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SUMMARY

The purpose of this study is to investigate the photoelectrochemical
and semiconductive properties of the TiO2 film deposited by plasma
enhanced chemical vapor deposition (PECVD) method. For this purpose,
variation of semiconductive properties of PFCVD TiOz films and role of
hydrogen in semiconductor electrode/electrolyte interface were investigated

by photocurrent measurement and ac impedance spectroscopy.

TiOz films were deposited by using PECVD method. The thickness
and refractive index of TiO:z films were measured by ellipsometer and

degree of crystallization was investigated by TEM.

The eletrochemical properties of TiO2 films were measured in 0.1M
NaOH solution by ac impedance spectroscopy. This experiment was
conducted by superimposing an ac voltage of SmV over the frequency

range from 0.1 to 100000 Hz.

Polycrystalline TiO; films were obtained by using PECVD method.
Deposition rate of the TiO2 films were determined to be 0.3 nm s-!.

Refractive indexes of the TiO2 films were increased with increasing
deposition temperature. Donor concentrations of the TiO:zfilms deposited

at 250 °C, 150 °C and 350 °C were 3.6 x 1016, 2.8 x 10!'7 and 3.8 x

10t18 c¢cm-3, Real and imaginary permittivities of the TiO:; films were



increased with Increasing deposition temperature.

Donor concentration of the TiOz films slightly decreased with
increasing deposition time. Real and imaginary permittivities of the TiOz

films were increased with increasing deposition time.

With increasing donor concentration from 3.6 x 1016 to 4 x 1019
cm~3, the photocurrent increased and reached a maximum value at 3.3 x

1019 ¢cm~3 and then decreased.

From the result that the photoresponses of the TiOz films were
markedly influenced by the donor concentrations and that the donor
concentrations were governed by the deposition temperature, it is
concluded that the main factor which determines the photoresponses of

the TiO2 films was deposition temperature.
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= 1 =HF A =

efFolldRE A7lodx| &} e HAAI|= BA7|HNTES
o| &I ERRE F£AE A8l k¥o|wWS AFXEA 3E o
STH13). BA7IsIEEe) AH87bst MEABIOZE TiO;, STIOs,
SnOz, CdS, GaP 5 & 4 9on 53| TiOz ¢} SrTiOs & £ #47]
slol A Atk 53 uEol FAZNHIFRL] USANIFLEZHXN A7
ZI3x| 51 QiT),

TiO; 2peby ey o 2= thermal oxidation, %¥= A} (anodization)
2} reactive sputtering, evaporation, liquid deposition, ¥}3}5-2PH(chemical
vapor deposition, CVD), SefZn} 3¥5EPH(plasma enhanced chemical
vapor deposition, PECVD) 5& & 4= gltH4-6].

TiOz & HENAILE ARR3PI] 3= A1 wfere] WA
A3, AR g-oThR o3t Rt o] FHEES U =X
o gl =Y & F3E U=rH7]. E upuke] dieA dA v
aFAle] 23l A FPHOoT PSS W] ufed ko] T EFY
x, IRIYES 2FY "ert ris].

RIEN Ao T ol= TiOz © Y2 (rutile) 2, FFAIEPHES o83}
o €2 FsEl o] F&F o|Frt. AL ZHF ARSI of8-9H,
Hxe] wohe FAUE ¢k, H3terE(stoichiometry) & ZA3}7] ojF L,
AR72 L ulM7Re) 2Fo| §olx| Raiy AU 2UE x| By}
NP Fef2ul EHUFEPHO] BY FA, APFR W IRISES 2FYE +
3ol 218 THHES B3y 4 gt

& A= Ti FFHYLE TIP(titanium isopropoxide)E, O I3
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28 N20 7I1ME o]83lo titanium 2a)¢jo] Zej=2n} F3F2PHG o] &
st} ST} FAA S HEAFIN  TiO: g 331G, °] T
59 Ht=A] 9 AV YAS FY31] S5k ohet 22 AES ¥
stglct. 3330l iy TEM 4§ F3l 333 A33e} 4L
gotwolrt, i, dvjdAe}t FAF FFS T3 FHLEL} ST
nhE TiOz 2Pt FA-EE, =7 st ZAFLle] Al oiste =9

Lig+A=
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=] 2 = ==X}

A 13 TiOz & AR 32 9 &3 44

A4 3% TiOz + anatase, rutile 12|31 brookite Fele] HAAIFIRE
Zteth TiOz & Atdol2e] ZARRE ALFFol F=L2] donor 2 %
251 n 8 WEM ASS 51 2 band gap (B 3.0 eV) & 7Am g
41715t st FAIIHUAA] oM NEAAToR ARG #H
71313} 8 2] = Fig.1 2} Zo] band gap °ol4te] YA E zZt= o] uixey
A Edo] ZAEW Ax-FF o] WA= o] depletion layer ]2 A7]%
of 2J3] Ax}= vbeA YRS B3] RRAF(counter electrode) .8 o]%
A A AAURL] SExI] ol A (1) 3t Zo] dojuM s47A7 ¢
R THI).

2H, O + 2= — Hzt + 20H- (1)

A4Y AT MEAN/AND ARSE o]Ssled WEN AIFHoA
A (2) 8} o] Ara7|M7} WA
1

20H- + 2p* —— 0z} + H:20 (2)
2

ol2tzto] =Kphoton) off 23] Bo] 449} 24T EEF o ET efer

AR E o] &3l 45 AAtste tiAAYAZ A18E 4= Q).
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E ELECTROLYTE, pH=0
{eV vs SHE) Ti O, 0. SV EXTERNAL BIAS METAL

H*/H, S
en 1>
'"euib eV, - /// /v//'}'//

ANODE REACTION CATHODE REACTION
H,0 +2h" = 1,20, + 2H7 2H 4+ 2e = H,

Fig. 1. Combined energy diagram for a cell with o-Ti02 as the anode and metallic
cathode.
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SR 0PFElRt ZIAEAREC] A7H oUyR|o] o5t FEFH2ET o]
3tx]o] o], Az}, $4 radical 2} ¢FFHE FUAL ZIAeE A Tt
’d 2Fef(quasi-neutrality) & FX|3tH Y AFE Rolv AElE wilr}
[10]. o2}t Eet2uldels WAt W=} oY= Agefol w2l A7x]| ¥
BlE Eel-$ed ol Fele Fig.2 of Hti{1l]. gtz o=z 3353y ol
Ll 253l wWol ol & e Sel2uke MR JETL Fol27IMY 2
SHT} ufF w2 v|BH LEY SiRnlolH, A FefRnt Ex= glow
discharge 2} ¥t}

Yt o EefRnbs AR stolA 7] T xp7|oUR] o] 2]8}
B339 7| E 215 (activated gas molecules) ol 2|3l WAAE A, A1LE =
A7) AF(direct current) &} 123} I H(0 kHz - 40 MHz) 2}
microwave ( > GHz ) & AH&3ch. ZjAEXtel Axfrjole] vkl g F&ol
2]3led doji}i= electron impact ionization, H=x}7} ool AYSI=
recombination 3, YA A bound electron o] Bt} &2 oUx] 48
o] Z3H A Yot excitation A, 8|3 exciting HAW HA=x}7} ground
AElZ Uy e #xpE st relaxation o] &dte] AR Za)
Zu} AefE {Fx ¥l

FetZ2nt JelE 7 A8k oluAe U2 A7 F(electric field) )

A3hE @ Axst AR obelolA P UAE T A (3),(4) & o)

FA|H T}
Ee Eet 2
Ei = Eex = Ee— 12 = {(——) (3)
2mi 2mi
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X = ......%...... at? (4)
x : tA]|ZHE¢t o] FE Ae
a : A7 2¥ ISR
mi: SPAY i YA} W}

E : A7A

R, Axje] AYHE oA B & The 4] (5) 9 k.

) )

IMe . %]_.2}9’] QEJ

oltl mi >> me oJEZ AP 23A Al ALHE oUAE o]
oA ALEE oluxle] uls] mj$ AAACE EP F4YAHE o] oL} Az}
ote] 2Eol 25le] ofzte] oS @ou} oY YL nf$ oo
Z2342e) B Uz 4] (6) 3 L.

1 3
— mc¢?2 =— kT (6)
2 2
m: /8 Yx}2] A
c: B &%

k: Boltzmann A}

T: 7IAe] Hojl&x
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meld ARl WEEEL ol Lolu} EHYxle] st mj$ 2= A
Aoz HAUH WFo| BelZuhel Y w AFo e Fo| o]
ganch WA Ach Seh2ohje AH-LEAY B} o] 2o faAL of

efe] Al (7), (8)eg HAHT}.

e Ne Ce
Jo = (7)
4
e Ni Ci
- Ji = (3)
4

Je: ;ﬂz]’ﬂ ‘?I'Ec}

Ji: o] 22 7%

‘Ni: o]¢] dx
Ce: ﬂ‘x]’ﬁl IEY—Z'%E

Ci: o8 Hdsx

ol wf Ce = Ci ol vl3} uj$ AT 1§50 A= A=} &
ol Qo8] wol visiA €3] WY wiEd UREE EFo] A= F
M= SA3I7L Ao|A = Felxnt el v|ste FHHE BAEsHA €
c}. '

B2, ol ¥t A &3ty =[] I Fo] JAF o] A=} {&
2} o]22 f¥o] FHE& °olFA Ho BElol WA Hrl o] wfe
A9 & RZ A (floating potential, Vi) 2} 3t o] & Hej=np A

(plasma potential, Vp) o] tidlo] Poisson 2] 212} Bohm Sheath ZZe¢f £
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kTa m
Ve - Vg = In { — ) (9)
2e 2.3me

2 FAECH10]. EetRol FeolA F-5AH, dFolA ZtEE 2713 A
$l =+ FA]A<(ground potential) £ "3} 5= F-2& sheath ¥ Ho|2} 3
Fig.3 of Uetigdct. E3F Sef2nl JejollA o] WA= A2 47"
*Jell(excited state) 2] HxSoA AxpEo| Holo 23t Zojmg ylo] A7
= A Wxel oyx]e] uwiep HITE J2BER A WEIL HS
sheath § 92 o] F& o] Hrlo|FA B 4H sheath ¥ FHIAAM A
217t AZo] T&57] Bl E e(Ve - Vi) & A4 (S FHjo} slm=
e(Vp - Vi) BTl 2 Ux|E 713 Axjglo] Ao =314 Hch ¢
&Eet&xnt IF A F ¥ S SH= o] &2 sheath ol Fo{717] 7}
2= olUx| 7t 2oL} sheath @Y F3td AFol =¥ o] 22 sheath
AXFFANR oqx] 47 9lE T3-Folli= sheath Hjtol] s &
Y| E ZtAFL. AP o D.C. glow discharge Z8}Xxn} 33tE2te] 7
$-oll&= sheath Aol 2J3fA 7148 o] EHolVAl= Fetznl 33ty
ZhHo % FAIRE wiupe] (UG AP e} vyt Zlo® dyH o &
gtZuo} FetF o e Fay of, wpete] Aot etching & o] FE

ol 2lste} 2 Jarg W Ao WIH YTHIL.

A 3 A Glow discharge 2] 57

Al RF 07 ulo] Rol= glow discharge = thHE 13.56 MHz & F3}
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& 713 31F3 "YLE 0|83t slrh.oj2¥t radio frequency ( RF )
discharge & AH83h= ol Tthaat ¥th Sputter F3tolut Set=n} 3y
FHoN FHAFI AR EFo] FEA0]AL plasma etching FollA
etching 3l322} sh= wpato] K EAQ FfolE dc power & AHE3lo] Fel
zute] §x71 B7Hs3t7] wiEelth. &, AJo] AR Yool B¢ F
AZ Alolo] AF FHUE JdZASHH, IS Fs(floating) X0 FJo FF
A ¢ (floating potential) 7} 3B/ d=Eo] F =M} EetZnls} BT capacitor 2]
A& IAEIEE F HAIFAold £WRHLox EtZReprt FEHA HY
Fig.4 ¢ Zo] S3FLE ole] FFo] BA AAE WA AIE™
o] RN Fxl FHHF JIBE, F HTFAlole] HXIL Ax A}
A o] dAAYesE WAIAEE Eel=nlrt 4WsHA el o] AL
) Ast7] 95t 2F3 AF LS ARSIHH ol IFu S H
wjebA 8] Hatx] Z3la A=xnte] A utel FA U 4= Qlrt . melA
A2 Fet2nkE FAI517] #{3st{E 2 ionization energy & 2|5 o]
Eel2olE A&Ho2 fX" 4 Arh oA 1F 3 AFE ALY BS
AF o2 T2 net charge 7 QA B2 4T3t 3] FEol YAAA
H H5dse d3Y greg IFFHA =t

AT} Y-S AHESh= glow discharge process oA = 3o 42 A
7128 FAAFIZ chE WIS 230 AYol] At AME3iA"EC. 2
Fub o] AZH AIF A7 FAR A3 AR} B2 F e
23} Aol AFY AL A7} o} &F W) o|FE olo] 2jste]
T3 LoR HA Ag o3t #FAIWrh. IHER, 2F3 AYo] dZFH A
& gty e g SFIolelsiy, HAH AFE P3Folel ¥}

AFalolo] T2E AR G A (7), B) AN To] FUR AN
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Fig. 4. Surface charging of an insulating cathode.
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ol A Haro] 22 AAI T ARTL o|EEHTI ZABE FFo] ol
o} 3ol E wl ARY Xpo|7t BA FYE AASIAE o 2|32 U Ao
g ¢ AIoIM AY-AF JHL Fig.5 (a) & o] "HrH12]. 2y 2
AZo] A7 BAVAS net current 7} 0 o] EHaL FAASEjo] ELEA
=l Fig.5 (b)&t o] "Hr} o] B¢ F AF F4lol= sheath Fo| ¥9H
i FEEH7 AVAgEA wel 7 OAFedes A ESHLE ion
bombardment 7} Q7] AR},

RF glow discharge = Z&jZun}l 3}3tZxolo)9]= Z2t=n} etching,

sputtering 5 o8] wokollA de| o] &3 AUt} 12].
A 43 SelRol HIFAL g 2 BE

Utz o B 3eIFA WHE2 2 J1R] BEE T8l dold 4 A= T
A AdEjollA  FPEZo] dojdt F B FHo] FAE|= homogeneous
reaction ©]3L, ThE 3hihs X ZIAIZE 22 2ol FARY F S A
20| o]Fojx]= heterogeneous reaction ©|TH13]. 9h-8-7]|A2] B3 EQloj u)
A Uy Eedo] o, & AEHI 2 72l homogeneous reaction ©]
oL}y 3¢} dwutA © 2 heterogeneous reaction 2 "3} oy =]}
heterogeneous reaction & g3 odx] Rr} I2R kinetic of £]3)
heterogeneous reaction ©] +A13 L8 oo dr}, Heterogeneous reaction o]
ol Holzl F2E2 22Jo] X3t v|3]  homogeneous reaction o] 2]
gt SIS Mg FHo] &~ A L2 porous ¥ REE Ro[A Hrl
uletA, 75§ homogeneous reaction ©] YojL}®] = vldko g =3z Ao

ZAF 3 Q).
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AL Eetznpdelol s & FolA Zisid A7 -2 A7 F
2 2Rt AYE (ALY HF oA < 20eV, oj22] B oY
< 0.3eV , 3487142 BHAAYA] 0.05eV) 2 oyAE 71 A=Y F
Eof o13) vk 7)Ao Y=L} E=x}7} exitation, ionization, dissociation 2} &
53t radical o]\t oo E F3Hrt. o|gyt AHFE 1x WH3(primary

reaction) ©|2}3l5l FSEE AeE TR A(10) 28 FA|F o] ZITH14].

k = f ( E2m )1/2 oi(E) f(E) dE (10)

E . electron energy
o0i(E) : collision cross section of ion

f(E) . electron energy distribution function

qref AL ETL S53] I3 AR YR =7t maxwell £ EHTS
<ChaL Zbg3hd, 12} w32 RIgSE4 = Table 1. 8 EA|Hc}, o2y
12} wr-gof oJ3iA] ¥ d3H radical oLt o] &Fo] tiA] ¥hE3le] HE-E 7N
& HIFoT I AelE HIATI= d o8y AFE 2x} HEE
(secondary reaction) ojg} 3o, o] o] FALELL F2F2] JH F2
3 oYL ¥l gHA Qo Table 2. o] 283 22} 4¥h-g(secondary
reaction) 2 YERJSITH13].

o2yt }FE T3t VA WUFEE] F2hik3ol oy "3
UxS 4 €=M ity HF o] visle W 2ZoMx ¥

$EAP8- THesiA B,
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Table 1. Typical primary reactions in plasma.

PROCESS

Impact ionization
Excitation

Dissociation
Dissociative attachment
Dissociative ionization

REACTION

— A* + A 4+ 2e-

— Ar¥*

— 2A + e-

— A" + A+ + e
— A* + A + 2e-

Table 2. Typical secondary reactions in plasma.

PROCESS

Associative detachment
Abstraction

Atom-atom collision
Ion-neutral collision
Radical-neutral collision
Penning effect

Electron transfer
Charge transfer

REACTION

Am+ A — Az + e
A +BC —-» AB + C
A +M - A+ M+ e
A* + BC — AB* + C
A +BC — AB + C

A* + B - A + B* + e
A +B — A* 4+ B-
A +M - A* + M

M = Inert gas or Substrate
A, B, C = Reactant gas
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Febznt a3 g 39 ALY FHAFL Fig.6 of Uehigd
TH 15].

A5 A AUUL A

N

71313 system & AL3h=d] 2] AC impedance &% 'gY>
system 2z} §-EollA wig&Gzet whgI|F 5ol thyt BRE Wol & 4 4l

B8 olgo] F7IE dth. AN FHolA AF{FE AL FYRE
AHEEHE B¢ Br A2 AY AREX FHo| VR & AU A
F7F 71iA A® Uy FRe 43S T AFIY SHHECE FEXA
o3t 2x1E £Y F A3 AH ZF FFoA doju= EFABFTES £
st 8 4 9o ARFH YHdME €& + dAddA /A FEE R

Impedance & BlIEA 32X 317] 3lhA= ATl E=||3l= capacitance,
resistance, inductance &} 22 2452 HW¥Rl o]z 7} M3 E oo} 3 ol&
S4E0 23 FIIHE Fido] HIEA o|Fo|Xo} ¥t & A T

S 718 % F Nyquist plot & Fig.7 o Uep2AcH16]. ¥tEX AZE 5
A Bl(characterize) A 7]+= 7|23 WHH-2 capacitance-potential S 3ol 2=
& 723UrhC-V §%2 impedance S22 28 4 glr}

H<42 ¢l relaxation time &] ¥ X+ deep trap, surface state, == S+

gt doping 2t & AT 7R A3SH mode & F¥ 7] gt [16]

Rs, Cs 845 7IX 2 gydLs

Zs’ = Zr’ - 21’ (11)
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RADICAL REACTION etc..
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SUBSTRATEL l
9.0 - MASS

= HEATER EXHAUST

Fig. 0. Schematic representation of the plasma enhanced chemical deposition process

-39 -



Fig. 7. Schematic impedance and admittance diagrams for RC circuts,

- BT -



1
a3, Z1" = (13)
W Cs
o)t}
ol=noj¥A ( admittance ), Ys' =
Ys’ = Gs’ + j Bs’ (14)
Wwé Ty Cs
(G’ = ———— (15)
1 1 + W2 Tg?
W Cs
B = o (16)
wTs + 1
Ts = RSCS (17)

o2 Eepdrcl, o] uf Rs & Cs 7} 843} oy x|of ej&¢ictin 713 3P

a E

Rs = Ro exp ( ) (18)
kT
B E

Cs = Co exp ) (19)
k T

Ro, Co, a, B : A

oltt. ¢} Al (18), (19) & HH

Yy E

Ts = T exp (- — ) (20)
kT

y =a + B, g = Ro Co (21)



RsCs 2] F313t 22 HE total conductance Gs —

B E
wZ 7s Cp exp( — — )
fore k T
Gs = f - — o — dE
4, ] + w21sl
y = (wTs )2
wTo > 00°]3, 0<s < 1old
Gs = awn
- R/
) = ”Coan TB 4
27 sin sn
B
n=1--—
?-’
a + 27
§ o=
2a + 28
olt}.
$&} Zo] total succeptance Bs =
B E
w2 Co exp | )
0O k T
Bs = f - ) dE
0 ] + w21g2

0wt 2003, 0< r < 1o]H

(22)

(23)

(24)

(25)

(26)

(27)

(28)



Bs = b wn
.
_ __ CokTm 0!
27 Ssin rn
f
r = = -
20 + 28
B
s = 0.5 + — — = (0.5 + r
2(a + B)
SIn ST = COS I7W
o]},
2} A
a
e 22 LA TN
b
ojt}.
$ Ao RE
2¢
n =1 -
n
¢ = ™
ojt}.
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(32)

(33)
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a2+ b2 a2+ b2

= Al ¢n - j Bl @n (38)

o|c}.

FupolEgel 3 AAEY Gy, 3 AU Ry o ¥ =2lA thes

gol Uehd 4 gtk

Bs= bwn = wCy (39)

Gs

(40)

awn
Rv

2| EZXEE712 Rs Cs 842 equivalent total series resistance, RsT £}

capacitance CsT = Th&2} o] HEAJHTLH16].

RsT

|
>
e|

=
v N
P—

CsT = (42)

e / A Ao Heles A A= vleX A2 bulk &} surface
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Alo] 2] space charge layer of] 2]%t 2 ¢lX} Agsc Helmholtz double layer of
delz AYX A olth. Aol EHALER7L E2Y51A] ¢ Adn 7 AT
Aslol Y Folel /b3y w AW A dig = digsc B FAY 4
lth.uleba M| / M- AHo|A capacitance 2] FH¢| JEFE NIEA
A=2] capacitance Csc 2] Agsc &332} npa x| 2 Hr}l, Capacitance 2]
A7} 2J&4L space charge layer o o3t dx}¢dA<Q  Poissons
equation(11) & ©]-&3lq =¥ 4 Ul

~dzad p(x)

d x2 X £0

(43)

p(x) © AF EHL2E HE A x o WE& SPAUEE UEld Ze
Z ox v U71A% A o 3 ZAF ") wetA p(x) £ o(9) B FEAH
4 dr}.

A Uel] donor X7t dA3lal, B donor 7t o] &3 Hrlhes 7HE
S FIU3PA C - V Alo]2] &A= Mott - Schottky #AA 22 ehd &

SATH18].

2

———— ( V- Vb - kT/q ) (44)
0 &r q Na Az

Csc: space charge layer capacitance
o ANF FAHST

&r : MIEN] /A
A AN FEHHE
Vo7 S

Vib: flat band potential
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k : Boltzmann A<
T : A2k

q : Ax}je] H3}E)

oletgto] Csc-2 2} V o] Il 718718 233t Na e 8¢ 4

it
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A 3 AdE U

A 13dH AE ZA

2 Aol AHEE TiOz e F3o A18H Fel=nl 3etEa 2x
= 34 4 2208 JAF ] g=u 7N BFA (gas delivery system), =
2} ¥r2-# (reaction chamber), Z-FA (vacuum system) % RF A ZIFA
(power supply) ojt}. Eet2unt ¥3F24x] 7R 2+= Fig. 8 o Uehjsic].

71N FFAe EEiRul HuF o] WA NIINY FH¥ d¥ES

| -

2 d3] 23t UIT7|AE ST FF3he FooE gAY
TS ZAE3d= MFC (mass flow controller), air operated bellows valve
¢ltitanium isopropoxide (Ti(OC3H7)s ) bubbler & FAdEo] glct. ARLH
NG ¢xot §5E che3 Pl

Ti(OC3H7)4(TIP, 99 %) : Titanium source

Ar (99.999%): TIP carrier gas, purging gas

N20O (99.999%): Oxygen source

Nz (99.999%) : purging gas

TIP = 204 =7t & YAE F3 A Fole= 150 C B A4

2l ¥ Ar Z|HE 4 Z]1AE bubbling AlA Ti source & 4ol TIP 7}
o]Fdt= 2 TIP & 52 L7|¢3 €42 Zol bubbler Xt} 30 'C 7}
2F A RA|3tglct. Bubbler &l 4432 fine-metering valve & AH2-3lo 23
3t9 3 MFC & Ar 2} N20 7[A|8] /3 2333l

ZAEUWLPL TiOz o FN$

O

22

rr

Xo2 A FH=

planar capacity [EfF AHE3IFTE &2 &F2 stainless 73%HE AR5}
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1.MFC 2.Alr
Operated Bellows Valve

J.Trap 4.Bubbler
o0.Compound Gauge

6.Fine Metering Valve

7.Chamber

8.RF Generator

9.Temp. Controller 10.Rotary Pump

Ar Nz0 N2

Fig. . Schematic diagram of PECVD apparatus for titanium oxide film deposition.
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o RF o] FFS = 5550 338 {3 Set&nrt WS =
& 719151 stainless steel ] ground shield & TEc). P22 A
HA|5 o183 stainless steel plate Yoll= @xto] 5|0 glo] AHe] 2 &
400 'C =71 719 ¥ 4 U EF sigth Sl 239 stainless steel
plate € A2 o2 FF3tgct. ¥EEFEEE F vbg JAl= g4I

tube & F3) w3}t

.E'.

TS AYFAE 9%t ULVAC o] 71744 JAI3gZ
(mechanical rotary pump, 618 l/min) & A}E3}9ic). wEgFe] UYL
Granville - Phillips A}¢] convectron vacuum gauge (10-3- 103 torr) & A}
£3to] &A3s}lgdrt. RF AYPE 13.56 MHz ¢ 113 F14& Z= radio
frequency generator?} automatching network 2.8 JFAAEe] Qo 600

watt 7} RF power & 71¥ 4 A=F Xof Q)

A 238 A v

B dojE TiOz £322 B2|E titanium plate (purity 99%) £}
Si wafer & ARE3}lgc). Titanium plate = emery paper #800, #1000,
#1200 28 polishing ¥ 1 um alumina powder, 0.3 um alumina powder
2 2x} polishing 3t acetone €l 2ot H¥F AXA Y.

Si wafer & T3 22 ©AIE AA A3

1) H20 : HF = 20:1 £9A 30 &7t etching 3}o] native oxide &
A1 A

2) TR A

3) Acetone &N RISIMHIE 107 M F
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Filn Doposition by PECVD Method
Ti source : titanium isopropoxide( Ti{0CsHy)s )
0 source : NoO gas ( 99,999 )
Career gas: Ar gas (99,999 )

Deposition Condition
Chamber Pressure: 140-700 Pa (1-5 torr)
Deposition Temp,: 250-300 ‘C
Total Flow Rate : 50-250 cad/min, STP (scca)

Crystal Structure
Thickness Measurement

. AC Impedance Measurenent Photocurrent Measurement
frequency range 5 - 106 Iz wavelength : 250-500 nm
applied potential -1 - 1 Vg afllied potential:-1 - 1 Vgcg
ac amplitude ol electrolyte + (0, IM NaOH
electrolyte : 0,IM NalH

Substrate : Titanium plate ( 99% )

Chemical Polishini 5

HE: iNOg+ g0 = 1.

Ultrasonic Cleaning

Fig. 9. Flow chart for experimental procedure.
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4) Bz

A 32 SchEn ¥ AE

AP AlHEE hgRe] Y F Nz 7IAMZ A8 purging F Ar 714
2 purging 3tAct AIEE 1073 torr & AFoAN FHL2E 150 'C, 250
C, 350 'C B 714y ¥ LA FAAFIEA AU UdYHEs YA
fr2]AlZlct. RF power & A3l reflecting power & 0 28 EHT& QHFA
¥ TIP & N2O & BAlo F4AA SHAEES A3sidct S2A 3o
Eud TIP € 23 Ar 3} N20 Z1AAeloll A 5 832 post-treatment S
stglct. RF power & Apehyt vhg WSS MAIS] Qs Ao ol=

H Nz 7|ME 4 X9 purging F Nz ZINE FUAA 7| es /2%

Ch AHE g4l
A4 S FA U FHEE SF 3 AYE 2A}
TiQz 2tute] F7e} ZAEL Gartner’s mannual ellipsometer (model
L-117) § AI83lod &A3stoct. Ellipsometer 2} incident beam & He-Ar

laser o] T} 632.8 nm °o|t}t. TiOz ¥e] AYH FE & XASH] 4

&lo] TEM(JEOL Model 200EX) & ©]-£3} A} Asjel & Ld4irt
A 5HE £33 AC-HdidA &3

PECVD & 29 titanium oxide 2}ute] AH7|33td HAE S 37
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9]3te] Fig. 10 2} o] Solartron Electrochemical Interface (Model SI
1286) =} Solartron Frequency Response Analyser (Model SI 1255) £} o]
of AAH flat cel(EG&G KO0235) oA 33lqzct. 7|&AF (reference
electrod) &2 A saturated calomel AFE A3 RZEEF (counter
electrode) L8+ W& ARE3Ig ojulf /P4 = -1 Vsce ofA 1
Vsce ZHA] WA Zlen J{FAYY IEHES SmV, SFFIE 0.1 -
100000 Hz H<lollA WH3A17IH 0.1 M NaOH EojM fUIPLE F7%
stadct. Ago] AgH 0.1M NaOH 8§42 L3442 F3E A A ¢

3] 24x]7t5¢t N2 7|AlE bubbling & 3fsicl.

H6d FTHTY BIAR SE

ZAF (photocurrent) & YAF (dark current) & FH37] 931
Fig. 11 2} Zo] AxE FAdstAct. I (light source) 22+= 200 watt
mercury lamp (Oriel 66028) & AH&3ldom, o] Akt W xjpejide] &4
& E°17193tH FHo| RAE = FEoll window®#H quartz glass & ol
sttt Bdo] Y4B AW =28WAHE ZASl, sHAY S HAF
7] $13) teflon holder & ARE3}gitt. 7| €A T3 H2VFE ac HIdL
SZ A8t FEU AE AHESIAAT

¥4 (monochromatic light) 2] o] ZAIEE W, A7MAHo] o1&
FAF HEYE U213 monochromator (Thermo Jarrel Ash 82-477)
g A3l o] AY A 320 nm & 2AAHOSHW EG&G
Potentiostat /Galvanostat (Model 5208) & Al&3l Q7MY E -1 ~ 1Vsce

H$ZE cyclic voltametry A S st FAFE S 3tHr}.
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[ CRT Nonitor Solartron SI 1286

‘Electrochemical
IEEE-488 Interface
AT Computer Interface |
| Bus
| ' Solartron SI 1255
Console I High Frequency Response

Analyzer
i ~ . W : working electrode
. C : counter electrode
W l R : reference electrode
R C

Fig. 10. Schematic diagram of AC impedance measurement apparafus.
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Recorder
| Ny

reference
electrode

net
0.1IN NaOH
‘ Solution
t \Tefron
Sutter %ﬁiﬁoi _ Holder

Specimen

Fig, 11. Schematic diagram of photocurrent measurement apparatus.
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Ao utE FAFe] WIS BASHZ] €13 monochromator & ©] &3}
e TS 250 - 500 nm  7HA] HIA|F|H FHFE SHSIACE o] AF
A7} ¢= 0 Vsce &t 918 BE S L2 71AA HEHE AMRsty A

L ERY Bo] RAEEF ST
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= 4 = A3z 2 S

A 13 FF AP o TiOz 22| FAMN %

Fig. 12 of ellipsometer & ©|-&3l9 ¥ TiOz2 e} FAE S A
2t wEto} wiel vtehdiglrh ojuf F3 2AS FALXE 250 C, Ar 80
cc/min, N20 80 cc/min, TIP ¢¥&F& 0.1, ¥ 4¥ 1 torr, RF
power 10 watt 2 FX|3tHAN SetZ2nle¥F 2 AHS 3t Fig.12 o
A 8 4 ol5%o] titanium oxide ¥}2}e] FHAl= FEA|ZH| el FAFOE
7% && RAETh 3 2eE PECVD e AHE3le 34 F
24 0.1 - 0.3 nm & HHE ¢8A At & AFA Y FAGEE
o} 0.3 nm / s 2] We gl YvtH ST ellipsometer = 3tute] E77} 1
um O\ EE ¢ FHEC] & BT uue] FAE Bk BF
BT LAME Y 4 ULBE FALAXEN S AHESte] ellipsometer
oy 3T FAE HYstdct. Fig. 13 & AP A TiO; FHHe FAA
APo|E AINLE (a) & F35Y EEYE, (b) & Id¥E 214 JeR)L
oitt. FFe] W2 vl B M FHE0] UXE BAgF 9
tl. ol S ¥kEA] ion bombardment £} Z]Ado]A  dojuts
homogeneous reaction & g3olefal YZ}EoXr). ot TpHES T
A2 $222 FAE 0.2 pm A 1.3um BEEZ ellipsometer & &3 ¥
Aot & dxEE o 4 AdAdrh
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Fig. 12. Plots of film thickness versus deposition time. Deposition temperature

230 C, reactor pressure : 1 torr, ratio of Ar to NoO flow rate: 1, RF
pover: 10 vatt
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Fig. 13. Typical scanning electron micrograph of the TiOz film deposited by
PECVD method showing (a) surface morphology (b) cross section.
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Al 2 3 TiO: %52 FAHE

Fig. 14 & 23250 tjit 2882 WS Ul 2o ojme] 3

2t 278 FE2 % 250 °C, Ar 80 ce/min, N20 120 cc/min, TIP ¥ E
3}

:

S 1, vhg3 ¢4 1 torr, RF power 10 watt olt}, Rty og Bz HR
o] = o]&, radical, $44 URES BEA| EHAA FHEHULZ I F

& FASEE FALEE FAY Uupe] E4do & 43S Frt. Fig. 14

= F3xe FUlo] uigl 2EE] FU8te RS RAF2 At 2HE
o 23 wEe] Y424 FULEI} £S4E EHUI] VAT Qo)
S ®RtAFI eAEIIT Rashy, R EE] F7r nAFZ2Y A
WstA Hol wet F7IRch FHA o] ZHE] A= Fol thsiod
Fig. 15 £ 237t o] ulet 2AEQ] A3y} AL Q&g RZETh

Al 3H TiO: 3 28 £Al

dutziew FelRnt HJFAYS ofEste TiO: utE AZXdt= 7

§- 200 °C ol3lolA &= v|BA Aefo|r, 250 C o]l X< anatase 7} 27

=W, 400 'C o)A rutile o] BAH 7] A 23, 700 'C ogel A=
rutile 2 25 Ho|Hr|la oA UcH19].

Fig. 16 & Ar 70 cc/min, N20 130 cc/min, RF power 25 watt, TIP <&

& 0.1, $3&% 250 C & FxZUolA A ZR TiO2 wigtof o3t 3|4

SR L% ring S{RE RAFIL glvt o|Z2 FHE o] vthAFUS |

EfLfar et wpute] Pl lo] ulF ™ol ZAFHRS HolAFES

grain 2] 27|t WAZ BAIL it Grain 2] 37|17} 2& 2A-F Fig.16 7}

YA
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iIndex
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Refractive

1.50 --
150 200 250 300 390 400

Temperature / °C

Fig, 14. Plot of refractive index versus deposition temperature. Deposition fime:
1800 5, reactor pressure: 1 torr, ratio of Ar to N20 flow rate: 0.6, RF

power: 10 watt,
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O
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Fig. 1. Plot of refractive index versus deposition time. Deposition temperature:
250 °C, reactor pressure : 1 torr, ratio of Ar to Ne0 flow rate: I, K

power: 10 watt,
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Fig. 16. Typ}ical clectron diffraction patern of the Ti0z filn deposited by PECVD
nethod
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Zol ring Zjelo] Lielytch njA A2l AL ring o] YA FEFo e

t}.

Al 42 TiO: S35 |udL 3y

°
B
%
[>
o

ata & Yo A o]EF FHIE T3 HAY S E
= TSI 72} 5 =Tl eujE T8 oF ot ATEE cell ol A
oLt Aol o3l Fig. 7 2 2 4t S/HEEE #4848 &+ ol
T2 ol B SIHEENY ac 4L datag N3] LS
D2 APt 78S B8 SRS TeF sfofdity

0.1 M NaOH &%olA &2 AFHUA TiO2 $3%%5¢ Bode plot
(Fig.17) 22578 T3t S7H3EE 8% T Adey F4HAR &
Vg2l 2 ¥ (C or R) 52 2RV duldA (appaent impedance) =

a3t &2 JAE ZHerh

R w CRZ
= Ro + ' - ] (45)
1 + wé C2 R 1 + w¢ C2 R
AZIA Zre ¥ real YIYLA, Zim + imaginary QIW¥L j =

imaginary 44, Ro & A3E Aol v = 4 FIE Ziejct. oju)
C 2} R & 23 & BAE o] &3 A4rstal.
Zim

C =- (46)
W[ (Zre + Ro )2 + Zim? ]
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Fig. 17. Typical Bode plots for the Ti0z filns deposited by PECVD sethod in a 0.1
M NaOH solution,
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( Zre - Ro )2 + Zinm?
(Zre - Ro )

— (47)

ARETL UYL Y42 Uehdet
At o MEMN/ZEAUANE NEN 2USY FALIVE 17
SHEEIL MhEA/ANY YL e FTRIAAT FALV 0] WA

/A A Adol] Ex43t= Helmholtz layer o th3t 18j7} glojof I} 1

]

HU =94 BEE Y 4 A= Mott-Schottky plot 28] 7|87+ 4%&
zjolt=ctn d3A QUci{20]. weld F2sUe] EXdts =Y &
1317 $135tq Mott-Schottky 2| 3| & o]-&3l%iT}.

1. 2 x| uhE dyda Y

Fig. 18 & 5000 Hz oA I7}H¢loll mpE B A2 HIE R Fr)
A7bA 9|7 F7Rel whet wtute] FAgAL Zvlstdct DAL FAE
are AzbAglol whel Mkshy ol UiRe] FshsT ot o] glom Fu
%2 E3x o] ar}

HtEAe] AxtY ZAS AT A B BE2F F3ordt

C}, tEA/24 Ao =94 55 Mott-Schottky R AA] (44)& o) &

st -}t
2
Csc=2 = — ———— ( V - V¢ - kT/q ) (44)
&0 é&r Nd AZ
9 Alg WEA/VAUL AN AFRY B Cse <K Oy(Heluholtz
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Fig. 18. Plots of space charge capacitance versus applied potential for the Ti02
filos deposited at: O, 150 °C: A, 200 C; EI 30 TC. Deposition

time: 1800 s, reactor pressure : 1 torr, ratio of Ar to N2 flow rate:
0.6, RF power: 10 watt,
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layer 2] F3-E%) & o] v&F FojFof 3t A7t AL AE Csc2
o] plot ol 71&7]1& I3l Na & ¥ 4+ ort. Fig. 19 =
Mott-Schottky plot 28 o7|A =Y %E%— 33Tt 2%y EE=
1017 - 1018 cm~3 HLE & 4 Qlr}. Fig. 20 & F3ilo 2 =94 %
=& iehjgirt Fig. 21 & F3l4=o] w}lE imaginary permittivity L} real
permittivity & Uehjgc}l. Fig.2l XY ZHR2xT7}l Holzde] we}
imaginary permittivity £} real permittivity 7} 2% A4S 4 4+ Ul
Imaginary permittivity 2] Zta& dielectric loss & 2|n|3ly o] AAZ
ve Ha s AP FE2 STl A dojdria oA dch o]g}
Zol Fig. 21 + AXEHY 4L = 2R3 F=Y F7HF Uepla Al
ch. Fig. 20 olX 2t o] 5000 Hz olH F& =94 sxolq 9t Fig. 16

Azt @n]Z HEASHLR F718te AN A3t A¥E BAr

i
[
o
AR}
o
)
op
o
rlo
2
=
5
C:
5
o
nE
2
i
N
)
Y, H
rﬂ'
N
(X
ji
N
ol¥
N,
opd

RF power 25 watt, Ar 80 cc/min, N20 100 cc/min, TIP ¢ EE 0.1 o
gtt. Fig. 12 oA Uepd uie} go| FxA|te] Frdtejutel F2tF2] F
Ae AdYor F7I5IM Lee 5(7] 2 me FAZ 71l wet 2%
31 A=t F718t TiO: F-Fefz=te] AxARsErt 4yt B3}
329lct. PECVD % & o]8% TiO: ZSox $332 F77 F713d0

wel 94 $E7} gasts A3l Uehde Fig 23, 24 2R & £
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Fig. 19. Mott-Schottky plots for the Ti0z filns deposited at: O, 150 ‘CiA,

230 C: L, 340 C. Deposiion fime: 1800 s, reactor pressure; | tor,
ratio of Ar to N2 flow rate: 0.6, RF power: 10 watt
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Fig. 20. Plots of donor concentration versus frequency for the Til; filn deposi
ted at: O, 130 'C: A, 200 C: [, 30 C. Deposition time: 1800 s, 1

eactor pressure : 1 torr, ratio of Ar to NoO flow rate: 0.6, RF power:
10 watt
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Fig. 21. Plots of permitvity versus frequency for the Ti0z film deposited at :
O, 150 C; A, 250 'C; L, 350 'C. Deposition time; 1800 s, reactor pr
essure © 1 torr, ratio of Ar to N2O flow rater 0.6, RF pover: 10 watt,
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Fig. 22. Plots of space charge capacitance versus applied potential for the Ti0:
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