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Study on Plasma-enhanced Atomic Layer Deposition of
Molybdenum Compounds Thin Films Using Mo(CO)s with
Various Plasma Gases
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Department of Electronic Materials Engineering,
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Abstract

In recent years, transition metal oxides and dichalcogenides have received
much attention due to its attractive properties for a wide range of
applications. Among these materials molybdenum compounds were studied
most initiatively and achieved considerable progress. Meanwhile, metallic
molybdenum is also widely used as conducting materials in many electronic
applications. In this- study, therefore, plasma-enhanced atomic layer
deposition (PEALD) was employed to form the uniform Mo, MoOs;, MoS; thin
films. Optical, structural and electronic properties of metallic molybdenum
and its compounds thin films have been investigated. Especially, When
Mo(CO)s was used as the precursor, different kinds of plasma gases such as
O,, Ho, HoS and their combinations for reactant resulted in selective growth
of Mo, MoO;, MoS,, respectively. Basically, the ALD characteristics with
each reactant were studied. The ellipsometry, Raman spectroscopy,
photoluminescence, X-ray photoelectron spectroscopy, scanning electron
microscopy were used to examine film characteristics according to the
different precursor combinations and growth conditions. Furthermore, the
potential of metallic Mo as well as Mo compounds for device component
was investigated.

KEY WORDS: Plasma-enhanced atomic layer deposition E&t&v} 925 52 W;
Molybdenum E&]2H'd; Molybdenum trioxide 4H4tsl E2]Hdl; Molybdenum
disulfide ©]%-3} &2 =
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2.1 Atomic Layer Deposition
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Fig. 2.1 Schematic of atomic layer deposition.
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2.1.2 Adsorption in ALD
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Table 2.1 Characteristic of physisorption and chemisorption.

Parameter

Physisorption

Chemisorption

Bonding force

Van der walls

chemical bonding

Adsorption range

multi-layer

mono-layer

Adsorbent all solids some solids
chemically reactive
Adsorbate all gases
vapors
relatively low
Adsorption rate high (depending on

temperature)

Temperature
dependence

decrease with
increasing
temperature

may be complex

Heat of reaction

2 - 10 kcal/ mol

2 — 10 kcal/ mol

Collection @ kmou

- Vil -




2.1.3 Process of Atomic Layer Deposition
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2.1.4 Characteristic of Atomic Layer Deposition
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Fig. 2.2 ALD acceptable temperature window.
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2.1.5 Merit of Atomic Layer Deposition

23

_ﬁ_ﬂ
~

22
)
—_

X
Th

o

ol

W
i

o)} T A7)

ol o)s) AR HT) wehA

=
=

Aol

M_wwo

—
o

b
o

o

T

3. CVDe} &g, A7-AE9

o

oy

- Xi

Collection @ kmou



2.1.6 Plasma-enhanced Atomic Layer Deposition
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2.2 Molybdenum compounds

2.2.1. Molybdenum
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A o] 7|#Ho 7 wo] ALEEE soda lime glassoll £& #H2¥ (adhesion)< 7}A|
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A Hold H&EEs BoFAY. 53] RF modeoll 4l F2Hgk Mo Bhehe] whap

fo

b | =
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¢} SihHgE o83kl 90 - 150 T &% A 6-7 A per cyclee] m¢ =& A

2.2.2. Molybdenum Trioxide

28t E2] B8l (molybdenum oxide, MoOy)-> Mo$} O9] Agtn]-&of utztbA o
F3 AAHTZE 71X Mo 178¢F O 3709] Hl&= A3 3198 w MoO37} =
o ¢-MoO;, £-MoO;, h-MoO;9} #e] 3 7[x 2A Fx& 71zg [28 - 301
a -MoO3+= orthorhombic F+&& 7IAH d98x o2 w9 A3t} Fig. 2.3
(@<} #Zol Mo ¥Ux 17HE 6719 O A&7 S8/ A= MoOg ZHA|

(octahedra)7} o|FZo 2 #o Q&= FX= 3l oy [100]HS usA=
A 2AEE FRst [001HE mgeEtd= ZAYEE Fasles A2AL

P = wdEo] ok AR olFT o= RHE|ERA o o) oFsiA|
AotEo] o F3 5 Alol ]{— W 22 b4 o] FAHET ¥k B -MoOs
= a-MoOz9 A1AL o]FF TX4= HEA 3AY WFoE EF MoOs
ZHA o] mAEE FF3tH monoclinic +ZE 7F o (Fig. 2.3 (b). £-MoOs
= Fgst# EAo] ¢-MoO; Bttt #Hojy 7t AU ZujE A S8 f2
st dHA Aok 2EyY &7t o -MoOsetk o B3 pAde] £9E
FA =73 dHY A-MoO;E d& Zlo] ojH4 =¢

MoOs7F €A A== W
A, 38tz EAo) gt A7} B=3 Agolt).
MoOz= A 7|HMEA (electrochromic)¥ Holw v 2oz F& W= &

dolty. b2 AlAet gF ol HAE BIEst HxFdoly wWEe Hnol
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2 5 ol B2 d9oA e FHE S8 ot [31 - 341 Prasad. A.
K. et al.-& ion beam Z2ZH3} sol-gelHS o] &3] MoO; ¥Hehe =23sla ¢F
[e)

2 AESE 7t AAEAY &85 AdFsEA T [35]
7t Al FEHE Ho Flon

(a) (b)

b
c
a,AT
Fig. 2.3 (a) Thermodynamically stable orthorhombic o -MoOs, (b)
metastable monoclinic 8 -MoOj3 [36].

[010]
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2.2.3 Molybdenum Disulfide

o]33} 2 B dl(molybdenum disulfide, MoS)-& thE 22l ojxtd &2 = &}
tpolth. o]zt Edol@ 4 UxvE (hm) FEo2 gk A4 3 o2
dEo e EZAS Yudth adHe BHo R st ojxd EHo| thdh
Halo] T ow FrlstHA thFet ojxkd =l tigk A7 s g
HAY. 99 dadAE §4P0E wdE 725 R =22 AyER
ot 1008 o] & A3} o]FEe S IHAEE 5 Hold J|AZ, ¥4, A
717 E4<S 7 [37 - 391 28y oldk BRelx= ETstal WEAio]
“0” olghe FEEY EAS Ho ERAEHE e AA A9 active &
AWt channel &A= Z-&sl7]ol #&skA| gt o=z 1fd e FA=Z <l
d ZelEa o] 4 FERE VUM RE BEEA EAS YERE oA E
ZQl Mol F<4 Z3A F3HE (transition metal dichalcogenides, TMDC)o] =}A|
O Hvt=A] EF2ZA FE2A FHAT [40]. TMDCE 4 - 659 HojF4 M3 7
ol 234 X7F 3k el s5dAet F e 22 AR FRAY stel M
- X - M FZEE o7 A+ T EZoT FH T Alole wHHEER 2~ A
O 7 o]FojA Qo o3t AFHE 7Y IYAgE D LFY NEAS
7R3 7] W Eol WA AR E ARE-o] 7}ESiT)

rU-[El

ol&Jg TMDC FollA MoS,= 53] B2 #4S v iz TMDC &4 0]
o MoS;¢| 2% TxE Fg. 24 (@ =4ttt gF2 dHldlA Hst olsx
(mobility)7} F23] ZAadte Sigks =] ke AHME g = A3} o
F5 (~380 cm®VlshHe} HEu|(on/off ratiows: : ~109F 7}R
(bulk) “FEfe] MoS,+= 1.2 eVe] 7Hg o] wi=78 (indirect band-gap)= 7}X] A
T FYF9 MoSy= 1.8 eVel o] =7y (direct band-gap)< 7HAl= =
5% AdE 7R o (11, 41 S50 mE MoS2¢] Wi=74-& Fig. 2.4 (b)ol
UERH AT

MoS, whehg ¢d7] Slshel thekd Aol ATHel grh 1 F ey
(exfoliation & W1-§o] 27 E3 7w LEWe] W AL F Yoks
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T gAY vlure o= Ao] Brlesich [12].
= 2+ ¥ (chemical vapor deposition, CVD)e] Ut}
[13]. CVD & wejiine & 248 48 & AW wafer ol Ho] 7%
o7 FAH7] Wil grain boundaryE Eed 2Q%2Q vheke FA3T
A% 7HAT Yk o] 9ol % sputtering®lth MoOs, Mo ¥rahg g3k A)7]
o] AFH 1 QAU o]#F AAHE

7o s

d = (uniformity)E 7}A =

6.5A

2.04 -®-Indirect
N —®-Direct
© 1.8
(=
<
o0 1,64
=)
=
5]

M 1.4
(b)
1.2

0 1 2 3 Multi'la_ver
Number of Layers
Fig. 2.4 (a) Crystal structure of MoS,, (b) Layer specific plots of

band gaps and their types for MoS,. Note the direct to indirect band
gap cross over for MoS, from monolayer to bilayers [45].
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2.3 Characterizations Principles

2.3.1. Ellipsometer
Ellipsometer+ JAHE BEARZo] A3 AFEjo] WstdFS A, 11 Aol
A ek FA (), BAFEE (0, DS &t ZX otk HF wego|dt A=

o il
I 3R ARA, 3 (L), AR (¢), 54, H& =424E& 59 o

=)

\
ngt

Aol et ZA7F et AZErt AAgAe] sEAd xR we} v =
7] W&ol ARESHY] ofE& @ ol Utk AR wel gEARE 7|[2EFo = ]
A - 5 mme| Bl A] ZH o] 7lssttt. Ellipsometere] %5 Fig 2.59] =2
skl

O\ Light source Detertor =

i} Compensator

Compensator d&’ ) P
optiona

Polarizer ¢ ) : "‘ Analyzer
(optional) ;

Fig. 2.5 Schematic diagram of ellipsometer.
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2.3.2. X-ray Diffraction (XRD)

X-ray diffraction& X-raye} Al#H#}o] A5AgogRE AR EHY T2
of A3 ARE 7] A8l AHEHJUY X-ray= ZHHIE (F=, §2')=HH
WEH HAA Wol 54 Bl (2, Cu, Mool YA = A AT A=}
UALZ I8 Bl dAke] K-A% (192 FE HA7) o] 38 Ha, Ao

= Mxe7t gAAT 1 F AR L-A= 2p) Ee M-AE Gpel
O 2 duAY AR}t X-ray WEEA T1EY JUAS oA K-

B

I

#l
@)A1 (monochromatic) X-raye} A& E2o] ds#&st= &<, X-ray’k
E49] AR Addn. E29 FARAHA Tz 9 A o 2

L IH AAHS Aok

(D) -de] ek AR EZo FZAA (unit celDe] =7]2F Feo) &
Hr}

(2 Aue] M7= 24 F=xo A mjdal o8] A H

(3) HHe GAY EHAE Alsta tiFEEe B ZE e mde 2
L AHo 7 o]FojxATt (GAA). Al 23 X-ray 34 FF, X-ray ¥l
RE 7Fsd YAzt dHel g weth HEd RE Jd e AyF A

Al

Al WsE Fa AxEn

(i

n\ = 2dsin 6 (2.3)

AE HAA e 9 dE AZF A, 0= -z 7 Fig 2.69) 1te3] UERY
3]d ¥& Joint Committee on Powder Diffraction Standards (KCPDS) T+
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International Center for Diffraction Data (ICDD)¢] dlolE|ZHE WA+
(Miller indices)dll &%= 4 At} yste], B2 AAH =17] d= Scherer’ s
formula (2.4)& AF&3te] A4t & 4 At

d = k\/Bcosb (2.4)

A= HA S 9, ke FH Alg, 0= 3137, [ RvExZ (Full width at
half maximum, FWHM)o]t}. [46, 47]

Diffacted
X-rays

Incident
X-rays

O O O @ O

Fig. 2.6 Schematic presentation illustrating the Bragg’ s law of X-ray
diffraction. Here, d is the interatomic plan distance.
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2.3.3. Field emission scanning electron microscopy (FE-SEM)

Scanning electron microscopy= Al# e wlA 23 A& AZ4E sF=
AR@Amr Aot F3 dAn|AIA= 2 7HAFe] opd HAH S o] &3t 3
< A% SEMe| ®A=E Fg 27 Jeldd. AAWAE  (field
emission) AAFL FEHZ 600 - 2000 A S 7} WE3SE glo] 3 AAE
Vel AATE A9 AHe do] W wle g WEHe dYgE o3t W

2 AANe Ho) 30 kKVAAd o8l N&HT &A=} g2A=E Fo
A 3 - 100 nme] AAo=Z wmAs|A 1, A=A A
of Zgog ojxd WFoRE EA FAETH ol HAZF
S YAAA} (primary electron)gtal St} AARIS A|HEHO| FAFSHHE o]zt
ZJ_X} R i R N i 7}*1T* XA, AL %O] A sh=d o]

3

rE e

A A&7 =
A olux] doz Ueldg, Ao oF AlZoA wrAEts o] xAA=
ANEe B A wel A4Ee £2rh G EE o|F ihEste] Wy A
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[ ] Electron source

m— | iriiting aperture

-—L' Condensor lens

Limiting aperture

Objective lens

Secondary electrons \ / Secondary electron
— detector

Fig. 2.7 Schematic diagram of scanning electron microscopy.

Incident beam

Backscattered electron

(BSE)
A:é’serAeé:nc“on Secondary electron
Fathode Xeray
uminescence A WDS, EDS)

v

Transmitted beam
: (TEM, STEM)

Diffraction electron v

Energy loss electron

Fig. 2.8 Schematic presentation of focusing and deflection of primary
electrons.
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2.3.4. Raman spectroscopy

27} photon)e 4 E= Ag HHL Folo] B 4E4e ¥ + o
A% HFNA BAE BAH = 0GEE FES FOWA A UA e
dng @@l Dk BA Ule AAE Aol oux mdom st 7}

Fig. 2994 & <
He FAY gt AR gt TEE A Olﬂ%fi S wdeE 4
& (Rayleigh scattering)e] g} gt} ¥HH ZHA7) Abgk o] HHPET O &2 o
UA AE7E HE atgE = FAs 44 B3R HlE] B A2 | AE 7HAA
Ao g o e 9eE VA " o2 S 2EF 4k (Stokes
scattering)e]gtal o} Wit R 7 Aol AAzp 71E
Uz E9= Sof 2 A Aerd 3= 44 B vlE) o =
o). ol dAs HkA~E 3 4keh (Anti-stokes scattering)olebal sty ~E
A B Aol 9 Abekd FAek JAE FAe] de zlolE 57
g Aed daes FAL U Aet nigstER olF Fake] FAY] oA
A5 T 7 AT JAR BARS] dhpet gkt FAke) wba=o] AE raman shift
g} &t o]F ~HEYOZE Upol £4° HHE YE+= WHES raman
SpectrOSCOpyE‘r ot o] WS & Wl vl Alge e ARE w=3
A 72 F Advk= Aol Ao [50, 511

N
0¢
fu
s
o
i)
HE
flo
-3
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Excited state

r 3
----------------------------------- Virtual state
2 \
> \ g
q’ 1 /
c f
w f
5
] Vibrational states
Ground state
Rayleigh Stokes anti-Stokes
scattering scattering scattering

(Raman scattering)

Fig. 2.9 Principle of electron scattering.
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2.3.5. X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopys= 1R 32] 3HHo|A AlHe] THo| T
oA X-rayg 7t of WEH = FAAE E48t= WHolth o] W U=y
T FAAY FEAUAZRE UEd A EAEY JduyA EHE AEE
T Uk AR EFUA A 25e thed 2T

Exe BEd AAe &5 AuA, hy & X-ray9] YA, e BT &
Astd oqA FHoll sigsts AgAlUdA, o= 717 7Y LFolnth

X-rayel °|g Fda wE A& fig. 21001 HERH AT

ALEY BHEF B4 GAR AR AFAUAT AEA7 Aste] =
ol AlKe (hv= 1486.6 eV) == MgKe (hy= 12536 eV) A=d FHLE&
Agetel AAE BE AT QAHS ARl ALt eSS

AUA7t Fstn B Aolk Meld4E 1ol ekslH AT ouAE 3
. A% oluiAE Aase) Py ol wek AAHY] ol ole 2 A
o ZHI E4olh meby PEH x%xM ARAAE SHe] Azol &

sslr] wwoll Yao] Ash AdEe 4= 7 -%‘S}E}

X-rayel ¢Ja HEd FAA= AR WidA 2d71A E2dtes ¢ AR
Wi dxEe] AAEH Hgd FE8 A 9k weis] ZHeERE 94
zo] olgtolA WEd BAAEL tFE FUAA =LA Eeta JUAE
@A "ok o7 o= XPSe| AE 7be Aol ¢ 5- 10 nm oJHE AE
of HATEE EAE F Aok ARY AEE 712 o &2 xdS #EI
U oS Tt FAQ g 24 3 x5 EY4sIE o [52]
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Photoelectron
@ Kinetic energy, E,

Work function, @

Conduction band

——————————————————————————————— —I- --Vacuum level

------------------------------------ Fermi level
X-ray
energy hv

Valence band

Binding energy, E,

Fig. 2.10 An incoming electron causes the ejection of photoelectron.
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2.3.6. Atomic Force Microscope (AFM)

mlm
==

Atomic force microscope= ¥ ZWHH AE FH Iteo] JE#ES 7wtz

>

of )y ofy mlm
fu

rok

xHO AFY o|vAE A& 4 A+ scanning probe microscope (SPM)Q]
ZFo|t}, o] WHEEJAY scanning tunneling microscope (STM)ol] 7]14HFe &+
dae] P& AEFTE AL FARAR STMR A5 ST 740
Aol Wl APME HIAEA AE= Ago] sbedith YuHoR
Z+e ¥ (probe)o] @E A= MY HW (cantilever)e} #l o)A, EEt}o]
2R o] RS HE A G F3sk AgFE SiiN=E 750
o ®]e dole= 3 - 15 ymola A Zol& 100 - 500 xmeolt}. o]
°

<l

2NN e
=
flo

il

!

= HAE A" (F 10 A) oo Mz A2 HI AUH. AFMe| 7| &#3
T%E Fig. 2.11°] YeRA )

Hol e vl Fh7ke] AW B3 AlE FH Abo]o] F3ALOR

= Hgo] BAsta o] Jof| o] WHHHE= Folut ¥ WFe

At o] 3o A== #HolA Hlof whAtel o3 A HH. MY

SrEF o] AzrE F vk ®/F ®H Abolo] AGH o 2 7
E7d A (BRI "3 89 Abold Aol wet dExith o]

3o Zo WA (Hook’ s law, 2.6)°] ojs] 24" < r}.

3 (i
Hel 24 Hzolth AN §5H 57t ¥
3ojHo] WAstT o] ZFH A
8

2% AE EWe] B4
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Photodetector

? Tip atomes
Cantilever

1 Force

Surface atomes

Fig. 2.11 Principle of atomic force microscope.
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2.3.7. 4-Paint Probe

MAY (resistivity, )& A=A BH] 7R 54 F otk HAZE &
Aol AGAA 7o wet AAEH o] AGAALe] AEHE Uxp FFo =
o) 227 A5k 54 s AAHA A oA 2 =] nAgS

A
2o thd 543 DS BASCIUL. B nAZe ZHL TP

PO JEAN were mAFS SPes) A5 wol AsHE PP F

flo
v

lo
1o
dlo
1o
s
iy
o
=
B
&
=
N
3
=2
32
r:]_‘
i
ol
)
P>
i
=
30
v

VE W 13 B9 2 Abole] M ejatolw [ Aioldh
R& =3 o3 2.8)3 #Zo] Fold & QU
R = p X length/ (t X w) 2.8)

o= EA 1§ EAolam 9= ohm*cmolth. WA e §83 AL A
oA E o lengthe} width (w7} 22 AAPAHE Q] A& A 3= Aol
t}. o] tidal o3, AFZEel tigk Adge oS (293} FZo] FofF)

il

FHAGgE 2709 &3 o] &t FAte AT 2 49 gL
2 ZA%t 2-point probe WH-S AHEStH AR/ Aol FHI fpoloE
E3te] e o] w Age A WAAHE DAYyt FrrEo] SAHEA
At =2 HATES 7 A HE Aoy F4F Aol FAE F 7] o
ol o] WHE AT 4 AT B HAGS 71 A HE ALY
Ago] AMZo] A} H|53 FFOF ZHIY] W o] WHorE A3
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o] ot} o]H o] F Fe MAFL ZHF ol 4-point probe

< AgSA B 409 B F 2hE AFE B8 sha g 9 27)

ZRHE o gt AYL SRV WA SHH ALY QM U@ A
or HH AFH BY AFo] BA Yo} BE PR e AL

No¥0 do fo gE N
>
N
M T

o
ok
iy

(a) Surface 2 (b)

Thickness (t)

Length

Surface 1 1mm

Width (w)

Fig. 2.12 (a) Example of conducting material, (b) Principle of four point probe.
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A3Z AFFA 74 2 T

3.1 PEALD System

H AFo A AE-F o AH]+= iISAC RESEARCHA}S] 10OV dlh0=go|t), &+
Hlo] AA A Fx+= AFAE FAUskE 7H= F5 @R, §Hgo] o] FoA =
reactor chamber, Y& JFE=E FA5t FAEES AAS=E w7 Fe AH]
o] T&5 At A ZEIAAS T3 A= ARARE o] FojA U
PEALD system®] Z24]=% Fig. 3.1o] YeRATE

7t FFe FAH ZEad o) f%F3 on/ off 7t AoEE MFC (mass

flow controller)®t F4WHES Fall ol FofHT. HTA 7L olFH= Ee <l

< AFAY SFS 7] HalA 60 T o] 252 7tgstdth. F59 7t

2~ shower head typed] F=YFE T3l reactor H-E FY= ATk Reactor=

cold-wall typeo.Z 6 inch waferg A&3l=F AAIEH 1 Hi 470 CT7HA

7tg2 4 )t Reactor chamber WF-o] AFEE /A5t
Sl

98led wafere= load lock chamberS %3l loading® At

vl 718+ load lock chamber®} reactor chambere] &< 93+ oil pump,
buster pumpE FAENL FA S-S dAHSA FASH] A 22EE WH
(throttle valve)7} AH&=1th. Chambere] base pressure= 1x107° torro]al

B U 48e vgtEE Alo] A (baratron gauge)S A&t = = ok

Ol
K

°Ag WA
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Matching
Ar = MFC it l |
Ar = MFC a. '/

Reactant = MFC /4 [/

Plasma
Substrate

Exhaust

Fig. 3.1 Schematic diagram of ALD system.
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3.2 Precursor

o] Ao+ Mo ATFAZ molybdenum hexacarbonyl (Mo(CO))S AH83+4
t}. Mo(CO)s= Mo®ll carbonyl”]7} 67] &9 U= FZ=Z Fig. 320 ggs+=%E
s JeEb AT Mo(COke M E Y= 390 BYgo=z 2HUg2: 2"
Ade] canisterd] RAHE HEHZ 40 Co =& 713tttk 40 ColA
Mo(COk= M= nAFo| AT ZF7]42 0.7 torr2 wl$ =roh =3 Ho} k4

Al FFS 8 200 sccm®] Ar (99.999 %) 7F2=E o] FEH AT

HFSE2 = 0, (99.999 %), Ho (H, 10.0 %, N, balance), H,S (H,S 10.0 %, N
balance) plasma gasE Zt7Zt AF&3t3uth. S ulE 98t 7} gasvt FUE =
5<tol RFPTALS] RF generator$} matchers Ab&3le] radio frequency (RF)
power 200 WE shower headdll ¢17}a)l FAth. Sek=nt ¢H8S ¢18] RF power

A7ke 7hart FYHD 1% ol 5 o] Fof k.

C
Il
O

Fig. 3.2 Chemical structure of molybdenum hexacarbonyl (Mo(CO)s)
precursor.
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3.3 Atomic Layer Deposition of Mo, MoOs; and MoS;, thin Film

whal Z=2kAl o= p-type Si wafer$} thermally grown SiO; TiN waferg
20x20 mm* =72 Adste] ALgsHh EHE waferg 2= AWM E 53}
o reactor ol Adstitt 2 FAl AZE7] A 300 s &<+ purge 3t
of wafer ¥ 27/ EEES AANFL 225 MBS AAFASG. 33
Fol= FAYHE FA9 purgeEs Yt reactor WHol=  Ar 7F~ 1200
sccme AEHoE FHFAY FAHAYH S 22F WEE o] &3t 1.0 torrE

fAstAA Wit =2 =71S Table 3.1 A stAth

AN

Mot MoOsRtets S2kst7] 913k 348 cyde2 7|2AS=E 44 GA=E T
AslAtt. Mo FAQl Mo(COxE  carrier 7}l Ar 200 sccme o] 8314
reactor W& FYstal F<& purge DAINA FHHA &1 2kESHE Mo(COs
= & EEF 9. 222 Mo 39+ H, plasma 250 sccm, MoO; <2}
o= 0, plasma 150 sccms WFEZA FUFFAT HISE F o]lFo =

purge 4 & os}oa A AFASH 27t A
]

2+ sub-cycled} s} (sulfurization) sub-cycleZ A%
super—-cycle g % 2590tk Fig. 3.3004 & & d%°] Mo 32 sub-cycle
S Mo(CO)s %4, Ar purge, H, plasma ¢, Ar purge =22 TFAEHUL 33}
sub-cycle> H,S 150sccme] A& F=UE = &<tel RF power on st 10%, off
31 5% 2 9A 34 wrE3I o]F Ar purgeE Jst= AoF FAFYTH
o]+ H:S plasma¥te 2= Mo(CO)kS| o] stk ojxd HiE HEOoE
H, plasmag LA =ZA =3 Aot} [53]
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----J

MoS,

P o

Fig. 3.3 Sequence of (a) molybdenum (b) molybdenum trioxide (c)
molybdenum disulfide ALD process in this study.

Table 3.1 Deposition condition of PEALD.

Substrates SiO,, Si, TiN, soda lime glass
Reactor pressure 1.0 torr
Reactor temperature 140 C
Mo precursor Mo(CO)s
for molybdenum H,
Reactant for molybdenum trioxide o)
for molybdenum disulfide | Hy, HJS
Carrier gas Ar
RF power 200 W
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3.4 Characterization of Mo, MoO; and MoS; thin films

olN

ek wiebe] 29 @443 Mo whete] FAIE SAsh] flsf field emission
scanning electron microscope (FESEM, SUPRA 55VP, Carl Zeiss, Germany)<=
AAZF] 7FH&EHYG 50 kVE  AREstdth MoO; uhete] FAE UV-Vis
ellipsometer (Elli-SE-UaM8, Ellipso Technology)E& AF&3l5 3 YAFZL 20 °9]
Aot wEkel JE 8l gerr At dEl £4& 98l monochromated Al-K e
(1486.6 eV)E A}&3F high-performance X-ray photoelectron spectrometer
(HP-XPS, K-ALPHA+ XPS System, Thermo Fisher Scientific, United kingdom)&
o] &3tAut. X-ray AU A = 12 kV, 72 W& AFE3t3 1 &4 W82 400 4m
olty. Mo ¥t &2 & F7] Fo 2= S wf o] W24 4slEr] o
ol sputteringS AR&3te] FWE o3 = XPS A4S ST ¥t
A4S Cu-Kea, 374 15405 A X-ray
RIGAKU)&  o]&ste] E43tdet.  #@Rk ~dEH

(UniDRON, UniNanoTech Co. Ltd)E °©]&3t9a AR8-% lasere] I+ 532 nm
olith HrEre]l mw A B4 "9 ARZ] (roughness)ES =A3H7] 95HY

atomic force microscope (Park NX10, Park system)= A}-8-3}53 T

< raman spectrometer

A71A EA HrtE 4-point probe$}t probe stationg o] &3t o] Fo] Ht).
Moe] HIAES F3at7] Y8 20x10 mm? WA SO, 713 Yo ZF2s}hd]
4-point probeo. 2 =43 WA G FFoZHE AT
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A A9 A R 3F

4.1 AID Characteristics

Hﬂgoﬂ ﬂﬁz} Z2 2xo] QS dolry] Y3 120 - 180 T 2=A
300 cycle Mo(COX%%}t O, plasmaEs HATFAZE AFE3t] MoO; ¥hats &%)
sttt A3 MoO; vhete] FA|:= ellipsometerE o] &3t =43 om A
FES A4t Fig. 4.1 Yetdidch. #dskA A3 MoOs #hehe 140 -
160 €9 &% 37+ olA 0.65 A per cyclee] ¥dA3 AAES HIT. o]
L% F3to] ALD temperature window® 7)o &8 Mo(CO)9 #ta 2+
APk o e &= (a)oAE Mo(COxe 7
FES e HE 160 C o] 4e] & 2
el ole AFAY R wEQ Aoz AzkdEn 140, 150, 160 C 2
254 F7HHoE Mo(COpel E&sl Ads 3y 2z, s AT
cyclemt= 22 Mo(CO) FUH purge=5t o] Fo]R cycled W3PS w o

W wuhs gAetA e A Sels

) By

A

_
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S oor} .
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With O, plasma 1

0.03 L L
120 140 160 180
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Fig. 4.1 Deposition rate of the ALD-MoOs films as a
function of the deposition temperature.
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Fig. 4.2 Deposition rate of the (a) MoO; as a function of the
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Mo as a function of the H, plasma feeding time.
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Fig. 4.3 Thickness of the Mo, MoOs films as a function of the
number of ALD reaction cycle.
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4.2 Film Analysis

PEALD Woz 4% Azl Mo, MoOs, MoS, Btute] slst A% el & XPSE
o] &3t eIttt A 94 (binding energy)e] ~AYE C Ise] Agoly
A 284.8eVel BrFo] A=A} Fig. 4.4= Mo(CO)%} O, plasmas Ah-&3)¢]
A= MoOsoll &A= Mot Odl #s EA4 ¥4 & RoFE MoO; 3d
5/2¢F 3d 3/2 AAY Ad oA st o5 peake]l 247 233.2 eVek
236.3 eVollAl UetRTE 4H4C] O 1s AAHe] Aol A= 531L5eVellA HEH
ATh ZARAMLE peak EHYES I & Add Wy g= oy
(sensitivity factor)E& Ab&3ste] Al4bE ATh A4k Mo:0g =AM+ 1:28= 2
HH o2 MoOy7b AAHAUS & & + AATh Hy plasmas o] &3t 4
Zhel vihghol M= 233.2 eV} 236.3 eVolA Mool sl33sl= Mo 3d 5/2¢} 3d 3/2
peake] A=HAT Moo= 37 Fol =EHUS w %Wo] 437t ZEH+= =
d F shuE 48 A vk webA H, plasmas ol 83 4% A1zl Mo B}ehe]
73-%- sputteringS 53 THES oA TS XPS A4S st 1A oA
o2 ®WO ©4 0@o® gk C-0 ZAde] IdFe] ks AHA O 1s peakol
wo A3 qUAZE o]FH 530.2 eVelAd HEHAUTE MoolA YeRd O Is
peak= Mo(CO)9] fHlo] 5ot HEld 2oz o= Moo WA I&
S = ZAoE AZAHEY. H, plasmaet HsS plasmas Alg3sle] Z52Hsk MoS, Bhet
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Fig. 4.4 XPS spectra of the Mo 3d, and O 1s of Mo, MoOs, MoS;

film.

inset shows the XPS spectra of the S 2p.

Table 4.1 Binding energy of Mo and MoO;, MoS; films.

Compound Line Binding energy
[eV]
Mo 3d5/2 233.2
MoO; Mo 3d3/2 236.3
O 1s 531.5
Mo 3d5/2 228.7
Mo Mo 3d3/2 231.9
O 1s 530.2
Mo 3d5/2 229.1
Mo 3d3/2 232.3
MoS; S 2s 226.2
S 2pl/2 163.1
S 2p3/2 162.0
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Fig. 4.5 XRD patterns of Mo, MoOz; and MoS, films
with various annealing temperature.
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Fig. 4.6 AFM images of Mo and MoOs, MoS; films with annealing
temperature of (a) as-dep, (b) 300°C and (c) 500°C, respectively.
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Fig. 4.7 Resistivity of the ALD-Mo films as a
function of H, flow rate and H, plasma power.
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Fig. 4.8 Cross-hatch test result of Mo film on soda lime glass
(a) before tape peeling off, (b) After peeling off the tape.
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Fig. 4.9 Raman spectra of the MoS, films annealed at
as-deposition and 700 C.
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