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Abstract High-density integration of ferroelectric field-effect transistors (FeFETs) is hindered by factors

such as interfacial states, short-channel effects, and ferroelectricity degradation in ultrathin films. Accord-

ingly, the introduction of two-dimensional (2D) materials could effectively solve these problems. However,

most current studies focus on the replacement of Si-based channels with 2D channels. Little progress has

been made in addressing issues caused by bulk-phase ferroelectric gate layers, such as the unavoidable rough

interfaces and the fading of ferroelectricity in ultrathin films. Herein, the 2D ferroelectric material In2Se3
is introduced as the gate dielectric. Combined with 2D insulating h-BN and 2D channel MoS2, an all-van

der Waals (vdW) stacking FeFET is fabricated to provide a straight solution for the abovementioned issues.

First, the robust ferroelectric phase of In2Se3 is verified in an ultrathin film case and a high-temperature

case, which is outstanding among recently reported 2D ferroelectrics. Second, device-level out-of-plane fer-

roelectric polarization switching is achieved in the cross-structure device. Based on these results, In2Se3 is

adopted as the ferroelectric gate dielectric to fabricate all-vdW stacking FeFETs. The subsequent transis-

tor performance measurement on the fabricated FeFETs indicates that the ferroelectric polarization of the

In2Se3 layer plays a dominating role in forming a counterclockwise hysteresis loop. Further pulse response

measurements manifest the feasibility of nonvolatile channel conductance tuning of these devices with a

proper pulse design. Our findings suggest that In2Se3 is a suitable 2D ferroelectric gate material and that

all-vdW stacking FeFETs based on 2D ferroelectrics are promising in the application of high-density memory.
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1 Introduction

The past few years have witnessed a drastic increase in data volume, and we are entering the era of
big data and the Internet of Things with increasing demands on large data storage and processing.
To fulfill these demands, emerging nonvolatile memory technologies with high density and fast access
memory cells are highly required [1–4]. Ferroelectric memory has long been considered one of the most
promising technologies in this field, featuring nonvolatile, fast read/write access, ultralow power, and
extreme radiation hardness [5–8]. The early ferroelectric random access memory based on a ferroelectric
capacitor has suffered from a scaling bottleneck below 130 nm CMOS nodes. The main reasons include
process compatibility and fade of ferroelectricity in thin perovskite-based ferroelectric films such as lead
zirconate titanate and strontium bismuth tantalate [9, 10]. The three-terminal ferroelectric field-effect
transistor (FeFET) has been considered an alternative solution, which separates the read/write process
and does not detect capacitive charges as a memory state, thus possessing merits such as high scalability
and nondestructive readout [11–13].
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Most traditional FeFETs use bulk ferroelectrics as gate dielectric materials and bulk semiconducting
materials as conducting channels. In addition, an insulating layer is usually inserted to prevent ferro-
electric semiconductor interactions during fabrication and limit the gate leakage current, forming a metal
ferroelectric insulator semiconductor stacking structure [14–17]. Because of the unavoidable dangling
bonds in bulk materials, complex interfaces occur in insulator ferroelectric and insulator semiconductor
contact areas. In addition, the ferroelectricity of bulk ferroelectrics tends to fade in thin films due to the
critical size limit [10,18,19]. The existence of these issues has limited the performance of small-footprint
FeFETs due to their low endurance and poor retention of the memorized states [20,21]. Recently, with the
development of two-dimensional (2D) materials, FeFETs based on 2D channel materials (e.g., graphene
and MoS2) have been frequently studied due to their good performance in reducing interfacial states and
suppressing short-channel effects [22–25]. However, because the ferroelectric gate material remains in the
bulk phase, interfacial states and ferroelectricity fading in ultrathin films have limited the thickness of
the ferroelectric gating layer to hundreds of nanometers [26, 27].

Recently, 2D ferroelectrics have been discovered and attracted much attention due to features such
as low dimensional ferroelectric stability and free bonds [28–32]. They might provide a straightforward
way to totally exclude the interfacial states and ferroelectricity fading issue use 2D ferroelectrics instead
of bulk ferroelectrics to form the all-van der Waals (vdW) stacking FeFET. Among the reported 2D
ferroelectrics, In2Se3 is outstanding due to its stability and reversal switching of out-of-plane ferroelectric
polarization [29, 33, 34]. The unique in-plane-out-of-plane polarization coupling effect in 2D In2Se3 also
triggers much interest in physics [33] and engineering fields [35, 36]. In addition to these features, the
growth of In2Se3 thin films can be finished at low temperatures (∼250◦C), which makes the integration
process less disturbing to the performance of semiconducting channels [37].

In this study, In2Se3 is adopted as the 2D ferroelectric gate dielectric to form all-vdW FeFETs. First,
the high-temperature and thin film ferroelectric stability of In2Se3 is examined by Raman spectroscopy
and piezoresponse force microscopy (PFM), respectively. Second, a cross structure two-end device is
fabricated to explore the device-level out-of-plane ferroelectric switching behavior of In2Se3 flakes. Based
on these results, utilizing In2Se3 as a ferroelectric gate dielectric, h-BN as an insulating layer and MoS2 as
a semiconducting channel, all-vdW stacking FeFETs are fabricated. Then, their transistor and memory
performances are examined.

2 Experimental

For the Raman test, the In2Se3 flake is mechanically exfoliated from a single crystal (HQ Graphene, 2H α-
phase) and then transferred onto the Si/SiO2 substrate. For the PFM test, the In2Se3 flake is transferred
onto a Si substrate coated with a Cr/Au (10 nm/40 nm) film as the bottom electrode. The cross-structure
Cr/Au-In2Se3-Cr/Au devices are fabricated with ultraviolet photolithography and E-beam evaporation,
and the electrode (bottom 3 nm Cr/20 nm Au, top 10 nm Cr/40 nm Au) width is 5 µm.

All dry-transfer methods are used for FeFET fabrication [38]. The multilayer MoS2 nanosheets are
exfoliated and transferred with Polydimethylsiloxane onto a Si/SiO2 substrate as the conductive channel.
For good performance, 5–10-nm-thick MoS2 nanosheets are chosen [39, 40]. Few-layer h-BN (4–8 nm)
and In2Se3 (15–25 nm) are transferred onto MoS2 in sequence to form the all-vdW stacking structure.
Afterward, the Cr/Au (10 nm/50 nm) electrodes are deposited with E-beam evaporation at the E-beam
lithography patterned area.

3 Results and discussion

α-phase In2Se3 is a 2D ferroelectric material with intercorrelated in-plane and out-of-plane polariza-
tion [29, 41]. The quintuple layer (QL) structure of the α-In2Se3 monolayer is shown in Figure 1(a). In
previous studies for In2Se3, the thickness of a monolayer of approximately 1.2 nm and that of a bilayer
of approximately 2.3 nm have been measured [34, 42]. The center layer Se can be switched by an ex-
ternal electric field between positions “a” and “b”, resulting in simultaneous in-plane and out-of-plane
polarization flipping. For multilayer α-In2Se3 films, the adjacent QLs are stacked via vdW interactions.

For application in memory, temperature stability is important, especially for 2D materials that are
sensitive to the ambient environment [28, 43]. To identify if the ferroelectric phase is stable at high
temperatures, variable temperature Raman spectroscopy is performed on a 22-nm-thick In2Se3 flake.
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Figure 1 (Color online) (a) Lattice structure of α-In2Se3 QL (monolayer). When the central layer Se atoms are at position

“a”, the corresponding directions of the in-plane and out-of-plane polarization are shown above. (b) Variable temperature Raman

spectra of a 22-nm-thick In2Se3 flake. (c) Raman spectra measured at 25◦C, 250◦C, and 275◦C. (d) AFM topography of an

exfoliated In2Se3 flake. The line profile gives the thickness of the flake (9.79 nm). (e) and (f) PFM amplitude and phase response

of the flake, respectively. The center 2 µm × 2 µm area was swept with −6 V DC before 1000 mV AC scanning (with a driving

frequency of 300 kHz) for domain imaging.

Figure 2 (Color online) (a) Switching behavior in a cross-structure device based on In2Se3; the insert curve shows the log(I)-V ;

(b) the Schottky emission fitting of the I-V curve in (a), showing a good linear fitting; (c) repeated measurement of another

cross-structure device for five cycles.

The ferroelectric phase of In2Se3 is the α-phase, as verified by previous studies, and the main Raman
peak of the α-phase is near 104 cm−1, corresponding to phono mode A1(LO+TO) [34,41,44]. As shown
in Figures 1(b) and (c), as the temperature increases, the Raman peak at 104 cm−1 remains stable even
at a high temperature of 250◦C, proving that the ferroelectric α-phase is still a stable phase at a high
temperature. These results indicate that the ferroelectricity of 2D In2Se3 is robust at high temperatures
and not as sensitive as other 2D materials [28,45]. Figure 1(d) shows the atomic force microscope (AFM)
topography of an exfoliated In2Se3 flake. From the line profile, a thickness of 9.79 nm is confirmed.
Figures 1(e) and (f) show the PFM amplitude and phase response of the In2Se3 flake after poling by
scanning at a small area (2 µm × 2 µm) with an electrically biased conductive tip (SCM-PIT-V2 Ir/Pt
coated). Similar to the previous report, a clear phase contrast of nearly 180◦ appeared after −6 V polling.
As the PFM phase response represents the polarization direction of the domain [45,46], this result verifies
the switching ability of ferroelectric polarization in an ∼10 nm In2Se3 flake.

Afterward, the cross-structure Cr/Au-In2Se3-Cr/Au devices are fabricated for device-level ferroelec-
tricity exploration. As an n-type semiconductor with a work function (WF) of ∼4.9 eV [37], In2Se3 forms
a Schottky contact with high WF Au (∼5.1 eV) and an ohmic contact with a low WF Cr (∼4.6 eV).
Therefore, the as-fabricated cross structure device can be regarded as a one-side Schottky diode. A
zero-crossing hysteretic I-V curve was observed in this diode, as shown in Figure 2(a). When a negative
voltage sweeps from 0 to −2 V, the resistance of the In2Se3 device switches from high resistance to low
resistance (phase 1 to phase 2). Then, when a positive voltage sweeps from 0 to 2 V, the resistance
switches back from low to high (phase 3 to phase 4). As shown in Figure 2(b), the good linear fitting



Wang X J, et al. Sci China Inf Sci August 2023 Vol. 66 182401:4

Figure 3 (Color online) (a) Cross-sectional schematic illustration of the all-vdW stacking FeFET device. (b) and (c) Output and

transfer characteristic curves under BG tuning, respectively. (d) Optical microscopic image of an as-fabricated FeFET device. The

outlines of the bottom MoS2, middle hBN and top In2Se3 are shown. (e) and (f) Output and transfer characteristic curves under

TG tuning, respectively.

of all four phases with the ln(I)-V 1/2 relation suggests that Schottky emission is the main conduction
mechanism in this device [47]. Hence, the change in resistance states can be explained by the Schottky
barrier height control under different ferroelectric polarizations of In2Se3. From phase 1 to phase 2, the
negative voltage changes the ferroelectric polarization to point to the Au side, which results in a Schottky
barrier height decrease, and thus a resistance decrease [48]. From phase 3 to phase 4, the positive voltage
switches the polarization back to the Cr side, which results in a Schottky barrier height increase and thus
a resistance increase. The repeated measurement in Figure 2(c) shows that this switching behavior is
reproducible. The results on the cross structure device indicate the device-level out-of-plane ferroelectric
switching ability of In2Se3.

The above results confirm the robust and switchable out-of-plane ferroelectricity of 2D In2Se3 flakes,
which is important for the realization of all-vdW stacking FeFETs. Figure 3(a) shows a schematic
illustration of a typical In2Se3-FeFET device. An optical microscopic image of an as-fabricated FeFET
device is shown in Figure 3(b). In this device, the flake thicknesses of the bottom-layer MoS2 (8 nm),
middle layer h-BN (4 nm), and top-layer In2Se3 (15 nm) are measured by the AFM. The channel length
and width are 10 and 5 µm, respectively. Based on the MoS2 channel and different gates, the device
could be treated as two field-effect transistors, that is, a back-gate (BG) transistor and a top-gate (TG)
transistor. The BG transistor utilizes a heavily doped n-type silicon substrate as the gate electrode, and
90 nm SiO2 serves as the gate dielectric. For the TG transistor, all-vdW stacking (MoS2–BN–In2Se3–Au)
is adopted. The out-of-plane ferroelectric polarization of In2Se3 is used to provide a nonvolatile electric
field for channel conductance tuning, and the BN is a 2D insulator for limiting the leakage current
between the top gate and channel. The BN layer helps suppress the leakage current from In2Se3—a
semiconducting ferroelectric. If the BN layer is too thin, the tunneling current will degenerate the device
performance [49]. Considering the MoS2 stack as a ferroelectric capacitor in series with the BN capacitor,
if the thickness of the BN increases, the capacitance of the BN capacitor will decrease, and then less gate
voltage will be loaded on the ferroelectric capacitor. Hence, a thicker BN layer will lead to a larger gate
voltage needed for ferroelectric switching.

The BG output characteristics with different gate biases are shown in Figure 3(c). A sweeping voltage
of 0–2 V is applied between the source and drain (Vds). A positive BG voltage results in a channel
current (Ids) increase, whereas a negative BG voltage results in a current decrease, revealing that the
MoS2 layer is an n-type channel. In Figure 3(d), the transfer characteristics of the BG device at Vds

= 0.2 V show a clockwise hysteresis loop, which is usually caused by factors such as interfacial states
between MoS2−SiO2 or adsorbates in ambient air [50].

The TG output and transfer characteristics are shown in Figures 3(e) and (f), respectively. Because
of the thinner insulating layer, the controllability of the TG is better than that of the BG. From the
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Figure 4 (Color online) Transfer characteristics of a TG device under different sweeping voltages. As Vmax increases from 3 to

6 V, the direction of the curve changes from clockwise to counterclockwise, as shown in (a1)–(d1). The influence of absorbance-

induced trapping-detrapping charges and ferroelectric polarization-induced screening charges are illustrated in (a2)–(d3). (a2)–(d2)

correspond to the forward sweeps, and (a3)–(d3) correspond to the backward sweeps.

transfer curve, an on-off ratio of ∼105 is achieved, and the minimum subthreshold slope (SS) reaches
107 mV/dec, manifesting the good performance of the TG device as a transistor. In addition, a similar
clockwise hysteresis loop to the BG is observed when applying a TG sweeping voltage (Vtg) in the direction
of −2 V→2 V→ −2 V. As the TG structure is all-vdW stacking, the interfacial states can be excluded,
and this clockwise hysteresis loop might be caused by adsorbates in the air [43, 51].

In subsequent measurements, higher voltages are applied to the top gate. As shown in Figures 4(a1)–
(d1), the negative maximum gate voltage (−Vmax) of the transfer curves is kept at −3 V, whereas the
positive maximum gate voltage (Vmax) increases from 3 to 6 V. When Vmax is 3 V, the transfer curve
shows a clockwise hysteresis loop. Upon increasing Vmax to 5 V, the hysteresis loop nearly disappears.
By increasing Vmax to 6 V, a counterclockwise hysteresis loop is achieved, which is different from the loop
caused by absorbates. Meanwhile, according to previous studies on common transistors with MoS2/h-
BN/gate stacking, no counterclockwise hysteresis loop has been observed, which can exclude the memory
effect of MoS2 and h-BN [48, 52]. Based on these facts, we speculate that this behavior is caused by
channel conductance tuning under different ferroelectric polarizations of the In2Se3 layer [52, 53].

To elucidate the change in the hysteresis loop from clockwise to counterclockwise, an analysis is given
as follows: In the TG transistor, the voltage sweeping from negative to positive is defined as forward.
First, the influence of absorbates on the MoS2 channel conductance is considered. At the beginning of
the forward sweep, a negative Vtg depletes the MoS2 channel. When Vtg increases, electrons trapped at
absorbates are released and transferred to the MoS2 channel, producing additional negative charges in
the channel and enlarging Ids. In the backward sweep, the situation is contrary, a positive Vtg results
in channel electron accumulation, and then some electrons are trapped by absorbates, increasing the
depletion level of the channel and reducing Ids. Therefore, the charge trapping-detrapping process will
lead to a counterclockwise hysteresis loop [53]. Conversely, when increasing Vtg to over the coercive
voltage of the In2Se3 layer, dipole switching will have an impact on the channel conductance. A forward
sweep from −Vmax leads to dipoles pointing upward, inducing additional positive screening charges in the
MoS2 channel, which will reduce Ids. This reduction persists until a positive voltage changes the direction
of dipoles downward. A backward sweep starts with dipoles pointing downward, such that the induced
negative screening charges will enlarge Ids. Consequently, the ferroelectric polarization of the In2Se3
layer results in a counterclockwise hysteresis loop. The situation observed in Figures 4(a1)–(d1) can be
explained by the combination of the abovementioned two mechanisms. At a small Vmax, the macroscopic
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Figure 5 (Color online) (a) Channel current changes after different pulses are applied through the TG; (b) retention property of

another all-vdW stacking FeFET after a suitable pulse (2 V, 30 ms) is applied to the TG.

polarization of In2Se3 is zero, so the absorbance trapping-detrapping process dominates (Figures 4(a2)
and (a3)), resulting in the observed clockwise hysteresis loop presented in Figure 4(a1). When Vmax

increases, the influence of polarization will play an increasingly important role (Figures 4(b2)–(d3)),
resulting in a gradual change in the hysteresis loop direction from clockwise to counterclockwise.

In particular, the memory window of the In2Se3 based FeFET is not large. We speculate that the
WF difference on the two surfaces of the polarized In2Se3 layer plays an important role. According to
Kang et al. [54]’s first-principles calculations, there is a large WF difference on the two surfaces of the
polarized In2Se3 monolayer. Considering that this is similar in a multilayer In2Se3, the WF difference
will produce an electric field opposite to the depolarization field (Ed) inside the In2Se3 layer. As a result,
fewer screening charges are needed in the MoS2 channel for the cancellation of Ed and thus the memory
window of the FeFET is expected to decrease. This is an important factor that we should consider when
applying 2D ferroelectrics in FeFETs. To better understand the influence of the WF difference, more
quantitative studies related to the WF difference measurement of 2D ferroelectric layers and their impact
on the performance of the all-vdW FeFET should be conducted in the future research.

In addition, the pulse response of the TG transistor is explored. In Figure 5(a), Ids under a Vds of
200 mV can be tuned by different pulses. A larger pulse amplitude and wider pulse width can result in
a larger channel current increase, which indicates that the partial switching of ferroelectric domains can
be achieved by varying the pulse amplitude and width. Meanwhile, the retention of memorized states is
important. In Figure 5(b), Ids increases after a suitable gate pulse can persist over 1000 s, showing the
nonvolatile property of the all-vdW FeFET device.

4 Conclusion

In summary, the stability of In2Se3’s ferroelectric phase over 250◦C and the ferroelectricity of In2Se3
thin films down to ∼10 nm have been confirmed by variabletemperature Raman spectroscopy and PFM,
respectively. These results show the robust 2D ferroelectricity of In2Se3 flakes. Afterward, the device-
level ferroelectric polarization switching of In2Se3 is demonstrated in a cross-structure sample. Based
on these results, 2D In2Se3 is thought to be a suitable material for 2D ferroelectric gate dielectrics, and
all-vdW FeFETs are fabricated by adopting an In2Se3 layer. An obvious transition from a clockwise
hysteresis loop to a counterclockwise hysteresis loop has been observed in the TG device. Hence, the
ferroelectric polarization of the In2Se3 layer plays a dominating role when a large gate voltage is applied.
Furthermore, a pulse-induced nonvolatile and tunable channel conductance change has been achieved in
the FeFET device, showing the possibility of its application in multilevel memory. Because of the all-
vdW stacking, the scaling issue and interfacial-state issue in traditional FeFETs and FeFETs using 2D
channels have been resolved, and the robust memory effect has been shown, paving the way for FeFETs
toward ultrahigh-density integration. Our results suggest that In2Se3 is a suitable 2D ferroelectric gate
dielectric material, and all-vdW stacking FeFETs are promising for achieving high-density ferroelectric
memory.
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4 Schenk T, Pešić M, Slesazeck S, et al. Memory technology—a primer for material scientists. Rep Prog Phys, 2020, 83: 086501

5 Scott J F, Araujo C P D. Ferroelectric memories. Science, 1989, 128: 265–292

6 Fan Z, Chen J, Wang J. Ferroelectric HfO2-based materials for next-generation ferroelectric memories. J Adv Dielect, 2016,

06: 1630003

7 Takasu H. The ferroelectric memory and its applications. J Electroceramics, 2000, 4: 327–338

8 Wang P, Shim W, Wang Z, et al. Drain-erase scheme in ferroelectric field effect transistor-part II: 3-D-NAND architecture for

in-memory computing. IEEE Trans Electron Devices, 2020, 67: 962–967

9 Park M H, Lee Y H, Mikolajick T, et al. Review and perspective on ferroelectric HfO2-based thin films for memory applications.

MRS Commun, 2018, 8: 795–808

10 Ihlefeld J F, Harris D T, Keech R, et al. Scaling effects in perovskite ferroelectrics: fundamental limits and process-structure-

property relations. J Am Ceram Soc, 2016, 99: 2537–2557

11 Han J P, Ma T P. Ferroelectric-gate transistor as a capacitor-less DRAM cell (FEDRAM). Integrated Ferroelectrics, 1999, 27:

9–18

12 Takahashi M, Sakai S. Downsizing of ferroelectric-gate field-effect-transistors for ferroelectric-NAND flash memory cells.

In: Proceedings of the 3rd IEEE International Memory Workshop (IMW), 2011. 1–4

13 Florent K, Lavizzari S, Di Piazza L, et al. Reliability study of ferroelectric Al:HfO2 thin films for DRAM and NAND

applications. IEEE Trans Electron Devices, 2017, 64: 4091–4098

14 Sugibuchi K, Kurogi Y, Endo N. Ferroelectric field-effect memory device using Bi4Ti3O12 film. J Appl Phys, 1975, 46:

2877–2881

15 Aizawa K, Park B E, Kawashima Y, et al. Impact of HfO2 buffer layers on data retention characteristics of ferroelectric-gate

field-effect transistors. Appl Phys Lett, 2004, 85: 3199–3201

16 Cagli C, Perniola L, Gaillard F, et al. Performance improvement on HfO2-based 1T ferroelectric NVM by electrical precon-

ditioning. In: Proceedings of IEEE International Reliability Physics Symposium (IRPS), 2019. 1–4

17 Tu L Q, Cao R R, Wang X D, et al. Ultrasensitive negative capacitance phototransistors. Nat Commun, 2020, 11: 101

18 Tenne D A, Turner P, Schmidt J D, et al. Ferroelectricity in ultrathin BaTiO3 films: probing the size effect by ultraviolet

raman spectroscopy. Phys Rev Lett, 2009, 103: 177601

19 Stengel M, Spaldin N A. Origin of the dielectric dead layer in nanoscale capacitors. Nature, 2006, 443: 679–682

20 Hoffman J, Pan X, Reiner J W, et al. Ferroelectric field effect transistors for memory applications. Adv Mater, 2010, 22:

2957–2961

21 Pan X, Ma T P. Retention mechanism study of the ferroelectric field effect transistor. Appl Phys Lett, 2011, 99: 013505

22 Lipatov A, Fursina A, Vo T H, et al. Polarization-dependent electronic transport in graphene/Pb(Zr,Ti)O3 ferroelectric

field-effect transistors. Adv Electron Mater, 2017, 3: 1700020

23 Zhang X-W, Xie D, Xu J-L, et al. MoS2 field-effect transistors with lead zirconate-titanate ferroelectric gating. IEEE Electron

Device Lett, 2015, 36: 784–786

24 Park N, Kang H, Park J, et al. Ferroelectric single-crystal gated Graphene/Hexagonal-BN/Ferroelectric field-effect transistor.

ACS Nano, 2015, 9: 10729–10736

25 Schwierz F. Graphene transistors. Nat Nanotech, 2010, 5: 487–496

26 Zheng Y, Ni G X, Toh C T, et al. Graphene field-effect transistors with ferroelectric gating. Phys Rev Lett, 2010, 105: 166602

27 Ko C, Lee Y, Chen Y, et al. Ferroelectrically gated atomically thin transition-metal dichalcogenides as nonvolatile memory.

Adv Mater, 2016, 28: 2923–2930

28 Chang K, Liu J, Lin H, et al. Discovery of robust in-plane ferroelectricity in atomic-thick SnTe. Science, 2016, 353: 274–278

29 Ding W, Zhu J, Wang Z, et al. Prediction of intrinsic two-dimensional ferroelectrics in In2Se3 and other III2-VI3 van der

Waals materials. Nat Commun, 2017, 8: 14956

30 Liu F, You L, Seyler K L, et al. Room-temperature ferroelectricity in CuInP2S6 ultrathin flakes. Nat Commun, 2016, 7:

12357

31 Yuan S, Luo X, Chan H L, et al. Room-temperature ferroelectricity in MoTe2 down to the atomic monolayer limit. Nat

Commun, 2019, 10: 1775

32 Fei R, Kang W, Yang L. Ferroelectricity and phase transitions in monolayer group-IV monochalcogenides. Phys Rev Lett,

2016, 117: 097601

33 Xiao J, Zhu H, Wang Y, et al. Intrinsic two-dimensional ferroelectricity with dipole locking. Phys Rev Lett, 2018, 120: 227601

34 Xue F, Hu W, Lee K-C, et al. Room-temperature ferroelectricity in hexagonally layered α-In2Se3 nanoflakes down to the

monolayer limit. Adv Funct Mater, 2018, 28: 1803738

35 Li Y, Chen C, Li W, et al. Orthogonal electric control of the out-of-plane field-effect in 2D ferroelectric α-In2Se3. Adv

Electron Mater, 2020, 6: 2000061

36 Dai M, Li K, Wang F, et al. Intrinsic dipole coupling in 2D van der Waals ferroelectrics for gate-controlled switchable rectifier.

Adv Electron Mater, 2019, 6: 1900975

37 Poh S M, Tan S J R, Wang H, et al. Molecular-beam epitaxy of two-dimensional In2Se3 and its giant electroresistance

switching in ferroresistive memory junction. Nano Lett, 2018, 18: 6340–6346

38 Castellanos-Gomez A, Buscema M, Molenaar R, et al. Deterministic transfer of two-dimensional materials by all-dry vis-

coelastic stamping. 2D Mater, 2014, 1: 011002

39 Jiang C, Rumyantsev S L, Samnakay R, et al. High-temperature performance of MoS2 thin-film transistors: direct current

and pulse current-voltage characteristics. J Appl Phys, 2015, 117: 064301

https://doi.org/10.1063/1.5113536
https://doi.org/10.1038/s41578-018-0076-x
https://doi.org/10.1088/1361-6633/ab8f86
https://doi.org/10.1142/S2010135X16300036
https://doi.org/10.1023/A:1009910525462
https://doi.org/10.1109/TED.2020.2969383
https://doi.org/10.1557/mrc.2018.175
https://doi.org/10.1111/jace.14387
https://doi.org/10.1080/10584589908228451
https://doi.org/10.1109/TED.2017.2742549
https://doi.org/10.1063/1.322014
https://doi.org/10.1063/1.1806274
https://doi.org/10.1038/s41467-019-13769-z
https://doi.org/10.1103/PhysRevLett.103.177601
https://doi.org/10.1038/nature05148
https://doi.org/10.1002/adma.200904327
https://doi.org/10.1063/1.3609323
https://doi.org/10.1002/aelm.201700020
https://doi.org/10.1109/LED.2015.2440249
https://doi.org/10.1021/acsnano.5b04339
https://doi.org/10.1038/nnano.2010.89
https://doi.org/10.1103/PhysRevLett.105.166602
https://doi.org/10.1002/adma.201504779
https://doi.org/10.1126/science.aad8609
https://doi.org/10.1038/ncomms14956
https://doi.org/10.1038/ncomms12357
https://doi.org/10.1038/s41467-019-09669-x
https://doi.org/10.1103/PhysRevLett.117.097601
https://doi.org/10.1103/PhysRevLett.120.227601
https://doi.org/10.1002/adfm.201803738
https://doi.org/10.1002/aelm.202000061
https://doi.org/10.1002/aelm.201900975
https://doi.org/10.1021/acs.nanolett.8b02688
https://doi.org/10.1088/2053-1583/1/1/011002
https://doi.org/10.1063/1.4906496


Wang X J, et al. Sci China Inf Sci August 2023 Vol. 66 182401:8

40 Kim S, Konar A, Hwang W S, et al. High-mobility and low-power thin-film transistors based on multilayer MoS2 crystals.

Nat Commun, 2012, 3: 1011

41 Cui C, Hu W J, Yan X, et al. Intercorrelated in-plane and out-of-plane ferroelectricity in ultrathin two-dimensional layered

semiconductor In2Se3. Nano Lett, 2018, 18: 1253–1258

42 Zhou Y, Wu D, Zhu Y, et al. Out-of-plane piezoelectricity and ferroelectricity in layered α-In2Se3 nanoflakes. Nano Lett,

2017, 17: 5508–5513

43 Late D J, Liu B, Matte H S S R, et al. Hysteresis in single-layer MoS2 field effect transistors. ACS Nano, 2016, 6: 5635–5641

44 Wan S, Li Y, Li W, et al. Room-temperature ferroelectricity and a switchable diode effect in two-dimensional α-In2Se3 thin

layers. Nanoscale, 2018, 10: 14885–14892

45 Fei Z, Zhao W, Palomaki T A, et al. Ferroelectric switching of a two-dimensional metal. Nature, 2018, 560: 336–339

46 Wu S, Wu G, Wang X, et al. A gate-free MoS2 phototransistor assisted by ferroelectrics. J Semicond, 2019, 40: 092002

47 Pintilie L, Vrejoiu I, Hesse D, et al. Ferroelectric polarization-leakage current relation in high quality epitaxial Pb(Zr, Ti)O3

films. Phys Rev B, 2007, 75: 104103

48 Fang N, Toyoda S, Taniguchi T, et al. Full energy spectra of interface state densities for n- and p-type MoS2 field-effect

transistors. Adv Funct Mater, 2019, 29: 1904465

49 Wu S Q, Wang X D, Jiang W, et al. Interface engineering of ferroelectric-gated MoS2 phototransistor. Sci China Inf Sci,

2021, 64: 140407

50 Shu J, Wu G, Guo Y, et al. The intrinsic origin of hysteresis in MoS2 field effect transistors. Nanoscale, 2016, 8: 3049–3056

51 Qiu H, Pan L, Yao Z, et al. Electrical characterization of back-gated bi-layer MoS2 field-effect transistors and the effect of

ambient on their performances. Appl Phys Lett, 2012, 100: 123104

52 Vu Q A, Fan S, Hyup Lee S, et al. Near-zero hysteresis and near-ideal subthreshold swing in h-BN encapsulated single-layer

MoS2 field-effect transistors. 2D Mater, 2018, 5: 031001

53 Li T, Du G, Zhang B, et al. Scaling behavior of hysteresis in multilayer MoS2 field effect transistors. Appl Phys Lett, 2014,

105: 093107

54 Kang L, Jiang P, Hao H, et al. Giant tunneling electroresistance in two-dimensional ferroelectric tunnel junctions with

out-of-plane ferroelectric polarization. Phys Rev B, 2020, 101: 014105

https://doi.org/10.1038/ncomms2018
https://doi.org/10.1021/acs.nanolett.7b04852
https://doi.org/10.1021/acs.nanolett.7b02198
https://doi.org/10.1021/nn301572c
https://doi.org/10.1039/C8NR04422H
https://doi.org/10.1038/s41586-018-0336-3
https://doi.org/10.1088/1674-4926/40/9/092002
https://doi.org/10.1103/PhysRevB.75.104103
https://doi.org/10.1002/adfm.201904465
https://doi.org/10.1007/s11432-020-3180-5
https://doi.org/10.1039/c5nr07336g
https://doi.org/10.1063/1.3696045
https://doi.org/10.1088/2053-1583/aab672
https://doi.org/10.1063/1.4894865
https://doi.org/10.1103/PhysRevB.101.014105

	Introduction
	Experimental
	Results and discussion
	Conclusion

