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Fig. 1. Metallicity of 44 M X3 compounds and the stability of 1T and 2H [2].
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Fig. 2. Three-dimensional structure of MoS2
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Fig. 4. Band gap structure of MoSy [8].
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Fig. 5. Process of synthesizing MoSz by thernal decomposition of (NH4)2MoSy
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L3000 r/min Kf (NHy)oMoSy iR7EAER . SR )G 5L
B CVD & b, In#h 2 100 °C 24 NMP
BREEY), FHE A 480 °C 1 h, #E47 (NHy)oMoSy #44>
fift, BLIE]IE N 200 scem G A A1400 scem AR A
AR RJEEGSIAE T FHR 2 1000 °C BLIR E 45
g, T TS U MoS, ME IS M FET i HL 1
HEBE N0 ecm? V1™l
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e T4 FH Ao JEC PR R /DN, gk 2 A B AN A |
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: e
[

™\
= ||c= ||

Quartz tube

Closed furnace

K6 HTAESE— 2 Mo &M MoSs [16]
Fig. 6. Mo deposited in the substrate by E-beam be-
fore the synthesis 161,

W 6 i, Laskar 5 U6 76 ¥ 5 7 4 Ji& A
TR ZZ KD T 5 nm [ Mo, 2R G347 m iR AR

(12,

b, A KIRE 458 500, 700, 900 F11100 °C, K15
T HL (0001) & F] ) MoSs. & F AT & 1 1 MoS,
MFET W TFTBEEEE T (124£2) cm? Vsl
FATTH B 5T T Ao X AR K 2, A Si0o /Si 4
JEHEATSESS, RILT % 1 MoSs, fHH I F A 1IN
9 05 TR JEE TR 6T T2 K ) Mo, 1 46 di M 25 BRI
AR

WP 7 fioR, Tao %5 U714 PPl S AR T
S5 ZHE 13 2 10 MoS,, 7l A1 & 1 2614
N MoSs AL F] 7 LA 7 JE K. BT 1 MoS,
MEMFET 28 p 8, BRI X103, BTIE
BERNI12 em? V- ls™l FERAST, ff FHHE
(700 °C), f& = THIEIRA 6 x 1071 mbar (1 bar
= 10° Pa), IE KN 6 W. K E T H R T 2K MoS,
R A K, 3 S A7 1) o R BRI T B % 4% 1) MoS,

Substrate
Leaking valve
p i | I
Vaporized
sulfur
\
Art
Heating tape | Mo

:|:

Sputtering target

7 R R MoS, (17]

Fig. 7. Synthesis of MoS2 by magnetron sputtering[17].

3.3 MOO3

Xt MoSy A K H B2 MoOs.

41 & 8 fr 7, Balendhran 25 8] {5 ] MoO5 i@
1 CVD J7VEA K MoS,, #id S F MoOs 7£ 4 2
W ZE R R LR TS 2 5 (1) MoSs. #3126 =2
120 scem SEA M E 830 °C FAE K 180 min.

Lee 25 1 F AN [A] ) 4 J6S Ak B2 5 3%, 1E
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9, 10-tetracarboxylic acid tetrapotassium salt) /1
PTCDA (perylene-3, 4, 9, 10-tetracarboxylic dian-
hydride) fF RAK B R . 0.4 g MoO3 ¥y
KA0.8 g Bk ARTE 650 °C RS FAEKH T
B R IL I IR MoS,, I HIX 88 F R AE WS 45 5 F
BRATIAF 2 mm RIESE 5 E MoS, M. BT itk
MoS, fill i [ Al FET 2 3 n B, FF 56tk 3 104,
HFIER % 0.02 cm? Vst Ji%5 PO SE 50 pm =
(KMg3AlSizOq0F2) #H R _EA K T #Z ) MoS,,
5 BRI T SR T RSP R R S A Ak R T
e FH Y0 4 A A S AR K R AT RL, 5 MoS, 8 A%
RECAAT 2.7%. 130 Pa, 50 scem <, 530 °C Al
700 °C F#BIKAF T B2 ) MoS,, #3431 MoS, J~f
B8 A (K. Shi %5 Pl LPCVD 1
SRR BB T =AM RIRO/N TR R BLE MoS, 2E
K, AR/ AT DL i 2 i) AR KR &S, MoOs
H Aot JES 22 T 1) R B S 3R 9, = AR K
200 1 F] 50 pm. S FHEI S AT A 25 pm, 16
J£ 30 Pa, 50 scem @ &, A K 2 0l 2
530, 610, 680 A1 750 °C. FT k45 ) MoS, 1 & R 1T
BT SR B HL AL, B FE R B3 61 mV /decade,

AZH L N 38.1 pA/em?. Feng 25 PARE T
Hy % MoSe A2 K521, i3S Ho & M 1 scem 1
K313 scem, A K A MoS, [H 7 5618 K5 /)N,
7 Ho Pt 54 10 scem ITRIFRIA 2 K, 260 pm.

Furnace

Carrier gas S MoOs3
—p . —(
K8 CVD % MoSs2

Fig. 8. Process of synthesis by chemical vapor deposition.

B4k, Mo(CO)g, MoSy Al MoCls tH # A +
MoS, i1 4= K. w9 i 7R, Kumar 25 23] ffi ]
Mo(CO)g M HoS1E N JE K}, SR A CVD J7 ik B K
MoSy, 5 TR I8 11 CVD 7 iEA A 1 /2, k72
) BB Mo(CO) g M1 HoS WA 124 2 o, T A2 7E
B AP A, X2 BLAT CVD J5 i B A A H i
(). A B A R AL W A R B
Mo(CO)e 13 s R 156 °C, H Fl T MoS, 14
. AR SE RIS AE R L AR RE 08 31T 2R Y
MoS,.

MFC's Zero point
D Throttle valve
D Exhaust line
Heated line —
Quartz tube
- = (LxD= Rotary pump
Vaporizer Pressure 120 cm X 2.5 cm)
s controller Furnace
LA GO (LXWx H =43.2 cm X 88.9 cm X 53.3 cm)

B9 Kumar %5 23] (0% &

Fig. 9. Setup used by Kumar et a

4 MoSy B & %l &

KALCK, BRCE KT ZIRHES BARIAF
18, HZ NN Z SR A BRI F2 08 fE1E, BT LR =
WEFER . E.3 2004 4F Novoselov 25 1 3@ i i 7
FIE B3R T HE AR A B, AT
BEMEA AT 7T Z . s, X T 4
BRI B SRBUR B 21 T BALHI B AE 55

T I MBI 2 3RS 1 MoSs fb ik &h My, FHe
R T IE R 2, (H 2K X Fh 7 153843 MoS,

1 [23] .

MR NAG, P A, EEMZE, M H R
/N, A UK R oK.

{58 FH BH AR B A LB R B9 1K) D7 vk ] BASRAS B iy
(77 B A U ) 2 E s ). B ks MoSy 3 IR
BB L, SRIGAEE A 2 A3 S A i
AR, 7E 130200 °C FIN#J L8, BB H
W I8N 2001500 V B PLRAG 5 &, o5 fa
i B B G ) I DASRAS B2 BUE 2 2 1 MoS,, J2
50 A o ok ) 1) 2 A

T AL 5 7 )R R BT IR U5 7%, Coleman

018102-5


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

38 % 3k Acta Phys. Sin.

Vol. 65, No. 1 (2016) 018102

2 PARGE T IX— ik, 1% R 3 T
BEAE = 3RS T HZ A 2 1 MoSe, H T AT
MoS ¥R 72 2H B 1), BT LLSRAS B MoS, A & 1=
AL . K MoSo BRI NMP 1, 285 247
e 75 3R AS 2 R I MoSe, 3K45 1 7K MoSs 1I LA
WGUTAR B0 F. AT KRR i MR B A WL
T, AR RS IX P71 (R R A S B R FEAIG L BRI
SRR BAR, FEH MoSy FrIR R AN S,

1986 4, Joensen %5 29 ¥ 5 3% 38 1 F 48 5 1
i ZERAA T Z 1 MoS,. W 10 fros, Z ik
e 2 AN (1) Ji B 3 o B 4 N MoS, 1) )= 2 T,
SRIG PSR LA K MoS, ES B2 RIEE. B
Je, BB T Z ik MoSq B iR H, TE U Z &
Y, SRFE MK, FRER I s S AR, SR
BRESEST, WMRKEEZZMPIIEE. XMk
FERMK, 8 RV TR] D 3 d, T 2 38 2H &Y
MoSs #AL 1T B MoS,, X A5 S 78 B T2
IHIE R A R A 2.

Single-layer
Bulk Li-intercalated MoS; sheets
MoS, Li+ions

compound
2 A
I p— = [*
%
L .

K10 4 872k (20]

Fig. 10. Method of lithium-based intercalation (261,

Load

Layerd bulk
material

Isolated 2D nanosheets

Li-intercalated
compound

11 AL RS TR Ik (2T)

Fig. 11. Method of electrochemistry lithium-based in-

tercalation [27].

W 11 TR, Zeng 5 PTG 1B B T AR 2
%, EEZORENH T AL R B, A B MoS,
VENEANG, BRIEVE IR, SRR — R4 ft Lit
FNEI MoS, )2 52 2 18], 52 AR SR AR
R, X MoS, 2 5 R Z (8347 70 8. XM VAR
B, RA U/, T H $ZE MoS, i)™ &k 2

92%. HE.EAE Si/SiOo 4 i 3 A MoSy J R i W
Hill B 7 HZE I MoSe I FET, 23 p &Y. 7 4h |k
TR AR, X NO PRI EE L F]. 4—5 ppm
(1 ppm = 1079). it 300 °C 1B K[ 775 mT LUK
1T AL [¥) MoSs ¥ 16 i R 2H B 1) MoS,. 2 3 &
) 772 3K 15 (1) MoSo R X B4 F T L 38 10 1 )
i, AN I IR BT RS ) R MoS,, ALK
ST A A BRI RS TS

5 AMEE AL MoS,

W 12 frow, AR B MoS, BT 353 3, i A
TR A AT IR 20088 MoS,. H T A AL RERT MoS,
oL E T L, IRE G5 B~ X 4, @l
F AL RE I FE 7 280300 nm 28],

bulk

BE12 b & s T Si/SiOq # K B AR 2 Hw
MoS, [28]

Fig. 12. Different layers of MoSs in the substrate of

Si/SiO2 with optical microscope (28],

6 FET

6.1 FET HERRFTHINA

EH T~ MoSq 2% 1) J& BE « R I b 2 i FRURA
iy 45 ¥ % JE T MoS, [ FET fE 4L &7 i B H
LI 0, Hetn C 2 8 1) pH A PRI 25 BE % Il &
39 B [ E, A=W A% IR T T 2 B A e
fi% ik F] 100 fmol [ 7K 291, Liu 25 B0y g (45
CVD A K # )2 MoS, FET, L5 nm Ti/50 nm
Auw N, EHn A X NOy 1 RBUE N 20 ppb
(1 ppb = 1079), X} F NH3 I RBEE N1 ppm. H
BEL (1) 58 Sz W 1 A B ) 1 B K, FET 1) A L BE AT
LR N R = Rehannel + Reontact, 72, Rehannel
RAEIR T % E A K, M Reontact 5 I T2 M
MRS 22 S R R R,
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6.2 FETZERFMEAEAINA

Chen %5 P i # () 4 1 26 38 F A0 B 5 T
MoS; i) FET, {#i [l 1530 nm MoS, 1F Nifitk )2,
5 nm Ti/50 nm AufEAHMN, 1 h/GE72 103,
3 d JE A2 400, AT LA TH 10 )5 R 64, ST HLEs v A
SR SEVGIR

6.3 ETFMoS,HFET

3T MoS, I FET 3 ¢ E JF 56 L & 1% 14 3
108, BB RIE B HE, XA E AR RN BT
s AT R N A KA A v PH R A
3 MoS, < J& F1 IHi (1) 4 Rp 3 3 22 8IS, 3 IR B8
48 Sc M FET /£ 5 k i T I
BT 700 em?- Vs~ BANIE, BARIEAE
() 4z J& Al MoSo T Bk i e fih. Kang %5 B2 T
Mo 1 R #fi 4 @ 7 10 nm Mo/100 nm Au R
JZFIVY Z MoS, Y FET, £l FHBAAK 42 2 kQ - pum,
HFIE B N 27 em? V- ls™h 0T R 2 H0 it
T MoS, (I FET, 1T #oKae AL 1T M £ 9 n
A, Chuang %% **1 f# ] 30 nm Pd/30 nm MoO,, #
fil7E SiOo/Si LM T p B4 FET, HLFLIT K LL ik £
108, BEAbh, A6 F A 45 A0 1T B MoS, 1 A H AR 1)
FET A7 i, 737 fe FEAIC 1 5 58 95 42 R0 B2 fid vy
BH. 7EJET MoSe M FET ', @ k A L Al Os,
HO, A8 F BEWS B R MR v i T IE R %, A I g
g i m — B R, KB N kA R B
OO T4 = FET 38038 (0 Rs e, ANl X T
kA B ITARGE 2 — MR BBk ik, (8 R 7 =00
FRATT R UTRA i kA 5t 23 DR g b — 4 o oR) 36 T TG &
HRT A REALHE = PR A BUZ, JUHZLE 10 nm
PAUR DR SE 9 R, AT AN T 2840 1 /N B A i
& UV-O3 TiERE U 5 nm BN Z, X 75T
MoS,; M FET & H#H BEKMEM. Bt it
FET LR T-BL, & REM A ARH i v LA I ey
2. AL, BT MoSy M, XAt IR ] 1AL S8 TiE
N7, W45 4T BUlan oy 71 N T8 1
TENAH L, HR2 WS MBS FEAN—FER A
() SE KT FEARAB A R TR T 3R B 4% 2 MoS,
FET H #E3, Yang 25 P BN R 2 ) MoS, A
PRIZEAE 1, 2-dichloroethane 12 h, #R J& 15 F P4 Al
A I BEIE B8 30 min, PASER K IRICE B, B
2% 5 R o FE BE PR 2 0.5 kQ - pm.

7T %

ZHYER R MoSy N HAFIR IS5 51 T AT
BRI R, BB A S A s, BT
MoS; /& RIRHI 34k, fEFET. St B8, 1% %
FAEJT A A S AN LS. X JRAR MoS, R
A, B SE b AR AT KRR e ) JE R MoS,. =
WMoSy RAFGILELAURINEE, (E15/E3k13
JEIR MoS, (L REH, X T A Bl A58 A IR S5 AT
e I EOR. AR a7V (B CVD %) A &
Jii (I e 54 J2 1555 ) # 2t — Bt e, A
738 KRS Tl A= 7= 5 34V R 1) DR 3R 0
ARG IE, T E A AL MBI RIER T, Tk
SRR QR AR B T B EAGARER, Fir DA
X T B R RE % AL R OR Bl gl 2 1 4R 1R o S A
FOBHIR FEABLE TR BE, 112K MoS, B 5 &2 HI
5l A B 5 AL X0 EOR K 2 SR KL

SE
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Abstract

Recently, two-dimensional (2D) layered molybdenum disulfide (MoS2) has attracted great attention because of
its graphene-like structure and unique physical and chemical properties. In this paper, physical structure, band gap
structure, and optical properties of MoS2 are summarized. MoSs is semiconducting and composed of covalently bonded
sheets held together by weak van der Waals force. In each MoS; layer, a layer of molybdenum (Mo) atoms is sandwiched
between two layers of sulfur (S) atoms. There are three types of MoS2 compounds, including 1T MoS2, 2H MoS,, and
3R MoS2. As the number of layers decreases, the bad gap becomes larger. The bad gap transforms from indirect to
direct as MoS2 is thinned to a monolayer. Changes of band gap show a great potential in photoelectron. Preparation
methods of 2D MoS, are reviewed, including growth methods and exfoliation methods. Ammonium thiomolybdate
(NH4)2MoS4, elemental molybdenum Mo and molybdenum trioxide MoQOs are used to synthesize 2D MoS2 by growth
methods. (NHy)2MoSy is dissolved in a solution and then coated on a substrate. (NH4)2MoSy is decomposed into MoS2
after annealing at a high temperature. Mo is evaporated onto a substrate, and then sulfurized into MoS2. MoOs is
most used to synthesize MoS2 on different substrates by a chemical vapor deposition or plasma-enhanced chemical vapor
deposition. Other precursors like Mo(CO)g, MoS2 and MoCls are also used for MoSs growth. For the graphene-like
structure, monolayer MoS2 can be exfoliated from bulk MoS,. Exfoliation methods include micromechanical exfoliation,
liquid exfoliation, lithium-based intercalation and electrochemistry lithium-based intercalation. For micromechanical
exfoliation, the efficiency is low and the sizes of MoSy flakes are small. For liquid exfoliation, it is convenient for
operation to obtain mass production, but the concentration of monolayer MoS; is low. For lithium-based intercalation,
the yield of monolayer MoSz is high while it takes a long time and makes 2H MoS2 transform to 1T MoS2 in this
process. For electrochemistry lithium-based intercalation, this method saves more time and achieves higher monolayer
MoS: yield, and annealing makes 1T MoS2 back to 2H MoSz2. The applications of 2D MoS; in field-effect transistors,
sensors and memory are discussed. On-off ratio field effect transistor based on MoSs has field-effect mobility of several

hundred cm?-V~*.s™" and on/off ratio of 10® theoretically.

Keywords: two-dimensional molybdenum disulfide, physical structure, preparation method, electronic

device
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