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Study on synthesis and synthesis mechanism of 2D
Materials(MoSz, BisTes) by Chemical Vapor Deposition

Hyun, Cheol-Min

Department of Electronic Material Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

In this study, we synthesised MoS:; by chemical vapor deposition(CVD)
in TMDC compound, a next generation two—dimentional semiconductor
material. A monolayer of MoS, is attracting much attention due to its
unique physical properties and potential applicability when applied to
devices. Among the various synthesis methods, the CVD method has
been known as the best method for obtaining a single layer of MoS,
single crystal. However MoS, monolayer crystals grown by CVD, there
1s a lack of understanding of its synthesis pathway. Therefore, in this
paper, we studied the mechanism of the synthesis pathway when
monolayer MoS, crystals are synthesized by conventional CVD using
MoOs; and sulfur powders. In addition, BisTes, which 1is a
two—dimensional material with excellent thermoelectric properties, was
synthesized by chemical vapor transport method(CVT) and its
applicability to thermoelectric devices was confirmed. Finally, a study
was conducted to realize heterojunction between two dimensional

materials with different point groups.

KEY WORDS: Two-dimensional materials, Chemical vapor deposition, MoS;, BisTes,
Crystal growth, Growth mechanism
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Abstract
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KEY WORDS: Two-dimensional materials, Chemical vapor deposition, MoS;, Bi;Tes,
Crystal growth, Growth mechanism
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Fig. 2.1 Structural properties of two-dimensional materials
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Fig. 2.2 Classification of two-dimensional materials according to their

characteristics.
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2.1.2 Molybdenum disulfide (MoS,)
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AN 714 HEHE BALS MoSE 6% dolds 2z
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Fig. 2.3 Band diagram of MoS, according to thickness.
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2.1.3 Bismuth telluride (Bi;Tes)
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Fig. 2.4 Rhombohedral crystal structure of Bi;Tes crystal.
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2.2 71 &3} =P (Chemical Vapor Deposition)

2.2.1 CVD¢4 A9

221 B AW F SEU)4SEHECVD)E A8 7HA 2adEd ks
Az st=d g 2olx At BEF CVD AL Kt xekdE reaction
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&3 StHA FAgstaz st vt AlSE FASE 948 EFSE S 9
ol 3k A Al (precurson)E 7| ol FFEl 713 T 7|E WA 9
d, Set=rh 9 Ee, 4hsskd WS, X8 59 384 wkgo g y|de] A4

o el FAL fig. 25014 UET. WA 7198 23 wdAE 9
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Main stream of reaction gas

1) Diffusion of precursor 5) Diffusion of byproducts

2) Adsorption the surface 4) Desorption of
adsorbed material
Boundary layer .

3) Chemical reaction

Substrate

Fig. 2.5 An image showing the reaction process of chemical vapor deposition.

_‘IO_

Collection @ kmou



2.22 CVDe] % - 24

-

A&t wekA CVD

o

oju
XU

ol

it

o

__Al
Nlo

,_lry!
e

!

il

S(precursor, reactant)®] &3t

T2E %

New,

Zl

Atk wepA ol

& mg 2 ¢l3) step coverage A7} Ay

(44,

A He B 28 &

S|

Aol ol A4

=)

2=
T

o)
=

==
5T,

e

Z, el 7t

[e)
T

zr31 9. CVD

)

—
o

o

s) el

S table 2.19] YERH AT

e

Ho

Tou

Table 2.1 Advantages and disadvantages of CVD

T

~ ~
T oo o
B o ofF o}
Qo0 .
77
- SN
dﬂ O —T -
pg B oA ﬁ_ nE —
~ 9 ko :“o
B 0% o
‘W_orﬂ OC ﬂﬂ ol .
— o8 - < K]
A
&uO ﬂ ‘WD
= Mo ® & o
SN S
0
iR S
T ~X
> 0o
q L#O ~
=
N
Jo &
m_#/m N~ N
0
.._._A-o o wrlrﬁ Nd =
= CUN W
Moo oA
R mﬂ o’
~ el No =~
;OL ;OL
20 o) w9
T T Mo TH
SO S S

_11_

Collection @ kmou



A2~ A oA (Gibbs free energy)
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24 573 A

2.4.1 Raman spectroscopy
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2.4.2 Photoluminescence (PL)

Photoluminescence(PL)+= ¥}9} AlZof band gapHEth & oUAE 7IA = H
e Ao 999 laser beams FARAIA EZo] photond| UAE F5+]
valence bandoll ¥ ZHAZ conduction band® o7] A|7]= Zolt}h o] w] =
< duA EHE A7) B AA= obF F-& AZF ol holed A2 dsHA
Ho g b dUAE W= olHg AEAY HAHA Ame 54 wt
54% 3 FgolA HEHe 2L spectrumS A5 Al~7](intensity), A
+Z(line shape), A Z(line width), 18] 2 peake] =] Tl 93] &4 W=
BN

HEHS dA "ot o]FA dojxl ~2HER S FiA EEY TFHY 1
=

(2.1)
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2.4.3 X-ray diffraction (XRD)
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2.4.4 Scannig electron microscopy (SEM)

FAF A2 #w) 7 (Scannig electron microscopy)-2 electron gunol] 2]3s] 7} 5
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S7F 2v) o) ZHa, FRESsHA HE e 2E o] 3AEEA Fs de A
o] 7}538ttt ol AWl AlEH =

A Als F O A gEe
scattered electron)E 7

gt SEM ArlE 73 9o B3 mAgxu A3 AW 59 244
&3ttt
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2.4.5 Atomic force microscopy (AFM)

H‘l

A28 A dAv)7d (Atomic force microscopy) =4, WHEA|, FEAE ZE
Algo] B0 de A& 7Hsstth. AFMS gdbx o2 7ie g ¥ (Cantilever)2t
= "AIRE &xlo] AFEHT ol# g mAIgE 'EXlo] Alge HIE w A=
g3 HEo o3 xEo] dAysta, 44 = I e olm A=

N
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2.4.6 Transmission electron microscopy (TEM)

231 Az w7 (Transmission electron microscopy)S ZAA gof AAA S
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olof g}y, TEMO 7% #HZ g S F v images WHAIE AR
(Bright field image), +AloFd(Dark field image)o] ATt WA oS Hojx|+=
ol HAl Yetr] wiEel mAleRdolet E-Th BAoF 42 UknmE ol
oo A AlJ o] A AHreal space) TZ& El(morphology) HAHE HojF7] wj&

of WEAE ol §F RE RoplA b WA cleH T g WHolth
P S HolFE BACRYe AAv ARE RS fEe] AR EH
JBE TP3E buke] TE el I JRE ATV A FAL A
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St AJokate AthA ¢l AHreciprocal space)ol VERG A B wjd Tz
ARE A omA= yeid 4 7] W AR 7S #HEn
=

ope AASA 5] ofEe TEE BAY w1 tuE AWstAl ey
Hu, Ade] AYY ASAGH ge A FEE BY T 0
Ak, AW wARA A AT B HA @7) R @

Nobde A e I AlHolARt AHEE & QT
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A3 R AF TH

3.1 MoS; synthesis experiment by CVD

Fig. 3.1 (@& MoS, &4 3 2719 H9# HFE systemS Zr+= thermal
CVDolt}. AFAZHA 1&E2] MoO; #99.5%, Sigma Aldrich)3} 3H(sulfur)
E2(99.5%, Sigma Aldrich)S AF&3FH 3, 7|#Ho 2= Si0y/Si(300nm)E AF-&-3)
At €Fuy =7y MoO; #2(10mg) 3 £ (100mg)e AFAE 2
T, Zb7he] MoOs =7MUe & =7k S Moy R 3% Aol 1e 9o
(~650C)# FFAHQ] A2 FAGIT0C)o #x] AHA A
7V7k-8- SiO,fSi7] ¥ ‘S1° o]gtal FA|SIH oW, v
= W& 7192 82 2hal FASHA T MoS: &4 A ol

o Ee 5x107° torr %9 VZAEZ FAAZ T =
20sccme] fFrEFoR2 E#FH 168 &<t purging AlAY. 2™ o fig. 3.1 (b)
2ol 1 g9 HFH FE MoOs&Ee 2%(THE 650C e A %714

z

4080 AX A A3 Z7HAA 2087F FA AT B2 dA A A
= 125C/min Y4& =2 400C7HA ¥z 9 3 FAs A ALeo=w
= 3

T AL gelo) Mg FHo) g Bue L)

s

ME o of
N
R
32

170C 2 749 & 2, 170C L=oA 505
3 3 =712 TF 59T MoS, FAETA S, chambere] 9L 300~400
torr 48 FEo §74 stk BT P4 =4S table 310 EA ST

o] =EA FAHE ZAAHLS FEsr] s optical microscopy (OM
SAMWON Inc., KSM-BA3)Z &4 sttt 7139 ol g Eo1% MoS,o] Z2A 9

A7l ~50um o] FF oo, of dXAAY AL} =TS Sl
532nme] Laser 3}7& /\}%—‘S}t micro-Raman spectroscopy (UniNanoTech Co.
Ltd., UniDRON)& A}-&-3}] Zro] Sl13t S27]=e QI3 x, PLEAH =3

532nme] 3ol laser& 01%—‘3}04 F2o A SAsHA T
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600 groove/mm<] gratingS AFg3te] 37 3t¥3, CCD AE71E AH&3HS
o 4 3 992 600~700nm, F =& AT 1 msE FA AT FA
E# 3} 228 raman shift (E'y: 385cm™ 2 Ay 403cm™) zbom,
A FEFEWHM) #hs Zte 9939 MoS, itk =3k W] AR
9} FAC wE AHHE A7] $J8iA Scannig electron microscopy2} atomic
force microscopy (NX10, Park system)E ©]&3lith A= MoS, 2%

< Bl St AT C 2 MoS, 9
AAo AZs AAAN L AL F2ldlr] 3] transmission electron
microscopy S ©]-&3+th FFT9}F SAED patternS 53 &4 ® MoSo] 24 +
ZE ®3d7 2 hexagonal 24 Tz A AYE e AL FASATH
= AR AH & B AFAe ARG g dFE XS] siA
X-ray diffraction (XRD; Rigaku, MiniFlex600)& 26 271 m oA XA wpzto
Cu targete] Ky 54 3721 1.54054A & AH&3tATh.

2

We oS AR BUFA AL 24

i
f
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(a) Heating zone1 Heating zone2
000000000000 peoene®
Pumxg Si0,/Si

o
G S PR Sy,  —

au'??%'ur .

—
o
S

800 [-=—— Heatingzone1
= Heating zone2
700 F
&)
&, 600f
2
5 500}
e
S 400f
(=1
£ 300}
@
= 200t
100 |
0 20 10 60 80 100
Time [min]

Fig. 3.1 (a) Experimental schematic and (b) growth temperature profile for
MoS; synthesis.
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Table 3.1 MoS; CVD synthesis condition

Source MoO; , Sulfur
Substrate SiO,(300nm)/Si
Growth Heating zone1 : 600 ~ 650C
temperature Heating zone2 : 170°C
Pressure 40 x 10° ~ 45 x 10% Torr
Flow N, gas : 16sccm
_ 93 -
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3.2 Bi;Tes synthesis experiment by CVT

Fig. 3.2 (@« BixTe; ¥4 A 98 FEO systems Zt+= furnace
systeme UEeERATH HAFA 24 BiTe; % (99.99%, Sigma Aldrich)S AF&3F%
o ZlHe 2 SIO)/SIB00nm)E AHESHA T EFH|Y =T Bl aF
Te ¥, =Y E AQ FRY T3 Al A AFT. E=FF SIO/Si 718
< A FEY sRAHe A AIFHT BiTes CVT &4 33& olddd A<
FHe IFS 1x107 torr 59 I FEHE fA A2 F, 1¢=9 N, 7}
25 200sccmd] fEo®E EHFUct. 19 o fig. 3.2 (D)9 #o] BiyTes #
S 550C AAEL7EA 0% AAH AASE] FIFAA S50&3F A sk
Wzt dAlo A 49 FHE= 125C/min Y4452 300C 74 ¥z €@ 3, 34
A oz W7 =tk BiTe; 49374 &<k, chambere] <& 1x107
Torr &8 FFo 2 FA 3Hth AES F4 =712 table 3.20] EA] 3T

o] =&EA TFAHH BiTe; 242 optical microscopy (OM : SAMWON Inc.,
KSM-BA3), ##&3&tqitt. 2717k ~50um & oo™, o7& 71&9 CVT &4
WHS S8l BiTesE @At =EE53 vlustdS o, oF 20 o3 & 243
o] ZZIE AUT 532nme  #HolA IS AFESk= micro-Raman
spectroscopy (UniNanoTech Co. Ltd., UniDRON)S %53le] E3 3 78 raman
shift& Zr= BiTe;o] 2SS &< sttt 28l 718 9] BiTes 242
X-ray diffraction (XRD; Rigaku, MiniFlex600)2 A}&3le] 260 230 2 oA X
A kAol Cu targete] Ky S4 I3 154054 & AFE3t3TH 25529
o8] #AUCCD card® data)s a3l &< A3} FAF BiTes 2HS %F ©
ole] Y FE3tA YA AT =3 BiTe; A& :He] AR} FA
sk ARE 7] 93l scannig electron microscopy e} atomic force microscopy
(NX10, Park system)E ©]-&3tdth. A HI BixTe; 24 AL vl 74
Rt om, 249 FA+ ~30-100nm & o] Aot

St

[0

AN
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mpA o 2 BiTes ZAAel A ARZAH L =4S gdstryl Asl
transmission electron microscopy(jeol Co. JEM 2100F)Z o] 83ttt BiTess=
MoS; R ot Hlwa T4 wnd g HFES A vk FFTe SAED
pattern< %3l ¥4 H BiTe;o] 244 Fx2&= £d7 22 hexagonal 274 =%
of Azt AglE Ze AS FAsATh
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(a)

5 N; gas flow
Heating zone
e @ b
o0 ?®
Bi,Te, powder
Pumping $i0,/Si 5 i
‘ o ® i
—

(b)

600 |
o
B
L a0}
=
B
@
£ 200}
[
|_

0

0 20 40 60 80 100 120
Time [min]

Fig. 3.2 (a) Experimental schematic and (b) growth temperature profile for

Bi;Te; synthesis.
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Table 3.2 Bi,Te; CVD synthesis condition

Source Bi,Tes
Substrate SiO,(300nm)/Si
Growth , o
Heating zone : 500 ~ 550 C
temperature
Pressure 9.0 ~ 9.8 x 10" Torr
Flow N, gas : 200sccm
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Al 4% MoS; ¥4 49 23 3 nF

4.1 Synthesis of monolayer and large size MoS, crystals

4.1.1 Qualitative analysis of MoS; (Raman, PL)

B Ao A SiOyfSi 713 ol FAE MoS, Z2A-e] AAZEQ Y
micro-Raman spectra 42 sl9ga, §AE ZAA2 band +Z25 A5t ¢
&l photoluminescence(PL) =A< 3t}

Fig. 4.1 (@ CVD @A WHES o] &3] &3 MoS,9 raman spectrag =
3 Zo|th. =43 raman shift S 42 By =0l A 385cm™, Ay EEA
403cm™ ztom, o] &9 raman shift zto] kol ¢F ~19 cm™? S e ©
<9 MoS,3it.

Fig. 41 (b)= CVD &4 WS o]&3l A3 MoS,o] PL spectras =43

ZAoltt. o] =R Ad ZA¥ wave length7} 627nm, 677nm o] ot 723+
PL peako] #ZH Ao =Z direct band gapS zt+= oz FAHT 4 don,
2] 2,10 tiYste] AxE A3 band gapS thEF 1.85eV o]t} o]AL Ed o
Z2RE Aol @Ld=2o] MoS, band gapd} ¥ X+ 3k o]t}
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)

)

Ayg: 403 e’

E'yg: 384 cm’’

Intensity [arb. unit]

v

150 200 250 300 350 400 450

Raman shift [cm™]

—
o
i

Intensity [arb. unit]

600 700
Wavelength [nm]

Fig. 4.1 Monolayer of MoS, (a) micro-Raman spectra (b) PL spectra
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4.1.2 Surface and thickness analysis of MoS, (SEM, AFM)
H Ao A SiOyfSi 7]& Aol FAAH MoS, 2A el e ARV FAE

w42 9I5te] FE-SEM #43 ARM 242 st
Fig. 42 (@& CVD &4 WHE ol &3l &43 MoS;e| SEM =
. 2% SEM olvlA g ngte W Fyseln A Slo] e BEE ¢
[e3]

ol ZWFskHaL, gl MoS, 2B %<

Fig. 42 (= CVD &4 WHS o83 F4d$ MoS:2] AFM &4-& 3 A o]
ok 2%e] W 97 A 0.60m TS BLFe) MoS, A AL &l @
At

2.0 nm
0.2 nm
0.0 30.0 um

Fig. 4.2 Cleanly synthesizesd MoS, (a) FE-SEM image (b) AFM image
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4.1.3 Quantitative analysis of MoS; (TEM)

B Ao SiOyfSi 71 Aol TAHE MoS, 2AHe AAAY BAS
TEM =4 & 39

ftilo
do
ol
i
£

Fig. 4.3 (= CVD &4 W& ol &l ¥4 s Mos2e] HR-TEM A& &
Zoltt. A% TEM o]H| X 600Ke] aufj&ellA TEM o|w|A|o|n, Z}zke] <
2} 7+9] Agl7F 0.361nm, 0.279nmeo] gt} Insete] o]m|x]&= FFT #j€l o]m| x| o]
H AARAF 27 §439 AR F2Us SdsiAt

Fig. 4.3 (b)+= CVD @A WHE o] &3] & MoS,e] SAED &l o]r]| x|
old, 1EdF 44U SAED #HHE olv|A= F3ZHA AAFZE 7FZ] MoS,9
AR TFxAA AHEsiA & & o FHEHAAE W oAy MR A H

s

=l

Aolel g4 Aolg ol BAHA L S AT MoS,el AR w§
FHHA AL FHel T & Yok
gebd ek FHT MoSs LARHS 2hs, TAHC MoS, HARYS

?‘E']_- T }\}\/\}\q
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(b)

Fig. 4.3 MoS; of hexagonal crystal structure (a) High magnification TEM image
(inset : MoS, FFT pattern) (b) SAED pattern image
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4.2 Synthesis mechanism of MoS;

I8 MoOs9} & 4S5 A8ste] 2hzy S13 S22 FAJE SiOyfSi 7] 332
A% AAe] OM o|mAI Y. AU o= o 7l7k S1 718 9ol Iard o

2 CVD el o8l 4 B & A vlolazrEe] MoSe BAY mel
AZrgol A FHAT [4,9,10]. Fig. 4.4 @A & 4 =] SlaA 4 &
A7 ARe VY F Moo et 2eEgel EIZg oA, mES 2 AT
o} [14]

Qe gomRE wad 9 "old 52 /% olA 2 A A A
4 marel BAHA, T8, 5218 olA Dold A4 isAsge 5]
Bl A dojl ami Edzle PRECIFT. AnA o 204, 229, 346

&
g
(@]
=]
g
S
=
Lo
_[
FO
rot
H
A
;g
flo
fx
2
N
b4
Bk
N
o
g
ffn
flo
s
2
2
fr
K
RN

MoO,9] it v =9t & x| 2 [15]

T e MoOs =7kl sk &%, g, & t& =
gtk a2y 33 77 713 Yotk MoSy7F & E
gl B 7% 9ol MoS, A4t MoO,a4 <] d4 7}
HE 2709 MoOs =7k Akole] A7) wi¢- 7HaL &3 Fo] 24 o=

[e3]

Ae TESE, MO, 249 FHE WG 29 AN HF D 5 YA

o

w2t o] A9 Adel dfle rEskal MoOset & £2& ©]83 CVDH
o3k MoS, &4 WAUES AT Al MoS, & FAsL E2 A7 £2Y
245 73 st
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(a)

Heating zone1 Heating zone2
.....0.0..!0 000000
PI.II'I'Ip|I'I§ SI.DJSI

S

(b) )
S1: MoS;
82 : MoO, Ay 403 cm’!
=
=
g
S
=
W
c
£
- 204, 229 cm’ 346, 364 cm!
—M— M_

150 200 250 300 350 400 450
Raman shift [cm]

Fig. 4.4 (a) Experimental schematic and Optical micrograph on S1, S2

substrate and (b) micro-Raman spectra of synthesized crystals on S1, S2.
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Fig. 4.5 (@& =719 7%g MoOsEZH MoS,; &4 34 o 2tF{F oo
otk aga fig. 45 (b= o9 733 MoO; 2% 2 b7 2ol XRD 48
33k Aolth ARE Eko] thdk XRD 3|Eo] MoOs9} ¥4 st 28y

MoS, &4 &4 39 zF o] v =3+ JCPDS card #32-067142] &<l 3
AAE AFA F4E MoO.o A= @3 LA 5 MoS; & &gl A
Hojxl MoO; #H¢-tl& MoS, w22 &3te Zlo] ofye}, MoO; 2 MoO, &
EE3HE MoOgp= 3 s H T
OB R CVD FA Fo & Z7]& S1 7]l MoS, 23S A= A
|51, S27]1;A A= MoS, 285 FA3t7] Hohe MoOs 25 MoO= g4
7l=H AHEE AT A ET AR, SRl %’47?]5& =7k 1419] MoO3 &
[e=]

3, MoO; #2o] &4 25 e oA & F7)ek we & o,
&

2 |
MOOZ(MOOISE ‘40}9}% g HA 7] wZel
S2 71 el MoS, A4 thilell MoO, AA ol FAHAT A2 & + Ut
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— —Moo; powder
-‘é Remained powder after synthesis
S =
o =z |\ g s =
S S 8% § &3
= £ 33 §¢5
2 £ E=E
@ | v
g —e
£ l u

20 30 20 50 60

20 [degree]

—
O
S—

AG,,° [kJ/mol]

© 4Mo0,(s) + 45,(v) -> 4MoS,(s) + 60,(v) |

-
o
(=
o

4MoO,(s) + S,(v) = 4MoO,(s) + 2S0,(v)
660 860 1000

Temperature [°C]

§8

Fig. 4.5 (a) Photographs and (b) XRD patterns of MoOs; powders before and
after synthesis process. (c) Change in Gibbs free energy for possible reaction

paths of MoO; and sulfur as a function of temperature.
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o2l 43 AF}E nge® = Moot & EHEHRH MoS, 284S &
A& o 498 diolHE o]&3ste [16] F4 7Hsd 37HA] HbE HEE 9=
stal, ole] thyk Gibbs At olux] W3} Al4HAS 3 MoS, &4 Aol A 9
MoOyde] 718t &3 wAY S disiA A

Reaction 1. 4MoOsw) + 7Sawy—> 4M0Sye + 6SOs)>
BOERE & 5718 AH vkEste] MoS,E 713
ojth ThH-E2 MoS, &4 FAHANA A ol & + 3

AA

571 7FEie] MoOs arA|

B A= s A=

Reaction 2. 4MoOyy) + 6Syw) — 4M0Sys + 4SOsw) M0oO; HE22] 3kglof 2]
AAE Moo, e o] S8 & w, 3 F7]9ke] W3 2RE MoS, 24 <
FA ke A Eolt

vz et F 221 reaction 3. 4AMoOys + 6Sawy — 4M0Sas + 4SO

CVD #4
34 F S2 71 Aol oln] ¥4 Hoixl Moo, 2
o

42 32 9 MoS, 23
oo FAo] Fhesiths 21¢ YEh whgAolt,

Fig. 4.6 (@A & + =] A4k # 7re mE o
() & 7Hzh o]A& MoS, §A Alz"ol A 37kA] ukg B F7F dosh

O F MoS;, 2AHE A= A=/ 2 F IS YedY. 184 Reaction
o] AAr"E Fho)

M 2 59 g 27 "iZel, ol MoS; 2HS #AsH]
u

9% dstH o M Feld g AR 13 9+ Aok
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Y
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o

T

R3) 4M00,s) + 6S(v) > 4MoS(s) * 4S0,(v)

-1000 - ]
2(s) + GSOz(V)

.R1) 4Mo0s) * 754Y) > 4MoS
-2000

2(5) * 4302(v) |

AG,,° [kJ/mol]

S
) 4Mo04V)*652(V)’4M°
R

-3000 —— , ,
40

0 800 800 1000

Temperature [°C]

Fig. 4.6 (a) Change in Gibbs free energy for MoS; synthesis from MoOs),
MoOsy), and MoOys with sulfur, (b) Optical micrograph of synthesized MoS,

crystal using MoO, powder.
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Fig. 4.7 (@)= S2 713 oA A4 HE MoO; 24 & MoO; &S Ar8-3HA] &
i
2}

1 9 3 FENhE AREShe], ZH7 650TC oA 504 H 100% FF 3} F
= FSAL, ol OM B 2hek EFHel osf 24 Fef 3 =4 W
£ BE3 Aot &3t Ad &, AHA AP ZA 2A 2de] Moo, 274
< Il A Wsle BEHAAA FAARE, Ao} A A F4 ol
| 22 449 dAsel 3F HAu. Fig

Az e Mol Wstar, MEA IA
4.7 (b), (c)oﬂ/ﬂ Zhet W18 42 Fall MoO, 2742 WH(R3 olu|A] Aol A
“c’ e FEAHOE MoS,E &3 HoHa, AAe A (E ovA A
“a” )= MoS,= Ao &3] &3t HojHu Atk MoO, 24 F9ol M5
Al AAEE 2 AAHS(E olvA & “b” ) =F MoS, A48 A &l &

o]&3t A= MoS,e] AAo] oln 7]H Ao FAHH MoO, 2RO 2L A

2 T Jd55 YehH, reaction3oll Al MoS;o] AH-2 271A9] ¥ HEE &
3l A 2 5 JeS vebdTh = 713 Ao MoO, 2R 3 gla 7|9

o

el MoO, AA o] 713t=o] &3} wkg3ste] o] MoO, 24 FHe A2 &
MoS, & #Aste= 27149 whg AR E ol ¥4 & F Sk

a8y Rk o2 MoOs9h 3 £oS o] &3 CVDHE &3l FA3t= MoS,
+ hexagonal symmetryE 2Zr=Th wEo] MoS, A9 A 1A FEH 9
MoO, 2A < A= &3 A7]7] Bohe MoO, 2AH 25 E 7|38 MoO,
BAEH & F719k9] w32 = MoS, 24l F4 2 7IsAol Atk
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(3]
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(b)

- MDSE
—_ [0S,
— MoO, + MoS,

Intensity [arb. unit]

aE

150 200 250 300 350 400 450

Raman shift [cm1]

Fig. 4.7 (a) Optical micrographs of synthesized MoO, crystals on S2 substrate,
before and after additional sulfurization for 50 min and 100 min, respectively.
(b) Raman mapping image of sulfurized MoO, crystal and (c) Raman spectra

collected from the marked a, b, and c locations in (b)
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Fig. 4.8 oM<= °l33 A& o= MoOset &
= B MoS, g4l tie F 7HA WiAYUFS At

A A, MoS; 242 F2 MoO¢F & F71¢] Whg< T 44 € & Aok
83 MoO; 242 & F7]o gall MoS,2 ntE &3} = 7| Bt WA MoO,
g Hold Zolnt. 7 MoO.7F & F71¢F whg-3ko] MoS, 24 <& 718
ol B4 & & At MoS,E dAstk= ‘3}%01 718 &AA Eme 7 |
A=A S A A FUAT, MoS7h 2 GHE A EHA S, il
MoO,2] Aol 71 oA MoS, 58 24 &4 Al7I=d w¢
&< o= Aol E dATE ol o Fig 4.8 (@) W7YF
ZFshAl YERA AT
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(b) S powder —

MoQ, crystal Mo$S, crystal

Fig. 4.8 Schematic illustration of growth mechanism of MoS, layered crystals
by CVD using MoOs; and sulfur powders
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A 5 & BiTe; ¥4 43 23 3 3

5.1 Synthesis of large size Bi;Te; crystals Characterizations

5.1.1 Qualitative analysis of Bi;Te; (Raman, XRD)

Fig. 5.1 @& ¥ AFolA BiTe; 2 AHgatol SiO)Si 710akel F4 e
Bi,Te; 242 OM o|u| At} AA moke akzt 2

49 579 5 nod 24w
ool A HAAL, 7IE CVT Aol oaf 348 | =+ A mola=rH 9
BigTeg—o/] @’(391 27]_]11:]' H J—.l_’_X'] 2710 ~40-50um Z,‘-—%_O,] 37]—0/] B12T63

Aol FAFHAH.

Fig. 5.1 (0 @49 BiTe; 249l gt ~9E8 ojn, oo Rud vhe
FEe) FAE 2E BiTes 249 Ah By BE 2 719 o 3 g A4@
o}. [32,33]

&3 BisTe; 2A o 24S F1lst7] flsf fig. 5.1 (¢ ol 71 ol ¢
49 BiTes24-s XRD 4= 33 BiTe; 448 3748 &, 7199 242
JCPDF card #15-08633} o =34 &3k Bi;Tesel XRD peak $1*]¢} intensity
E F<l FH34-361.

Fig. 5.1 (a) Bi,Te; optical micrograph image

- 44 -

Collection @ kmou



2
B

=

c

S

o

-

o

£ 2
@ Aty
c

]

]

£

60 80 100 120 140 160 180
Raman shift [cm]

(c)

= -

= &

= =

o

[

5,

=

w

c

]

ald

£

paly |J‘| TR e P (Y | I T

20 30 40 50 60 70 80
26 [degree]

Fig. 5.1 (b) Micro-Raman spectra of synthesized Bi;Te; crystal (c) X-ray

diffraction of synthesized Bi,Te; crystal
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5.1.2 Surface and thickness analysis of Bi;Tes (SEM, AFM)

B AFolA SIO/ST 713 Aol 8 E BiTes 249 WA R}
&t7] 918t SEM 543} AFM 54 & staith

AE

A

r
JI

Fig. 5.2 (@)= 1312Te3 Ao SEM oju|z|t}, AA o] THE EEEo] Qlo] nf
T MRS, S48 B ARFERES Zte As & 7 o, AAHo A7)
=3 ~40-50um?] ﬁ% el & 4 ok

Fig. 5.2 (b)& Bi;Te; 242l AFM o]m] x|t} AFM %—xggit'a AAol wH
of ART A& &l AL, BiTe; 249 F7 &7 sttt FA= oF
60nm 59| Bi,Te; 241 Aoz I3t}

(b)

60 nm

Fig. 5.2 (a) SEM image of synthesized Bi,Te; crystals (b) AFM image of
synthesized BiyTes crystal
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5.1.3 Quantitative analysis of Bi;Te; (TEM, EDS)
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P = 2= Bl Soinh Insete] olv| A= BisTese] FFT #j&l o|m|x] o™,
T27F £499 AAFE2AS AT F AAUTHI-42].

ol
fd

iih)
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Fig. 5.3 ()= Bi.;Te; A7 2] SAED s & o]mA|t}. o]A o 25E Bi;Te; 24
o AATxE AWsHA & 4 AT SAED #® e} o]w|x[7} MoS, 279
SAED &l o] ojmAjut} njaz st A2 F 7ie 22k =4 579
ztolQl Aoz o FTH39,411.
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(b) g

Fig. 5.3 (a) Bi,Tes crystal of low magnification image and EDS measurement
(b) High magnification TEM image (inset : Bi,Te; FFT pattern) (b) Bi,Te; SAED

pattern image
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5.2 Electrical and thermoelectric properties of Bi;Tes

5.2.1 Electrical property (-V test)

B AFoA T AAH9 FZ7|(~40-50um)E FAHE Bi,Te; 2AHL o] &3t

BiTe, 249 94 542 32057 gato] 248 A% st

Fig. 5.4+ wlw 3 & Alo]=9] Bj,Te; AAS o] &3t A|23 BibTe; 94 &
X]'D]' -V JF/HE%‘ %3]] BizTea =) _/;\_X]-ﬂ— _/}\_X]-i/y\] =z :IlEo‘QlE 7/_\]_% @1’0
Ak

1x10
5x10"
<. 0
(=]
@
-5x107 }
-1x10° - . :
-0.10 -0.05 0.00 0.05 0.10

Vso [V]

Fig. 5.4 Electrical properties of thermoelectric devices made of large size

Bi,Te; crystal
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5.2.2 Thermoelectric property (Photocurrent mapping)

Fig. 5.5+ Hlu & & Alo]=9] Biy)Te; 24 & o]&3le] A2+ BiyTe; €4 A&
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Fig. 5.5 (a) Photocurrent mapping image of thermoelectric devices (b) Bi;Te;

thermoelectric device operating as a thermoelectric effect
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5.3 Hetero-junction of 2D materials (MoS; and Bi;Tes)
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Table 5.1 Heterogeneous materials with different space groups (MoS,, BisTes)

Moleculr
structure

Band gap

Space
group

_53_

Collection @ kmou



(b)

(d)

Intensity (arb.unit)

Fig. 5.6 (a,c) Raman mapping image of each MoS, and Bi,Te; / MoS, (b,d)
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Fig. 5.7 PL measurement of heteroepitaxial growth Bi;Te; and MoS, crystals
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