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Fig.2. Basic structure diagram of TMDs different phases.
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Table 1. Phase transition methods of TMDs and their properties.
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it M BE TS A e BB K B AE HELTB (dye-sensitized solar cell, DSSC) I B {4k 71 . It
b, ZAKIE T LA T HABRN A, BRI A A AR A LA
KA,

AL Li B A PASEIL TMD APRHEIEZARAS, HARm e 8 & 5t al BL. 2014
A Fp R S B B RIT 70 BT b R A B ] 2 S 5 5 S 36 8 B MoS: 9 2
Na AJ LLi5 5 MoS2 (] 2H-1T A2 . Britbz fb, BFFEE Ik K IR YE Na B 1 H A
i, fE MoS, HIE AT BLIR I H — FR A HARE A AR AR DA A WA A, S5 R
HE AW RS R SRR, NaMoS: F) x=1.5 &£ F35 b m] 3 4 1)
A XTURILEE 7 MoSa AR AU 246 S I ERAR, R RE R AA R
VHRIRSL A SR T R RO, B 2 AN FUE R I — e 4 g S - T LA A
AR, U Fe £5(6364],
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3.4 N/

VI E TR (2 0. IR ARSI R BTN, TEVR A S35 2
(] 7= AR AH ELAE R K N ) DASRBTX RS RAE O B AE k AARTE J 1 A6
SENFRALE, EFTH MR — SR AR R IR R ). — BELBLR R
VARSE YLy ada N A P N D & AN AN R Y e i CIN DB ]
i E RIS R I RS TTR TR ST o AT EEAER AT T A6 AR A F 7 R )
TIRBUEME OUHAZ AR, 5] i 2y BRI0S), I 47 [R AR 10014
M, NJET S TMD AR WIRET RS | PO — KRl 27k F 2RI
X W P K LA FH 35k SRR I VA 8 R DA T AT SR P R 45, G BT
AR o T TMD 8501 J2 A AR FIAR A7 32 55 B0 32 400 B gt e N o 3 0 —
HER RV BB AR 0 DG B — 16T, RS YO R CLE R (I SR R SR T 0 Rk
5% (atomic force microscopy, AFM) 5z AR HAth by 14 1 52 36 77 25 K S BHLA 5 5 1
FHAE . 2015 47, S [E AR AT ST Seunghyun Song 45 A 7E % i@ i 1 4%
N 775 T 2 MoTes IAHAS . B 51N 0.2% RN, SEHL T MoTe, 2H-1T
AR B AR, BT iR D RN T DLREARAR ARG, BRI PR 58 2 AR )
AR RITT SR ARAR , 3 — R n] BT IF RG2S AE AN B 1 5 I A IR 2 08, 2016
S [E Wi HH AR K 24K Karel-Alexander N. Duerloo 25 N #5256 & BB S X} MoTe,
TEATHURL A, T DAL R Sk 2H MR NG IR 1T M, B 6(e) BTante7),

S IR AR ANANL BT LR F MoTes b, i8 0] LU & TMD #4%L, W1 MoSa.
MoSex £l WTe, 7%, 2018 4, HIKKZHEFIIIC 7S SRR KT MoXe
(I AE LR E 1k o BIF FE AT A I 25 R Aok A 35 B BAEAE 2H R 1T AH 2 8] 1) e
ZE, A Z A E RN A bR T SR 2H B 1T AR R ReE, AR in ]
6(f) 71, 2012 4E3E[H ¥ Priya Johari A1 Vivek B. Shenoy & FiL TMD i 7 {3 A%
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FOBY YIS AR #RAR UG . BRULLAAN, T 7835 38 R AU S A% B 6 9t/ 2 3 & TMD
M B, 51 R FNE RS][4 LK TMD MRE I SRS 6 & (i i . X TR 52
T R A MS, 2l MSes £l MTe f 5225 5200, SR8 1 R A F1 4685 U] B AR
FEVATT TMDs [ HL -5 v (1) = 22 20,

[E AL, XFF =70 TMD #4k}, B2 J74E 0] LS HAHAE , Amey Apte, Vidya
Kochat 55 A7E 2018 X MoWS, &< #EATHi i, SEI 2H AHEI 1T AHRIAS AT

AZ, JF h 2O B EEIESE T — AL, Z5 IRl 6(g)fst™.

(a) m S oD -

. gy
i e &

N

Transition
force

Concentration (M)
-
T
u M
e
a
=y |

L L
60 20 120
Time (hour)

Kl 6 7 FHiZ MBI T TMD AHAZ . (a) MoSy AR 5 H B C R B8 (b) HALE:
S =70 TMD #A R ZEE; (c) MHAZHTE =70 TMD i) STEM EHE AT XPS Hi; (d) IT =
JG/Z AR TMD [HLZREEC; () HUIEL #1355 MoTer i 2H-1T (I AZET; (f) fE2 4 54
26T MoX, TMD HUAHAZESE PETY; (g) =70 TMD dlid fir it 5] & AN w) 10 AH AR 73]
Fig.6. TMD phase transition induced by intercalation and strain. (a) The relationship between the
phase transition difficulty of MoS; and the number of layers8l; (b) Schematic diagram of ternary
TMD phase transition induced by electrochemical method; (¢) STEM image and XPS spectrum of
ternary TMD before and after phase transition; (d) Electrical properties of 1T ternary layered
TMDI¢!; (¢) Mechanical tensile induced 2H-1T’ transformation of MoTe,[%”); (f) Phase stability of
MoX> TMD under vacancy and stretch conditions!”!; (g) Irreversible phase transition of ternary
TMD induced by stretching!”!

3.5 EmALTR
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— KL, R I IREGR R S5 R LA, DRI i e TR AL B R
AR R GE R AT R O E B — R . E AT TMD K2 HUE DLl T 1
2H A, THEARTER IR T RZ A ReREAATE, @I T m i B ml DU H 3R A5 e
EERIFT TR B, AT TEAHAR, 45 A HB Kk n] DLSEE Al AR AR

2015 456 ] Dong Hoon Keum %5 A\ i i 2 AR I B2 AT 58 B T MoTe2 2H AH
1T HZ w5 R AR, ABRR R4 & 7(a)fros . MoTer [ 2H AH 5L A (E
500 °CLA LR HFUREAR A 1T 40, 24k BER IS H 5 R 3 2H AHU4,  Te SREATY
162 7& MoTe 2H-1T°AHAZ (AR . 2018 4EF N [ K% A EEHARE . [E
RHEK 22 B 728 1138 ek OB K AEHOR 1 T-TaS B2 32 Ei% S 1T 2 2H
FHAE, IR E—FE SA0RL, B 7(0)FTs, JF BB — B kI, i
JI0EEL S Jok ks 5L 2H-TaSy VIl 1T Mo SR IUR AT FEHUIR 1T-TaSy divfd bl £
FRfge ) 2D B FHR AL T — BB REN J5E, AITTIRE G 1 0 29 ] 4% 5 R 1 7 O,
2019 SEFT NI E 37 K 241#) Andrivo Rusydi A1 Andrew T. S. Wee PA SRR 22 5K
SCEUR A B X Cu F RS MoS: 1 Au _EIF L JZ WSep HEATIR KALEE, AR
ST IH-1T AR, JFHBEAT T AT 00 LI A0 55— PRI LR 7T, B T B e
HLEL 4 4 JR R R LA — 4 T™MD (7= 2 AR I R HE 1) T — AN H S P e 1%30
W58 T 2D-TMD/2E 48 RSt R VG, AT 2E T 2D-TMDs 154 B
B3 B AT RE D,

53—771f, 7€ CVD 4K MoTex i, A DU ik eSO A i Sk 42l HL 1T MHTE 2H
FHRIAME A K, AT ERATF] — J5 71T 9 2 2 MoTer & 8- SR 2 S AL R,
2016 4, H A K Yuki Nakata 55 A, i 1 2 i B Ji€ i i B2 A ] 20 5 R4k 2
(molecular-beam epitaxy, MBE) i R 7 78 & A X = f1 58 i 1 SiC 4 I8 ESEIL T
NbSe: 1) 1T F1 2H A B A K, B 7R, SibFEE, A1E R T
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1'T-NbSe> [FIARF Mott ZEZ0RT - IX TR FE (K1 45 A EET TMD 1) dinkll TAEIFRE T
TE O,

A I I AR PR T B A, R KR SRR DR . (HIX R
AR IR I S IR AR AR AR E K A SR A T R A A
PRI AT et R AT T (AL HE S (¥ TMD fRFRAR E 1 AR, 24 fE i
FFATT T LD ) — AR
3.6 Wkl %

SRR ASREHLL, TMD BA R A IERR, T e b8 50 4F
R F O T o BRI FUR I, TMD SR [0 5 5 L i 1 e
AR, W MoSy JEFIEH BRTE 1.2~1.9 eV 2 [H; MoSes Ji T4 BR7E 1.1~1.5 eV
18] WSy Ji 7 s BRAE 1.2~1.9 eV Z [a]; WSes i A7 BRAE 1.2~1.7 eV Z [A]1H,
1 i a9 H 5 1 JE A S, R B R B AR A M 5 NS VS AT, A
P EAITE G T 3T A G AR I R B . SRR, WO ST IR A
F TMD FMARHIARZE

2005 4, Suyeon Cho 453l i1 FHIOGK1E MoTex £ it 44 2H MoTe ¥ 42
IT°AH, FFHIE IR 2R 2 DU WA RE S 1T A, Ab 3 2 4 I
T(dFrR. W FREEXEOCAL B G E ) S HEAT 10T 58, R I 4 fo Fi B 02 25 B¢
1, UE T 1T TR I JE A R0 G e 4 A5 A B TH SR, Te 47
fit T MoTex H SR #SARAS , TR T — AN B A BR AR A ) — AR 2RO 7 in 3 g
PEH T ORI TR AR AR E 2018 AR IE I WOL 51 S AT HGR K, BN 78T MoS: 1Y
IT°-2H AHA, % TR s A R I, ERRPEA R 1T°-MoSa [ 2 [fi b
2H-MoS; [ 56T 5 AE AL T EUR B . XS R BN AR 4@ H TMD [l %, #R&R
Vit A R AR ek T P A 2 B DA o 1) L FH R 1 PB4 810, O 15 A AR
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FHETZA, T4 kAR A R T L 2 5,

SEFAARRERE, H AT ER AR B BRI Te J5 T84 R BTG A
). AHAE 2019 5F, dbHIHAE TR K7 PNEME B S5l DFT 590 09: MoTes
Hr U Te AL AR TR 1T A0, 40l 7(e)fn . XTI e B 22 A P J 52
WA T 4 S TMD Fafi e AR TREMSCHE, 75 d 70 SR VR RL A PG B R AT
(831,

WO S IS B HAR R PR 8 , AN 2228 5y IR g A 5 2 A 538 AT 1 S
RIS o EARILAN A 6T BOG s SIARAR M 70850, (H R T AR S &,
T VEAE AR AR £ 1E TMD AL 5 % 3 KRR -

3.7 SER TR

SRS TR SRR, R 0 F AR R J I R T B T A S S A
[ T 5705 2L B 8 A AR A IR o — e RORBE R T R 2 17 2 W L i
Bk, HIgsh BRSSO, R BRI A BT AAE T

B
H

» HEBALNREREML WL SN VIRAERENES . FE TR AR
AR, A2 T et (37 T LA 3 . R sl RN S5 8 11 . ik
B e m IR BHAR A, AR TR UR TR RSSOV E T, BT
TR, XA TR “ BB o Sele 5 S8 8 7 s L Ay eURE 7 IR A A
b = AT /A = R (1 R S R N e T R R SR E e s Y 2t
A fer A, — AR IE A RIR S & R R T RTR 4, el =
MBS B TR OV IRIR S ik, H, RS E TREM R aE B Z M
RIHS, BB AL PERS), A AR QOIS o I SE ARG 5 & TR TR S A AR
EEERIERER, S VO.TIAT TMD AHAZ

2017 5, HEEFEAR. HEBEEBE S AR T E AT MoS) # dh
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i P AR A5 0 12 B I Ar 2588 TR AL FL S BTH SE R T 2H-1T M EE AR,
B 7T~ EEE TRESHEENE RS, ZTEFEANRES THRIIRT
T3 S JE IR T 51 & 2H-1T IAEAS o 3d i 55 B TR AR 38 5 1) 1T MoSa fE L
Fo e MEACRIRE B U W& h B TR AE 1 RN (81, 2020 4F, Mashiyat
Sumaiya Shawkat 5 A f# Fl Ar 255 7% CVD 4K 2D PtSe, T4, KI
PtSes J2 T A T T A4 JRARAR o IX TSI K HFRR B I E T KT AL CVD K
[¥) 2D PtSes Jo¢ Hax Fi S il (4 = T4k 10 < o B (g B A LR, DK OKHR 6 1 LA
AR AU 2 T RE MR,

5 F 25 B F AR A TMD 235 TMD Bf 5 il — 2 fifsi. 2018 4E, YILF§
R H D RREAM A F RIS A S8 A RS, @il H
IRANSE B T ARAL B MoTex #h,  SEIL A i bl 2H-1T (ARAS, ALBEERE K 418
ik 7(g)(h)Fon . It AFM IR, 200 iR S 5 TR A0 EE, R R TIEA
ZERIR, BN AFM SR FRIER I MoTe, B 5B Z MEA T BT . XTI

SEIGUESE |45 8 AT SAHAZ I AT AT M, 7R f 2 de B A AR O S P AP0,

(d)

(2) oo
17004%

B-MoTe,

perature (°C)

w-MoTe,

65 66 67 68 067
g x
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K7 s e EE ., WOt FE KA S TMD A . (a) MoTex AHARFRE S5 2 ¢ Te WREE I
KZ4; (b) Hetk 1T-TaS: (1) 1T-2H AHAE R E BT (¢) NbSe: b 1T A1 2H AHATE SR A B8,
(d) BOLKIBEIH FAHR R R EEY, (e) WOLTIF MoTe, ¥ FAHAZ M R BB, () Ar 555 114
51K MoSa FHAR G SR P8 (g) AN 45 1 51415 3 MoTea #HAZ R &1 ; (h) 2H Al 1T” MoTe,

R RS A 11t 21000

Fig.7. TMDs phase transition induced by thermal, laser and plasma treatment. (a) The relationship
between MoTe, phase transition and temperature and Te conce ntration®; (b) Schematic diagram

of 1T-2H phase transition on the bulk 1T-TaS*?; (¢c) Selective synthesis of 1T and 2H phases on

NbSe:*3; (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®l; (g) Schematic diagram of MoTe, phase transition induced by soft plasma;

(h) Transfer characteristic curves of 2H and 1T’ MoTe,7.

B AR AR S TMD ARG & — MBI BRI S A AR 1 SR 3
WRBAH TR . BRI E NS B AL 2 B TMD TRZ & 5T
JEIE R BTt S, AR R B R S IR IO UE MR 7E 4 5 AR 7T H X A )
S
3.8 75T

T4 TMD B AT IR ERE . IR T2 B T 3 R0 (field-effect
transistors, FET) " . 2012 SEHF 70 &I v] L il i #h 37 K 35 TMD 12
Je SRR, nl DU R S AR IR E Y O E TMD 885 7 T H A5 1 B
FASEHL TMD -3 0K- 42 8 1) Sl AR FL AR S it T B BR . 2 RHF AR AR SS 710
W, AT R TEE 5 SRR, R A E, Shsrg,
HI T IX R OT VR R I3 fe ELHRAE TMD e fh EREAT RO, Bef A Rz TMD A1k
FAS RIS, X7 IRTE B I AT 2 R

2015 4 5[] iy T AR K 25 F1HT 88 74 BF M 7K 22 AR 70 4 A 1 e vl 1 13 10
RN F T MoTers MoSz A1 TaSes Hy2F AR & Jm AR, AR 8(a)(b)
FI7R o A2 AR PP G 0D 2 HL 2 2 45 ) AR M AT H s TG 6 A T AR, B 50 R I B
J2 H R T B TR S AL T TMD AR M SRS 4 R AR 1
FERER. HTMRBE @R R )E, B AR DLl T i 4 K AR
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AR F R 4. 2017 4R INRIAR 6 S K 278 #4544 1 7 U Th 3R 3+ )2
MoTe: 1975 J7 AHAN SRR 2 (B (A ELEE AR, A 8(c) ()i, I ERE S 2841 1
NN DEME-TFSI 5 WAE TGO - A3 A% it Al i AN 7 Y42 AR AR o 1% AR v
N UK BB SR IRR 2O GE &, DRI SRR AR T LS
7 AR R AR o X TS50 Sy R T S R A AR AR B R TR R T R
951, ] 4F Bent Weber %5 ¥4 % iff 471 4 B% 1 &5 73l % (scanning tunneling microscope,
STM)F T NbSe, 145 A M AIARAE TR, S8 I b 45 STM 9 ) i e ik,

A] 4+ NbSea I fi A & 350 1 1 = A5k A QH) 4y \EARAE(LT), Wi 8(e) s«

HIF 72 3 AR MR 30 FLARRAE (V133 13)R 13.9° L 13 25 38 (charge density wave, CDW)F]
WGP KARG AT Ao ST HEARIINLE], WRFEE 8 T AT RE R R 3R, A 4%
WAL LA R STM AR 35 7 A 1A HLGT i X o B BRI AR IR HLEE I AT AN B

AR AR 8 7 VA0 78 AR (0 5T B B 384 h R e TR 1 S SR

2019 4, S T 78 FAT T it I e 3 00 2k 1 28 B 2H-MoTez Ml Mo1xWxTez Y H
BH %4 6 A7 HUAF £ (resistive random access memory, RRAM)#% /4 S2FiL 1 W 4% () 5%
DA QH)FIRET Sk Ta T A IS AL, W 8(DFTR . XBURIR I T /]
DATE 2P R b SER 242 1 HRAS D), IF 2 7 TMD 7E AR 28 A Hh 17 7

[,
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Gate voltage V (V)
Lbowasa

8 Hilz 5|3 TMD #HAZ. (a) MoTex HHAE 51 1# MR R R« (b) TaSe FIAH AL 7~ I J

AR T ERE R (o) #HBRTES MoTe #HAZ 5L El: (d) MoTey #HAZ T 247 851

T R FAR AR JB S5 MR R 10 R 19); (o) STML 2R L Bkt 155 NbSe MFH AR (£) Jiti i
H1.371%F Mo1xWTe; ). 2H-2Hq AHAZ M)

Fig.8. TMDs phase transition induced by electric-field. (a) Relationship between MoTe; phase
transition and gate voltage; (b) Schematic diagram of TaSe> electric-field phase transition and its
relationship with gate voltage®¥; (¢) Schematic diagram of electrostatic doping induced MoTe
phase transition; (d) Raman spectrum of MoTe; phase transition and relationship between the
phase transition and gate voltageP?; (e) Phase transition of NbSe; induced by voltage pulses with
an STM tipP®l; (f) The 2H-2Hq4 phase transition of Mo;xWxTe, by applying electric field!''l.

4 REMRE

25 PRTAR, SCEAREATE et TMD 8 i i f L BT T — AR
MG, RGN T TMD &Rl AR R : 2H. 1T BLAC 1T . 2Ha %6 . ASCHY
H AT BETIERTEE T B TS A LR TMD #HA2771%: CVD k. Bk, 70T
WE0 mRACEE . RJRE WOGTISE SR TR EE L R 3 5] 53,
I B REFP R AR SO AT T VA 2. ARG L5380 TMD AR J7 iRk AT
T—AEMESS, 4G TMD AR TR TR T — MRS % .

IR H A TMD RIAHARRT FCHAS T AR H 2 2 M RBVE R, BRI T iE

7/

FFAEAR 22 I R A o HL R B K I [ R 2 AT AR R TMID 9 2083 JEE MG E 1 il i
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Loy 7462 . BRI SR TMD & G B2 M4, HansEma
FIRUE. T —SeAHAR T, Wi A B R, BSR4 E AT IS
BIORIE, (HAHZ IR EATGE, FAh e iR A n TP (Al 5 8
PR AN IR SE B AR BN LER TS AE R T, IX LB R4 WF I 5 2 e I A sl o R4k
B 7 UL AR LA SR AR AN, TMD AR BA e sl Wi & B EATEe
AR BT L8 i AH B AR AR 5 122 4 Ja 7 I TR A

BMTE 2, —4E TMD HJAHAEAE TMD Ho A\ A B AT, HAEA7 1
RV LR AR G A A R, B A X T T AR T S A L R A
RTHERENT o SRATAHAE TMD 1AL TREAEARR MBI & B R R, JFAE
BUCH 7 LA Z M.
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Abstract
After 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 based on many peculiar properties. However, the normal
two-dimensional materials such as graphene, cannot be well applied in the
field of optoelectronics due to the lack of a band gap, and the black
phosphorus are also ‘greatly limited in practical applications due to
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 some others are not
stable. Different phases exhibit different characteristics, some of which
have semiconductor properties and some of others have like metal
properties. These stable and metastable phases of transition metal
dichalcogenides can be transformed into each other under some certain
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conditions. In order to obtain these metastable phases, thereby modulating
their photoelectric performance and improving the mobility of the devices,
it’s essential to get a phase transition method that enables the crystal phase
transition of the transition metal dichalcogenides. In this article, first of all
we simply 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: chemical vapor deposition, doping, ion
intercalation, strain, high temperature thermal treatment, laser inducing,
plasma treatment, and electric field inducing. After that, the research
progress, advantages and disadvantages of these phase transition methods
are also introduced. Finally, we sum up all the phase transition methods
involved in this article and then list some of the problems that have
existed so far. This review elaborate all of the different phase transition
methods until now of transition metal dichalcogenides in detail, which
provides a good reference direction for the phase transition of transition
metal dichalcogenides in the future, the electrical performance regulated
by different phases and the application of memory devices and electrode
manufacturing.

Keywords: 2D transition metal dichalcogenides, crystal structure, phase transition method

* Project supported by the National Nature Science Foundation of China (Grant No.11704159), the
Natural Science Foundation of Jiangsu Province, China (Grant No.BK20170167), the National

postdoctoral Foundation (Grant No.2018M642154), the Postdoctoral Foundation of Jiangsu Province,

32



China (Grant No.2018K057B).

33



