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ABSTRACT: Ferroelectric field-effect transistors (FeFETs) with
semiconductors as the channel material and ferroelectrics as the
gate insulator are attractive and/or promising devices for
application in nonvolatile memory. In FeFETs, the conductivity
states of the semiconductor are utilized to explore the polarization
directions of the ferroelectric material. Herein, we report FeFET's
based on a few layers of MoS, on a 0.7Pb(Mg;,;;Nb,,;)O;—
0.3PbTiO; (PMN—PT) single crystal with switchable multilevel
states. It was found that the On—Off ratios can reach as high as
10°. We prove that the interaction effect of ferroelectric
polarization and interface charge traps has a great influence on
the transport behaviors and nonvolatile memory characteristics of
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MoS,/PMN—PT FeFETs. In order to further study the underlying physical mechanism, we have researched the time-dependent
electrical properties in the temperature range from 300 to 500 K. The separation of effects from ferroelectric polarization and
interfacial traps on electrical behaviors of FeFET's provides us with an opportunity to better understand the operation mechanism,
which suggests a fantastic way for multilevel, low-power consumption, and high-density nonvolatile memory devices.
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1. INTRODUCTION

Two-dimensional (2D) atomically thin transition metal
dichalcogenides (TMDs) have recently attracted considerable
interest, owing to the potential to manufacture multifarious
function devices within the limit of atomic thickness, such as
electronics,' ™ optics,s_10 catalysis,”_14 and sensors."> Unlike
graphene, 2D materials whose chemical formula is MX, are
characterized by layered structures, where M and X represent
transition metal and chalcogens, respectively. For 2D TMDs,
interlayer van der Waals interplay is feeble, while the intralayer
covalent bonding of X—M—X is strong.'®"” As a representative
member of the TMD family, MoS, in the form of a monolayer
shows a direct band gap of 1.80 eV, and in blocky MoS,, the
band gap becomes indirect with the value of 1.2 eV.'®'" MoS,
has revealed its significant meaning in fundamental inves-
tigations and widespread applications. Due to ultrahigh area-
to-volume ratio, 2D TMDs are quite sensitive to an external
stimulus, making them appropriate for constructing hetero-
structures with three-dimensional (3D) thick films and/or one-
dimensional (1D) nanowires.”’

Ferroelectrics (FEs) commonly refer to the materials, which
have a spontaneous polarization and a large dielectric constant
simultaneously.”’ Thereinto, according to ion displacement of
the crystal, the polarization can be redirected. Under the action
of an external electric field, the direction of polarization can be
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switched.”” Contemporarily, ferroelectrics have an increasing
extensive application in many fields, for instance ferroelectric
random access memories (FeRAM) for nonvolatile data
storage™ and ferroelectric field-effect transistors (FeFETs)
for nonvolatile memory with low-power consumption.**~>°
FeRAM builds a one—transistor—one—capacitor cell by a
ferroelectric capacitor. However, in FeRAM devices, the
reading process is destructive, because in order to detect the
polarization direction of the ferroelectric material, a pulsed
voltage whose amplitude is higher than the coercive voltage has
to be applied. Therefore, after each reading operation, the data
bit needs to be reset, leading to a large readout time and high
power consumption. The structure mentioned above has been
commercialized, but its market share is limited. In a FeFET,
the channel and gate insulator are made of a semiconductor
and a ferroelectric material, respectively. The read operation is
carried out by testing the channel conductance, which can
determine the polarization direction of the ferroelectric gate
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Figure 1. (a) Optical microscope photograph of MoS, flakes grown on a Si/SiO, substrate. (b) Topography image of a synthetic bilayer MoS,.
Cross-sectional height profile was presented in the inset. (c) The typical optical micrograph and (d) the corresponding topography image of MoS,
transferred onto the PMN—PT substrate. Yellow and white dotted lines are used to highlight the MoS, flakes. (e) Raman spectra and (f) PL spectra
of the MoS, flakes before and after being transferred onto PMN—PT substrates as well as the Raman and PL spectra of the PMN—PT.

insulator, resulting in a nondestructive reading process in
FeFETs. Therefore, FeFET-based RAM has the advantages of
the fast switching speed of polarization in ferroelectric
materials,”” nondestructive reading operation, nonvolatile
storage state, and concise configuration for high-density
integration, making it a promising memory technology.

The synergy effect between materials with different
functionalities and dimensionalities may be an issue in new
physical properties and device applications. Particularly, there
is an extensive interest in electronic devices, in which a 2D
TMD semiconductor coupled with a ferroelectric material
serve as the channel and gate dielectric layer, respectively. In
addition to chemical vapor deposition (CVD) and mechanical
exfoliation (ME), the 2D TMD layer can be prepared by the
liquid metal method. According to the liquid metal method,
the self-exfoliation of the prepared 2D TMDs can be realized
by taking advantage of their nonpolar nature.”*** Previously,
MoS,-based FETs have been reported with an organic
ferroelectric polymer poly(vinylidene fluoride-trifluoroethy-
lene) (P(VDF-TrFE)) as the top dielectric for nonvolatile
memory”’ and photodetectors.”’ However, compared to
inorganic FeFETs, the slow dipole dynamics and low
mechanical and thermal durability of organic FeFETSs restrict
its applicability. Recently, inorganic FeFETs interfacing MoS,
and WSe, with Pb(Zr,Ti,_,)O; (PZT) films have been
investigated. However, the transport properties of the
inorganic FeFETSs are not as good as the FeFETs based on
thin film, especially in the field of the On—Off ratio. Moreover,
it is worth mentioning that the clockwise direction of transport
hysteresis in FeFETs is contrary to the direction of the
ferroelectric polarization loop. The interaction between
terroelectric polarization and interfacial charge traps has been
investigated by time-reliant investigations in MoS,—PZT
FETs* and graphene—0.7Pb(Mg, ;Nb, ;) O0;—0.3PbTiO,.*°

However, the investigations about how ferroelectric polar-
ization may intuitively affect the electrical properties of the
channel in a broad temperature range are rarely reported. The
origin of the unexpected large clockwise behavior by FE gating
has attracted extensive attention. Moreover, the ultimate
mechanisms for store operation across the interfaces between
the 2D TMD layer and FE are still unclear.”***** Thus, it is
important to comprehend the nature of the effect in devices
involving 2D TMD semiconductors combined with ferro-
electric materials. Additionally, the reported FeFET-based
nonvolatile memories are only worked by a single electrical
stimulus, which limits their versatility and storage capacity.

Herein, we demonstrate multilevel nonvolatile memory
devices adopting CVD grown MoS, flakes as the channel and
monocrystal 0.7Pb(Mg, /;Nb,,;)0;—0.3PbTiO; (PMN-PT)
as the gate dielectric. The monocrystal PMN—PT possesses a
large remanent polarization and low coercive field (E). The
interfacial charges strongly affect the transport hysteresis in
MoS,/PMN—PT FeFETs, and a reversed hysteresis loop is
observed when the interfacial charges dissipate. This work
shows that understanding the underlying physical mechanism
is crucial for devices combining 2D TMDs with ferroelectric
materials. The combined effects between interface charge traps
and ferroelectric polarization on the transport properties and
storage features for MoS,/PMN—PT FeFETs have been
investigated by temperature-dependent electrical performance.
Multilevel conductance states with electric excitation have
been demonstrated at variable temperatures, which paves the
way for novel high-density storage technology.

2. MATERIALS AND METHODS

2.1. Growth of MoS, Layers. MoS, nanosheets were prepared
via the CVD method. Molybdenum trioxide (MoOQj;, 99.999% pure,
Sigma-Aldrich) and sulfur (S, 99.99% pure, Sigma-Aldrich) powder
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are used as the precursors. In particular, the precursor powder MoO,
(3 mg) and 0.5 mg of NaCl were mixed together first. The alumina
boat containing precursor powder was situated in the center of the
heating zone. Si substrates with a 285 nm top layer of SiO, with the
polished surface down were placed on top of the precursor powders.
The heating zone center was heated to 650 °C (heating rate: 50 °C
min~') and maintained for 3 min. 100 mg of S was loaded in a
secondary heating zone at the upstream side, and the temperature of
the secondary heating zone center was kept at 200 °C for 3 min to
prepare MoS,. Argon (Ar) flow was employed to transport the
vaporized S to MoOj; with a rate of 80 sccm. An atmospheric pressure
in the furnace was maintained during the entire growth process.

2.2. Fabrication of Devices. To fabricate FeFETS, a few layers of
MoS, flakes grown by CVD were transferred onto monocrystal
PMN-—PT substrate with (001) orientation and a thickness of 0.5 mm
by a conventional PMMA-mediated method. The Ni/Au (2/50 nm)
electrodes were made on MoS, flakes using a conventional procedure,
namely, electron beam lithography (EBL), the thermal evaporator,
and subsequent lift-off techniques. Finally, on the other surface of the
PMN-PT substrate, the Ni/Au (2/50 nm) metals were straight
evaporated via the thermal evaporator as the gate electrodes.

2.3. Characterizations. The synthesized MoS, was represented
by optical microscopy (OM), atomic force microscopy (AFM), and
Raman spectroscopy. A commercial AFM system (Dimension Icon,
Bruker) was employed to characterize the surface topography of the
CVD-grown MoS, flakes before and after transferring onto PMN—
PT. A confocal micro-Raman spectrometer (LabRAM HR Evolution,
Horiba Jobin-Yvon) in the backscattering geometry was used to carry
out the Raman and photoluminescence (PL) spectra. The wavelength
of the argon ion laser line is 532 nm. A 50X objective lens whose
working distance is 18 mm was provided to focus the laser beam on
the few-layer samples. The transport measurements were performed
by an accurate semiconductor parameter analyzer Keithley 4200-SCS.
The test temperature can range from 300 to 500 K in a cryogenic
probe station Janis ST-500 in this work. A high vacuum with a
pressure of 107® Torr in the measurement chamber ensured the
stability during the whole test process.

3. RESULTS AND DISCUSSION

Figure la,b presents the OM micrograph and AFM image of
MoS, flakes grown on the Si/SiO, substrate. According to the
height file, the MoS, nanosheet has a thickness of ~1.5 nm, as
measured by AFM. Figure 1c,d illustrates the typical OM and
the corresponding AFM micrograph of MoS, flakes transferred
onto the PMN—PT substrate. In Figure la, the triangular
shape of the MoS, nanosheets can be obviously identified. In
Figure lc, yellow dashed lines are used to highlight the MoS,
flakes on the PMN—PT substrate. The typical lateral size of the
MoS, triangle is about 60 pm. The optical and AFM images
reveal the uniformity and continuity of MoS, flakes transferred
onto the PMN—PT substrate. Figure le,f summarizes the
Raman and PL spectra obtained from MoS, prepared on the
Si/SiO, substrate and transferred onto the PMN-PT
substrate. The Raman spectra reveal the existence of two
active modes at 383.1 and 404.2 cm™!, which are assigned to
E%g mode and A, mode, respectively. The frequency difference
Aw between two active modes A, and Eég has been generally
utilized as a sign of the thickness of the MoS, flake.”*> The
Aw is 21.1 cm™! for bilayer MoS, grown on Si/SiO,, which is
consistent with the result observed by AFM. However, after
transfer onto a PMN—PT single crystal, the A;, mode appears
to have considerable hardening, as much as 2 cm™ !, while the
Eig mode can be scarcely influenced by the substrate. The A,
mode is closely related to the out-of-plane motion of the S
atoms relative to the Mo atoms. Thus, the hardening of the A,
mode can be linked to the variation in the dipolar interaction

strength between MoS, flakes and the fixed charges in different
substrates. Apart from the Raman frequencies, the crystalline
quality of MoS, can also be determined by the full width at
half-maximum (FWHM) of the E%g peak.”® The FWHM of the
Eig mode for the as-grown and transferred MoS, bilayer are
2.98 and 2.82 cm™!, respectively, indicating that the transfer
process has a minimal influence on the crystalline quality of the
MoS,. The PL spectra show a peak at 1.84 eV, which is
corresponding to Al direct excitonic transition, i.e., optical
direct transition from the k point of the conduction band to
valence band. The PL intensity of MoS, transferred onto
PMN-—PT seems to have a degradation. In order to compare
quantitatively the PL spectra of MoS, obtained on different
substrates, the optical interference and absorption effects need
to be taken into account. For both the incident and the emitted
light, optical interference can be induced by the different
thickness and optical constants of the MoS, and substrate.
Thus, the PL intensity can be affected by the interference
induced by the substrate. However, the substrate induced
interferometric situation barely perturbs the peak position of
emission, while having a strong influence on the intensity of
the emission.”” The Raman and PL characteristics of MoS,
transferred onto the PMN—PT substrate indicate that the
MoS, flakes are not structurally strained or dramatically
damaged by the transfer process.”

Details about the fabrication of MoS,/PMN—PT FeFETs
with bottom-gate configuration are provided in the Materials
and Methods section. Figure 2a presents the false-color optical
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Figure 2. (a) False-color microscope photograph of the MoS,/
PMN-PT FeFET device. (b) The polarization—electric field (P—E)
curve of a ferroelectric capacitor (Ni/Au/PMN—PT/Ni/Au)
structure. (c) Output characteristic curves and (d) transfer character-
istic curve for the MoS,/PMN—PT device. The directions of the
hysteresis loops are indicated by arrows. The output and transfer
characteristic curves of MoS, on the Si/SiO, substrate are plotted in
the insets in (c) and (d), respectively.

micrograph of a typical FeFET with a S ym width channel. The
curve between the polarization P and external electric field E of
PMN-PT measured by a capacitor composed of Ni/Au/
PMN-PT/Ni/Au is shown in Figure 2b. For the forward
sweeping, the polarization P of the PMN—PT single crystal
starts to change at around E = 14 kV/cm and reaches
saturation at around 7.5 kV/cm, while it remains unchanged
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Figure 3. (a) Schematic diagram of the electrical measurements in MoS,/PMN—PT FeFETs. (b) Output curves of MoS,/PMN—PT FeFETs
measured in up and down polarization states at Vs = 0 V. (c) Transfer curves of the architecture shown in (a). The blue curve reveals I,g behavior
when Vg was applied; the red one shows Ig obtained at Vg = 0V, after the preapplied gate voltages were removed for 1 s. The arrows indicate
the directions of the hysteresis loops. Energy-band diagrams for the FeFET device in the down-polarized state (d) and up-polarized state (e).

until —1.2 kV/cm and saturates at —6.5 kV/cm with backward
sweeping. The coercive fields are about 2.75 and 2.4 kV/cm
with forward sweeping and backward sweeping, respectively.
The coercive field of PMN—PT is relatively low compared to
other ferroelectric materials, for instance, Pb(Zr,,Tiyg)Os,""
Hf,Zry5s0,>" and P(VDE-TrFE).*® The coercive fields of
Pb(Zry,Tigs)Os, HfyZ1y;0, and P(VDE-TtFE) are 50 kV/
cm, 1.5 MV/cm, and 0.55 MV/cm, respectively. Note that the
transport characteristics of MoS,-based FET's were carried out
in vacuum (~107% Torr). Figure 2c illustrates the output
characteristic curves of MoS,/PMN—PT FeFETs. As the Vi
bias ranges from —1 to +1 V, the channel current Ig shows a
linear increase, suggesting a good ohmic contact between the
MoS, channel and metal electrodes. The output characteristic
curves of MoS, on the PMN—PT substrate are similar to those
on the Si/SiO, substrate, as illustrated in the inset of Figure 2c.
For the output curves, when a negative Vi bias is applied, the
MoS, channel is in a high resistance state. The inset of Figure
2d presents the transfer characteristic curves of MoS, on the
Si/SiO, substrate. As the scanned gate voltage sweeps from
Vgs = —60 to +80 V, the MoS, conduction channel clearly
shows a switch from the Off state to On state, indicating
electron doping (n-type) in as-grown MoS, materials.
Moreover, the hysteresis between the forward and reverse
transfer characteristic curves is almost negligible. The transfer
characteristic curve of MoS,/PMN—PT FeFETs measured at
the Vg of 0.1 V is presented in Figure 2d. The transport
behavior reveals a large hysteresis, owing to a significant
difference between the forward and reverse curves. The On—
Off ratio was observed to be ~10° at Vg = 0V, indicating the
teasible application of MoS,/PMN—PT FeFETs for non-
volatile memory.

It is worth noting that the gate dielectric layer has a
significant impact on the charge concentration and con-

44905

ductance of the MoS, channel. In other words, the doping
concentration in the channel is in direct proportion to the
dielectric constant of the gate insulator. Nevertheless, it is
inversely corrected with the thickness of the dielectric layer
under the same Vg At room temperature, the dielectric
constant of PMN—PT has a value of ~5000, which is over 3
orders-of-magnitude more than the value of ~3 for SiO,.
However, compared to SiO, with a thickness of 300 nm, in this
work, the PMN—PT substrate has a larger thickness of 0.5 mm.
As a result, PMN—PT and SiO, have comparable doping
effects on MoS, under the identical Vs Additionally, it is
worth noting that PMN—PT also has a piezoelectric effect.
Therefore, the electric field can provide polarization and in-
plane strain simultaneously. The induced in-plane strain could
be possibly transmitted to the above MoS, layer. Thus, in the
case of employing PMN—PT as a gate insulator, there may be
two possible coexisting tuning mechanisms, namely, the
polarization effect and strain effect. To verify the possibility,
the in-plane strain supplied by the PMN—PT was measured.
As shown in Figure S1, the strain is much smaller, less than
0.1% for Egg of 3 kV/cm. However, at least a 5% strain is
required to induce the obvious change in band structure of
MoS,.** Therefore, the strain effects on the FeFET are
negligible and ruled out in this research.

To further research the modulation of transport properties
for MoS, by PMN—PT, the transfer characteristic curves at
different Egg scales were measured (see Figure S2). For Egg..
= 1.4 and 2 kV/cm, in which the spontaneous polarization of
PMN-PT does not reverse, the ferroelectric P of PMN—PT
shows a slight hysteresis loop.”® The transport properties of
MoS, have a similar shape with the ferroelectric hysteresis loop
of PMN—PT. When Egq,,.. exceeds the E, the Ig—Eqg curve
has a consistent hysteresis loop with the ferroelectric hysteresis
loop as illustrated in Figure 2b. The clockwise direction of the

https://dx.doi.org/10.1021/acsami.0c09951
ACS Appl. Mater. Interfaces 2020, 12, 44902—44911


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09951/suppl_file/am0c09951_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c09951/suppl_file/am0c09951_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09951?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09951?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09951?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c09951?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c09951?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

On-state A
MoS,

On-state B

a @ (if)

[
)

:
b

@

(iii) On-state C (iv) Off-state
j | AR AR A i

N v =y vy

[¢
21| S, Vps=0.1V i V0.1V
~ 30f ~ 30+
i <§_ 30
= 20¢ = 20t
] =
10} 10F
0 Off 0
4} 4t
ot ot
5 §
= 0 = 0
z z
[q _2' [u _2'
4} 4l
0 20 40 60 80 100 120 140 160 0 20 40 60 80 100 120 140 160 180 200

Time (s)

Time (s)

Figure 4. (a) Polarization bound charge distribution of FE gating operation in a FeFET device and (b) the corresponding energy band diagrams.
Blue and red circles represent electrons and holes, respectively. (c) Switching operations of the FeFET device as a function of pulse electric fields
(E = £3 kV/cm) imposed on the PMN—PT. (d) Multilevel nonvolatile switching of the FeFET device at room temperature between four states

under electric field pulses.

observed hysteresis in the MoS,/PMN—PT FeFETSs shown in
Figure 2d is opposite to the counterclockwise direction of
polarization hysteresis for PMN—PT. Two primary factors can
affect the transport properties of MoS,. The first one is
ferroelectric polarization, which tunes the transport properties
of MoS, via the mutual effect between MoS, and the
ferroelectric dielectric layer, and another factor is the existence
of interface charge traps.’® The interplay between interface
charge traps and the ferroelectric polarization can be
answerable for the clockwise hysteresis behaviors. As a typical
oxide ferroelectric material, in the region near the interface
between MoS, and PMN—PT, there are oxygen deficiencies.
These defects could act as electron traps that can dynamically
respond to the change of the ferroelectric polarization induced
built-in field under different Vg values. In addition, the
oxygen/water molecules in the ambient absorbed on the
surface of PMN—PT before MoS, transferred onto it also
contribute to the defects in the interfacial layer. The water
molecules located at MoS, and PMN—PT can screen the
polarization.*® Owing to charge injection and polarization
screening, the transport properties of MoS,/PMN—PT
FeFETs are elusive.

In order to split the intrinsic ferroelectric contributions from
the external charge traps on MoS, conductivity, we used a
time-dependent measurement.””*’ The detailed process is
summarized in Figure 3a. First, an electric field of Eg5 = 3 kV/
cm was applied for 500 ms, leading to the upward polarization
of PMN—PT, and the I, was measured at the same time. The
resulting Ing of 30 uA is caused by a combination of
polarization and interfacial charges. Then, the applied electric
field to PMN—PT was removed, and the Ipg was measured
after 1 s again without the gate voltage applied. The measured
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I without Egg was 2.7 X 107* A, decreasing by S orders of
magnitude, compared with the value when Egg was
implemented. In this way, when Egg swept from 3 to —3
kV/ecm and back, two Ipg values were obtained at each gate
voltage. Therefore, two transfer characteristic curves were
acquired, as presented in Figure 3c. The hysteresis loop
obtained at 7, = O s represents the joint effect of the
ferroelectric polarization and interface charge traps on the
conductance of the MoS, channel. The hysteresis loop
observed at 7, = 1 s after the interfacial charges dissipate
shows that the conductivity of MoS, is mainly tuned via the
ferroelectric polarization of PMN—PT. It is unclear to which
extent the interfacial charges have dissipated in 1 s. Therefore,
the same measurement procedure was used to study the
transport behavior of the same MoS,/PMN—PT FeFET at 7,
=5, 10, and 20 s. A series of polarization-controlled transport
hysteresis loops measured at different 7, values was
illustrated in Figure S3. These data show that longer 7.
results in further evolution of the hysteresis shape. However,
these changes are rather small between the transformations of
the hysteresis at different 7, values.

The hysteresis loops observed at 7., = 0 and 1 s are
dramatically different as shown in Figure 3c. Once the impact
of the charge traps is depleted, the conductivity of MoS,/
PMN-PT FeFET changes from n-type to p-type. In previous
reports, p-type MoS, can be observed through high work
function contacts”®*” and chemical doping.** In this work, the
p-type MoS, may be caused by the dangling bond on the
surface of PMN—PT, which gets filled via capturing electrons
from the MoS, valence band, making the Fermi energy lie
slightly below the valence band maximum.*' After a negative
Egs pulse is applied, the measured Ipg has a dramatic increase
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Figure S. (a) Temperature-dependent dielectric permittivity of the PMN—PT single crystal. (b) The In(1/& — 1/¢,,) curve as a function of In(T —
T,.)- (c) Electrical transfer curves while Vg was applied and (d) I measured at grounded Vg = 0 V, after the preapplied gate voltages were
removed for 1 s of the FeFET device under different temperatures ranging from 300 to 500 K. (e) Measurement-temperature-dependent multilevel
nonvolatile switching of the FeFET device. (f) On—Off channel current ratio with different sets of pulse electric fields as a function of temperature.

as presented in Figure 3b. The value of Iyg increases with an
increase in the applied electric field. On the contrary, when the
PMN-PT is up-polarized toward to the channel layer, the
conductance of the channel decreases, smaller than the original
state. The nonvolatile On and Off states is of importance for
memory applications of the MoS,/PMN—PT FeFETs. The
simple model for FE gating operation in the FeFETs illustrated
in Figure 3d,e is used to explain how the FE gating can tune
the channel current. The p-type conductivity of MoS, indicates
that holes are the majority carriers. Therefore, when the
PMN-—PT is down-polarized by a negative bias, the top surface
of PMN—PT is negatively charged; accordingly, the MoS, flake
is positively charged. Thus, the accumulation of holes can
induce a p-type doping in the MoS, channel. In contrast, when
a positive Egg exceeding coercive field is implemented to the
PMN-PT, the polarization direction of PMN—PT is up-
polarized. Hence, the depletion of holes in the MoS, channel
gives rise to the reduced conductivity of MoS,.

To shed light on the working principle of the FeFET and
how the conductance of the channel can be tuned by the
PMN-PT gating at different Egg values, in Figure 4a,b, we
raise device working schematics and band diagrams to interpret
the effect of the ferroelectric polarization under different Egg
values. The remanent polarization 2P, of PMN—PT in this
work is about 36 xC/cm? and the corresponding surface
charge density induced by the polarization switch can reach
225 X 10"*/cm? If these charges are not counteracted by
interfacial states or traps, the value denotes the upper limit
areal density of carriers accumulated or depleted in the 2D
channel. In the device with back-gate configuration, where
degenerately doped Si and 270 nm SiO, serve as the substrate
and back-gate, respectively, the carrier concentration n,p of
single-layer MoS, is about 3.6 X 10'2/cm” at a particular
doping level.*’ This value is 2 orders of magnitude lower than
that of the polarization charge. Thus, a remarkable modulation
of carrier density would be observed when PMN—PT single

crystals are employed as the gate dielectric layer. Due to the
significant difference in the conductivity of MoS, under two
polarization states at Egg = 0 kV/cm, the channel conductivity
can be tuned by applying E = + 3 kV/cm pulse electric fields
to the PMN—PT in an invertible, nonvolatile, and reproducible
way. Figure 4c presents representative Ipg—time plots recorded
from MoS,—PMN—PT FeFETs. When a negative pulsed field
exceeding —2.4 kV/cm is first applied to PMN—PT, a low
resistance state (On state) can be accomplished after the
negative pulsed field is removed. In this study, Egg = =3 kV/
cm was selected. Conversely, a high resistance state (Off state)
can be realized when Egg = 3 kV/cm was used. The On/Off
ratio measured at Ecg = 0 kV/cm is about 10%, which is at least
2 orders of magnitude higher compared to previous
reports.”*** The On and Off currents remain unchanged in
Figure 4c, indicating the stable memory operation. While the
cycle endurance of MoS,/PMN—PT memory is depicted in
Figure 4c, the actual On/Off ratio may vary as a function of the
durations of Egg and 7,.. " Moreover, by adjusting the
amplitude of the electric fields (2 and 1.5 kV/cm), one can
realize the other hysteresis loops of conductivity with the
intermediate states B and C, which relate to the electric field.
Therefore, the conductivity of the MoS, channel can be
switched between these four nonvolatile states by applying
appropriate electric field pulses, as illustrated in Figure 4d.
When one controls the amplitude of the electric field pulses
from 3 to 2 or 1.5 kV/cm, the On state is switched from A to B
or C. From a practical perspective, the stability of the three On
states is a crucial factor for a memory device to maintain
functionality. Therefore, the retention property of the MoS,—
PMN-PT FeFET has been characterized for the memory
application. The retention characteristic of the four nonvolatile
states is shown in Figure S4. There is no obvious decay of the
four states for as long as 6000 s. The present results suggest a
novel application in high-density, multifunction, and multilevel
integrated memories.
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As discussed above, the electrical properties of MoS,/
PMN—PT FeFETs are modulated by the interface charge traps
and ferroelectric polarization. In this study, time-dependent
measurements were employed to distinguish the effect of
ferroelectric polarization from the interface charge traps. The
effect of charge traps still can not be ruled out completely, due
to the fact that some residual charges remain at the MoS,/
PMN—PT interface even after 7,,; = 5 min.>> In order to
investigate intuitively how ferroelectric polarization can affect
the transport behaviors of MoS,, temperature-dependent
transport and hysteresis behaviors of the MoS,/PMN—PT
device have been investigated. As we know, for normal
ferroelectric materials, at T = T (Curie temperature), the
phase changes from a ferroelectric phase to paraelectric one.
Ferroelectric polarization is no longer in existence in the
paraelectric phase. To obtain the T, (temperature correspond-
ing to the maximum dielectric constant) of the PMN—PT
single crystal, dielectric properties were measured at 100 Hz, 1
kHz, and 100 kHz in the temperature range of 300 to 470 K, as
depicted in Figure Sa. The measured T, of PMN—PT is
around 401 K. From Figure 5a, we can see that € has a peak
near T, = 401 K; at that temperature, the phase of PMN—PT
transforms from the tetragonal phase (ferroelectric phase) to
the cubic phase (paraelectric phase). The phase transition
between the rhombohedral and tetragonal phase occurs at 366
K. For both transitions mentioned above, the frequency
dispersion and diffusion phase transition are all weak,
suggesting that the dielectric behavior looks like normal
ferroelectrics. However, the frequency dispersion still exists (T
> T,,), which is different from normal ferroelectrics. To study
the relaxor characteristic above T, the relationship between &
and T should be written as

T W

where ¢, is the value of the dielectric constant at T,,, and #n and
C’ are constants. The parameter n (1<n<2) represents the
diffuseness exponent and gauges the degree of dielectric
relaxation of relaxor ferroelectrics. For n = 1, eq 1 corresponds
to the Curie—Weiss law of normal ferrolectrics. In an extreme
case, when n = 2, eq 1 is for relaxor ferrolectrics.** Figure Sb
illustrates the relationship between In(1/& — 1/¢,,) and In(T —
T,,) of PMN—PT. In this work, the value of n is observed to be
1.9 for the PMN—PT, suggesting the relaxor feature of PMN—
PT when T > T,,.

Figure Sc presents the Ing—Egg curves while Egg was applied,
with the temperature ranging from 300 to 500 K. Each cyclic
electric field is repeated sweeping from —Eggy . t0 EGsmax tO
—EGgmae Under different temperatures, the resultant hysteresis
loops reveal good reproducibility. As discussed above, the
clockwise hysteresis behaviors, which are opposite to the
counterclockwise hysteresis behaviors of ferroelectric polar-
ization, can be ascribed to joint effects of interface charge traps
and ferroelectric polarization. The possible factors affecting the
temperature-dependent electrical performances of the MoS,/
PMN-PT device may be the polarization of PMN—PT, the
carrier transport characteristics in the MoS, channel, and
interface charge traps in the interface between the MoS, flake
and PMN—PT. In order to determine the crucial factor, the
related temperature-dependent measurements have been
discussed below.

The hysteresis loop in the PMN—PT single crystal between
the polarization P and E in the temperature range of 300—450
K has been investigated.”* It has been reported that with an
increase in the temperature the remnant polarization (P,)
slightly increases, until the critical temperature is reached. A
sharp decrease of P, is observed near T,,. However, when the
temperature goes from 300 to 400 K, the maximum drain
current (Ipg) has a significant increase, which is opposite from
the change of the polarization of PMN—PT with increasing
temperature. Therefore, there are other temperature-depend-
ent factors playing a major role. When one considers the effect
of carrier transport characteristics in the MoS, channel, the
scattering mechanism has been regarded as a critical factor. At
temperatures below 100 K, the mobility of MoS, is restricted
by the Coulomb scattering mechanism; nevertheless, at higher
temperatures (above 100 K), the mobility restricted by
phonon—electron scattering decreases with an increase in the
temperature.” Thus, the current of MoS, should be reduced
with the enhancement of phonon scattering with an increase in
the temperature. However, the current of MoS, increases as
temperature goes up from 150 to 400 K, as shown in Figure
SSb. Although the current of MoS, shows a declining trend as
the temperature rises further above 400 K, the value of the
maximum current at 500 K is compared to that of room
temperature. Therefore, it is the interfacial charge traps that
contribute to the enlargement of transport and hysteresis
behaviors of MoS,/PMN—PT FeFETs. The charge trapping
process has strong temperature dependence, and it is
suppressed at low temperature, which is related to the thermal
activation.”** The dynamic process of charge trapping/
detrapping will become more drastic at a faster speed with
an increase in the temperature. Under the polarization, the
current hysteresis loop induced by interfacial charge trapping/
detrapping will be increased with the increase of temperature.

To deeply investigate the influence of ferroelectric polar-
ization on the electrical properties for MoS,/PMN—PT
FeFETs, the time-dependent measurements were employed
in the temperature range of 300 to 500 K. In Figure Sd, where
the effect of charge traps is minimized, the trend of the current
is consistent with that of ferroelectric polarization of PMN—
PT with an increase in the temperature. Moreover, to
understand deeply the dependence of the switching operation
on ferroelectric polarization, three representative Ipg curves of
On and Off states versus time were observed in the
temperature range from 300 to 500 K, as illustrated in Figure
Se. Along with an increase in the temperature, the On and Off
currents have the quasi-static trend for FeFET operation, as
shown in Figure Sd. The effect of ferroelectric polarization is
further confirmed by the temperature-dependent electrical
performances of MoS,/PMN—PT FeFETs. As displayed in
Figure 5f, the On—Off ratios of three pulse electric fields
applied to PMN—PT are observed to decrease dramatically
when the temperature goes up above the Curie value. For
electric field pulses whose amplitudes are 3 and 2 kV/cm with
an increase in the temperature, the On—Off ratios reduce by 3
orders of magnitude. What is noteworthy is that, at
temperatures above the Curie temperature, the hysteresis
loops of transfer curves and On—Off ratios still exist. For
relaxor ferroelectrics, the randomly oriented polar micro-
regions are formed in paraelectric crystals. The polar
microregions may remain even at hundreds of degrees above
the Curie temperature. The polar microregions are in
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dynamical disorder above the Curie temperature, resulting in a
weak remnant polarization.

4. CONCLUSIONS

In summary, FeFET devices comprising 2D MoS, channels
with monocrystal PMN—PT substrate have been demon-
strated. The MoS,—PMN—PT FeFET devices have a large
electronic hysteresis and promising nonvolatile memory
properties. The clockwise hysteresis behaviors of FeFETs
have been demonstrated to be induced by the combined effects
between interface charge traps and ferroelectric polarization. A
reversed polarization dependence of the hysteresis electronic
transport can be observed, when the influence of the interface
charge traps is dissipated. Our prototype FeFETs exhibit
multiple conductance states with high On—Oft ratios (~10%)
by modulating the polarized states of the PMN—PT gate
insulator. The retention characteristic of the four nonvolatile
states indicates that no obvious decay of the four states is
observed for as long as 6000 s. Furthermore, temperature-
dependent electrical performances have been investigated,
analyzing the specific effects of interface charge traps and
ferroelectric polarization. These results suggest that hybrid 2D
semiconductor—ferroelectric structures may open up oppor-
tunities for developing high-density and nonvolatile multilevel
memories.
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