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Fig. 1. The schematic diagrams: (a) 2D Materials with intercalation!'’; (b) graphene/MoS,/PMN-PT heterostructurel!!;

(c) MoS,/P(VDF-TrFE)/SiO,/Si heterostructurel.
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Fig. 2. (a) The eight possible polarization directions for an unpoled PMN-PT single crystal: r1*, r2+, r3*, rd*, r1-, 12", r3", r4 12

(b) €, — E curves for PMN-PT(001) single crystalsl®); (¢) photoluminescence spectra of the MoS, under various strains'!; (d) e,, —

E curves for PMN-PT(011) single crystals/'?l.
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Fig. 3. (a) Polarization-Electric field (P-E) hysteresis loop of PMN-PT substrate, and schematic diagrams of interface charge effects
in graphene/PMN-PT FeFET!; (b) the Iy~ V, curves of graphene on PMN-PTU!,
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Fig. 4. (a) Schematic of the graphene/PZT/STO heterostructure®”; (b) AFM image of a multilayer graphene sheet on a 300 nm
PZT filmP!; (c) the channel resistivity of graphene/PZT FeFET as a function of the gate voltage with different memory

operation2!.
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Fig. 5. (a) Ipg- Vi characteristics of the exfoliated-graphene/PZT FeFET?; (b) Ing-V characteristics of the CVD-graphene/PZT
FeFET®; (c) Ipg-Vg of the graphene/PZT FeFET under a drain voltage at 50 mV®; (d) drain current as a function of gate
voltage of graphene/PZT FeFET in air and vacuum, respectively!?.
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Fig. 6. (a) Scheme of the electrical measurements of graphene/PZT FeFETs at different polarization state of PZTP; (b) after ap-

plication of the write (Vg = —6 V) or erase (Vg = +6 V) voltages, the ON and OFF drain-source currents at the read voltage

(Vg = 0) and an auxiliary pulse (Vg = -1.25 V) were measured as a function of time; (c¢) schematic device structure of the
graphene/PZT FeFETP); (d) I- Vi characteristics measured in vacuum 250 s and 24 h after switching for both the UP and DOWN

polarization states/.
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Fig. 7. (a) Schematic of the electro-mechanical device used to apply in-plane biaxial strain to the graphenet’; (b) D, G, 2D and 2D’
peaks plotted as a function of the biaxial strain ¢%3; (c) schematic of graphene/PMNPT heterostructure®; (d) the PMN-PT (002)
peaks of XRD 26 scanning patterns with different bias voltagel®!; (e) 2D peaks of graphene under different bias voltagel*4.
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Fig. 8. (a) The IV, curves of graphene on PMN-PT!; (b) charge carrier density of graphene on PMN-PT as a function of the
gate voltageP; (c) schematic diagrams of the graphene/h-BN/PMN-PT FETEY; (d) IV, curves of graphene at different gate-

voltage sweep rangesll,
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Fig. 9. (a) The electric displacement field D of the graphene/P(VDF-TrFE) FeFET and D’ of P(VDF-TrFE) thin film as a func-
tion of the applied electric field*?; (b) the resistance endurance property of the graphene/P(VDF-TrFE) FeFET"; (c) optical im-
age of the flexible transparent graphene/P(VDF-TrFE) FeFET device™; (d) L4 and L, vs Vi, curves of the graphene/P(VDF-

TrFE) FeFETH,
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Fig. 10. (a) Photograph of the graphene/P(VDF-TrFE)/graphene based acoustic device and the measurement circuit!”; (b) schem-
atic depiction showing graphene/P(VDF-TrFE)/graphene-based device can work as an actuator as well as a nanogenerator!”;
(c) schematics and photograph of graphene/PVDF/graphene based generator and loudspeaker!s); (d) photographic image of the
pressure measurement setup showing the pressurized gas inlet, the sensor mounting, and the data acquisition system!’; (e) short-
circuit current of the P(VDF-TrFE)/PMN-PT/GO film when attached on the human hand?; (f) a schematic of data writing and
reading on GO/P(VDF-TrFE) Multilayer film by a PFM tipl52.
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from 300 to 380 K and V., at 8 VO,
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Fig. 12. (a) Ing-V characteristics for the same MoS,/PZT FeFET measured while V; was applied and 5 min after the correspond-

ing gate voltages were applied, respectively®); (b) effect of light illumination on the retention properties of the FeFET%); (¢) PFM

phase images of a MoS,-PZT FeFET with one and three conductive paths gated by the domains with the downward polarization®!;

(d) Ipg-Vpg curves for different numbers of conductive paths(®4.
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Kl 13 (a) 2D/PZT FeFET Iy 45 1 7% & [& ), (b) PZT K [F] #% 1k 25 X WSe, PL J6 % iy 5 1 167, (¢, d) PZT NS T,
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Fig. 13. (a) Device schematic of the 2D TMD/PZT heterostructurel®); (b) effect of different polarization state for PZT on the PL

spectra of WSe,l®l; (c, d) the maps of integrated PL intensity under

down- and up-polarized states, respectively®; (e) PL peak in-

tensity map obtained from the WS, monolayer over a 30 x 30 um? area under different polarized statesl®; (f) raw PL spectra (sol-

id black line) and fits (dashed green line) using two Lorentzians centered at 2.01 eV (red line) and 1.99 eV (blue line)!%l.
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Fig. 14. (a) Schematic diagram of MoS,/PMN-PT compositel''l; (b) in-situ photoluminescence (PL) spectra of MoS,/PMN-PT com-
posite under different strain states!'!; (c) calculated band structure of trilayer MoS, as a function of the strain/'; (d) schematic of
MoS,/PMN-PT FETI7; (e) I; — Vg curves of MoS,/PMN-PT FET under different light illumination with gate voltage Vi =

0 VI%7; () the time-resolved photocurrent in response to IR on/off at an irradiance of 6 mW /mm?27.
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Fig. 15. (a) Schematic showing the three-phase coupling among magnetism, semiconductor, and piezoelectricity®l; (b) 3D schemat-
ic illustration of an MoSy-based MIPG-FET®); (c) transient response of the MIPG-FET at H = 33 mT at Pr* statel®); (d) transi-

ent response of the MIPG-FET at H = 42 mT at Pr statel®.
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Fig. 16. (a) Schematic 3D top-view of the MoS,»-FETI®!; (b) Detailed plots of SS and g, as a function of Ly,[™l; (c) 3D schematic
diagram of the P(VDF-TrFE) top gated MoSe, FeFET[™; (d) retention performance of this device at the write and erase states™.
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Fig. 17. (a) 3D schematic diagram of the P(VDF-TrFE) top gated MoS, phtodetector with light beam!™; (b) photoswitching beha-
vior of ferroelectric polarization gating triple-layer MoS, photodetector at three states™); (c) the schematic diagram of back-gate
MoTe, FET in which HfO, of 30 nm is deposited on MoTe, before coating P(VDF-TrFE) polymer!””; (d) drain-source characterist-
ics of the In,Se; phtodetector in the dark and under different illuminating light wavelength (520—1550 nm)!7.
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18 (a) HJRWIEAE LiNbO, BRLmE EREARAE I ma 2 IR FITE SRR AL SR b AR BY; () MoSe, Fil () WSe, BYIEBUR G5 141 BY;
(d) 7E MoS,/BaTiO;/SrRuO; L il ik 7R 2 18 B5; (e— ) MoS,/BaTiO;/SrRuO; 75 £ M BE T 5 i PEM AH K] )

Fig. 18. (a) The optical micrograph shows preferential growth of single-layer MoS, on LiNbO3; domains®); PL mapping of exfoliated
monolayer (b) MoSe, and (c) WSe, on a single polarized domain. The gold dashed line indicates one single dipolel®!; (d) a sketch of
the experiment geometry in MoS,/BaTiO;/SrRuO4 junctions®; (e)—(f) PFM phase images of MoS,/BaTiO3/SrRuQ; junctions ac-

quired in the dark before and after UV illumination/®.
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Fig. 19. (a) The resistance R as a function of the temperature T for the CBS films at P.* state and P, state, respectively!®”

(b) schematic band diagrams of the Fermi level shift induced by polarization Switching!®

?; (c) schematic of dual-gated P(VDF-

TrFE)/BP/MoS,/Si0,/Si FeFETPY; (d) schematic illustration of the photoelectric memory in FeFET with BP/PZT heterostruc-

ture fabricated on LNO/SiO,/Si substratel*?;
BP/PZT/LNO/SiO,/Si memory®l.

(e) dynamic cycles of the

electrical writing-optical reading” process of the
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Abstract

With the rapid development of microelectronic integration technology, the miniaturization, integration and
multifunction of electronic devices are becoming a general trend. Two-dimensional materials are a class of
layered material with atomic layer thickness, and have unique electrical, magnetic, optical and mechanical
properties. The co-existence of the weak van der Waals force between layers and the strong covalent bonding
within layers makes the two-dimensional material very suitable for the miniature design of new-generation
multifunctional electronic devices. T'wo-dimensional materials, represented by graphene and transition metal
chalcogenides, exhibit high mobility, adjustable energy band and high visible light transmittance, and thus
having become the frontier hotspots in the field of micro-nanoscience in recent years. Synergy between two-
dimensional materials and various functional materials such as SiO, insulator, semiconductor, metal and organic
compound may lead to new properties and device applications, thus can deepen and expand the basic research
and application of two-dimensional materials. Among them, ferroelectric materials have received much attention
because of their spontaneous polarizations, high dielectric constants, and high piezoelectric coefficients. The
two-dimensional ferroelectric composites well have the advantages of the two, i.e. they not only contain a
variety of rich phenomena such as the magnetoelectric coupling effect, ferroelectric field effect and lattice strain
effect, tunneling effect, photoelectric effect, and photoluminescence effect, but also have broad applications in
devices such as multi-state memories, tunneling transistors, photoelectric diodes, solar cells, super capacitors,
and pyroelectric infrared detectors, which have attracted wide concern from academia and industry. To better
understand the combination of two-dimensional thin films with ferroelectric substrates and provide a holistic
view, we review the researches of several typical two-dimensional film/ferroelectrics heterostructures in this
article. First, two-dimensional materials and ferroelectric materials are introduced. Then, the physical
mechanism at the interface is briefly illustrated. After that, several typical two-dimensional film/ferroelectrics
heterostructures are mainly introduced. The ferroelectric materials including Pb(Zr; ,Ti,)Os, (1-2)PbMg, 3
Nb, /305~ 2PbTiO;, P(VDF-TrFE), are mainly summarized, and other ferroelectric materials such as P(VDF-
TrFE-CFE), BaTiO;, BiFeO;, PbTiO5, CulnP,Ss, HfO, are briefly involved. The future research emphasis of
the two-dimensional materials/ferroelectrics composites is also suggested at the end of the article. This review

will present a significant reference to the future design of miniature and multifunctional devices.

Keywords: two-dimensional materials, ferroelectric materials, multifunctional composites, lattice strain effect,

ferroelectric field effect
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