creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[ UCI ]1804: 24011- 200000266551



Study on growth and application of high quality

molybdenum disulfide

20184 02¢ 234

ZAY s o5t

Collection @ chosun



—

=
G

A
E
IH

.

10¢

2017

_#O_l
E
_#O_l

X

Nd

Collection @ chosun



2l

ek Ef A

-

B

ol

ra
N

~L
o

oF

2017 114

_*O_l
E
_*O_l

%!

Nd

Collection @ chosun



ABSTRACT
AR A B 1
A2 O] BA] FLZ s 8
A1A %A (Semiconductor)d] ML s 8
A2H BFEA] 2ZF Y F] e 9
1. ZEo] Q= (Photo Diode)e] Q@] i 9
2. TET0| Q= (Photo Diode)8] ZF  oreemmesnrisnneinns 11
3. MOSFET (Metal - Oxide - Semiconductor Field effect
TransiStor) @] Qa] s 14
4. TFT (Thin film transSistor) e, 17
A3 O] ZY ZA (2D material) - 18
1. ZE T (Graphene) - 18
2. Tranisition Metal Dechalcogenides (TMDs) e 19
3. Molybdenum disulfide (M0Sg) «wwrreeeseeessssssmmsssssssseereee 20
A4d W TR E (Surface Plasmon) - o5
AR AFHLHE B T 26
1. Sapphire 7]%l 3571352 (CVD)E °|8& MoS; 47
B @ A BEA EA] s 2
2. MoS; 71% TFT &7 A% Wy 2 4714 B4 - 41

Collection @ chosun



3. ;‘(jg_j_'_ ‘/:('g]_oﬂ UZ]—FL]— ;(.“70.5] TFT—4 qu];g] ‘_Elz\é ................. 44
4. CVD A% 2 7|AA =g TFT &3¢ A4 &
5. MOSZ ]H Photo diode .'_E_/%] ................................................. 50

6. Plasmon-Exciton coupling& ©] &3t Ax}9] Fuk3 A

oXx
N
o

S
AA7F A B 57
[SEALBE ] coverervmsersmsenmmsniistssiimsiss s sessisssstssassasiss 59
[ZEFAFQ] T]  ceeererermrememe 67

Collection @ chosun



T 11 AA 7129 HFA B TE e 1
19 1.2 CCDSF CMOS O] 1] R AlA] TEZ e, 9
13 1.3 CMOS 01 2] AA 9] FQ TLE|IE e 3
1% 1.4 TMDs 229 25 2 W5 o L] A] e 6
19 15 MoS; A2A 732 9 Layerdl] whE W= oL X] e 7
a9 21 (a) F=A, (b) YEA, (o) =AQ] olYA] F9] e 8
I R S R B N ) R 9
1% 2.3 pin PDY BH FE B EZ 9lE] 11
8 24 APDO) S T2 W EZF Q] e 12
19 25 (a) Ohmic, (b) Schottky 7% % (¢c) MSM PDe9] ¥

TEZ e 13
1% 26 (2) p-MOSFET3} (b) n-MOSFETS] T2 wrrsmrirserin 14
1% 27 p-MOSFETS] A% (a) On / (b) OffA] RAKE oo 15
78 2.8 MOSFETS] AR AGF FA  oovrererremsinnerssessineessssssssssesineens 16
TF 29 TET T2 AL oo sssssssssssssesesssssssssnns 17
28 210 ZefA Y FAA, BEA BEA e, 18
2% 211 TMDs ZA O] A T2 corrrvvermmrresssmsssneesssssssneesssassssseenee 19
28 212 38 A 2D 95t Ae FRY] ATFLE s 20
27 213 A28 MoSy AA MALUZ e 21
I8 214 AAE MoSy T Q] S E]  ereeereereree 29
T12] 215 M0oSy AT B creerreen 29
9 216 MoSy A7 H EA coorrrereeresvvieisssssssseeeesesssssssssssss e 93

Collection @ chosun



T 217 M0Sy FHFS E A v 24
a9 218 =54 w1y EEt=e e dde (@) 24k, (b) FDTD
KB O AL oreemmmmmmmmmmmmmsssssssesseseeeeseesss s 24
7% 31 CVDE &l MoS; Wehs Adste ofe] 7-A B e 26
a9 32 o b4 2o A4 © MoS; FE-SEM O W] A] weoeeeeees 27
7% 3.3 (a) MoS2 Raman Mode, (b) MoS; FE-SEM ©]®| %] (Raman
ZX%.A ] ) Raman SPECEIUITL  w+seeeeesresnsnesnsnsnesmensitnsncisens 28
19 34 (a) MoS; FE-SEM ©]u] %] (PL %7‘3 #12]1), (b) PL spectrum 29
j_xg 3.5 Molybdenum gHEjuo 9 CVD A% A 51_/}_1'_1,:_ .................. 30
a9 3.6 Molybdenum 3{EYd * A ;f:]'% MoS; FE-SEM ©|n][#] - 31
2% 3.7 Molybdenum #EY & A4d MoS, o #E T4 2 713
242 9] (a) Raman, (b) PLEA] s 31
18 38 €% Wro] WE MoSy9] FE-SEM O] H] A] wrrerreserrssrreserienn: 33
2% 39 &%= W] mE MoS: (a) Raman, (b) PL GZA] eeeeeeeeeeess 34
19 310 MoSz9] (a), (b) FE-TEM o]n]#x] 2 (c), (d) 7383 35
a9 311 (a) MoSpo @ =wel 2 (b) Wt e o] AFM o]#|#] 3
Line pI'Oﬁle ................................................................................. 36
79 312 MoS:9] XPS #4 23 (a) Mo 3d #l%=, (b) S 2p A% - 37
29 313 HEY F AFE 9 (a) F3t olvA & (b) Raman, (c) PL
%@' .............................................................................................. 3’7
29 314 HE 2718 M0Sp9] FE-SEM O] H] Z] weereeesreseesssenseesssessncens 38
19 315 7]l wel 4 " MoS, 338 oln| A (a) Sapphire (b) SiO:
/Sl (C) GaN on Sapphire ......................................................... 39
19 316 71 mek 4E MoS; (a) Raman, (b) PL G2A] weeeeeeees 39
a8 317 Atgfolojo] AAAIZ] MoSy; BFEFO] H AL 7]<e coeeerverineenennnns 41
29 318 MoS: #ehe] dA} (a) A / (b) F FE-SEM o] v] A oo 42

Collection @ chosun



9 319 MoSy ¥he] dAF /% (a) Raman 3 (b) PL &4 - 43
19 320 (a) MoSy axAke] EA = B (b) TFT A1 CAD =H - 43
a9 321 A= 54 wet A2k MoS,-TFT 4242 (a) Va-Ips, (b) Vps

_IDS ‘E‘l—;/\g ..................................................................................... 44
2T 322 MoSyoh Z40] Wl 1ho]o] T2l (Q)BFER) wervmeemmmmmmeeniaiiis 45
29 323 A2 240 we A% MoS,-TFT 242 Ve-Ins 54 (a)

Tl / Au’ (b) MO / Au ............................................................ 46
a9 324 A= 24l wet AlgE MoS-TFT 42k (a) Va-Ins, (b) Vis

Ipg AL e A7
19 325 (a) CVD A% 3 (b) 71AA ¥ MoS:o| #dh oln A 3

() RAMAN EA] wrrvrsrrrmssmeessssnsssssins s 48
T 326 CVD 44 % ZIAIA el W& TFT &Ake) 1714

24 (a) Vis-Ips, (B) Vi-Ipg  creeeeeememmmsmmsmmmssmmmmmmmsmsmssssssssnsnnes 49
19 3.27 (a) CVD 4% MoSy, (b) 7IA4 HFeg] MoS:¢| Ligt On-Off

Al Ve-lps, (€) AIZFOll THE 3 S5 o 50
19 3.28 MoS: (w/o AgNP, AuNP)¢| (a), (b) Raman, (c), (d) F34%=

(€), () PL EA] sorrrrrrrrresssssssssssssssss s 52
19 329 (a) MoSy, MoS»/AgNP, MoS2/AuNP 22kl Vps-Ips 54

(b) MoSs, (¢) MoS2/AgNP, (d) MoSy/AUNP «weeeeeerereereenennes 53
1% 3.30 (a) AgNP on MoS, (b) AuNP on MoS:¢] FE-SEM o]u] %] 53
1% 3.31 MoSs, MoSy/AgNP, MoSy/AuNP A #}e] 3 Wks- EA

(a) Time-resolved Photo response, (b), (c) Light On-

Off }\] VG_IDS ............................................................................ 54
a9 332 7k fEkel wWE A7A S (VaIps) BA] e 56

Collection @ chosun



7]

1 Photo Diode 3 E&9 x4,

-
st

Collection @ chosun



ABSTRACT

Study on growth and application of high quality

molybdenum disulfide

By Min—-Woo Kim
Advisor : Prof. Min Ki Kwon, Ph.D.
Department of Photonic Engineering

Graduate School of Chosun University

Atomically thin two-dimensional (2D) layered semiconducting transition
metal dichalcogenides, such as molybdenum disulfide (MoS-2), have recently
emerged as a family of 2D materials because single and few-layered MoS:
exhibits novel properties that are distinctly different from those of graphene.
Whereas graphene 1s a gapless materials, MoS: shows the thickness
dependent bandgap tunability property ranging from bulk form indirect
bandgap of 1.2 eV to direct bandgap of 1.8 eV in single layered MoSs.. Within
the layers, atoms are held together by covalent bonds, while neighbouring
layers are weakly bound together by van der Waals interactions. Preparing
MoS; atomic thin layers have been proposed to several method, including
scotch tape assisted mechanical exfoliation, physical vapor deposition, solution
exfoliation, thermolysis of a precursor containing Mo and S atoms,

sulfurization of molybdenum oxide. Recently, MoS: atomic thin film layers
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have been fabricated to field effect transistors which exhibit excellent on/off
current ratio 10°-10° and a high photoresponsivity. These properties allow for
their applications in nanoelectronic and optoelectronic devices on both
conventional and flexible substrate. This is possible for most basic application
where light converted into a current. In the case of photodetectors, the
photoresponsivity are very important. However, it 1s very difficult to obtain
the desired uniformity and repeatability of the film thickness and the
geometry from the chemical vapor deposition (CVD). Also, the
photoresponsivity of previously reported MoS: thin film transistors is still
substantially low. In this work, we describe a method of synthesize
large—area and uniform CVD grown MoS: film, with control over the size and
number at predetermined locations. With controlling growth temperature with
increase growth temperature, surface coverage with MoS: triangular island is
significantly improved due to an increase in density of nuclei. And fully
continuous film is growth with the growth temperature reached to 800 C. To
evaluate the electrical performance of MoS: layer, back gated transistor were
fabricated using transferred MoSy. It is comparable to that of CVD grown
MoS, base transistor. To improve photoresponsivity, surface plasmon(SP) is
suggested with SP. Photo responsivity was improved by three times. The
proposed growth of continuous film and fabrication strategy can be extended
to any kind of 2D materials and enable the realization of electronic circuit

and optical devices easily transferable to any other support.
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3. MOSFET (Metal - Oxide - Semiconductor Field Effect
Transistor)e] ¥z

AA S ERALHEFED) = & S79 AMeoCda £= Al oJsiM 57t
AEE o g Axfelng @54 (unipolar) EWAXE R F2ash AF F
718k of g} tAY =3 Rl FWA &E¥rh AA &3 (Feld Effect)?h
EdA2H Alo]E Asts Q7tete] Aido] A=, AAC A7lel ofsf Ad e

o] Wsgte] wel ARE 24T F Ade AS nFth A4 23 EdALHE
ole] Y& olgate] QVlet= AStel fal F A Atole] HAFE £ET & 3
e 2Aolth, AA a3 EdMA~EH FRHolE HE FET(Junction FET), &%
gE-9 =4 FET (Metal - Oxide - Semiconductor - FET)7} itk #Hg
FET(JFET)E P-N 3ol oJ& das #ojd 4= vk oFshAl &3 ® Ng vt
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=
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MOSFET®] FZxoA Z+zhe] w@hali= A2(Source), =<1 (Drain), Aol E(Gate) =
TAH k. AlE RELS F&3 wiof ASE R Fo] o]Fox] glom
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o miyHo AF7t 52/ ek AolEd U AYE HoFAUE o AF}F &
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< 2% n-MOSFET# W2 nd 7|3 F3S v £33t aneh =49
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A34d o3¢ &2 (2D matrerial)

1. 228 ¥ (Graphene)

ae0e adAse] R 29 FAE ol Fn dv Prol HadAEe §
Ztel o] Wy 2 A} (honeycomb lattice)E At glom, 4 1749 FAR o
FolA A= O—F 2 Aow EgA.537 ok Aol mj =tk BAR ool E

AY=FH(CNT), tolohts, & Fo] gli=d| 224 o3 o

)
S XMF_ Atk 3 550 nm 2o 7HAIH EH
W/mK 9] =& dARE 200000 cm’/Vs 9] =

o S 7ML Qlo] FHASE AR &Olﬂﬂ oY FEREA FYAE LA
S8 F o] Wg FAYe] =L AAE FHEI ot AR 2HHS ey
NUAZ 7FA L YA Gof TET &Aell HgA17]7]] @AZ 74 Qe o)
of 2AE FHOE Ao AEst77F ofel9] L3l SAko]=(Graphene Oxide)
e 2 WA Aol 24 F AT AR FET}F 200 cm’/Vs AEE HHopA]

U 2

eV FEoR g vtopde dAE Aenh
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3. Molybdenum disulfide (MoS)

o] %3} =B d(MoSy)> TMDs 54 5 3t el A Molybdenum(Mo)
oF ZzmA A Sulfur(S)7F FHZ Edolth MoS;= F°] FAFATFE M=
AR 7} ZropAm, A Feld v oF 1.2 eV P Fold M=gS 7AW, &
=9 w o 185 eV AHHH
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4
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ofo
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rlr
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A At WS kb= 2
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MoS, #rehS Al zkekA] Ssbar, iAo r wE7] 5o aAtol] A Eeh7] ol

SAEES 7HAa k. o] AE HAsty] & FHE FE)dEE
(Chemical Vapor Depostion ;CVD)S o]&3lo] 7]#S B (Chamber) T
o %31 Molybdenum trioxide(MoQOs) ¢} Sulfur(S)e] &S &3l MoS: &

S Aol F gl whHo] ®oaE gl oh

rr

=
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KR
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Ar flow

F
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| |
MOD3 HH"“A \ /
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a9 212 g5 V1SS AT AF AA NEe
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el F 7l A7 o m A7t oA B 4 Utk [1100]€] 670 A
232 K9 Ki(=KpE Y¥ oA, Mozigzag FHZ ot K, 23]
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CVDel o3l 473 © MoS:= 443oz 3o dvtn nuzt 54w,
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A4d A Z2ZE (Surface Plasmon)

¥W Z2=#(Surface plasmon ;SP)olgh, <4 vhel ¥W & 5
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=
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Electric field
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=100 =50 \ l:ml 50 100 l]’"["i)l
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o elal of7)7} Fhsete] ksl AE 5 Qlor, F5 i QR F9e) 4]
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A3 Agw 2 2

1. Sapphire 7] 3ol 337|452 H(CVD)E °]&3 MoS:

3Py R F2Y SR

MoS, Hrete ofe] 7k WR Fol 37352 (CVD)E
< W, ¥dst =27] Aojr} Jhsstel HAHow AT 5 3o
Z

YA E Y
sEHolel S8 7bed TFT 24249 MoS; 9ot A2 5 glrt. 3
71852 S o] &dte] MoS,E dsts WS A9 (quartz) &= o] Foixl
Bl (Chamber)ell A aL2& o]§sto] Most SE A skl MoS, ks dojd
Ao, 37| FSAHE o] &kl MoS, BHehs Aol F= Sle 9 7HA W o
Atk ¥ 312 MoS: ZES AFE & e ol 7k el EAEeth
Molybdenum trioxide(MoO3) ¢t Sulfurg& @A sk Mol dom, o 7|ds
MoOs$t Sulfurst el u&s] & R ga(zd 31 (a), A uket

down-stream(Z¥ 3.1 (b)), up-stream(Z¥ 3.1 (c)) WA o= Yo} w3k 13

31 ()9} Zo] Ydt= 7]Fo] WA e-beam evaporation® ©]-&3te] WA Mo 2

55 T&sa, Sulfur 3999 $HAA Mos &3 (sulfurization) A7 W
o] At
(a) Ar flow (b) Ar flow
v 7 Mo . mmmmms 4
Grow oete te S powder e s powder
1. MoO3 + S 2. Down-stream
(C) Ar flow (d) Ar flow
Growth Substrate
Mo film ;
) y - A B
e S powder Growth Substrate S powder
3. Up-stream 4. Mo film + S

1% 31 CVDE &l MoS, #ohs AJAshes o2 7k 3
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e-beam evaporationg ©]&3te] Mo ZE5< 0.1 nm S2A7] —? 71%& 7‘“31

ol Fa1, Aty =7kyel] S 36 E 08 g ¥al A8 Eo 1AE Cold-Zone
o T AW U AF AHE wE § B84 7lx o= (Argon ANS

100 sccm 9 A71Z FUAIZIEA 48S dAHe Fo 750 C 7HA] 2285 &9
Fol AT st d& TheFol MoS, vHes A% Atk 11 32% CVDE
o] g3te] oy 7kA el 93] H4FE MoS; o HAWEY FAAAEAR A
(Field Effect - Scanning Electron Microscope; FE-SEM) o]u| x| o]t} RF 247}
S YEREA Aol Homn, o5 By uie} Zo] 7]3e] KA
] A sl iR SatEolrte Bes B Add A7

s

30 Toer. 750 T 1%
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47 # MoS,o ATzt Al s EAEr] s dubHow Argshe
2ok 2% 7](Raman spectroscopy)E ©]&3tdth vt EAH2 WS FAAA
ARhE o] A7IE Fobed wE RHEAQ 9 aE YEhde 2FERS o] &S
of, A9 W 2FAEPS FAHS = Wyeln X9 AeFERE AFSAY
49 A Ao o] gHTh MoS,o #ut 1% REl tEdor ElYy 9 Ay

4
th. 19 33 (a)3 o] Ely REE Molybdenum Sulfure] 4% 2%

Ay REi= Sulfure] 2 E vFoivy FAZE Fpekel el 3t
e

o EAEE W= o s By slaE AFHR deche e AR

o) oA glof A AL e Fow olEFu, A, WAL Yol

A% Wze) 3

)
tlo

Raman intensity (a.u)
. 5BEEEEEELE

Eladeriy
E L 1 e L] an £25 A0 ATS =0

50Torr, T30°C. 38 Raman shift {cm™)

19 3.3 (a) MoS, Raman Mode, (b) MoS,; FE-SEM ©] 1| #]

(Raman 7% $1#), (c) Raman spectrum
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o= MoSy7F & A% & =udle] A717F S/t Wl grain boundaryZF A 71 A
w, =HQle]l HAA Hol FAZE Waky] wiioltt gnt £ A o] EF
o T Atolo FAE UEHUE As & 5 don, 7|E9 CVDel
A AR dAskeE Ae FRlekadnh B3 A
o

UAE 2457 98], QAo MoS, PL 24
q

AR MoSo= FAl FAAR ] whe} spgo] AA W=Ao] vropx]= 2

4% AYa Slof, PL #4 & S3AE FAE A58 + des el 9

a9 34 A4 E MoS:o #1Alel wel PL #A4M S F3 724 545 &4
sk olmz]olt}. PL &4 A3} spot 1914+ 665 nm, spot 291A41% 670 nm, spot
3674 nm=z S A9} 2ol MoS,o| F47F F49 % (spot 1 — spot 3 —
spot 2)o wel Fag o R o]Fste AL dAsdoen, 1y oy WMeAy
Fe 2 W o) PL Al7|% solAl= A

—Spotl
Spot2| |
— S pot3

PL intensity (a.u)
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] &38te] Afglolo] 7]ghe]l Molybdenume sHEYd & & A4S WPt
step-edges FATFoEN HAAY qUAE FHFo LS FXE F
= 4ol vk 2" 35 = Molybdenum 3jEYd % CVD A% #4A =
W EHY B34S FAHo] 7he Negative PR WA S &85kt ¢4 A%
71l Apglolo] 7)o Spin Coater AH|Z Negative PRS S #3}al, Mask
aligner FH & o]&3to] UVel w35 A2l & MoS: & A4AZ 492 Ae
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% E-beam evaporation ZH| =

Mo film deposition
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719 35 Molybdenum {8 % CVD 4% 34 22 %=

¢+ ¥ Sapphire-Molybdenum 7]#<  ©]-&3te] MoS, A4S ?1335‘}93\9‘”1
CVD Z74-& Molybdenum : 1lnm, &2 : 50Torr, 2% : 750 C, Ar 7}
scem, Sulfur & : 08 g o o2 ARt 18 362 Molybdenum 3 €
9 & A4 A2 FE-SEM o] w]#]o]t},
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37 MoS; FE-SEM o] 1| #]

Molybdenum& e & & 44N MoSot= e 7o) #gatel 449
A& 2 5 ok WY FRe) AAgon AgHel gov, ol el HgA
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b gelz el B AL Belstdn. o UaZdeld 488 a4
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% 3.7 Molybdenum 3EY F A%H MoS:2] Raman, PL #2438 o]n|x]o]
t}. Raman ¥4 A3 (2% 37 (a), Ao F4 FRS 383 cm 9] Elyy
=9} 402 cm ' 9 AREERE 19 em ' M3 S JER I spEAke] R
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T MoS:d Ade skl 9kl 650 C, 700 C, 750
EHTEE FORA MoS:E AEAATH 19 388 SERE
E-SEM e]m]#] o]t}

r-1m
rlo

|

—1>

= A&7 MoS:9]

o
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23 38 £x¥go] WE MoSze] FE-SEM o] v %]
(a) 650 C, (b) 700 C, (¢) 750 C, (d) 800 C,

FE-SEM o]ujz] &1 A3 650 CHE 750C7HA A28 MoS.7F A

3.8 (a—c)), MoS,2] o] AAEE 971 #

2} ol Ao 7 Foldr) &xr} SzbAA MoS, =W olEo] H ks WA
Z

449 wupe] moFe ZFolb: A2 HAY 4 ok 800 TolME A
Z o =]

22 A7 MoS & 72422 #4317] 98 Raman ¥ PL #41S %8
a9 314+ 2=Wgo] 2 MoS,e Raman % PL #4] oju|x]o|t}, 1
g 39 (a) Raman =74 A3, A7d MoS, T=Welo & o]Fojz 650 T ~ 750
C Ao ME Ely mode?t 384 ecm™ Ay modeZb 402 em 'S UERAEA F R
= 7 Z
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6000 T T T (b)

—_—
Q
S—

—_ ——650C) Al e
3 5000 ——700C | A I ot e 700C
8 ——750C S .t . 7500
2 a0 | —500C 5 . ao0c
= E i
5 3000 |- =
- 3‘ |
£ £
= 2000 5 i
E g

1000 L a b .
g a B1 >

%00 350 a0 prey 500 550 600 650 700 750
Raman shift (cm™) Wavelength (nm)

a9 39 2= 12 MoS; (a) Raman % (b) PL #4]

o)A A FHAHE A Zol MoSy7t WEFHEHWA FAZE ALY wet
% g =91y} urekE gl el Raman

gz M ES eld Ay 44y EddAe 71 em ', e 7.2

cm ‘2 WEIE A fle Ao® eyl ol mcle] WiE uyh s

o] Folk m=Hldl oA FH Wyl A gle AoE geHAT. 19
314 (b), PL &4 Ao A= 650 CeollA 662 nmellA] PL 927 YERSEoH | o]
= 184 eV 9 W= yAZ MoS»o] BHEFY o9 (Brillouin zone) ¢ K-point
oMo M= g9 dAes Aow Yewth 750 T7HA =7 e
W E o] Fol7bAA W=l |A 7L destdon, ¢ FoRA PL A7
T < gtk olglgt At =& koA Aol das &
ek qUAE FHTOZA neutral AAE (A1) I A7 AA S8 7] W]
ok 800 T ellA= oAl PL AI7I7F 3@e] wropAan M=o x|zt “olyl
Raman #4] Z39} w72 MoS, =vole] WEwmA T4 7 S7hdol w

gt Aol M -l = o] F 7] wEoltt
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19 310 MoS:2] FE-TEM ©]v]#|(a), (b) R 573 d2&(c), (d)

MoS:0l 284S gRlst7] Sl dARE=Y FAAxAn 4 (Field Effect -
Transmittance Electron Microscope ;FE-TEM) #H]E o] &3sle] #4351
. 19 3102 FE-TEM co|u#] 3 3 dsjel ojux]e|ty. 14 310 (a)9
SE Yol FA B 42 MoS, & Z=wde, 19 310 (0)9 S73 4
ol 93] MoS:e] &A1 E @AAS] MoSy7t A & AL g1 = 9l
ATk AT 19 310 (b)e] A4 MoS, =wQlEoe] Weke 3reo 34
| ool X (1§ 3.10(d)= 7 /He §7F 3jdujelo] Holw, o 28 ° Hk

AEATh o] Raman %2 PLe] A3} fAlehH, ol#st Ay WH3e 3
o] Overlap ¥ 7Y} Grain boundaryol ¢]3F d4dS < 4 Atk MoS:9
A3 FAE 27 9l AFM(Atomic Force Microscope) &3 & o]-&3&}o]

o

G212 =A4sAh 28 3118 MoS:¢] AFM =423} olmx|ojt}, 1Y
311 (a)9] ik MoS.o A7hs Z=dWl2 0.7 nmz S U oew, o= 7]

o

I

of mag wlel o] Wl o MoS, F/15 Uehdrh F Aztde] w
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o] HAK ol 02 nme] &F> FAZE LASHA H=d], o= F AHE ol
Waltema zhzbe] Ax Gz Wako] @2} Grain BoundaryE #A3sAY
Lule] HAA A Aoz gdert. 19 311 (b)+= HE Y= ¥hehs
BT MoS:o 7Hdate o] @xtE SA43 A3tolH 067 nmzE 21 ¥ AT

MoS, grain boundary Mos, flake Mos, layer

29 311 (a) MoS, & =m¢l = (b) #=r e el AFM ©]vA] 3 Line

profile

2% 312% MoS:9| stehd 24nlE £4817] Hstel X-A Fdak 3
(X-ray photoelectron Spectroscopy; XPS)S o]&3le] =43 XPS 4 4
o]tk MoS»9] Zdto]d %] (Binding energy): &7 & Abko] 93 Mo
E3shE MoOso] @® Fol AddE & dom, A7t "t dAvt
XPS 4 ZA3, Molybdenum® Mo 3d A%, Sulfure] S 2s ¢ S 2p AEE
77k g1sk 4= St

_36_

Collection @ chosun



175 Mo 3d 3d 3d512

32

Intensity {(a.u)
Intensity {(a.u)

N . . . .
240 238 236 234 232 230 228 226 224 166 164 162 160

Binding energy (eV) Binding energy (eV)

2% 312 MoSz9] XPS 24 23 (a) Mo 3d A=, (b) S 2p A%

Mo 3d #Hl%=elA Mo 3ds29F Mo 3dse = Z+2F 22058 eV, 232.68 eVE HE}
wor(1dl 312 (a), S 2p #AEANAE 2p3pet 2pieZt 247 16233 eV,
16358 eVE HEHHAT. (27 312 (b)) o= Eid @A F° MoS:o 2
Follg el dAet= AS A 5 3Uden, Mot S £=AH = 1224
aFEA o] MoS, ¥teho]l o] Hith= As AT 5 ATk

(@)

50000

40000

30000

20000

Raman intensity (a.u)
PL intensity (a.u)

10000

350 375 400 425 450 550 600 650 700 750

Raman shift (cm™) Wavelength (nm)

a9 313 JEHY & AAH MoS:9 (a) 338 oA % (b) Raman, (c) PL %4
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-3l
e i FY P2 PR E ddsiA A A1 AT
A= 150 um Y A7]E AEE MoS:o e uiF #dds SRlstry] f1g &
go]u) A, Raman, PL spectrumo|th. 219 313 (a)9] #3 oln[X& 3] MoS;
7F ddeAl e s ddstgen, 19 313 (b)9] Raman 4

a7 387 ecm' 9] Ely, 929} 406 cm '] Ay 92 7149l 19 em o2 HE
T sdd FAE 4 s gdstdlen, 11 313 (09 PL #4& &3l
ME Y R B fdd FAR AFEdon, 38t Aol e AS

Astsich wek 27 3149 o] 15x15 um Y A7IFH o 1 mm #E A7)
=l e

S

15x15 pm2

50x70 ym? 150x175 ym2

300x450 ym2 694x934 ym?

N

224x934 ym?

a9 314 s A7 MoSz¢] FE-SEM o] H|#|
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% 315 71l wel A MoS, %38t oA
(a) Sapphire, (b) SiO2/Si (¢) GaN on Sapphire

MoS:E AAIZ wf, 7]te] wet oJu g gaFo] gleA Fstr] s 7]l
el MoSp & 4AI71a A4S Adgatadnt. 19 3155 CVDE 3 713 &7
of mel AR MoSzo 33t ojmxoltt, s A 7]+ 150 um, ¢¥ 50 Torr,
2% 750 C, A AZF 5 min & 2HAoE AAAAZL AAHoR HHe =7
of Al MoS, "hdto] # e Z1s Rt o5 FxA R F<st] ¢

ol gk 8 PL 245
Raman % PL ¥4 ZA}o]t},

_—
[s})
—
L)
(o)
—

el T T T B
——S3pphie — [——szponie
= —sas 3 swoan | — =0,
= —Z3N 00 53D - [——GaN on Sap
d Se000 é‘-
; p— w W |
] c
2 8
g el Z el
E o000 | 5
E' E 10000 |-
10000
13
[] []
(-] &5 70 750 34 ITs 400 425 450
Wav elength (nm) Wavelength (nm)

19 316 7)) wpel AFE MoS; Raman 2 PL #4]
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1% 316 (a), Raman &4 A3}, Abtelo] 7ol M= =2 AZIE 7H bt
v3 Ads Jenfden, 93 k7o) 21 em |2 YERRTh SiOy/Si 7@l s
Abstelo] 7@tk vk R 21 em e A4S YERNAAT o o AvE 2t
= YAES YERSIE o= dstelux| et gk AR Apspolo] Y|l M 7}
F & 3% =emw, GaN on sapphire 7|2l A Ao Aol HA e BEs
BRItk 29 316 (b), PL 24 AdtellA=, Apgtolo] 7]del M= 7]E3 2

662 nmellA =2 Al71& 7H PL 9237k Ueston, Si02/Si 71l A= kgt
PL Al71& Yetle™, GaN on Sapphirecl 41+ PL 3 =7} UepvbA] ekt ow,
°]i= Raman 238} v}zE7FA 2 Sapphire 718l A 74 =2 549 MoS:7H A
4| AL FRlssir) Si0s9F GaN on Sapphire 7]13He] Zhzbe] Axp 2= ]
g2, Wurzite 730l MoS:9 2H &9} viiol A4 ¢7] witoltt. Aol
of ATl AFAZ MoSr= dHe mekbe 2 fAstel AgsAom, nED
2 448 e AT F Atk olE 2H F2E 7 MoS, Az} Algto]of
7)%¢] Hexagonal 729} epitaxy wj%o] & o] WS ZRste] 7} 1=

¥

29 MoSy7F A% 9 Ro =z "ol

14
©

i

™
Sl
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A
oL

2. MoS; 719+ TFT &= Az 3y 2 A7 3F

MoS,= 2x 2 7haatA A Zsk 4= 9low Back gated A2AFe}, Top gated &
22 Azre 9tk 4 Ald 93-S 5= MoSev n-type REEAIZA] p-type
Siol SiOy7F FFE 713 el A AIZTE MoSo] FFell= 42 (Source), =
A (Drain) &.2A T4 (Meta) S FH3te] TFT 22445 A A3} o] W Ao 3t
A3 FA uel, A A7]7F ekt Back gated AAHE p-Sie Back
gate® ©o]-&3lo] 7t A A Zro] 7hssitk Top gate 7%+ Back gate 739
A oAd dE8e e MoS: 9ol High-k dielectric 225 &3 3 1 99
Top gateZA &S F2ato] Alzbgity, CVD GH|E o] &3ate] Algtelo] 7|3
el A H g dd T MoS, #Hhs AlAd &83 4 & TFT=
Azsl7)ol = A7 Qe TFT 4#¢] Ohmic contactS 4371 913 Back
gate®] FAo] Fastrh Atgtolo] 7| E4 A HAARS 7HAIL glo] T E
Aol gl 7ol vl A B4  flow, A% A= AAA HER
22b AZ Al EAR 0l At ol & S&Est] fal], Atutelo] Y|dte] AAE @Y
=9 MoS;E SiO/Si 7]%01] AARAZA = 9l 7lso] ot 19 317+ A
gtolojo] AFAZ]l MoS, ¥HEHe HAFSH= 7]& ol

317 Absholofo] AFAIZ] MoS, uHuke] Al 7)%
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AA, MoSo7F 47 ¥ Abgtolo] 7|38 PET Z & Taped ©]-&3te] &2t
71 3 Spin coater ZHE o] &3Fo] 3000 rpmol A 60 = F<F PMMA A4 £9&
2713, PET ZgolA AES doldl § DI waterd]l #He¥Eth
PMMA/MoSz 9t Atgtolo] 73S wojdl 4= = 4o a3, NaOH® NaF

125 ol &3 AlA 7Pdxte]d Bz Add Aol A
U PMMA/MoS,9F 7] 38Akel 2 gefo] JFsty 71aE 7kekeAl Ha1, DI
water Wl PMMA/MoSzRb etk g8 4ol o3 ko] s + onm
2, PET 255 o]&3lo] DI waterd]l 10 4 3 ¥ molzol A3ty o]F,
PMMA/MoSE Si 919l 300 nm®| SiOp S 713l &7 MoS:9F 71%o]
Zhol ¥ 7] 9l oA 1 AZFEQt dxAIZIY PMMAE AAS = #AL
Hotplate/Stirrer RS o] &3lo] oA & 5 & F<F 80 C, 600 rpme = PMMA
S AAsT, IPA S04 EZo] 5 B &<k 80 C, 600 rpm Stirring 3 5]
AALE & mhRI T

_ o o
o 4 NS ~Fo

il

o,

&
=]
RUS

P

By

[.‘_1

Before transfer (Sapphire substrate) After transfer (SiO,/Si substrate)

3.18 MoS; grete]l AAl (a) A / (b) & FE-SEM o] v

AL 5 MoSy wheto]l gole] o)gk o Fo g g3Fo] AS F 3o,

< AR A3 $-9] FE-SEM ©]
Aot} AN M FE v S W, MoS, &=wdle] HExv A7|7F Wto
glom, siel dAo 7| B Wbyt glo] H3ko] MA@ Ao g4l
sttt 1% 319v WA A3 £ Ramanyt PL 4 Adelty. 19 319 (a)
Raman %4 Z#, E'Y% =+ 385 em ' oW A, REE 405 em 'olth T

—_

rir L
o
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= 7HAL 20 em '®E 2 ZAFE Urhgown, 7 Rz A7 % A
3 ]

19 (b) PL ¥4 23, 44 el PL 92
Fol = Wglol 670 nme] H2E e
Ae syt w@ sad AE Al wgslel Fdsigon,

FWHME HAF Ao+ 30 nm, JAF o= 32 nm=Z AL v =S HAT
ol gt A HdArtAol o sshA A W whae] £ 74 54 T

(0) e

,_\
8]

-
2
=
3

3000

2000 4

1000

Raman Intensity (a.u)

o
L

4000 -| Aker | |

Before|
After

40000
20000

20000

PL Intensity (a.u)

10000

0

350 ' 3';5 ' dﬂlﬂ ‘ d.2|5
Raman shift (cm™)

3.19 MoS; HHehe] At

uhek QAL F MSM ZETe o=
Z=xs 93 HEYS A3E

, 3, 5 um=z AAsen, Ade 2 10 um= ARG A4 54

T T
450 500 650 700

Wavelength (nm)

A/% (a) Raman % (b) PL £4

TZ= Back gated &2#F #AFS Y, A
o Al =gl 1A A Aol

B Y3 A= == 70 um x 70 um Z 7|2 A ZsFA o)

50 pm Oj

150 pm FE

<> 19

3.20 (a) MoS; AAfe] =

Collection @ chosun

A% 9 (b) TFT A% CAD =¥
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3. A5 &Zd we Azd TFTY A714 54

o T

—
&
S

El
=
T |
:
3
L]
£ |
i
=]

| el

2 8 a0 & 0 & 10 16 20

Gate voltage (V) Drain Voltage (V)
a9 321 A= E-o] wel AlFE MoS;-TFT Axke]
(a) Vg-Ips, (b)Vps—Ips 54
MoS:¢F =42 Q9o o3 JFS Lolrr] 939 Ni/Au, Ti/Au F+ &

e
&9 o]gdte] TET A2 A&s & A7|3 =4S was|ngcy A=
7= 5650 nmE 22 T2 E-beam evaporation FH|E ©]-&3t] H5E
Saaarh #4239, 50 evel 2 FFE AT e N/Au o 247}
] bR Ti/Au Aol Bl&] e Ar] A =4

< Holow, o2 QI d= =dol wet 2xpe] HVH 54 A7t e
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Bl Work T TTFTTTTT = = Vacuum level
ectron ori

43ey  Affinity function 4.95 eV 5.35 eV

4eV 5.2 eV

S $ :
& 1 ) v B === -
S E,
@ . Ev
c Ti/Au
Ll MoS,

Source Drain Forward bias

Ec ®o ] 0.3eV
O T

v

Source Drain

Forward bias

Ec
- s - - ™ = -/““’E--_,
Ev —a

Source Drain Forward bias

Ec Y
o L o e
E. -—a

1% 322 MoSz9h e e toloj g (Lddh)

19 3.22% MoS:oF w49 U3t 9 owi= thojo]igle] RA T otk MoS,
o} A& (Work function) #Fo]7} A2 Ti (4.3 eV)&F Mo (45 eV)E ©] &3}
o Ti / Au ¢ Mo / Au &5 Al#tstar d71% 54& vlas] Bokrh A
=9 FA+= vE7FAZ Ti/ Au (5 nm / 50 nm) ¢ Mo / Au (5 nm / 50
nm) 2 T8I 10 AlZFEeE 100 CTolA ExgE Pt A«

TFT 2xe] Hdsl o]

S 47 98, Vaccum Chamber Probe Station

Hl ek Keithley 4200 FHIE o]&ste] ©714 545 &4k 219 3.23

A

-

AT B wE A71H 54 (Voshe) & Wil BAE Aol
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—
QD
~—r
—_—

O
~—r

Drain Current (uA)
Drain Current (uA)

e -1 0 1 2 2 4 0 1 2
Drain Voltaae (V) Drain Voltage (V)

9 323 A5 B whgk AlFE MoSe-TFT 4#+e] Vps-Ips 54
(a) Ti / Au, (b) Mo / Au

- F4 ZQF FE -2 VoA 2 VE AA3lon, AolE
2 0 VoAl 5V A S7HAIA 10 VA 345 88t 349 =49
2229 AF-HAG FHAV curve)> AlolEQ HFE FTIVMAASTE A

Shle At Fel A @A AdR/7F 2] Turn-On H = 3
A& Hola 9o n-channele] PAFAE S HoFrh APAoZ 19 32
o] Ti / Au ¢ Mo / Aug Huat7] fate] Vps—Ips L2 9 Vi-Ins L
ZE G el yEhe] Blul A e 1.gk

(@) . ‘ . (b)

TitAu Vg=1V
——TitAu Vg=10V 6
—— Mo/Au Vg=1V
0.5 M o/Au V=10V

0.5

&

e

rel

NG

7

Drain Current {uA)

Drain Current (UA)

L L L 0 T L
-2 1 0 1 2 -50 -25 0 25 50

Drain Voltage (V) Gate Voltage (V)

19 324 A BAo what AztE MoS, TFT 444
(a) VDS*IDS, (b) VG*IDS E‘/‘é

_46_

Collection @ chosun



MoS»2] A} 3= (electron affinity)= 4 eV ©]H, Tie] d&FE 43 eV
24 Ti¢k MoS: AtelelA 0.3 eV £7] %®(Schottky barrier)S 7FA W,
Mo®] ¥+ 495 eVeE 095 eVY 7] FHS 7HA A Hr} o]d wet,
Ti / Au®] A4 ¢F 3 v =9 =& 7|4 5A4S dERd 3ol &9l
HArh. 8" Velps LHEZE o] &ste] HA o] =E FASAT. HAAt
olFx=E ¥ 324 (Y Vel 2z FdES wEste 71&7]

(dIps/dVe)E 73 5 ofeffo] AlabA ol #8313

o] % : Mobhility(n) = (1)

4 Ad S YERATE g0t e
717k MoSpo] f48< UeEhe, di= Si00 FAS eI Vil =9l
~2o dojF= A gholth AFE TFT 2&elA Ald Zol(L):= 2 um
oW, Ad Z(W)S 15 um, e e 27t 8854x10" Fm'', 39 ol 49
Ak & 1 V otk Ti / Au®l A5 2HZE HEe 72718 T35
o, 71&7]E 1.781x10 7 o™, HA o]F%EE 206 cm™/Vs ©]i, Mo / Au 7
$ 71e7E 06477x10 T 22 AA} o]FEE 075 em’/Vs 2 7tz AE 9
o} %

A

1>
-3
o
—
rlo
0

N
o
il
v
ul
=
2
=
rlr

<

AR OFE E@ 94 BAT 4714 543 AAGE AOE, MoSo
Azpe] <% Ha} o]l = UERR &= n-type HF=A o)W,
%3k MoS9l 47 Aol o J3Fs oAl yehhdh 206 cm’/Vse]
= A8 CVD AFE MoS; 71wk TFT #7124 54 Aztel n)5=3
o]t} 21

1o
:Oé
N
fru

m
o,
o

Mo ml
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<
)
oX,
o
N,
N
)
a2
n:
1=
AC)
—
e
—
B~
b
o
P
N
=
Jim
oX,

CVDE =3 AAAZ MoS:9 %%, 3azx EAS Zedsty] s
Scotch-tapeE ©] &3k 7]

3.25%= CVDE &3l A “\]Zl MOSz(j-‘j/] 3.25 (a)ek 71A4 W ow Hagh

o] 4% A7 MoS:= ¢ gelstaith. 19 3.25
(c), 2hib &4 A3} vt 9= Zol= ZAR CVDE o] &8t 43

=
o
L
o
>
&l
uy
lo,
s
=
an
=
flo
©
(@)
B ]
o
K
~N
)

&oto] A S el Alo]=7} ol waEHAl Ul Grain
boundary & #Ast7] w&elvh. mebAl grain boundaryell €g 714 543
At s stz ).

(a) (b)

—
)
=

nnnnn

nnnnn

nnnnn

Raman Intensity (a.u)

Raman shift (cm™)

19 325 (a) CVD A% 3 (b) 7IA14 e MoS:¢] 33k ojn]#] %

(c) Raman &4

olg A¥Aor AVA 54 BAeY] A8 A7t axE Adagen
AFE Ti/ Au 5/ 50 nm) 2 FFa3vh. 19 3268 CVDE S 4%
21 MoS8b 71 A1 whioz we]d MoS, 27k 7|4 54 wa 24
st Ayjoltt, 17 326 (a), -4 AF-AG J4 2447 7
o] MoS, &A7F CVDE &3l A43A1Z1 MoS .ot €4
ERU AT
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—
Q
=
—
O
=

20

jm——CVD growth V;:WV =
g eeration v,y g 00l Exfoliation V=10 V
- 10 L Eoiation V<10V -
-] f=
£ 5| & 300}
- -
5 5
O ot O 200
£ £
[ S 100}
(=] 00 (=]
‘ . ‘ 0 . : : .
2 -1 0 1 2 -50 25 0 25 50
Drain Voltage (V) Gate Voltage (V)

1% 326 CVD A4 2 71AA dhalo] w2 TFT &xke] W73 54
(a) Vps-Ips, (b) Vg-Ips

7% 326 (b), AClE-EEe] AF-AFTHANE vlAAR A AH 1)
g MoS; 54 Hup f =2 AL st on, olsxE AL AX
1913 em?/Vs2 @ Zo ula] o 10MAE F718 AL 93 5+ dge
™ Raman 24 437 LA 8=

shukg el faAE w=eel 2UE SN 9% A7 HHE ol

o g},
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5. MoS; 7|8k &2+9] Photodiode 57

MoS,= RE=AZA WMEZY ouAng o 2 ¥ duxs wrow FHdz
(Photoelectrons) 7} WAt 333 F(Photo current)& dAsle], % Edx
B (Photo transistor), ¥XErt}o] 2 =(Photo diode) 2.2 A& 4 Jom
FAEA & T F Atk CVDE AZ " A F9o MoS, Aol 339

W Wy BAE Bash qrk

—
QD
=
—
O
=
—~
e}
-

16 700
Light On)

500

V=10V
400
08
300

200
04

Drain Current (uUA)
Drain Current (uA)
Drain Current (uA)

100

0
-20 -10 0 10 20 -50 -25 0 25 50

Gate Voltage (V) Gate Voltage (V) Time (s)

217 327 (a) CVD A% MoSs, (b) 71414 Hhe] MoS»9] Light On-Off A
VeIps (¢) Azrel] we 3 S5

a9 327+ CVDE AAdd MoS; 7IWk TFTSF 71 A14 vte]l2 A ¥ MoS:

ZINE TETS] AlZhel]l mh gube-s yepdl 229k AlolE Aot m& 3

WhgAd e zolth Al $lEZ(Xenon lamp)E ©]-&3te] 10 V] Alo]E A
I

710 Vo =89 At st Al Alzrel] e B "W 2)E FUE B
HEAS SASAT FZ F9+= 2 WE SAHFeH, 10 VY gl o
o FAFE 474 #HE Fo B (Turn-On) AEHoA A< (Rise)dty 2 &
2 Z(Turn-Off) Fefoll A 7+ (Decay)dttl. CVD 719 TFTS Z$ v =
o thslk HkS-A e El3)Q 7<] Wk grain boundary ©| 2l&] H7|H EA 7+

o
o pr N
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6. Plasmon-Exciton couplings o] &3 Axzt9 Futg

34

MoS; EEHe]eE &2 MoS:o W # 58 wiigol Fukdde] vt

thool& JhAdEY] ffste]l & Uk dAE ol & o= TEE =Y
Uk BW Eo=ae dubdor o fA%dTE 2 53 4o 74
sz FAA Aol AWE wel dutste dAEe] JaAQl AEd
A ARAIIE AAVA dds weith BW FEAEe] AEHYW )&
T A olefell F7HA Sl Ado] FAH olUA transfers Fall FHF
M-S AA F7FA1Z1th Plasmon decay 4 %7F ps o] oz whebx] A wH},
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