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Fig. 1. Methods for inducing phase transition in 2D-TMDs materials.
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K2 (a) 4 7R T MoS, Rk 2H 2 1T #1748 () A 3CHK [52], B RFHRAL); (b) i )i A8 72 1l MoTe, A9 2H AHA 1T’
A 22 T 14 Bt 70 TR e B 1 2 2 - 4 J 7 A8 B () ) FH RO 58 IR MloTep 455 IX 38l S B 2H 31 1T AH 9% 4% (A SCik [56), B 35448
FA); (d) @AM 7515 2H B 1T A4S (A SCHR (58], B 3RTFHRAL); (e) AT L T A 4 IR MoS, M 2H A3 1T #H i %
AR (iR SCHR [59], BRI AN); (f) iBid MoS, B2 AR FE Y Re J5 152 B HAHE] THARYFE 2L (A SCH [60], B 3RFHEAN)

Fig. 2. (a) Electrostatic force microscopy (EFM) image showing the localized 2H-to-1T' phase transition in MoS, induced by alkali

metal intercalation (reproduced with permission from Ref. [52]); (b) strain-controlled reversible switching between the 2H and 1T’

phases in MoTe,, accompanied by a semiconductor-to-metal transition®); (c) laser-induced selective 2H-to-1T' phase transition in

MoTe, (reproduced with permission from Ref. [56]); (d) electric-field-driven 2H-to-1T' phase transition (reproduced with permission

from Ref. [58]); (e) electron-beam irradiation-induced 2H-to-1T phase transition in MoS, (reproduced with permission from Ref.

[59]); (f) transition from the H phase to the T’ phase in MoS, achieved by doping with different concentrations of Re atoms (repro-

duced with permission from Ref. [60]).

BAGIABIMNLFI, XS P AIHTT B R
) dpzyz Fldyz_ye 4, FEURRKED. FiE Re &
K, H#H Re,Mo, S, &K R BB =B W FH 5,
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A A R, H 1T AR E AR AR AT SR e B
SRR (B 2(1)).
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A B PR B R IR A . Sung 45 97 72 CVD
Al R R SC I T AR 1T A L R A
P 2H A0 B 18 A H MoTe, RS I8 4% (18] 4(a)).
45 B T B AUR (scanning transmission elec-
tron microscopy, STEM) FAF i/, 1T’ 4+ Mo/
Te J5L7~ 5 8 AR B AR D HE S, T 28 AH DU 3 2
RN TTHEYREERS (] 4(c)—(f)). FAGBEIETE (scan-
ning tunneling spectroscopy, STS) 45 R ], 2H
FOAFBE 1.1 eV B0, 1T A0 L2 B T
PE (I 4(b)), & REREF AR RS DL L 1) 8 -2 =
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Fig. 3. Phase-selective synthesis strategies for TMDs via CVD and MBE techniques.
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L (M SR [67], B ARTS4AR);

1T"-MoTe, crystals; (c) optical microscope image of a single-faceted 1T-MoTe, crystal; (d) high-magnification HAADF-STEM im-

age of monolayer 1T -MoTe, obtained via the multilayer method, with corresponding unit cell illustration; (e) optical microscope

image of a hexagonal 2H-MoTe, crystal; (f) high-magnification HAADF-STEM image of few-layer 2H-MoTe, with unit cell illustra-

tion (reproduced with permission from Ref. [67]); (

g) schematic of the FeTe growth process; (h), (i) STEM-ADF images of tetragon-

al and hexagonal FeTe crystals; (j) temperature dependence of in-plane resistivity for tetragonal FeTe devices with varying thick-

nesses; (k) field-dependent Hall resistance of tetragonal and hexagonal FeTe at 1.5 K™
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AITELL 2H MoTe, S TR 5800 di iA44 v 52 30
AR 2R (~25 meV), 2R FRITIE L ATA 105
=Y, I HAERE 77—300 K Y TE IR X Y A
RS SE 1.

THEIERRIGAL AW (FeS, FeSe, FeTe) K H.
A B B EE R REA TE R T S B )T
FeyF:, H FeS Hil FeSe AR #E SVE B #8256 UE
S, CABFFEREE | T LA BRI AR o A T 1 R e 1
T REFH 10 Kang 55 (M [] 1 18 2 5 B I8 4%,
SEELY FeTe diviAR i U 7 AHFN 7S I AH Y 1B £ AR
K (8 4(g)—(1)). Bk RN F i iz 25 2R R B
(Il 4(j)—(k)), P77 40 FeTe HA [ ghuhFetk, H
ZRIRIE (Ty) AR B9/ A 70 K(32 nm) FEAIK
% 45 K(5 nm), M/SNI7HH FeTe 2 IEpENE, Hm
HREE (Te) M 30 nm B9 220 K FEIKE 4 nm B
9170 K. S TH R W], A% A8 i REAE 7S 77 AH
FeTe MERBEEBLG TR BICHEME . LAk, 1 O,
S #l Se TTRBZARM MU HH FeTe HhE WAL HHE S
Bl 12T SR RS ARG - T - R T 2 ] B SRR
Jefit T HEELEA.

NbSe, 1E 4 #AN i 7 OCBRIA 2R, A FER
ai Al Z AR S T ASSE A TN, AR SRR 5
HLfof 25 B (CDW) AR 52545 (76, NbSe, %L
FEAE 2H LT PIFP &S AE (18] 5(a)), HH 2H-NbSe,
KL CDOW S IR B G, AR A
SN Topw = 33.5 K Fl T, = 7.2 K, #JZ NbSe,
J&T Ising M A, Z IR THERE R S, CDW 520,
Tl SR IE TR 1.9 K(A 5(b)). 1 i
1'T-NbSe, FEAR L T 23 % Az v Aif 25 B AR Z , T2
David BIEZ5#E, IR 5 L [RAH BAR P L g
43444 . F Hubbard 7 (UHB, LHB), 3
BRI (] 5(c)) ™. 76 MBE A K fE v, i
Tk A U2 A B M Ao I IR BE T S BN B NbSey
A AR (18] 5(d))I™.

WL R E B (scanning tunneling mi-
croscopy, STM)/STS. fiPHLHETRERHY (angle-
resolved photoemission spectroscopy, ARPES) [
WG RIE, REtdam T HJZ H-NbSe, I HL T4 14
FEOE (8 5(e)™. ¥ 5 K T, STS I & 5% B )2
H-NbSe, A %) 4 meV (1) CDW BEBR, £ iF fi
0.5 VAb Y BT A R o5 A 0 Oy, A B D s
~0.2 V H1-0.8 V b S 5IXI R S ASIE vy F Vo, H
V5V, ZIE ARSI AT/ VX s S S T )

HBRAHAT. ARPES WAS MM 45t 5 STS K&
DFT {15 i 5 /) 52 H-NbSe, A HL T 45 1) A —
B RASNTER)Z H-NbSe, [HLF25H, FyFRfEsR
KRR Z T COW JE U L HI it 2 T
W, 7E 1T #H NbSe, A STS jlk=ARAEH, LB
F 160 mV (ARFAE W23 B i B2 AR A i HH BT 2k
AR B A X6 T | Hubbard 45, 7EF1E 3T
Bz ae A Sl (B 5(6). Tl
2T BN, IRE AR 25 1T A NbSe, 4514
WA, TS Nb JRF 1) d $LiE 5 Se JF 1)
p PLE B 224k, SR WA SUOE CIER, S8k
Hubbard #7 & #5332 W R 7 7T 58 %R 18
KR ZAR Z Mott WA RT-BL (K1 5(g)) 0

3.2 BUIR{KIZIT

1 A KRR AR AT DL R A TR OR
PP S B Ak AE T i R SR 1T AR AH TMDs
FITTEA . X T MoS,, 2H AR 12 sE M, 1
1T F 1T A BB B GE 5 3 L 2H A= 29 0.84 eV/
unit cell fl 0.55 eV /unit cell. Liu 4§ 81 3 15 7€ /i
AR A KR 1T-MoS, BB i fE, el T
1T-MoS, 2 K 1T'/2H 5 AH W2 1Y 7T 45 4 1.
PSR, 1T -F1 2H-K, MoS, HIFaEPERE K+
TR 1 R S A R AR A, 2 KR AT 44% B,
IT'R B IR R B T 2H A1, 2% L o Fa e
(I 6(a)). K+5| & % LT B AR S FEAIX MoS,
Mo-Mo 516 # T N RE &, [RIRTRE 1T MEEA
) il DA DR T AL 435 4 18283, Tl 98 A H/Ar TR A
W JE MRS (5%—12% H,, 650—750 °C) F Ay il
PR R 90% M ERJZE 1T -MoS, (&l 6(b)). JiF
33t STEM FEMER s, 1T M EA 2.7 AR
Mo—Mo 5 Fll 2x 1 8 & 4% R 1k (& 6(c)), 1M
2H AH I S B 5E 56 (75 T X PR EE ) (K1 6(d)). %
1 B e 4l W AR A 2D-TMDs #1RHE A T 3%
IR, IR R E WS, & Hifl 2D-TMDs &,
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(d) 1T/2H A L {51 i A= K LB 19 381 75 56 2 13); () 24 )2 NbSe,/BLG 1 2 9 dI/d Vil (£) 55 ARPES BeE (47 (H A Sk [79], © 4%
BER); (f) 5 — PR B34 1T-NbSe, SOD &t Ml B2 74544 (Z2) & PDOS 201 (£7); (g) Mo 24 2 52 A % A8 o # vf i 48 Nb Al
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Fig. 5. (a) Crystal structure models of H-NbSe, and T-NbSe,; (b) STM image of H-NbSey; (¢) STM image of T-NbSe, (reproduced
with permission from Ref. [77]); (d) evolution of 1T/2H phase ratio as a function of growth temperature™; (e) dI/dV spectra (left)
and sp-ARPES second-derivative dispersion (right) of monolayer NbSe,/BLG (reproduced with permission from Ref. [79]); (f) first-
principles calculated SOD electronic structure (left) and PDOS (right) for 1T-NbSe, unit cell; (g) lattice distortion of nearest Nb

and Se atoms during dark-to-bright state transition and strain-dependent Coulomb energy in monolayer 1T-NbSe, (reproduced with
permission from Ref. [80]).
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Fig. 6. (a) Schematic illustration of the phase modulation strategy for MoS,; (b) phase diagram depicting the growth temperature

versus H, concentration relationship for MoS, synthesis using K,MoS, precursor; (c), (d) STEM images and corresponding SAED
patterns of 1T"- and 2H-MoS, (reproduced with permission from Ref. [81]); (e) SEM image and EDS spectrum of 1T-WS, crystals;
(f) fast Fourier transform filtered HAADF-STEM image of 1T-WS,; (g) high-resolution XPS spectra comparing 1T-WS, and
2H-WS,; (h) temperature-dependent electrical resistivity (p-T) curves for mechanically exfoliated 1T-WS,, 1T-WSe,, and
1T-WS,,Seyy (z = 0.796 and 0.472) under zero magnetic field (reproduced with permission from Ref. [86]).
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Fig. 7. (a) Schematic illustration of the quasi-epitaxial growth of 1T~TMD MLs on 4H-Au NWs; (b) the formation energy differ-
ence between 1T-WS, and 1H-WS,; (¢)-(e) in-situ ABF-STEM images taken from a 4H-Au@1T-WS, NW at different temperat-

ures (reproduced with permission from Ref. [49]).
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Fig. 8. (a), (b) Schematic illustration of phase-controlled growth of MoSe, on Au(111); (¢) atomic-resolution STM images of 1H-
MoSe, grown on pristine Au(111); (d) STM images of Se-pretreated Au(111); (e) atomic-resolution STM images of 1T -MoSe, grown
on Se-pretreated Au(111); (f) relative energy of 1T-, 1H-, and 1T"-MoSe, on Au(111) and Mo/Au(111) substrates; (g) STS acquired
on the 1H- and 1T-MoSe, (reproduced with permission from Ref. [87]).
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Fig. 9. (a) Schematic diagrams for the in-plane 2D-epitaxy synthesis of wafer-scale single-crystalline 2H-MoTe, thin film;
(b) HAADF-STEM image around the edge of the 2H-MoTe, seed and cross-sectional HAADF-STEM image of the epitaxial 2H-
MoTe, film; (c) optical image of the 1T'/2H/1T' MoTe, FET array; (d) typical Iy-Vy, curves of FET measured under various gate
voltages; (e) typical transfer curves of the FET (reproduced with permission from Ref. [50]).
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Fig. 10. (a) Schematic illustration of epitaxial growth of H-CrSe,; (b) ball-and-stick atomic model and electronic spectrum of H-
CrSey; (¢) STM image of MoSe, nanoribbon; (d) STM image of lateral heterostructures with H-phase CrSe, seam-lessly connected to
MoSe, nanoribbons; (e) dI/dV spectra measured on CrSe, regions of the lateral heterostructure under the same bias voltage but dif-
ferent tunneling currents; (f) STM image of the MoSe,-CrSe, lateral heterostructure with a continuous MTB linear defect crossing
through the interface; (g) nc-AFM image of the MoSe,-CrSe, interfaces taken at the Se-edge of MoSe, nanoribbon; (h) real-space
imaging of the band profile of the MoSe,-CrSe, lateral heterostructure plotted in terms of log(dZ/d V).
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Abstract

Two-dimensional transition metal dichalcogenides (2D-TMDs) with atomic thickness have attracted
extensive attention due to their various physical properties, such as quantum spin Hall -effect,
superconductivity, charge density waves, ferroelectricity, and ferromagnetism. Owing to different interlayer
stacking configurations and elemental coordination geometries, 2D-TMDs exhibit diverse crystalline phase
structures with different physicochemical properties. Changing the crystalline phase structures of TMDs
through phase engineering can be an effective strategy for modulating the electronic structures, quantum states,
and functional characteristics. This review focuses on the manufacture of thermodynamically metastable-phase
2D-TMDs, providing a detailed discussion on the mechanisms of phase transition induced by physicochemical
approaches and the latest advances in direct phase-selective synthesis of specific crystalline phase structures.
The influences of phase engineering on electronic structures, superconductivity, magnetism, ferroelectricity, and

other physical properties are systematically elucidated. The research advances in structure and property
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modulation of 2D-TMDs via phase engineering are summarized.

At present, a variety of approaches including alkali metal intercalation, doping, defects, strain, electric
field, and external stimuli (plasma, electron beam and laser irradiation) have been developed for controlled
phase transition in 2D-TMDs. These physical and chemical approaches can induce local transitions of phase
structure, which have the advantage of studying the process and mechanism of phase transition. However, there
are still some problems such as the introduction of impurities and defects, insufficient phase stability, and
challenges in large-scale fabrication. In contrast, the phase-selective synthesis of 2D-TMDs through methods
such as temperature control, precursor design, interface engineering, seed crystal induction, and templated
heteroepitaxial growth is more conducive to the characterization of intrinsic physical properties, large-scale
fabrication, and electronic device applications. Despite the significant progress made in phase-selective synthesis,
there are still several important challenges and development opportunities in this field. The general strategies
and mechanisms of phase-selective synthesis still need to be further expanded and explored. In the future, it is
expected that through theoretical simulations, machine learning-driven predictions and the integration of
advanced in-situ characterization techniques, a universal and efficient phase engineering strategy will be

developed, which can be extended to more 2D-TMD material systems.

Keywords: two-dimensional transition metal dichalcogenides, phase engineering, phase-selective synthesis,

physical property modulation
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