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Ferroelectric field-effect transistors (FeFETs) with 2D semiconductors as
channel materials have been fabricated to achieve miniaturized size, high
storage, and low power consumption. The FeFETs are studied based on
few-layer MoS, sheets on the non-lead Bij gsLag 15Feq 9,Mng 9303 (BLFMO)
ferroelectric films with a large remnant polarization (P, =36 pC cm™). In
FeFETs, the conductivity states of the 2D semiconductor can be tuned by the
ferroelectric polarization. It is found that the MoS,-based FeFETs display a
large memory windows exceeding 25 V, a high on/off ratio (>10°), remarkable
program/erase ratio (=~10%), competitive retention, endurance, and high-speed
performance. Moreover, the 2D based FeFETs exhibit switchable multi-bit
data storage by applying different amplitudes of negative gate voltage pulses
to enhance the data storage density. On the basis of these characteristics,
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detector: memories, 2 solar cells,
and field-effect transistors (FET),M etc.,
which greatly enriches the range of prac-
tical applications for 2D materials. Since
a single-layer graphene was prepared by
mechanical exfoliation in 2004, more and
more 2D materials have come out such
as black phosphorus, hexagonal boron
nitride, and transition metal dichalcoge-
nides (TMDs).'8] TMDs based FETs have
high carrier mobility and a large on/off
current ratio. As a representative of mature
2D TMDs, MoS, has a high theoretically
predicted mobility up to 1000 cm? V1 s
and a high on/off current ratio (over

the 2D-FeFETs are potentially able to meet the need for scalability, capacity,

retention, and endurance of nonvolatile memory.

1. Introduction

2D materials have unique properties in electricity, optics, and
magnetism.'" In addition, combining 2D materials with dielec-
trics oxides and/or ferroelectric materials can produce photo-
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109).9201 Moreover, the band gap of MoS,
gradually increases from an indirect band
gap of =1.2 eV to a direct band gap of about
1.9 eV with reducing the thickness from bulk
to a single layer?-2% Therefore, MoS, is widely used in field-effect
transistors (FET), photodetectors, solar cells and other devices.

At present, there are mainly two types of ferroelectric memo-
ries. The first type is ferroelectric random access memories
(FeRAMs) composed of a transistor and a ferroelectric capacitor
(IT1C-FeRAM).*Y In order to achieve the storage data func-
tion, the digital logic “0” and “1” can be defined according to
different polarized directions. However, in 1T1C-FeRAM, the
previous storage state will be destroyed after applying a read
pulse. As the use time of FeRAM increases, the fatigue resist-
ance will decrease, resulting in the failure of storage data func-
tion. The second type is a ferroelectric field-effect transistor
(FeFET). Ferroelectric materials are used as dielectric oxide to
achieve the storage data function. The ferroelectric polariza-
tion will be tuned by applying positive or negative gate voltage
pulses, which can realize the accumulation or depletion of
channel carriers. Due to the effect of the residual polarization,
FeFET can maintain the memory states when the gate voltage
is removed.?’) Compared to FeRAM, FeFET is a kind of nonvol-
atile memory. The FeFET has similar structure with traditional
transistors and it can be scaled down on the integrated circuit.

Previously, MoS,-based FeFETs with Pb(Zr,Ti; )O3 (PZT)
based ferroelectrics as the dielectric oxides have been reported
for nonvolatile memories.'"1>26%] When a gate voltage is
applied to the MoS,-based FeFETs, the transfer characteristic
curves behaves like a ferroelectric hysteresis loop, with a clock-
wise direction, realizing the function of nonvolatile memory.
However, Pb element of PZT based ferroelectrics is harmful
to environment and physical health, limiting the application



of Pb based ferroelectrics. Using organic ferroelectric polymer
poly(vinylidene fluoride-trifluoroethylene) [P(VDF-TrFE)] as the
dielectric oxide, electronic devices such as MoS,-based non-
volatile memories and phototransistors have also been pro-
posed.?>28] However, compared to inorganic FeFETs, the slow
dipole dynamics and low mechanical/thermal durability of
organic FeFETs restrict their applicability. BiFeO; (BFO) is a
rare multiferroic material with ferroelectric properties at room
temperature. Fortunately, the leakage current problem of pure
BFO can be resolved by element doping.??”! The combination of
BFO with TMDs to achieve memory functions are significant to
the development of FeFETs. In addition, high-capacity memo-
ries can significantly improve the data storage and computing
speed. Multi-bit nonvolatile memories are an effective approach
to improve the storage capacity of memories."

Herein, we demonstrate multilevel nonvolatile memory
devices (FeFET) adopting 2D MoS, sheets as the channel and
Bij gsLag 15Fep.9,M1ng 003 (BLFMO) as the dielectric oxide. The
BLFMO has a large remanent polarization and low coercive
field. It is found that the interfacial charges strongly affect the
transport hysteresis in MoS,-based FeFETs. By deploying such
hysteresis engineering, the FeFETs with memory windows are
achieved, which exhibit an on/off current ratio about 10> and
a ratio of over 10* between the program and erase states cor-
relating to different gate voltage pulses. The conductivity of

the MoS, channel can be switched between on-states (A, B,
and C) and off-state by applying an appropriate amplitude of
gate voltage pulses. Moreover, these four storage states remain
stable for 1000 s. The MoS,-based FeFETs exhibit excellent per-
formance in cyclic endurance and data retention, paving the
way for the application of high-density nonvolatile memories.
The memory performances of the as fabricated FeFETs are
compared with the other memory devices reported previously
(cf., Tables S1 and S2, Supporting Information).

2. Results and Discussion

Figure 1a shows a schematic diagram of a FeFET with the struc-
ture of MoS,/Al,0;/BLFMO/n*- Si. The n*- Si was selected
to serve as the substrate and conducting back gate. Figure 1b
presents the optical micrograph of a MoS,-based FeFET with
channel length of about 20 um. Figure Ic illustrates the AFM
image of a MoS, sheet on the BLFMO film. According to
the profile, the MoS, sheet has a thickness of about 13 nm.
Figure 1d depicts the Raman spectra of the Si, BLFMO/Si, and
Al,03/BLFMO/Si. Since Al,O3 is amorphous, and no peak was
observed in the Raman spectra.l3!l The BLFMO prepared by the
sol-gel method has a polycrystalline structure and it belongs to
the space group R3c (C3y).?>% There are A;-3, E-3, and E-nine
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Figure 1. a) A schematic diagram of the MoS,-based FeFET configuration. b) Microscope photograph of a MoS,-based FeFET. c) An AFM image of
a MoS; sheet on a Al,O3/BLFMO. Inset: cross-sectional height profile. d) Raman spectra of the Si, BLFMO/Si and Al,O3/BLFMO/Si. The symbol (*)
indicates the observed trace from Si(100) substracts. €) A Raman spectrum of the as-transferred MoS, sheet. f) The polarization-electric field (P-E)

curves of a Pt/BLFMO/Pt capacitor.
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Figure 2. a) Output characteristic curves under various Vs from =25 to 25 V. b) Transfer characteristic curves of the FeFETs at various Vps from 0.02
to 0.1V and c) at Vps = 0.1V by applying different Vs ranges. d) The width of memory windows as a function of Vs .. €) Output characteristic
curves of the MoS,/Al,03/SiO, FET under various Vgs. f) Transfer characteristic curves of the MoS,/Al,03/SiO, FET at Vps = 0.1 V. g,h) Ferroelectric
polarization regulates the change of carrier concentration in channel by applying negative/positive Vgs.

first-order Raman-active modes of BiFeO; as well as some
other modes labeled by the symbol (*) from Si(100) substrates.
Moreover, the representative Raman spectrum of multilayer
MoS, is shown in Figure le, where two characteristic vibration
modes E'y, (=382.9 cm™) and A;, (=408.1 cm™) were observed.
The frequency difference between the two Raman modes has
been generally utilized as a sign of the thickness of MoS,
sheet.?*3] The frequency difference Aw is 25.2 ¢m™, which
indicates that the layer number of the MoS, sheet is about 19
(=13 nm).B% In addition, the P-E curves of BLFMO films meas-
ured by a capacitor composed of Pt/BLEMO/Pt are shown in
Figure 1f. As the applied electric field increases, 2P, gradually
increases and reaches about 72 uC cm~2. Meanwhile, the coer-
cive field 2E, reaches about 700 kV cm™ at E,,, = 800 kV cm™
and f = 2 kHz, which is relatively low compared to other fer-
roelectric materials, for instance, Hf 571,50, (=1.5 MV cm™ at
Eypp =4 MV cm™ and f= 10 Hz).”) Since the switching speed of
the ferroelectric polarization directly affects the operating speed
of memory devices,*® we obtained the polarization switching
speed (<1 ms) according to the pulsed polarization positive up
negative down (PUND) measurements as a function of pulse
width at a given voltage of 15 V (cf., Figure Sla, Supporting
Information).

Figure 2a depicts the output characteristic curves of MoS,-
based FeFETs. The drain-source current (Ips) shows a linear
increase in the drain-voltage (Vps) range from -1 to 1V,
which suggests a good ohmic contact between MoS, and Au
electrodes. Moreover, the concentration of carriers in MoS,
increases with the increasing gate voltage from —25 to 25 V.
Figure 2b shows that the memory windows of the FeFETs
remain basically unchanged at various Vpg. The on/off ratio
was observed to be about 10° at around Vgg = 0 V. It indicates
that the MoS,-based FeFETs have a robust performance for
non-volatile memory. In addition, the transfer characteristic
curves of the FeFETs measured at Vpg = 0.1V are presented in
Figure 2c. The transfer behavior reveals a n-type feature and a
large hysteresis. The electric hysteresis loop appears clockwise
due to the combined effect of interface charge and ferroelec-
tric polarization. Figure 2d shows the memory window width
as a function of Vggma It reveals that the memory window
width increases with the sweep range of gate voltages. For
comparison, the output characteristic curves of MoS, on the
Al,0,/SiO,/n*- Si substrate are similar to those on the Al,05/
BLFMO/n*- Si, as showed in Figure 2e. Note that the thick-
nesses of SiO, and BLFMO are almost the same (=200 nm).
Figure 2f presents the transfer characteristic curves of MoS,



on the Al,03/SiO,/n*- Si substrate. As the gate voltage sweeps
from —25 to 25 V, the MoS, conduction channel clearly shows
a switch from the off-state to on-state, indicating electron
doping (n-type) in the as-transferred MoS, sheets. Interest-
ingly, the MoS,-based FeFET has a smaller Off-state current
than MoS,/Al,03/Si0,/n*- Si FET since the latter Al,O5 insu-
lating layer has leakage current, the MoS,/Al,0;3/Si0,/n*- Si
FET has no memory window since the hysteresis between
the forward and reverse transfer characteristic curves is
almost negligible. A simplified model for ferroelectric gating
operation in the FeFETs is sketched in Figure 2g,h to explain
how the ferroelectric polarization can tune the channel car-
riers. The n-type MoS, indicates that electrons are majority
carriers. When the BLFMO is down polarized by a negative
gate voltage, the top surface of BLFMO is negatively charged,
and the MoS, sheet is positively charged. Thus, the accumu-
lation of holes induces a p-type doping in the MoS, channel
(cf., Figure 2g). On the other hand, when a positive gate

voltage pulse is applied, the polarization direction of BLFMO
is up polarized. Hence, the depletion of electrons in the MoS,
channel gives rise to the reduced conductivity, as shown in
Figure 2h.

To investigate the data storage characteristics of MoS,-
based FeFETs, a series of single voltage pulse with various
amplitudes was applied to the back gate, and the Ipg was
measured at Vpg = 0.1 V as the reading voltage.’% Figure 3a
presents the program function of a FeFET. The Vg is swept
from 25 V to different negative voltages (25, —20, and
—15 V) during the programming process. After a negative
gate voltage pulse is applied to the FeFETs, the polarization
direction of the ferroelectric material is changed, the Ipg
increases rapidly. As the amplitude of negative gate voltage
pulse increases, the Ipg increases. The behavior results in
the function of multilevel memory. After a gate voltage pulse
is applied to the FeFETs, the magnitude of the Ipg remains
nearly constant within 1000 s. Therefore, at an on-state, the
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Figure 3. The Ips decay within 1000 s after a single gate voltage pulse with amplitudes swept a) from +25 V to —25, —20, and =15 V and b) from different
voltages to 25 V at a reading voltage of Vps = 0.1 V. c) Evolution of read current of the memory device under various operation states, which indicates
the multilevel data storage characteristics. d) The stability in inter-state variation. e) Polarization bound charge distribution of ferroelectric gating
operation in a FeFET device and f) the corresponding energy band diagrams. Blue circles and orange dots represent holes and electrons,

respectively.



Ips is observed with negligible decay after 1000 s, which real-
izes the function of nonvolatile multilevel memory. Figure 3b
presents the erase function of the FeFET. The Vg is swept
from different voltages to 25 V during the erasing process.
When the Ipg of FeFETs is still at a relatively large level, the
Ips drops rapidly after a positive gate voltage pulse is applied.
The larger positive gate voltage pulse applied to the FeFETs,
the smaller the Ipg. It can also be observed that the Ipg mag-
nitude does not change much within 1000 s, which reveals
that the device has a good erase function. Figure 3c out-
lines the dynamic multi-bit memory behavior of MoS,-based
FeFETs by modulating amplitudes of the programming
voltage pulses. Initially, the device is excited under an erasing
pulse of 25 V. Then, the conductivity of the MoS, channel
can be switched between the three nonvolatile on-states by
applying an appropriate negative gate voltage pulse with
250 ms pulse width. When one tunes the amplitude of gate
voltage pulses from —15 to —25 V, the on-state is switched
from A to B to C. From a practical perspective, the stability
of the three on-states is a crucial factor for a memory device
to maintain functionality. It reveals that MoS,-based FeFETs
can realize the function of continuous nonvolatile multilevel
memory. Figure 3d reveals the stability in inter-state varia-
tion of the memory device. This memory switches randomly
between the four states (off-state, on-state A, on-state B, and
on-state C) by tuning the amplitude of gate voltage pulses.
Each state can be switched quickly and remains stable, which
depictes that this memory could realize the operation of free
switching stably between the four states.[*] Generally, we can
denote the on-states A, B, and C as digital logic “1,” “2,” and
“3,” and the off-state as digital logic “0,” achieving multi-bit
data storage.’% These multi-bit memories could avoid the
degraded endurance and high-power consumption caused by
repeatedly programming/erasing processes. Due to the sig-
nificant difference of Ipg under different ferroelectric polari-
zation, the conductivity of MoS, channel can be switched by
applying negative or positive gate voltage pulse to the BLFMO
dielectric oxide in an invertible, nonvolatile, and reproduc-
ible way. To explain the working principle of the FeFETs,
we raise FeFETs working schematics and band diagrams to
interpret the effect of the ferroelectric polarization under dif-
ferent Vg values, as shown in Figure 3ef. Since ferroelec-
trics have remanent polarization, the carriers will be accumu-
lated or depleted in the MoS, channel if they are not coun-
teracted by interfacial states or traps in Al,O;. The different
Vs values will change the gap between the Fermi level and
the bottom of conduction bands. It can tune the conductivity
of the channel to realize the function of multi-bit memory.!
In addition, the switching speed of memory devices has been
detected by a probe station with a testing limit of 50 ms, as
shown in Figure S1b, Supporting Information. It reveals that
the as-fabricated memory devices have a high-speed opera-
tion less than 50 ms. Therefore, FeFETs could be used for
electronic synaptic devices to mimic the functionality of bio-
logical synapses in the nervous system owing to the ability of
multi-bit memory.[#42

A further step, the retention and endurance characteris-
tics of the FeFETs were evaluated to verify their reliability.
Figure 4a shows the retention characteristic of the FeFETs

by applying single gate voltage pulses of 25 V to erase and
—25 V to program at Vgg =0V and Vpg = 0.1 V. The program
and erase states with a high program/erase ratio about 10*
exhibit no degradation under a continuous Vpg bias of 0.1 V
during 2000 s. It suggests that it maintains for a longer time
since the two states mainly depends on the polarization char-
acteristic of BLEMO. Figure 4b depicts the endurance perfor-
mance of the memory devices as a function of program or
erase cycles number. The endurance cycle is formed by a gate
voltage pulse amplitude of 25 V (erase) and —25 V (program)
with a pulse width of 250 ms at Vpg = 0.1 V in each cycle.
The erase state decreases during the course of 1000 cycles
due to charge-trapping, and the program/erase ratio increases
above 10* with the increase of cycle number, indicating a good
performance of the MoS,-based FeFET devices. Figure 4c
reveals the extracted Ipg as a function of pulse number
at Vgg = =15, =20 and -25 V. The Ipg remains in the same
order, and the change is not obvious. The memory states of
the device remain stable under the continuous gate voltage
pulses with various amplitudes (cf., Figure 4d). Three kinds
of negative gate voltage pulses (-15, —20, and -25 V) were
applied to the memory devices. Note that the pulse number
was fixed at 50. The Ipg rises from 4 to 8.8 UA with increasing
Vs amplitude. It reveals that the memory states of the device
remain stable under the continuous gate voltage pulses with
various amplitudes, eventhough the Ipg has a slight upward
trend. The capability of the device as memories may enable
numerous noval applications. The key feature of the devices
is that the channel conductivity can be dynamically tuned
by gate voltage pulse, which can enable dynamic reconfig-
urability between active-high and active-low logic in the
memory output data.*®! In addition, Figure S2, Supporting
Information shows the transfer characteristic curves of dif-
ferent memory devices to reveal the statistical distribution.
All devices have relatively large memory windows with a non-
volatile memory function, which indicates that the yield of the
memory devices is high.

3. Conclusion

In summary, FeFETs comprising 2D MoS, channels with
BLFMO ferroelectric films have been demonstrated in
details. The MoS,-based FeFETs have a large memory window
(25 V), which exhibits multi-bit storage with a high on/off
ratio (=10°) by tuning the polarized states of the BLFMO. By
applying gate voltage pulses with different amplitudes, the
FeFETs exhibit an obvious multi-bit memory effect. The on-
state is switched from A to B to C, which can be denoted as
digital logic “1,” “2,” and “3,” and the off-state corresponds
to “0.” From a practical perspective, the stability of the four
states is a crucial factor for a memory device to maintain
functionality. The retention characteristic of these nonvola-
tile states indicates that no obvious decay of Ipg is observed
during 1000 s. The high-yield 2D MoS,-based FeFETs without
lead element exhibit excellent performance in cyclic endur-
ance, data retention, and high-speed operation, paving a way
for the application of high-density and cost-effective nonvola-
tile multi-bit memories.
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Figure 4. a) Retention performance of FeFETs based memory by applying a single gate voltage pulse at Vs =0.1V. b) Endurance characteristics of the
memory device. Program and erase operations were carried out under cyclic voltage pulses at Vps = 0.1 V. ¢) Ips under various numbers of amplitudes
of Vs (15, =20, and —25 V) as a function of pulse number. d) Ips under several sequential gate voltage pulses with various amplitudes.

4. Experimental Section

Synthesis of (Bi, La, Fe, and Mn)-Precursors: Glycol methyl ether
[CH30CH,CH,0H, 99.5%] and glacial acetic acid [CH3;COOH, 99.5%)]
were mixtured as a solvent, and citric acid [CgHgO;, 99.5%] was added as
a chelating agent. Wherein the molar ratio of citric acid and metal ions
is 2:1. Analytically pure bismuth nitrate pentahydrate [Bi(NO3);-5H,0,
99.0%], lanthanum nitrate hexahydrate [La(NO3);-6H,0, 99.0%), ferric
nitrate nonahydrate [Fe(NOs);-9H,0, 98.5%], and manganese acetate
tetrahydrate [Mn(CH,COOH),-4H,0, 99.0%] were adopted as solutes.
Note that adding 7 mol% excess Bi to make up for the loss of Bi during
annealing. Finally, the 0.2m precursor solution was stirred for 12 h at
about 60 °C and was then cooled to room temperature.

Deposition of BiggsLagsFeq.s;MngosO3 and Al,Os Films: The n*-Si (100)
substrates were cleaned for 15 min with deionized water, alcohol, and ethanol
in an ultrasonic machine. Then, the substrates were purged with nitrogen
to keep the surface dry and clean. The BiggsLagsFegg,MngegOs films
were deposited by spin coating the 0.2 M precursors onto the substrates
at a speed of 3500 rpm for 35 s. The as-prepared layers were prebaked at
200 °C for 5 min, followed by annealing at 600 °C for 5 min in a nitrogen
atmosphere for crystallization. The coating and annealing-treatment
procedures were repeated seven times to obtain about 200 nm-thick films.
A further step, 30 nm-thick Al,O; films were deposited on the BLFMO films
by atomic layer deposition at the 200 °C substrate temperature. Trimethy
laluminium [Al(CH3);, 25% w/w in hexane] and deionized water (H,O,
18 MQ) were used as Al and oxygen sources, respectively.

Fabrication of Devices: To fabricate the FeFETs, MoS, sheets were dry-
transferred to the Al,O3/BLFMO/n*- Si and Al,O;/SiO,/n*- Si substrates
by mechanical exfoliation to form a channel. A copper mesh was used to
form the source and drain electrodes on the MoS,. Then, 100 nm-thick
Au electrodes were directly evaporated on the as-transferred MoS,
sheets by a thermal evaporator.

Characterization: A commercial AFM system (Dimension Icon, Bruker)
was employed to detect the surface topography of the MoS, sheets on
BLFMO films. A confocal micro-Raman spectrometer (LabRAM HR
Evolution, Horiba Jobin-Yvon) in the backscattering geometry was used
to carry out the Raman measurements. The wavelength of the argon
ion laser line is 532 nm. A 50x objective lens with a working distance
of 18 mm was provided to focus the laser beam on the few-layer MoS,
sheets. The ferroelectric behaviors of BLFMO films were recorded using
a ferroelectric test system (Precision Premier II: Radiant Technologies
Inc.). The electrical measurements of FeFET were performed by an
accurate semiconductor parameter analyzer Keithley 4200-SCS.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.

Acknowledgements

The authors thank C. Chen and W. Xia for the technical assistance.
This work was financially supported by the National Natural Science
Foundation of China (Grant Nos. 62074058, 91833303, 61805081, 61974043,
62090013, and 61774061), the National Key R&D Program of China
(Grants No. 2019YFB2203403), the Projects of Science and Technology
Commission of Shanghai Municipality (Grant Nos. 18)C1412400,
19ZR1473400, 18YF1407000, and 19511120100), the Program for Professor
of Special Appointment (Eastern Scholar) at Shanghai Institutions of
Higher Learning, the Shanghai Pujiang Program (20PJ1403600), and the
Fundamental Research Funds for the Central Universities.



Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

Q.Z., H.X., and Q.W. fabricated the samples, W.X. and M.D. performed
the structural analysis. Y.L. analysis the ferroelectric properties. H.X. and
LX. performed the electronic measurements. Q.Z. and ).Z. wrote the
paper. J.Z., Z.H., and ).C. supervised the research. L.S., W.L., and Y.L.
contributed to the discussions. All authors have given approval to the
final version of the manuscript.

Data Availability Statement

Research data are not shared.

Keywords

2D layered semiconductors, ferroelectric films, ferroelectric field-effect
transistors, multi-bit nonvolatile memories

[1] M. Buscema, G. A. Steele, H. S. ). van der Zant, A. Castellanos-
Gomez, Nano Res. 2014, 7, 561.

[2] C. Tan, X. Cao, X. Wu, Q. He, J. Yang, X. Zhang, ). Chen, W. Zhao,
S. K. Han, G. H. Nam, M. Sindoro, H. Zhang, Chem. Rev. 2017, 117,
6225.

[3] X.H. An, F. Z. Liu, Y. J. Jung, S. Kar, Nano Lett. 2013, 13, 909.

[4] W. Liu, M. Liu, X. Liu, X. Wang, H. Deng, M. Lei, Z. Wei, Z. Wei,
Adv. Opt. Mater. 2020, 8, 1901631.

[5] K. Kim, S. Y. Lim, J. U. Lee, S. Lee, T. Y. Kim, K. Park, G. S. Jeon,
C. H. Park, ). G. Park, H. Cheong, Nat. Commun. 2019, 10, 345.

[6] S. Z. Butler, S. M. Hollen, L. Y. Cao, Y. Cui, ). A. Gupta,
H. R. Gutierrez, T. F. Heinz, S. S. Hong, |. X. Huang, A. F. Ismach,
E. Johnston-Halperin, M. Kuno, V. V. Plashnitsa, R. D. Robinson,
R. S. Ruoff, S. Salahuddin, ). Shan, L. Shi, M. G. Spencer,
M. Terrones, W. Wind|, J. E. Goldberger, ACS Nano 2013, 7, 2898.

[7] X. T. Gan, R. ). Shiue, Y. D. Gao, I. Meric, T. F. Heinz, K. Shepard,
J. Hone, S. Assefa, D. Englund, Nat. Photonics 2013, 7, 833.

[8] N. Flory, P. Ma, Y. Salamin, A. Emboras, T. Taniguchi, K. Watanabe,
J. Leuthold, L. Novotny, Nat. Nanotechnol. 2020, 15, 118.

[9] M. Long, P. Wang, H. Fang, W. Hu, Adv. Funct. Mater. 2019, 29, 1803807.

[10] Z. Li, H. Qiao, Z. Guo, X. Ren, Z. Huang, X. Qi, S. C. Dhanabalan,
J. S. Ponraj, D. Zhang, |. Li, ). Zhao, ). Zhong, H. Zhang, Adv. Funct.
Mater. 2018, 28, 1705237.

1] L. Xu, Z. Duan, P. Zhang, X. Wang, J. Zhang, L. Shang, K. Jiang,
Y. Li, L. Zhu, Y. Gong, Z. Hu, J. Chu, ACS Appl. Mater. Interfaces
2020, 12, 44902.

[12] C. Ko, Y. Lee, Y. B. Chen, J. Suh, D. Fu, A. Suslu, S. Lee,
J. D. Clarkson, H. S. Choe, S. Tongay, R. Ramesh, |. Q. Wu,
Adv. Mater. 2016, 28, 2923.

[13] M. M. Furchi, A. Pospischil, F. Libisch, J. Burgdorfer, T. Mueller,
Nano Lett. 2014, 14, 4785.

[14] W. Zhang, Z. Huang, W. Zhang, Y. Li, Nano Res. 2014, 7, 1731.

[15] K. S. Novoseloy, A. K. Geim, S. V. Morozoy, D. Jiang, Y. Zhang,
S. V. Dubonos, I. V. Grigorieva, A. A. Firsov, Science 2004, 306, 666.

[16] Y. Zhou, M. Zhang, Z. Guo, L. Miao, S. Han, Z. Wang, X. Zhang,
H. Zhang, Z. Peng, Mater. Horiz. 2017, 4, 997.

[17] G. lannaccone, F. Bonaccorso, L. Colombo, G. Fiori, Nat. Nanotechnol.
2018, 13, 183.

18] S. Manzeli, D. Ovchinnikov, D. Pasquier, O. V. Yazyev, A. Kis,
Nat. Rev. Mater. 2017, 2, 17033.

[19] X. Cui, H. Lee, Gwan, Y. D. Kim, G. Arefe, Y. Huang, Pinshane,
H. Lee, Chul, Chenet, A. Daniel, X. Zhang, F. Wang, Lei. Ye,
F. Pizzocchero, S. Jessen, Bjarke, K. Watanabe, T. Taniguchi,
A. Muller, David, T. Low, P. Kim, J. Hone, Nat. Nanotechnol. 2015,
10, 534.

[20] N. Liu, P. Kim, J. H. Kim, J. H. Ye, S. Kim, C. ]. Lee, ACS Nano 2014,
8, 6902.

[21] V. Yaday, S. Roy, Z. Singh, P. Khan, A. Jaiswal, Small 2019, 15,
1803706.

[22] K. F. Mak, C. Lee, ). Hone, ). Shan, T. F. Heinz, Phys. Rev. Lett. 2010,
105, 136805.

[23] X. Xu, W. Yao, D. Xiao, T. F. Heinz, Nat. Phys. 2014, 10, 343.

[24] S. Mathews, R. Ramesh, T. Venkatesan, ). Benedetto, Science 1997,
276, 238.

[25] S. Bertolazzi, P. Bondavalli, S. Roche, T. San, S. Y. Choi, L. Colombo,
F. Bonaccorso, P. Samori, Adv. Mater. 2019, 37, 1806663.

[26] A. Lipatov, P. Sharma, A. Gruverman, A. Sinitskii, ACS Nano 2015,
9, 8089.

[27] H. Fang, Z. Lin, X. Wang, C. Tang, Y. Chen, F. Zhang, Y. Chai, Q. Li,
Q. Yan, H. L. W. Chan, . Dai, Opt. Express 2015, 23, 31908.

[28] T. Kobayashi, N. Hori, T. Nakajima, T. Kawae, Appl. Phys. Lett. 2016,
108, 132903.

[29] J. Zhang, Z. Duan, H. Zhang, M. Han, Y. Li, Z. Hu, ). Chu, J. Mater.
Chem. C 2013, 1, 6252.

[30] M. Chen, Y. Wang, N. Shepherd, C. Huard, J. Zhou, L. ). Guo, W. Lu,
X. Liang, ACS Nano 2017, 11, 1091.

[31] K. Li, K.-W. Ang, Y. Lv, X. Liu, Appl. Phys. Lett. 2016, 109, 261901.

[32] P. Hermet, M. Goffinet, ). Kreisel, P. Ghosez, Phys. Rev. B 2007, 75,
220102.

[33] J. Z. Zhang, Z. H. Duan, H. Zhang, M. J. Han, Y. W. Li, Z. G. Hu,
J. H. Chu, J. Mater. Chem. C 2013, 1, 6252.

[34] H. Li, Q. Zhang, C. C. R. Yap, B. K. Tay, T. H. T. Edwin, A. Olivier,
D. Baillargeat, Adv. Funct. Mater. 2012, 22, 1385.

[35] M. Buscema, G. A. Steele, H. S. . van der Zant, A. Castellanos-
Gomez, Nano Res. 2014, 7, 561.

[36] M. Lin, I. Kravchenko, Ivan , ). Fowlkes, X. Li, A. Puretzky, Alexander,
M. Rouleau, Christopher, B. Geohegan, David, K. Xiao, Nanotech-
nology 2016, 27, 165203.

[37] M. Si, C. Jiang, W. Chung, Y. Du, M. A. Alam, P. D. Ye, Nano Lett.
2018, 18, 3682.

[38] C.-W. Tsai, S.-C. Lai, C. T. Yen, H.-M. Lien, H.-L. Lung, T.-B. Wu,
T. Wang, R. Liu, C.-Y. Lu, IEEE Trans. Device Mat. Re. 2005, 5, 217.

[39] K.-J. Baeg, D. Khim, ). Kim, B.-D. Yang, M. Kang, S.-W. Jung,
I.-K. You, D.-Y. Kim, Y.-Y. Noh, Adv. Funct. Mater. 2012, 22,
2915.

[40] H. Qiu, M. Herder, S. Hecht, P. Samori, Adv. Funct. Mater. 2021, 31,
2102721.

[41] L. Chen, L. Wang, Y. Peng, X. Feng, S. Sarkar, S. Li, B. Li, L. Liu,
K. Han, X. Gong, J. Chen, Y. Liu, G. Han, K. W. Ang, Adv. Electron.
Mater. 2020, 6, 2000057.

[42] H. Jeon, S. G. Kim, J. Park, S. H. Kim, E. Park, J. Kim, H. Y. Yu,
Small 2020, 16, 2004371.

[43] H. Tian, B. Deng, M. L. Chin, X. Yan, H. Jiang, S. Han, V. Sun,
Q. Xia, M. Dubey, F. Xia, H. Wang, ACS Nano 2016, 10, 10428.



