of 1.2 V and lowered Ioff of 20 nA. Devices based on Ge1−xSex, Vth 

increased from 4.2 to 4.8 V and Ioff decreased from 100 to 10 nA as Se 
contents increased. To enhance the electrical performance of GeSe, As 
and Bi are doped into GeSe. However, Ioff still showed 10 and 12 nA for 
As:GeSe and Bi:GeSe, respectively. On the other hand, our research 
exhibited a significant decrease in Ioff as the composition of S increased. 
Ioff decreased from 20 to 1.3 nA, whereas Vth increased from 3.4 to 5.0 V. 
The optical bandgap of the Ge1−xSx films is expected to increase as S 
increases, which will be discussed in more detail in Fig. 5. It can be 
estimated that the devices with higher bandgap have a higher Vth and 
lower Ioff. To understand OTS characteristics of each composition in 
detail, we investigated key parameters including subthreshold slope 
(STS), inter–trap distance (∆z), activation energy (Ea), and trap density 
(Nt). The inter–trap distance (∆z) can be calculated using the STS 
equation as follows.

Fig. 3. AC characteristics of the S–rich G1−xSx devices (0.5 ≤ x ≤ 0.67) with thicknesses of 15 nm under triangular pulse height of 8 V with different rising/falling time of (a–c) 50 µs 
and (d–f) 50 ns, respectively. (g–i) Endurance capability of S–rich devices maintaining stable on and off state.
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where VA is the applied voltage q is the electric charge k is the Boltz-
mann constant T is the temperature, and Ua is the thickness of the 
amorphous film [47]. STS can be calculated using the measured I–V 
curve of Ge0.5S0.5, Ge0.4S0.6, and Ge0.33S0.67 with 15–nm–thick with a 
range of 0.3 Vth to 0.7 Vth. As shown in Fig. 2c, STS decreased from 
1.9068 to 1.5481 as the composition of S increased. Furthermore, ∆z 
was also decreased from 1.5 to 1.2 nm in the same composition range. 
Trap density is inversely proportional to ∆z3. To extract accurate Ea and 
Nt, the I–V curves of the S–rich devices were fitted to a PF equation, 
which can be expressed as

= z
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where A is the contact area of the device Nt is the effective trap density, 
τ0 is the attempt–to–escape time for the trapped electron, and EC–EF is 
the activation energy. Nt can be calculated using formula 1 / (∆z)3, τ0 

can be estimated to be 10−15 s, and EC–EF is the fitting parameter de-
rived from Eq. (2). Substituting parameters from the above formula, 
activation energies were 0.518, 0.574 and 0.630 eV, whereas Nt were 
3.0 × 1020, 4.6 × 1020 and 5.8 × 1020 cm−3 for Ge0.5S0.5, Ge0.4S0.6, and 
Ge0.33S0.67, respectively. The red lines in Fig. 2a are the calculated I–V by 
the PF model, which indicated good agreement with the measured I–V 
curves. These results are consistent with those of other studies on 
Ge–based binary selectors, Ge1−xSex and Ge1−xTex [44,48]. The increase 
in Vth and decrease in Ioff can be attributed to the easy formation of 
valence alternative pairs in Ge1−xSx films [49].

3.3. AC electrical characterization

Fig. 3 shows the AC characteristics of S–rich composition devices. 
A 10 kΩ load resistor was connected in series to prevent overflow of 
current with compliance of 100 µA. Fig. 3a–c exhibit transient re-
sponses of threshold switching with triangular pulse height of 8 V 
and rising/falling time of 50 µs. At VA <  Vth, devices remained in 

highly resistive states with low currents. Then, when VA >  Vth, the 
currents increased significantly, indicating Vth of 2.5, 3.4, and 4.25 V 
for devices based on Ge0.5S0.5, Ge0.4S0.6, and Ge0.33S0.67 compositions, 
respectively. Fig. 3d–f indicates the switching speeds (ton/toff) of the 
devices. From the same set–up as Fig. 3a–c, only rising/falling time 
was adjusted to 50 ns. A fast ton of 10, 12, 15 ns for devices based on 
Ge0.5S0.5, Ge0.4S0.6, and Ge0.33S0.67 films, respectively can be attrib-
uted to the OTS phenomenon, which does not require any structural 
change or atomic rearrangement [50,51]. It is assumed that the 
higher Vth with trap density led to take more time to form a con-
ductive path. In the case of toff, all devices demonstrated a significant 
decrease with a toff of 20 ns. Those results are fair considering the 
threshold switching in chalcogenide glasses, which are commonly 
formed within nanoseconds [52]. AC pulses were applied up to 109 

cycles to investigate the lifetime of the devices as shown in Fig. 3g–i. 
After 7.5 × 108 cycles, the Ioff of the Ge0.5S0.5 device began to increase, 
which indicates that the device degraded. Ge0.4S0.6 and Ge0.33S0.67 

devices maintained a stable on/off state up to 8.5 × 108 cycles. Go-
voreanu et al. used the TiN top and bottom electrodes to fabricate 
GexSe1−x devices. Those devices remained in a stable on/off state for 
∼108 cycles [53]. Koo et al. showed SiTe selector using W top and 
bottom electrodes. This device showed AC endurance up to ∼108 

cycles [54]. This improved stability close to 109 cycles, as shown in 
Fig. 3g–i compared with binary Te/Se based selectors can also be 
attributed to stronger bonding strength, which allows for the re-
placement of conventional binary OTS selectors [53–55].

3.4. Thermal stability

Fig. 4a demonstrates the DC I–V curves of S–rich composition 
devices after baking at 600 °C for 30 min in ambient air to confirm 
OTS behavior. Even after baking at 600 °C, devices with S–rich 
compositions retained I–V characteristics with Vth of 3.5, 4.1, and 
5.2 V for Ge0.5S0.5, Ge0.4S0.6, and Ge0.33S0.67, respectively. ∆Vth only 
varied from 0.1 to 0.2 V compared with the I–V characteristics before 
baking. This superior thermal stability can be explained by the 
atomic size difference of Ge and S. The difference in atomic size 

Fig. 4. (a) DC I–V characteristics of S–rich (0.5 ≤ x ≤ 0.67) devices baked at 600 °C for 30 min. The switching behavior of S–rich devices after baked was similar with the device as 
deposition. (b) in–situ XRD curve of S–rich device after annealing at 600 °C. The S–rich devices are amorphous state after baked. (c) Comparison of thermal stability based on Te/Se 
selector devices with our work [44,54–56].
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increases the energy required for crystallization, which stabilizes the 
amorphous state. Therefore, a relatively small atomic radius of S 
(1.09 Å) can suppress crystallization and Ge segregation when 
bonded with a relatively large atomic radius of Ge (1.52 Å) [27,28]. 
The smallest covalent radius of S compared with those of other 
chalcogenides (S 1.05 Å, Se 1.20 Å, and Te 1.38 Å) can result in higher 
bonding strength when bonded with Ge [29]. In–xitu XRD analyses at 
600 °C were performed to confirm our argument as shown in Fig. 3b. 
We deposited 50–nm–thick Ge1−xSx films with high S contents on a 
100–nm–thick SiO2/Si(P+) substrate. Fig. 4b confirmed that the 
amorphous structure was retained up to 600 °C without any segre-
gation and crystallization. To discuss the thermal stability of S–rich 
of Ge1−xSx films, the crystallization temperature of other chalco-
genide–based OTS selectors is demonstrated in Fig. 4c. Te–based 
selectors showed poor thermal stability, where GeTe6 [44] showed 
crystal formation at 275 °C and SiTe can only maintain amorphous 
structure up to 400 °C [54]. In the case of Se–based selectors with N 
doping, thermal stability increased as Se contents increased. How-
ever, to retain an amorphous state at high temperatures, a complex 
process is required [55,56]. Our study demonstrates that the smal-
lest covalent radius of S enhances thermal stability when bonded 

with Ge, which can remain amorphous state above 600 °C without 
any doping or incorporation.

3.5. Optical properties

To understand the optical characteristics of Ge1−xSx films, re-
flectance and transmittance were measured using UV–VIS–NIR 
Spectroscopy. Applying Beer–Lambert law of light intensity, T = (1 – 
R)e-αd, absorption coefficient (α) can be obtained from reflectance 
(R), transmittance (T), and thickness (d) [57]. The thicknesses of the 
layers were fixed at 500 nm on quartz substrates. Reflectance and 
transmittance were measured with wavelength (λ) ranging from 200 
to 2000 nm as shown in Fig. 5–b. The absorption coefficient (α) is 
determined as follows:

=
d

R
T

( )
1

ln
1 ( )

( ) (1) 

Fig. 5c shows the tauc plot of Ge1−xSx films. To calculate optical 
bandgap, we plotted a graph of (αhν)n versus hν, where hν is the 
photon energy and n is the nature of the transition. Considering the 
indirect bandgap of Ge1−xSx films, n was set to ½ [58]. Each plot was 

Fig. 5. Optical properties of Ge1−xSx films deposited on quartz substrate with 500 nm thicknesses: (a) reflectance; (b) transmittance; (c) [αhν]^0.5 versus photon energy for 
bandgap extraction; (d) [Ln(α)] for urbach energy extraction. (e) Comparison of Eg and Eu as a function of sulfur concentration. (f) Schematic band diagram of Ge1−xSx films 
demonstrating locations of Eg, Eu and deep trap state.
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fitted linearly, then determined to be 1.65, 1.79, 2.85, 3.21, and 
3.45 eV for Ge0.8S0.2, Ge0.67S0.33, Ge0.5S0.5, Ge0.4S0.6 and, Ge0.33S0.67, 
respectively. Tanaka et al. calculated the bandgap of GeS2 as 
∼3.45 eV. They are well–matched with our data within experimental 
uncertainty [59]. Considering the well–known bandgaps of Ge 
(∼0.67 eV) and S (∼3.8 eV) at room temperature, the bandgap of 
Ge1−xSx films is expected to increase as the S content increases 
[60,61]. Fig. 5d shows fitted urbach energy, the width of defect bands 
formed near the edge of the bandgap, as follows

= E
E

exp( )
u

0 (2) 

where urbach energy (Eu) can be extracted using 1/slope from the ln 
(α) versus hv graph. Then, Eu of Ge1−xSx films was calculated to be 
166, 159, 122, 115, and 103 meV for Ge0.8S0.2, Ge0.67S0.33, Ge0.5S0.5, 
Ge0.4S0.6, and Ge0.33S0.67, respectively, which is closely related to 
Mott and Davis’s model of disordered materials [62]. Urbach energy 
is affected by the combination of stoichiometry and optical bandgap. 
As deviated from the stoichiometric composition of Ge1−xSx layers, 
the degree of disorder can be increased along with defect formations 
[59]. Furthermore, urbach energy is inversely proportional to the 
bandgap, showing that a narrower bandgap is expected to have a 
wider band tail [63]. Thus, the Eu of Ge0.4S0.6 film was lower than 
that of Ge0.5S0.5 film due to a higher bandgap, despite having non-
stoichiometric composition.

4. Conclusion

We investigated broad ranges of Ge1−xSx films to examine OTS 
behavior, electrical characteristics, and optical properties. Devices 
with Ge–rich compositions (0.2 ≤ x  <  0.5) showed metallic behavior 
due to Ge crystallization caused by joule heating. On the other hand, 
devices with S–rich compositions (0.5 ≤ x ≤ 0.67) indicated superior 
OTS characteristics and thermal stability. After a firing process, Vth 

increased from 3.4 to 5.0 V and Ioff decreased from 20 to 1.3 nA as S 
content increased. The high thermal stability up to 600 °C was ver-
ified for both DC I–V characteristics and in–situ XRD measurements. 
Fast on/off of S–rich devices was demonstrated up to 15 ns (ton) and 
20 ns (toff) with high stability (∼ 109 cycles). The optical properties 
were well–matched with electrical characteristics, indicating films 
with higher bandgap showed higher Vth. Additionally, the optical 
bandgap of GeS2 from previous work had good accordance with our 
calculated bandgap. From this work, we can provide a simple process 
in 3D stacking arrays and insight into further chalcogenide–based 
material design, in which bonding strength is deeply contributed to 
the device performance and stability.
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