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Abstract During the study of resistive switching devices, researchers have found that the
influence of the insertion layer cannot be ignored. Many reports have confirmed that the
appropriate insertion layer can significantly improve the performance of the resistive
switching devices. Therefore, in this work, we use magnetron sputtering to fabricate three
devices: Cu/MgO/Cu, Cu/MgO/MoS,/Cu and Cu/M0S,/MgO/Cu. Through the
characterization test of each device and the measurement of the |-V curve, it is found that the
resistive switching characteristics of the Cu/MgO/Cu device will change greatly after adding
an MoS, insertion layer. The analysis results show that the inserted MoS, layer does not
change the main transmission mechanism (space charge limited conduction) of the device, but
affects the regulating function of interfacial potential barrier, the effect also is related to the
location of MoS, inserted into the layer. Among the Cu/MgO/Cu, Cu/MgO/MoS,/Cu and
Cu/MoS,/MgO/Cu devices, the Cu/MgO/MoS,/Cu device exhibits a larger switching ratio
(about 10%) and a lower reset voltage (about 0.21 V), which can be attributed to the regulation
of the interface barrier between MgO and MoS;. In addition, when the MoS; layer is inserted
between the bottom electrodes Cu and MgO, the leakage current of the device is significantly
reduced. Therefore, Cu/MoS,/MgO/Cu device has the highest commercial value from the
point of view of practical applications. Finally, according to the XPS results and XRD results,
we establish the conductive filament models for the three devices, and analyze the reasons for
the different resistive switching characteristics of the three devices.
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1. Introduction

In the past few decades, with the rapid development of the Internet era, the amount of
information is also rising, and there is an urgent need for new storage devices to store data 2.
Due to "Feng" - Prediction of "Neumann bottleneck" M researchers have turned their
attention from traditional memory to the emerging random access memory (RAM), among
which resistive random access memory (RRAM) has attracted much attention in recent years
because of its high speed, low cost, high memory density and excellent scalability ® .
However, there are still problems such as device variability, power consumption in embedded
applications, and read and write interference in crossbar array integration, which hinder the
commercialization of RRAM ®7% So far, resistive switching (RS) has been detected in
materials such as binary metal oxides ™!, multicomponent oxides (especially those with
perovskite structures) "2 and organic compounds ™. In binary metal oxides, HfO, and
Ta,0s has been widely studied because of its good resistance switching performance and

mature process technology ¢, [

For example, Kumar et al. reported an
ITO/MgO/HFO,/ITO transparent resistive switching devices that exhibit photo response
through defect engineering in the switching layer, which leads to subsurface active switching
positions in the formed conductive filaments, thereby reducing oxygen loss through the
polycrystalline electrode. The device has excellent switching ratios (~ 10”), highly stable DC
setting and light setting durability (>1000 cycles without degradation), excellent retention
(>10" s @ 85 C), high transparency (>85% visible transmittance), and a light setting response
time of 30 ps. Also, the enhancement of device performance due to the insertion of MgO layer
was mentioned in this study. Lee et al. ™ proposed a bipolar resistance switching memory
based on TaO,, the structure of Ru/Al,0s/Ta,0s/TaO,/Al,Os/W. The device has excellent
memory performance, including fast operating speed (~ 10 ns), good switching endurance (~
10° Cycles) and stable data retention (>10* S @ 200 °C). In contrast, the research of MgO in
RRAM needs more attention, and there are relatively few relevant references at present 2022,
However, both MgO and HfO, belong to binary metal oxides and have many similarities in
electrical and optical properties, such as high transmittance, wide band gap, and stable
chemical properties ). At the same time, studies have shown that MgO has excellent
resistance switching characteristics and is one of the potential candidate materials for RRAM

application 4.

MgO is a common metal oxide with wide band gap (7.3-7.8 eV), moderate dielectric constant



(9.8-10), high thermal stability and high breakdown electric field (up to 12 MV/cm) .
Inorganic transition metal sulfide MoS, with variable band gap (bulk MoS, and monolayer
MoS; are 1.27 eV and 1.98 eV, respectively), high electron affinity (y ~ 4 V), large dielectric
constant (k ~ 4-17) and chemical stability, it has attracted much attention as a switching layer
material for RRAM in recent years ®>?1. However, there is a lack of literature on the resistive
switching characteristics and current conduction mechanism of RRAM based on bilayer
MgO/MoS,.

In this paper, resistance switching characteristics of single-layer MgO device, double-layer
MoS,/MgO stack device and bilayer MgO/MoS, stack device are studied. During the analysis,
the low power consumption and large switching ratio of bilayer MgO/MoS, was observed. At
the same time, the results of the |-V curves show that the main conduction mechanism of
single-layer MgO device and the bilayer MoS,/MgO stack device is space-charge-limited
conduction (SCLC), while in bilayer MgO/MoS, stack device, the regulation of the interface
barrier is found, and the regulation of the interface barrier varies with the insertion position.
In addition, the results of characterization test analysis support the proposed mechanism
model and provide an explanation for the resistance switching characteristics of bilayer
device.

2. Experiments and Methods

Cu/MgO/Cu, Cu/MgO/MoS,/Cu and Cu/MoS,/MgO/Cu multilayer films are deposited on
three identical indium tin oxide (ITO) conductive glass substrates by magnetron sputtering at
room temperature. The ITO substrate is commercially purchased. The size of a single ITO
glass sheet is 20 mm>10 mmxL.1 mm, the thickness of the ITO film is about 185 nm, the
square resistance of the ITO substrate is less than 6 Q, and the transmittance is greater than
84%. Before sputtering, in order to ensure the quality of thin film growth, the background
vacuum pressure of the cavity is 1.8x10™ Pa, and the flow rate of high purity argon is 30
SCCM(Standard cubic centimeter per minute) during sputtering, and keep the pressure of the
cavity at 1 Pa during sputtering. The process of preparing Cu/MgO/MoS,/Cu device is as
follows: First, in the case of DC sputtering power of 30 W, 150 nm Cu is deposited on the
surface of ITO as the bottom electrode (BE). Then, 120 nm MoS, was deposited on Cu with
RF sputtering power of 50 W. Subsequently, 60 nm MgO was deposited on MoS, with a RF
sputtering power of 30 W. Finally, in the case of DC sputtering power of 30 W, 150 nm Cu is
deposited on the surface of MgO as the top electrode (TE). The other two devices were
prepared in the same way, and Fig. 1(a) (b) (c) show the structural diagrams of the three
devices, respectively. To analyze the electrical characteristics of the device, the I-V curve of
the devices is measured using the Keithley 2400 source meter. At the same time, in order to
determine the crystal phase of the thin film and the element types and chemical states
contained in the device, the device was tested by X-ray diffractometer (XRD) and X-ray



photoelectron spectroscopy (XPS). Among them, XPS and XRD test samples are
MgO/MoS,/Cu devices.
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Figure 1. Structure diagram and XRD pattern of device: (a) Structure of Cu/MgO/Cu; (b)
structure of Cu/M0S,/MgO/Cu; (c) structure of Cu/MgO/MoS,/Cu; (d) XRD pattern of
MgO/MoS,/Cu.

3. Results and Discussion

Fig. 1(d) is the XRD pattern of MgO/MoS,/Cu device, where (2 2 2) and (4 4 1) are the
crystallization peaks of ITO, (1 1 1) is the crystallization peak of CuO, (1 1 1) and (2 0 0) are
the crystallization peaks of Cu, and (1 1 0) is the crystallization peak of Cu,O. At the same
time, there is no obvious corresponding crystallization peak of MgO and MoS,, which
indicates that MgO and MoS; in the device should be amorphous . It is well known that
most of the films grown by magnetron sputtering at room temperature are amorphous . At
the same time, after referring to and comparing the XRD patterns from multiple related

literatures, (12131617,

%031 found that there is no corresponding diffraction peak of MgO and
Mos, in Fig. 1(d), which confirms that MgO and Mo, are amorphous. The XPS pattern of
MgO/MoS,/Cu device is shown in Fig. 2, where Fig. 2(a) is the auger electron spectroscopy
(AES) of Cu after nonlinear least square fitting. The fitting results show that there is no metal
Cu, and the Cu element mainly comes from CuO and Cu,O. In order to further prove the
chemical state of Cu in the sample, the Cu 2p spectrum was fitted, and the results are shown
in Fig. 2(b). The Fig. 2(b) shows that Cu 2p can be divided into seven peaks, in which the
peak at 962.79 eV corresponds to the strong satellite peak of Cu®*, and there are two peaks at
the positions of Cu 2py, and Cu 2psp,, corresponding to the peaks of CuO and Cu,0O,
respectively. The peak positions of CuO are on the left, 954.47 eV and 934.63 eV, respectively,
and the peak positions of Cu,O are on the right, 952.53 eV and 932.74 eV, respectively. The
remaining two peaks are 944 eV and 940.82 eV, which correspond to the mixed signals of
Cu? strong satellite peak and Cu* microsatellite peak. The XPS analysis of Cu shows that
there is Cu oxide in the MgO film. Fig. 2(c) is the fitting result of Mg 1s spectrum, and it can



be seen that the noise interference of the spectrum is large, which indicates that the signal of
Mg element is weak, but there is still a weak peak at 1303.88 eV, corresponding to metal Mg,
which may be related to the oxidation process of Cu. The Fig. 2(d) is the fitting result of the O
1s spectrum. The higher binding energy at about 531.8 eV corresponds to the oxygen vacancy
(Vo) in the switching layer (SL), while the lower binding energy at about 530.64 eV
corresponds to the lattice oxygen ion (Mg—O bond), which indicates that the migration of
oxide ions may occur in the device and a new oxide is formed 2.

(a) Cu LM2 (b) Cu 2p

Intensity /arb. units
Intensity /arb. units

920 925 970 960 950 940 930
Kinetic energy/eV Binding energy/eV

910 915

(c) Mg 1s (d)

Intensity /arb. units
Intensity /arb. units

e,

1315 1310 1305 1300 1295 544 540 536 532 528

inding cnergy/c inding cnergy /eV
Binding gy/eV Bind y/cV

Figure 2. XPS spectra of the device: (a) AES of Cu; (b) XPS spectrum of Cu 2p; (c) XPS
spectrum of Mg 1s; (d) XPS spectrum of O 1s

The Keithley 2400 source table was used to measure the I-V curve of the device, and the
measurement path was 0 V—0.75 V—0 V—-0.75 V—0 V. The |-V curves of the three
devices were plotted in semilog coordinates, and the results were shown in Fig. 3, where the
right figure was the red cyclic curve highlighted in the left figure. Moreover, the cyclic curves
of the three devices all conform to the I-V curve of the Counter-figure-of-eight (cF8) bipolar
switching, and the original devices all need to undergo soft breakdown (Forming or
Electroforming) process (2.
Cu/Mo0S,/MgO/Cu devices, it is observed that the reset voltage (Vgeser) Of the
Cu/MoS,/MgO/Cu device is significantly lower than that of the Cu/MgO/Cu device, while

their set voltages (Vse) remain comparable. This indicates that the inserted MoS, layer

By comparing the 1-V curves of Cu/MgO/Cu and

reduces the power consumption of the Cu/MgO/Cu device. Similarly, by comparing the I-V
curves of Cu/MgO/Cu and Cu/MgO/MoS,/Cu, it can be found that the switching ratio of
Cu/MgO/Cu devices is about 10, but after MoS, layer is inserted, the switching ratio of
Cu/MgO/MoS,/Cu devices is about 10°. In addition, the Vges Of Cu/MgO/MoS,/Cu devices



decreases greatly, and the Vs, decreases slightly, which indicates that the switching ratio of
the devices is improved to a certain extent after MoS, layer is inserted, and the overall power
consumption of the devices is greatly reduced. Finally, by comparing the I-V curves of
Cu/MoS,/MgO/Cu and Cu/MgO/MoS,/Cu, it can be found that the insertion position of MoS,
layer mainly affects the leakage current, Vreser and Vs Of the device. This shows that the
MoS; layer inserted between the bottom electrode and MgO can effectively improve the
switching ratio of the device and reduce the power consumption of the device, but the MoS,
layer inserted between the top electrode and MgO is basically ineffective to improve the
switching ratio of the device. In order to compare the performance of the three devices more
intuitively, the comparison diagram shown in Fig 4 is drawn. It can be clearly found that
Cu/MgO/MoS,/Cu has the largest switching ratio, and both Vges: and Vs are the smallest.
The main difference between Cu/MgO/Cu and Cu/MoS,/MgO/Cu is the Vgest VOItage.
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Figure 3. 1-V cycle trajectories of the three devices in semilog coordinates: (a) Multiple
cycle curves of Cu/MgO/Cu; (b) single cycle curve of Cu/MgO/Cu; (c) multiple cycle curves
of Cu/Mo0S,/MgO/Cu; (d) single cycle curve of Cu/MoS,/MgO/Cu; (e) multiple cycle curves
of Cu/MgO/MoS,/Cu; (f) single cycle curve of Cu/MgO/MoS,/Cu.



In order to further compare the reliability of the three devices, the cumulative probability
distribution maps of Vgeser and Vs Of the three devices are drawn respectively, so as to
compare the dispersion of Vreset and Vset, and the results are shown in Fig. 5. By observing the
Fig. 5, it can be found that the Vgeser and Vs Of the three devices are relatively concentrated.
Relatively speaking, the Vgeset and Vs Of the Cu/MgO/MoS,/Cu device have the highest
reliability, especially the Vgzesr. In addition, the distribution of high and low resistance states
of the three devices is shown in Fig. 6. The Cu/MgO/Cu device underwent approximately 120
consecutive set/reset cycles, the Cu/MoS,/MgO/Cu device underwent approximately 180
consecutive set/reset cycles, and the Cu/MgO/MoS,/Cu device underwent approximately 200
consecutive set/reset cycles. Combined with the cycling trajectory of Fig. 3, it can be seen
that the Cu//MoS,/MgO/Cu device has the best cycling tolerance and stability among the
three devices, but the switching ratio is small (about 10). At the same time, the stability of the
high resistance state (HRS) of the Cu/MgO/MoS,/Cu device is relatively poor, and the
resistance distribution before and after 40 cycles is quite different, while the low resistance
state (LRS) is relatively stable, and the switching ratio of the device fluctuates between 10
and 10%, but in general, the switching ratio is concentrated around 10°, which indicates that
the MoS; insertion layer will affect the resistance distribution of the device HRS and improve
the switching ratio of the device, but the HRS stability of the device is reduced.

Figure 4.
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In order to explore the above experimental phenomena and the switching mechanism of the
devices, the 1-V curves of the three devices are linearly fitted in log-log coordinates to
determine the differences of the switching mechanism of the three devices. The Fig. 7(a) (c)
(e) are the fitting results under positive bias voltage, and the Fig. 7(b) (d) (f) are the fitting
results under negative bias voltage. The red part in the figure is LRS, and the blue and green
parts are HRS. By observing the Fig. 7, it can be seen that the fitting curve of LRS presents a
straight line with a slope of 1, indicating that the conduction mechanism is mainly ohmic
conduction, and the fitting curve of HRS is similar at low voltage, which also corresponds to
the ohmic conduction model. As the voltage increases, the curve exhibits a linear relationship
with a slope close to 2, which indicates that the device follows the classical SCLC. The
classical SCLC consists of three regions: the low voltage ohmic region (I-V), the Child square
region (1-V?), and the current ramp region (1-V>?) . In summary, the conduction mechanisms
of the three devices are consistent with SCLC as a whole, but the fitting results of the high
voltage region of the bilayer device are not fully consistent with SCLC, which can be
attributed to the regulation of the MgO/MoS, interface barrier.
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Figure 6. HRS and LRS distribution of the three devices: (a) Cu/MgO/Cu; (b)
Cu/MoS,/MgO/Cu; (c) Cu/MgO/MoS,/Cu.

All three devices undergo a soft breakdown process (which occurs at a negative voltage)
before the normal cycling process. In the XRD results, the crystallization peak of CuO was
found, and the peak of Cu oxide (CuO,) was also found in the XPS results, but the test sample
was MgO/MoS,/Cu, and the Cu element should come from the bottom electrode, which
indicates that a small amount of Cu has been dissolved into the MgO film on the surface
during the magnetron sputtering process, but the content is low, which is consistent with the
data results. Therefore, the resistance switching mechanism of the three devices can be
attributed to the formation and breakage ™ of the Cu conductive filament (CF), and the
principle schematic diagrams of the reset process and the set process of the devices are shown
in Fig. 8. The oxidation and reduction reactions of Cu are as follows:

Cu—>Cu™ +ne” (1)

Cu™ +ne” > Cu (2)
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Figure 7. 1-V curves fitting diagram of the three devices in double logarithm coordinates: (a)
Fitted curve of Cu/MgO/Cu at positive voltage; (b) fitted curve of Cu/MgO/Cu at negative
voltage; (c) fitted curve of Cu/MoS,/MgO/Cu at positive voltage; (d) fitted curve of
Cu/MoS,/MgO/Cu at negative voltage; (e) fitted curve of Cu/MgO/MoS,/Cu at positive
voltage; (f) fitted curve of Cu/MgO/MoS,/Cu at negative voltage.

The peaks of Mg 1s and Vo measured in XPS are both corresponding to Cu oxides, but they
are also trace. Before the reset process, the device had a soft breakdown process under
negative voltage, and the BE Cu was oxidized to form e and Cu™, which migrated to the
positive and negative electrodes respectively under the action of the electric field. When the
Cu™ migrated to the negative electrode, the e near the negative electrode was reduced to Cu,
but a small amount of Cu™ in the MgO layer had formed CuO, with a small amount of O*
migrating to the positive electrode, which did not reach the negative electrode, which was
consistent with the XPS results. Because MgO has a wide band gap and can be considered as
an insulator, it is very difficult for carriers to pass through the MgO layer, and a high Schottky
barrier will be formed between MgO and TE Cu. These factors lead to the possibility that the
narrow part of the Cu conductive filament is at the interface between TE Cu and MgO B+,
Of course, if it is the Cu/MoS,/MgO/Cu structure in Fig. 8(c) and Fig. 8(d), ions need to
migrate through a layer of MoS, medium after passing through the MgO layer, so the narrow
part of the filament is likely to be at the interface between TE Cu and MoS, Meanwhile, based
on the above reasons, the shape of the filament is likely to be the inverted cone shape shown
in Fig. 8 &,

During the reset process, the Vgt Of the single-layer device is obviously different from that
of the double-layer device. As shown in the schematic diagram of Fig. 8(a) and Fig. 8(b),
under positive voltage, Cu near the positive electrode is oxidized to form Cu™, which
migrates to the negative electrode under the action of the electric field, resulting in the
fracture of CF at the interface between TE Cu and MgO, which is the red shaded part in the
figure. However, due to the barrier of only the MgO layer in the middle, the CF width of the



single-layer device may be larger, and a larger voltage is required to break the CF from the
narrow part, so that the device returns from the LRS to the HRS. On the contrary, in the
bilayer device, the CF is more difficult to form under the action of two barrier layers, and the
width of the filament is smaller, so the voltage required for fracture is smaller.
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Figure 8. Schematic diagram of the mechanism explanation of the three devices: (a) Reset
process of Cu/MgO/Cu; (b) set process of Cu/MgO/Cu; (c) reset process of
Cu/MoS,/MgO/Cu; (d) set process of Cu/MoS,/MgO/Cu; (e) reset process of
Cu/MgO/MoS,/Cu; (f) set process of Cu/MgO/MoS,/Cu.

In the setting process, the mechanism of the three devices is basically the same. First, under
negative voltage, the Cu™ formed by Cu oxidation begins to migrate to the negative electrode
and is reduced at the narrow CF, reconnecting the broken CF and switching the device from
HRS to LRS. At the same time, it should be noted that the current of Cu/MgO/MoS,/Cu
increases very fast near Vs and, which may be related to the narrow position of the filament

and the regulation of the interface barrier.

On the other hand, it is noted that while all three devices exhibit symmetric structures, only
the single-layer device demonstrates symmetric 1-V curves 7). Based on this, the differences
between Cu/MoS,/MgO/Cu and Cu/MgO/MaoS,/Cu are emphasized. The main difference
between the two is the position of the MoS, layer, which leads to the difference in leakage
current, that is the resistance value of the HRS, which can be attributed to the regulatory role
of the MgO/MoS,; interface barrier P°.. Carrier migration from MgO to MoS; is easier than the
reverse process, mainly due to the larger bandgap of MgO compared to MoS,, as well as the



generally higher work function of amorphous MgO. This results in a higher potential barrier
on the MgO side relative to the MoS; side, leading to differences in the required energy
(manifested as voltage differences in the device). This asymmetry in potential barriers is the
primary cause of the asymmetric I-V curves in bilayer devices . Additionally, the HRS of
the two devices differs after the reset process. As shown in Fig. 8(c) and 8(e), the reset
process for Cu/MoS,/MgO/Cu Cu/MoS,/MgO/Cu involves the migration of Cu™ from MoS;
to MgO, which is more challenging. In contrast, the reset process for Cu/MgO/MoS,/Cu
involves Cu™ migration from MgO to MoS,, which is relatively easier. This results in a
significantly reduced leakage current and increased HRS resistance in the Cu/MgO/MoS,/Cu
device. However, the reduced migration difficulty also leads to a substantial increase in HRS
randomness, ultimately causing the scattered HRS results observed in Fig. 6(c).

4. Conclusion

In conclusion, three types of stacked structures based on MgO were prepared by magnetron
sputtering, and it was found that the MoS; insertion layer has a great influence on the
resistance switching performance of single-layer MgO devices, which is related to the
insertion position. The Cu/MgO/MoS,/Cu device has the best switching ratio. By analyzing
the results of XPS characterization and the I-V curve of the device, the effect of MoS,
insertion layer on the resistance switching characteristics of Cu/MgO/Cu device is mainly
attributed to the control of Cu conductive filaments and interface barriers. On the other hand,
in terms of reliability and stability, the Cu/Mo0S,/MgO/Cu device performs the best, meeting
the commercial value and basic standards of resistive random access memory. In our previous
work, we found that the thickness change of MoS, has a great influence on the resistance
switching characteristics of BTO/MoS; stack devices, and the increase of thickness will lead
to more defect States, thus reducing the resistance 1*! of the high resistance state of the device.
At the same time, we investigated the relevant literature, and found that the influence of the
thickness of MgO layer on the resistance switching characteristics of the device is usually
related to the formation voltage, and has little influence on the overall performance of the
device, and there are few reports in the 3“1, In the later work of this study, we will
investigate the influence rules of the ratio or thickness changes of MgO and MoS, in the
Cu/MgO/MoS,/Cu device on the device performance.

In this paper, the effect of MoS, insertion layer on the resistance switching performance of
Cu/MgO/Cu device is investigated. On the other hand, the traditional mechanism explanation
of MgO-based resistance switching devices generally only introduces the conductive filament
model, while the research work in this paper shows that the interface barrier also has a
regulatory effect on the resistance switching characteristics of the device. This paper has a
certain reference value for the research of MgO in the field of RRAM, and provides a new
idea for the research of MgO/MoS; stack device.



Data availability statement

The linked data of this paper can be accessed in the
https://doi.org/10.57760/sciencedb.j00213.00086 of the Scientific Data Bank.

References
[1] Sun B, Xiao M, Zhou G, Ren Z, Zhou Y N, Wu Y A 2020 Mater. Today Adv. 6 100056
[2] Zahoor F, Azni Zulkifli T Z, Khanday F A 2020 Nanoscale Res. Lett. 15 90

[3] Wang Z J, Song Y X, Zhang G B, Luo Q, Xu K, Gao D W, Yu B, Loke D, Zhong S, Zhang Y S 2024 Int. J.
Extreme Manuf. 6 032006

[4] Udaya Mohanan K 2024 Nanomaterials 14 527

[5]1 Sehgal A, Dhull S, Roy S, Kaushik B K 2024 J. Mater. Chem. C 12 5274

[6] PanF, Gao S, Chen C, Song C, Zeng F 2014 Mater. Sci. Eng., R 83 1

[7]1 PanJY,HeHY,LiTJ GaoYL,YangSY,Lin XY J2023 Phys. Status Solidi A 220 2300416
[8] LeelS, LeeS, Noh TW 2015 Appl. Phys. Rev. 2 031303

[9] Kumar B, Kaushik B K, Negi Y S 2013 J. Mater. Sci. -Mater. Electron. 25 1

[10] Duan X G, Cao Z L, Gao K K, Yan W T, Sun S Y, Zhou G D, Wu Z H, Ren F G, Sun B 2024 Adv. Mater. 36
2310704

[11] Dias C, Guerra L M, Bordalo B D, LUH, Ferraria A M, Botelho do Rego A M, Cardoso S, Freitas P P, Ventura
J 2017 Phys. Chem. Chem. Phys. 19 10898

[12] Guo Z Q, Liu G J, Sun Y, Zhang Y X, Zhao J H, Liu P, Wang H, Zhou Z Y, Zhao Z, Jia X T, Sun J M, Shao Y
D, Han X, Zhang Z X, Yan X B 2023 ACS Nano 17 21518

[13] HeC T, LuY, Tang Y'Y, Li X L, Chen P 2021 Appl. Phys. A 127 484

[14] Hsu C C, Shrivastava S, Pratik S, Chandrasekaran S, Tseng T'Y 2023 IEEE Trans. Electron Devices 70 1048
[15] Saini S, Lodhi A, Dwivedi A, Khandelwal A, Tiwari S P 2023 IEEE Trans. Electron Devices 70 53

[16] Das O P, Pandey S K 2022 Phys. Status Solidi B 259 2200103

[17] Kumar D, Kalaga P S, Ang D S 2020 IEEE Trans. Electron Devices 67 4274

[18] Lee J, Lee S, Kwak M, Choi W, Mosendz O, Hwang H 2022 IEEE Electron Device Lett. 43 220

[19] Lee SR, Kang B S 2024 Curr. Appl Phys. 61 75

[20] Huang H H, Shih W C, Lai C H 2010 Appl. Phys. Lett. 96 193505

[21] Guerra L M, Dias C, Pereira J, Lv H, Cardoso S, Freitas P P, Ventura J 2017 J. Nanosci. Nanotechnol. 17 564
[22] Aziz |, Ciou J H, Kongcharoen H, Lee P S 2022 J. Appl. Phys. 132 014502

[23] Chow S C W, Dananjaya P A, Ang J M, Loy D J J, Thong J R, Hoo S W, Toh E H, Lew W S 2023 Appl. Surf.
Sci. 608 155233

[24] Hu G, Yu Z D, Qu H, et al. 2024 Appl. Phys. Lett. 124 142109
[25] Xiong XY, Wu F, Ouyang Y, Liu Y M, Wang Z G, Tian H, Dong M D 2023 Adv. Funct. Mater. 34 2213348

[26] Ling Y'Y, LiJ X, Luo T, LinY, Zhang G X, Shou M H, Liao Q 2023 Nanomaterials 13 3117



[27] Jiao Z P, Lan XY, Zhou X L, Wang K J, Zong H R, Zhang P, Xu B H 2023 J. Mater. Chem. C 11 17050
[28] Li S C, He C T, ShuHY, Chen P 2024 Mod. Phys. Lett. B 38 2450331
[29] Guo JJ, Ren S X, Wu L Q, Kang X, Chen W, Zhao X 2018 Appl. Surf. Sci. 434 1074

[30] Chen T, Yang S W, Wang J, Chen W, Liu L F, Wang Y, Cheng S J, Zhao X 2021 Adv. Electron. Mater. 7
2000882

[31] Qi LQ, ShenJJ, Xu Q, LuPP, Feng P, Sun H'Y 2022 Chem. Phys. Lett. 799 139560

[32] Menghini M, Quinteros C, Su CY, Homm P, Levy P, Kittl J, Locquet J P 2014 Phys. Status Solidi C 12 246
[33] Yang Y C, Gao P, Gaba S, Chang T, Pan X Q, Lu W 2012 Nat. Commun. 3 732

[34] Chiu F C 2014 Adv. Mater. Sci. Eng. 2014 1

[35] Chiu F C, Shih W C, Feng J J 2012 J. Appl. Phys. 111 094104

[36] Loy D JJ, Dananjaya P A, Hong X L, Shum D P, Lew W S 2018 Sci. Rep. 8 14774

[37] Fang S L, Liu W H, Li X, Wang X L, Geng L, Wu M S, Huang X D, Han C Y 2019 Appl. Phys. Lett. 115
244102

[38] Wang S S, Dang B J, Sun J, Zhao M M, Yang M, Ma X H, Wang H, Hao Y 2021 IEEE Electron Device Lett.
42 700

[39] Wang S S, Dang B J, Sun J, Song F, Zhao M M, Yang M, Ma X H, Wang H, Hao Y 2020 IEEE Electron
Device Lett. 41 553

[40] Li S C, He C T, ShuHYY, Chen P 2024 Appl. Phys. A 130 534

[41] LGJ X, Wang S S, Li F F, Liang Q, Yang M, Ma X H, Wang H, Hao Y 2021 IEEE Electron Device Lett. 42
1599



