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Fig. 1. Summarize of the stability and semiconductor properties of TMDF.
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Fig. 2. Basic structure diagram of TMDs different phases.
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Fig. 3. Phase transition methods of TMDs.
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Fig. 5. TMD phase transition induced by doping/alloying: (a), (b) The phase transition of MoTe, after doping part of nonmetallic
elements*%; (c), (d) the 2H-1T’ phase transition of MoS, induced by doping Cul*”); (e) the phase stability of the alloy was obtained

by mixing the transition metal with MoSe,, MoTe, and WTe,/*s.

246101-6


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 69, No. 24 (2020) 246101

B WAREZE. /IR BOR —EE A 7 2 A
JRF BT, SRR HAR A B AREE i U2 Z ] Y 25
Bit, DT I8 B0 H: BRI %) B B L9501 X R S A T
B4 0 AR RERICR P15 | BOAE MR} AR 4G A 5
S XA FRZHARMAE TMD A5, F7E 1983
4F Hearing 5 P gl 2 8L T3 Liff)Z2 T Lhgl &
MoS, FIAHAE. 4 FHfJZ 1S TMD MAS I A
B—Coh 4. 203 JUER KRR, o FifZEAR
E 2 TMD FHAR A JLFF R W52 —.

2013 4F Kan 55 DU FEHLZ MoS, i A Li, Jf
PRIT R BUBE Li 4 A= 197E16, MoS, i i At 2
£ HAH. O #1. ZT M1 DT M Z A48 4. 2014 4F
Kappera 55 191 PMMA % 35 /£ MoS,fREE (i
¥ HE A 5 mL % 1.6 mol /L 1E T JE48 o 4b 1
2 h, {15 MoS, #reEgi A AHAS A 1T AH. 8 i 5050,
WEFE# & BRUR /e FELAR 5 V4 1 22 () P2 Ak b B S 35
R, AR KR T T FET B9MERE. XI5
EBH T & )8 1T A& —Fhof 2 e ik, HLHL AR
IR T AR S ik — 2 238 MoS, # 2 PE RE A R0T7
5. 2016 4F, BNk ESr K2E ) Tan 4 PUL B, 8@
X TMD J25)2 Z ik A& ALHE (LiH), 7T LASE
AT MAEEIPHIEARA WY (> 3 1) 22
SE M, T LR Al T 3 T A 4 R AN
TMD #18}. 2017 47, B pe vE 8 T 2= 0 2
L0 Li BT A 2H MoS, H, B8 T MoS, iy
JRERXFFRE, A AR S AT AH. AT i X oy
PORAFGE 2H MoS, MIZEF 5678 3h 712, i S0
B M3 #%7 (nudged elastic band, NEB)
TR, BRI T Li & T2 46210 MoS, 11 2H-
LT-dT AHAE P . 33— A4S TRE AT LA 42 M i A2

MoS, [ HL A MDA PR 5, X At vk RE Ak %

BUBE I R A AL P BE AL AR A5 nT 450497, 2018 4RV
R 8GR AL AT ST AT 7 X AN 6] )2 400 MoS,
HEAT T AHAR L8, R IKES JZ R0 2, FAR A
JEBWRAR, Al 6(a) B, A T3 AT BE 2R A
Bl ZE 8 A0, 45 2H-1T A2 1] () RE & 22 1
I, M FEAR T AHAE BOMERE . 2019 4, Eshete 55 58]
¥ Li B384 )2 97 U8 A 2H-MoTe, 1, 528
T MoTe, i 2H A2 1T M AYEEAE, Wil £ Hi 2
ELSEAHE MoTe, fifA. MoTe, FF A B SEAK 4
o L 1) S RSB 22 B AIRE 66 meV, $E5 T HLfk
Sl AR PR OMRA MR T
AERPRHHT— S R R U T — D E B,

# TMD HfiJZ AR I 77 1, AT — 2 i
FERUR. 2016 4F, i inds [ 57 KA py o3 ) i
IR 2H-MoS, ) Li 1fi/Z27F 3 D FEZT7 11
LA T AR, NI AE T RO B 1T AR
W5, 12 TAF 2% Bl AL A AR X AR AR MS, (Hep
M Rt ¥ 408 ) AL A P T 9 oK S5 1k 2 SE B
IR E AT B A ROR I

=76 TMD 7] 38 1 475 )23 72 e A8 L A AR 4574
2016 4F, Hr NIk B FEH TR 27 ik R H % | Chris-
tian Kloc 45 1 BA 160 5 53 oAb 2% 3 Al Ty b X
MoS,,Seyq ) Hl Mo,Wy_,S, #E4T T Li B Tfi)=,
M SEEL T 2H-1T AHAE, WAl 6(b)—(d) Prs.
DA R A R W B A SR 4R 1T AR
J2 MoSy,Seq(1y AR A BN H il 3 e M RETC
e R Ak K BH RE HE Jtb (dye-sensitized solar cell,
DSSC) HHLAELLT. LAk, Z9K F 38 mT I EEH
FHABR A, 8 I & R AR AL
AL IR

AV Li B 70] LIS TMD MRS Z AR 7R,
HoAtb w4 JE B T nT L. 2014 4F Fp [E B2 B ) B
WFFE T AL B RS Y B E R L0 = Wang 45 611 58
ik S5 & BT MoS, i )2 Na 1] LLiF § MoS,
2H-1T FHAE. BRitbZ Ah, Mlfi1id & BARYE Na 21
A i, 78 MoS, Had if AU H — R 51 HAh
82 AR MAAR DL e A AR 25 AR, B SR AN T
W LS o . 25 SRR Na,MoS, i 2 = 1.5
JELEF AL AT M (G OB . XA L' TR
MoS, FYAHAE RN J2 T~ BR AR, JE ARk i b4 k)
VO R T a7, BRILZ AMRAF ST I8 K B
il — 26 4 i SR T LA FARAS, 40 Fe 45 6263,

34 N 51

Yy TANA (3200 MR B AR ARAT) Tk
FEASIR N, LIRS 0 22 18] 7 A AH B AR A 7Y
T VARBTX A SNA I, I E A AT
AL BRI 2 KA B, (I S8 AT 2 —
PR BN IR ). — BB 6 ik 2
FRAERCR IR AN F 2L SR S AT 7 R AR
AR5, — T LR [ RIS ARL . PR RSE 7 T B
JO7 A3 A BEAESR AT IR AL A0 A f4 )
KRR (JUHE ZZERPRE) BRI, 41 4ni 5
A7 B O A A (81 2 T deealt, 177
TMD HAZ BB N T WA — R %071

246101-7


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 69, No. 24 (2020) 246101

(a) (b) Wm Anode Li foil
' SRR

|5
-
-
SEoplHORIREK Ll
2 g i LA Electrochemcial © b
. “»® Li-intercalation _* c l Sonication
1L oy - =

= :
= Pa®y
ELEee
3 25283825 o0 !
g1 TITIITEL : ¥
E L20343 3 T - BRI
g 5—20L m2L IS h -
= — - < . 4 &0
8 . . . . . {3 - . peeeveesel
0 30 60 90 120 ® .
MoSz,Sep1-») 2H bulk crystal Single-layer 1T
Time/h MoSa;Ses(1 - 2) nanosheets
()
” — 2H Mo 3ds)s ” — 2H S 2py2 0.2} —_— Anne‘fxled
= — 1T £ — 1T g 2p1/2 . —— Exfoliated
g Mo 3d3/2 229.0 S 1651..)3 8
939 1 Bulk 163.1 & o8
5 |Buk 2521 S 2s 5 = g 380 445
5 231.3 298.2 5 =
= 232.1 = 5
g Exfoliated 229.0 ] A
3 o 3 <
8 232.1 229.0 8
Annealed .
. - - 0 L L L L
240 237 234 231 228 225 170 166 162 158 400 500 600 700 800
Binding energy/eV Binding energy/eV Wavelength /nm
(d) - “
£ =
Q 15 % —— FTO-annealed- 35
< T A Frommia 30
— -exfoliated- ~
E 10k E MoSz,Sexq ) OX:2 g 25
% % o [— FTO-PL Ox é 20
a —+= FTO-annealed- z = 15
5} MoS2,Sez(1 ) ) N
T 5 —= FTO-exfoliated- T ot N 10 —— FTO-anncaled’
= MoSz.Sez 1) = Red-2 l —— FTOvexfolinted-
9} —«— FTO-Pt o 5 MoSy,Sex1—s)
nd jad 9 Red-1 0 —e— FTO-Pt
] L L L 5 _olu L L L L L
] 0 02 04 06 08 O —0.6 0 0.6 1.2 30 40 50 60 70 80
Voltage/V Voltage/V Z'/Q-cm
-~
‘g
=]
~ 0.6
2
s 04fF
=
g 0.2
> of
E
—0.2F
4 3 ~
o 2H 9
E i 4 16
2H transition 17T’ transition
strain strain R =
E>5 \_/4’— g 0-08 Pristline Mot g 05
g 006 T g o4l
g L,.P o 0.04 S 03|
= Y _Traznf.ition % 0.02 % 0.2k
1T & 0 0(2) & 0.1f
~ =0 - 0 B SAN
§ 2H . Transition ?v —0.04 % \
2 Mixed forcd g g —0.1F
phase 2 —0.06, | | 1 1 | | > —0.2 | | | 1 1
E 0 2 4 6 8 10 12 ﬁ 0 4 8 12 16
Extension Tensile strain/% Tensile strain/%

Kl 6 432 M SIS TMD A4 (a) MoS, FHZABMERE 528 R R 07; (b) M Ab5 115 =50 TMD #1728 /R B () #H
ST JF =76 TMD % STEM & 1% 1 XPS Yt i (d) 1T =I5 )2 4k TMD F Hy 2 54 60, (&) HLALHE 15§ MoTe, iy 2H-1T" i %%
AR 09 (£) E28 7 S P A MoX, TMD [ AR AR 2 1 19); (g) =JC TMD i it it 5] A A AT 53641 A% 71

Fig. 6. TMD phase transition induced by intercalation and strain: (a) The relationship between the phase transition difficulty of
MoS, and the number of layersP”; (b) schematic diagram of ternary TMD phase transition induced by electrochemical method;
(c) STEM image and XPS spectrum of ternary TMD before and after phase transition; (d) electrical properties of 1T ternary
layered TMDI%); (e) mechanical tensile induced 2H-1T’ transformation of MoTe,®); (f) phase stability of MoX, TMD under va-
cancy and stretch conditions®; (g) irreversible phase transition of ternary TMD induced by stretching(™!l.
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Fig. 7. TMDs phase transition induced by thermal, laser and plasma treatment: (a) The relationship between MoTe, phase trans-

ition and temperature and Te concentration™); (b) schematic diagram of 1T-2H phase transition on the bulk 1T-TaS,[™; (c) select-

ive synthesis of 1T and 2H phases on NbSe,™; (d) schematic diagram of the phase transition by laser irradiation™); (e) schematic

diagram of laser-induced MoTe, phase transition®!; (f) optical properties of MoS, phase transition induced by Ar plasmal®;

(g) schematic diagram of MoTe, phase transition induced by soft plasma; (h) transfer characteristic curves of 2H and 1T’ MoTe,/®l.
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Fig. 8. TMDs phase transition induced by electric-field: (a) Relationship between MoTe, phase transition and gate voltage; (b) sch-

ematic diagram of TaSe, electric-field phase transition and its relationship with gate voltage’?; (c¢) schematic diagram of electrostat-

ic doping induced MoTe, phase transition; (d) Raman spectrum of MoTe, phase transition and relationship between the phase

transition and gate voltagel”; (e) phase transition of NbSe, induced by voltage pulses with an STM tip/®; (f) the 2H-2H, phase

transition of Mo, ,W Te, by applying electric field'!l.
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Abstract

Following traditional semiconductors such as silicon and GaAs, in recent years the two-dimensional
materials have attracted attention in the field of optoelectronic devices, thermoelectric devices and energy
storage and conversion due to their many peculiar properties. However, the normal two-dimensional materials
such as graphene, cannot be well used in the field of optoelectronics due to the lack of a band gap, and the
black phosphorus is also greatly limited in practical applications due to its instability in the air. The two-
dimensional transition metal dichalcogenides have attracted more attention due to the different atomic
structures, adjustable energy band and excellent photoelectric properties. There are different crystal phases in
transition metal dichalcogenides, some of which are stable in the ground state, and others are instable. Different
phases exhibit different characteristics, some of which have semiconductor properties and others have like metal
in property. These stable and metastable phases of transition metal dichalcogenides can be transformed into
each other under some conditions. In order to obtain these metastable phases, thereby modulating their
photoelectric performance and improving the mobility of the devices, it is essential to obtain a phase transition
method that enables the crystal phase transition of the transition metal dichalcogenides. In this article, first of
all, we summarize the different crystal structures of transition metal dichalcogenides and their electrical,
mechanical, and optical properties. Next, the eight phase transition methods of transition metal dichalcogenides
are listed, these being chemical vapor deposition, doping, ion intercalation, strain, high temperature thermal
treatment, laser inducing, plasma treatment, and electric field inducing. After that, the research progress of
these phase transition methods and their advantages and disadvantages are introduced. Finally, we sum up all
the phase transition methods mentioned in this article and then list some of the problems that have not been
solved so far. This review elaborates all of the presently existing different phase transition methods of transition
metal dichalcogenides in detail, which provides a good reference for studying the phase transition of transition
metal dichalcogenides in the future, the electrical performance regulated by different phases, and the

applications of memory devices and electrode manufacturing.

Keywords: two-dimensional transition metal dichalcogenides, crystal structure, phase transition method
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