,% F
- | /¢
%

GOVP1199003860

EHQLOl|LAX| 2 OBt =AML A of
CH5h i 7

An Electrochemical Study to Hydrogen Production
by Using Solar Energy

3 e 7 & A

&



Aol x BE A

2 v M F "EfYgorix = o] 8 ¥} A A AR AL _3_)3]0' tj 3}

F" 0 NEFERIMNZT AFYL.

1990 Y 6 ¥ 7 o

A2 Y VAT
TR AAGA R +Y (ARSHHA Ax)
A€ 3 B (ARSHA YAAT)

o] x (AEZ%H FA434H)
8 oatm (A2 HA4HE)






8 94 ¥

2 Ao EHe ZRAHYAA 4N FHIL

E ol &<
TiO, F -] ¥ 3 SrTi0; £ MM UEXN 4HAg LA
A7} Aok, ol F F3e Tioz F-Ee] ¥ Hojre donor
2ol 440 9%, e SrTi0y AAAoRAME W N

YUEL ANY2L 24 ol ko] 24y v},

Ti0; & SE} ¥ 92 FPHUE 0]&%o 1N HaS04 & A
oA J48 AMAck. on A PFUES 5 4 10 mA
cm~? ojglewy, mUYPLH P 5 o4 50 Vvvs. SCE Tg
W3 A Zct.  SrTi0; £U-2 1673 K )M 6 h 3¢ £dF ¥,
A4 FY7lodM 1073 o 1473 K o] &5 WHYodM 2h F
Taxe] vy, JYF YA FH2 0.1 N NaOH & Ao
788 k. ZtelA e LHVYE PFS5 mv ol Fua
M= 5 oja 109 Hz Yr}.

50 V. vs. SCE o M Wojx A4 EAL ILF WX

| o
T T vl e

S8 X4 34 AHdYF 253 SFE HFIFUc. Tio, H»FE)
x)efoj A= WA Mol A2 glo] ¥ 344 Mott-Schottky plot
o] v}lERYTE. 30V (83 nm o %7A) & 50 V vs. SCE (106 nm

o] 7)) 2 wuofA rpepip ¥ F 44 Mott-Schottky plot 2

3



vy K¥, Tioe R FEHl ¥TYojAMe donor FE=
a4/ AYVLR Sy mY AL 60 %X of {YH-=
AW7AE AL dAste, 1 ol Fojat HalA/xm T AW ol
/34 AW BoX ol gt =4 ZYE ¢ 4+ YUk
=¥ 5 v vs. SCE-u% (22 nm o %) ojMe ¥ PMAY
Mott-Schottky plot & JF+ 4% donor FX ®W ofr|e ¥Y

ol 25t 9 3A Aelds 7| QYe 228 4 At

50 V vs. SCE ojA&f 3 A= x| 7o}
2y AJEA A2 ¥ T vzt 7
57 Sotetdret. ol3¥ AE HE5E mYg Yz FIdH

47t donor E 4 Qg 8}7] wlFolet of A ).

247 3AHAY 247
4
| BN

5} QT8 T3 donor

SrTiO; oA 8] ZHPst FREFL 71848 Frt47
7o} upel FAd P, PS5 donor FET B HXE
257 Z713%to) ulel 2.3 x 1018 oA 2.2 x 1019 cm~3? 2 7
st Ack. SrTi0; P2 PxANy HFH ot Frirs9

r
A7}Ag e LAL donor o] WHIA £ ¥ ct.

Ti0; %56l ¥ Y Sr1i0; £FAAMY DA YL 247
44 AN BUAe) &5 Fvhe) weh ¥4 5 Ydut.

v 58 ARE RE ey 2 =0 X H A



1. C.-H. Kim and S.-T. Pyun, "Semiconductive Properties
of Passivating TiO, Film as Photoanode”, J. of the Korean

Hydrogen Energy Society, 1 (1989) 48/54.

2. Idem., "A Basic Principle of the Photoelectrochemical

Cell Involving Energy Conversion,”" 1ibid., 1 (189839) 84/9l.

3. S.-TI. Pyun and C.-H. Kim, "Donor Distribution ain
Anodically Passivating TiO; Films," accepted for
presentation 1n 7 th CIMTEC-World Congress in Italy, June

25—-30, 1990.

4, Idem. , "Effect of Hydrogen on the Semiconductive
Property of the Passivated Titanium Photoelectrode,”
accepted Tfor presentation 1n World Hydrogen Energy

Conference #8 i1n Honolulu, Hawaii, July 22-27, 1990.

5. C.-H. Kim and S.-1I. Pyun, "Analysis of the Nonlinear
Mott-Schottky Plot Obtained from Anodically Passivating Ti0O,
Films"”, manuscript 1n preparation for publication 1n a

Journal.






SUMMARY

The purpose of this study 1S to 1Lmprove the
semiconductive properties of the photoanodes such as the
passivating Ti0O,; film and the sintered SrTiO3 electrode used
1n the photoelectrochemical cell. For this purpose, the
donor distribution and role of hydrogen within the
passivating Ti1i0, film, and the donor concentration in the
reduced polycrystalline SrTiO; electrode were 1nvestigated

by ac impedance spectroscopy.

The  passive film on titanium was prepared
galvanostatically in | N H,SO4 solution with 5 and 10 mA
cm~?2 at formation potential ranging between 5 and 50 V vs.
SCE. The compact SrTi0; powder was sintered for 6 h at 1673
K, and then reduced for 2 h at the temperature range of 1073
te 1473 K under hydrogen atmosphere. The impedance
measurement was conducted 1n 0.1 N NaOH solution by
superimposing an ac voltage of 5 mV amplitude over the

frequency ranging from 5 to 109 Hz on a dc bias.

The existence of crystalline structure of the passivating

Ti0, film formed at 50 V vs. SCE was substantiated by both



the ac conductivity measurement and the X-ray diffraction
analysis. The Mott-Schottky plots proved to be nonlinear
for the passive films formed at the potential ranging 5 and
50 V vs. SCE. On the basis of the analysis of the
nonlinear Mott-Schottky plot obtained from the 30 V (83 nm
thick) and 50 V vs. SCE-passive film (106 nm in thickness),
1t 18 suggested that the donor concentration remalins
constant up to about 60 % of the total film thickness and
then 1ncreases considerably with distance from the
electrolyte/film interface toward the film/metal interface,
1.e., nonuniform donor concentration profile across the
film. From the 5 V vwvs. SCE~-passive film (22 nm 1n
thickness), we deduced the presence of amorphous states as

well as nonuniform donor distribution in the film.

Hydrogen injection 1into the passivating Ti0O, film formed
at potential of 50 V vs. SCE 1ncreases both the space
charge capacitance and the donor concentration. The
experimental results suggest that inside the passive film
inclusions of hydrogen donate their electrons to the

conduction band.

The space charge capacitance of the SrTi0; electrode



decreased with 1ncreasing both applied potential and
frequency. The donor concentration 1n the electrode
increased from 2.3 x 1018 to 2.2 x 1019 cm~2 with increasing

reduction temperature. The effects of frequency and applied
potential on the semiconductive properties of electrodes

were discussed 1n terms of the change of donor

concentration.

The semiconductive properties of the TiO, film and SrTiO;
bulk photoanodes were considerably improved by the injection
of hydrogen and the increase 1n the reduction temperature,

respectively.
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A1 %A E

LA qF= HH (40 %), HF (25 %), VP72 (20 %), A
(5 %), 7l (10 %) S ol &3t R AUz EF A v},
2 ol QRS FAY UE i Jol AN ZHIA
Hm, vj2)e OA Adyx3x gFE 2 JI5iE YAHs 7=
v H¥AELE Ao W2 A A% HI . 7T
Paseel ¢ Yx oF FAFHEE LYW T &+ dAxv vy
A2 EM I A2 ©Q EIdox & Fa9

< °l t}.

Bgoiialol tstol ¢ FUY TS AYD 243 UA

e 237 BANel gk AFAA, o Pok: FE

IAVEA AZ 1Y F4, VAP F4, Cdle ) B
S

ol g3kl ElY oAU E HIUz X

B e A3}

DREA fh. ojgFE HWLFT EHIVAE AR
v 2718 AR olEHER FAHAHLE FHAEGW,
Az FUE PN Y 5 vl FAT Aoz ¢HAMq Q.

20 ¥ BAEE XV Hske Hgopx W
| = o} 6} 1} 9! Z A7 5132 (photoelctrochemical

process) o AMH 2 Atk. o 2HE ol &L Fyot

(1) 24  ®G2AE olgste] HFoUxF VB

R A5 W ALY 49s ¢
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(2) ¥4 3% gl @AY E W I gl
o} ot o

(3) Bl oA g ¥ oux BT ofud HY oUAIE
A% Y 4 gden

(4) B2 Ao g4 3 U FUEE & 4 Avh

ol FHE FA E Fvidte ¥+ Y AYAF V7
quix]Z WY ol HFAYA] QP S0z E ] PP},
Fadgyzx]  £X EIoAyzx X2 qdA HI=w AMEE
Ay xz ZFHE 2 ATk, BF = a4 44Uy 2
ZHEGo) Y} 29 LAIEIAM o FFHI Ydow, Y2 FEH
P SAU8 Benz 2 FA HAoAM T 4 ol Fo) o] T
GHY FUYS shHstzl ol ojv] hydride PEjL] ©lE T
INIREE MNPt AT FEE O EA e QFE
A 4383 9lr}.

-4 oyzxe] FIEEE PP, TS AFT 2 oAl
& > o, PRI 4B VUM 25 BHEHEERE Y7 F
LFA7A g R Seolrt. o#HF UL YHEAE 5L

8 A1 o = 4 ©sr A9
¥ AAolrt. 2@ FPINHY

st el B AU R
o] EHEXR 44 U AW 9A gk oY o] 2

Aato] FUINHANA L £ 3 WolM A FHE
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2.l gt
YUHLE FP7183 PAL] B VEA PFo 25
A 98 LA ¥, PAH Us WS 3 valve F59
2Ze u%o] 24 2% w3 gr}. Valve 44 5(Ti, Ta, Nb,
AL 3) o 2EE MYe 4% A3 Y LVYYT Vst
44 83 A We 3 2AYD Yr AL Eeltl.
FELAIE FEEHT Ta0s | T[1]2 [A  MOS  F 73 olA
capacitor &, e} 2 Al,0; m9i2] -& thin film capacator
5032 4z o& 3 grt.  o]o] Wato] titanium F4 3o
AP Tio; X FEl NHe NUHY Yl P& Hdole
3% WEel 0¥ PxA 4A& vEuA " B8
2EE ¥we oy BHA ¢HstM A=
A W By AR dote 2
dek. AR o mwe e golux

Z M 2 (photoanode) [3, 4], thin film diode, el

A

electrochromatic AR (5] L3 S8EHIT 9Yrt.

Ti0, 2EE  WHe gwdye  valve F53% Fo
wjup g elof st Mute TA W wEA 4 de] AFHch.
@ wvtel WA 43S ¥we Wys ¥A AYHE
L 5 4 3t (donor, acceptor, trap site 35) X9 A*H 329
AMHex 4L BA Bk AI, Ti0, ¥ EH WA
4AZ 837 ddAME WY e AUEE AMNH o

Ai-aol 271 9 TEAR GHo nxs @FA A I3
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A5 ofof k. TiOz HEe] ¥ To] EfFgoriz] B L YT
T2 oEHe FedA  royq HIFE = extrinsic
AFY 4+ mTge) ¢4 2718 Hdo) ZA 93 e F
2y oY VAE HUYEI AY 2T AZA
ojshxojof H WY YoM Fao] TAJEL o] F P E
sty = ol A5 HAUS] @z A vt
2% ¥EXeE  PVEAH SrTioy £ A4 AM[6],

F3 2(7], BL capacitor o] matrix[8] So 3 o8

ka1
b

olr}. SrTiO; HJFe] FHA g2 HG Yojra?e intrinsic I}
extrinsic donor X o} 9j%leo] Q7 s}, ZA3}3*Hoz o
Aol wEA AU YY) olslaty] gAME BRI BA
o) upE donor 55§ T Rofof 3r.

v 8 FYL AGAYAF oY F2BY 33 T
stup el F271RY PAdAM FUSLX o] FHE TiO2 K%
¥ 5t 2} SrTi0s &AM oM UVEA JHZ FAA7I= Aol
o] & Hsto TiO2 N -5E] ¥ Yojre donor -FXEX& dopant
EMe 48 9%, el SrTios LW MojAg 2 donor

EE w0 XA §oFct.
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4273 T8z A
A 1 H ZFA7 33 AHA (photoelectrochemical cell)

ZA7) 33 M) gjdo]z] (solar energy) B Hy} u
FHAYAZT BBA7= Bx' Yuislty VEAQY working
N, oA} |45 8¥FHIF (counter electrode) 25
7450 gk, o Hxje WBHgE NEy HI Y
48, TE2 B3N AU AV BIIHY Vo ot
>3 A5 e},

ZRANHNYPL AL WEAN  HIo] wiste] A
(charge concentration) 7} o] & = & #

B34 LElL} = energy band 3R Fig. 1 ofAM X F

Schottky barrier diode % E]j>} ¥}, o] X 3lto] 3} AE]}I}
X9 PaA vxAMe Fermi &4 (level), Ef, + MEZE
Y| FF P 5E AR Yot WMEA V5 Fof band

2t Helx A ¥, F n-F PEAMAMLE FARFol FFHIA
e, 23 p-% VEARAM = PAE HrrstA FTASH
&7t 231 9 9 (space chage layer) o] ¥ 4] ¥ t}.

VEAD I Pl HIPEHTY 452 Fermi oYz A X
Doty ¢F2] HPol FAAZ AU, I}V EEI B
B gre vy M I )of space charge layer 7} 3 4 ¥ o

sXl o) o] layer o] PAxx Psto] FF PR (electric
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field) of WAL, o P F 2 gJFolM 3zl 73
(applied potential) of = A YF-F @A rcf. T VEH
AW 220 H3PHojME HelmholtzZ o]l 3 Axle] 74y
A2 "ol wA"cE. ey o PIAFLET VEAN P
P23+ dYel 971735 (applied potential) of 2535t 7
Hejd e pH W} AT IS A € 9].

DAV FTAME P2 HuyBAE HAUS] U+ U
o 2IHTYAAM VoY, 2PV INE (2HY + 2e” = Hz)
o] MY EF zero F P}MHtof redox 2 ¥ A2 (equilibrium
potential) 28] 7| & 2 Aadch (5384 F9).  ofP redox
Fo B2+ g - 4d5+F 2o sYEH< 4T Mzt +
ze- = M Aojrx Mzt 7} {350 Y2 M 2 BHHPFHo Hrf.) 2
BEPSo  AYH T o] 2} 4 F o] ¥ ct. Wt of of

G (H o= 2H* + 2e7) & 7|53 Hez %o
(v} 34] 29) redox F & BYP3 scale 2 HFHA T8
¥rp., 28y A EZe] (solid state physics) of A

WA ol 712 *# (reference point) & 2 ZAe]g FowW
XL

ES Sute s o oyl=y /I ouyx], F £ Lo]&o]
AAE ®Bolgo 2 TAZ HueY 275w YA 4.5 eV
7t ¥ rh{10]. oW P53 A3 Fel PAE O Wolwo 19
Yl BUFo FAEH<-Y "R dgur B IY -
& AR, Jevy A2 FAT Faold RAR

ey B2 UL ¢ 4.5 eV b R LHFOX
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of ey FU2 A4 ¥+ o UAS

e, AFBECE 71Eel He Fermi £5 (Bf) &

EEPP4£2AJ0) s 2o] EHE redox BEe  ofyx
(Vo edox ) TOhE THEI [L BAY MUFM o %

scale 78| ZAZ Fig. 1 of I A}t A},

1
Ef = —(4.5 + evredox) (1)

o7 M Ef = off PITgolM U3Fe AP Z sTYH
We 2 Fermi ojuiz] £33 (eV) o]n§ evredox 1 of
AU E BUVS P BHYY 958 W ( Vggp )

2 e 7ot

rir

VHEMR AV FX 1Fe]lF (charge transfer) & FojH
Fo] ZFAst= redoxF (species) of 2ot A JFH=
AL, AdUHHA FOIHY PF M= M+ ze”) oA redox
2 AYA £33 (Dred, Dox) & BUZE M 2] o] 3}ojuiz
(ionization energy) &, FAHEA7 TR ooE
e Eed "W4aY  oyx| 4y EF, Mz, o AxRIHY
(electron affinity) =, o]&0o] #Haa uwolEo] ZAHHUAZT
Hed 843 ouxo] oot HH Hojxw o] F redox F
FHY o], ¥ X TAEN} HEXTFLLF V%o Fig. 1

of L}el} A XY Gaussian P X F ul= A ).
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o}7] 4 Dred 2} Dox & ¥ HZF3 4r31F2 oA
(£%), EBred = ¥RF2 o] Foj{x]e]} Eox
dAAHRYolk. EF A £ duyx EZAHL IR FHY
o 2] &} Ef 7o) oy 2| xfo]F }e] ).

Aol AR AEEH YU VNEA PSof eggFo v Fox T
wj 7+2} (band gap) Rt} Z-2 ojyzF Z+ FA (photon) F

M2e 23] Welx v u] 7t (band gap) Xt} 2 oz &

e FAES FTP5 99 (space charge region) of of ¢ 9
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B ZHM I (counter electrode) 2 3 0] -5 5tod ) 3F 3} w3514
¥] @ minority carrierg-& WE AN HI3o] AWM & o7 o E5} o]

oA A HEcA Foh. A4F O Fol P TFEAORAN
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golop 3= R x5 X2 Hojdel ofF¥rit. wF AL

= 4G AT BEAy Bl FIP AW Dol

Adojui}A HW HFG 1x2° redox J (species) o]
@

st EHol AWE TH HetoFol oYA HE: FIx
olcf. rejv) o]e¥d w2 (concentration polarization)
2 working® RZRF¥S  Tre T4H4E FeloAv B9 E

A28 g9 #HIHY 2 77

=5 Fas A4E HY £dsted 28X dayA (4.0 -

6.5 eV) = EjFojux]2 xpFo T PAstW 310 - 190 nm Y X7}

k. o HE2L oy AEUM o&H o+ A<
el Fojuix] ¥ (350 - 1100 nm, 3.5 - 1.1 eV) & Wojr }m 3%

Bz 58 F& HAH 20432 5+ Qivk= X Hrt.
Jejup B33 S ojal THa) 1.23 eV B 5 2] ofrir] To
& wol7t ZtseA Hw o] F2 1000 m PEL Y R
FAe) oo sigEct. oI HIAEFZ S¥ &2 T
el A7 FFe] FhuiET A EV ¥R
e goivz] Texx 297 st A dE ¢ & A

n-F UEZAE  oET FUINHARANLTE Fig. 2 9
AYgHoF  opEpu gt 2aldE FFHF  redox g

(E(Hz/H20) &} (E(02/H20)) ©toe ¥ ZFAMEHolr}. Fig. 2 (a)
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2 & Fig. 3 (b)o) vEefLjgdeoenm oje3t 3
TEAL G+ Sl 2y Harg
B 0-YH VPEAYE FUAE

AP 2 E oFsty FA4F HBYATIZ HEe AHIPILE

o
ot
o
t='Ifl
rX
0.5
el
ry
St
X,
M
‘'O

ZANE AR APA YIFoFza wxxy ML o] 83 o)
dolM FH o FAc PSol F54  (photocorrosion)
V=2 #5542 P22 ogdz

T Hegeg IA HHRI] wgFof Host gAx]of stny, o
Ve —vdHoy:E P PaH T H4xEH B 95ty
A3FE A, o HojM Ag7R] P4+ B I
ooty UEAN FI2 FE4Y I E 99% (thermodynamics)

I NSHFEEY (reaction kinetics) WM 07 L}y of T %3]
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P—type | H-,0
semiconductor

F
E, \@ E02/ H20
semiconductor
(b)

Fig. 3 Energy scheme of photoelectrolysis cell including

p-type semiconductor,

state.

{a) equilibrium state (b) illuminated

metal



Asid Wl X PIo F54AE PG A3y of
Holif= FEIR Lh e} Y. NHEAN  PGol  mop
M= ojo] AZsts B WFo] oA FHe 7
32 A3 (charge balance) o] o] T olx] A ¥ c}.

NHEA PS8 A3 A FAA 88l o valence bandof
SAHAEHE o HE (hole) 3} F ol Yrf. AP Tx2
valence band o} o 72 A 2o] AW bond Zte] 73}
%3EER d32 U888 A Ho PaEdd Y=
A I i B 2. Td oA UEA (M) oA
FHFAAEE AP LA PRI T WNFoFE ARG
FA 30 g A Er.

r
44

MX + zh* + zY~".so0lv + solv 22 M2* .solv + zY .solv + X (4)

A7) Azt WAL, hE BF, e FHA ued ETANE
BHZE (reduction specres), solvy BulF 7he] 7).

X Ao oM 548 redox WHg2 thE o] e
4 Atk

zH* ., s0lv 22 (2/2)H, + solv + zht (5)

SEE L I
43 97l MEol 4 (4) o A (5) st HWIsojop FxA

Me XEETsaldsd d7AT3HY IR
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EPDEELE RCLELY

MX + zH*.solv + zY~.s0lvV

> Mt ,go0lv + 2zY".solv + (z/2)H, (6)
(6) #wZofja )P 2§ o] (free energy) X}-E 4G e}
Fojat ez HJol HFo oo ArHE = IdYEHH
2129 ( Piecomp )& THEH ol uErd 4 gt

Edecomp — AG/ZF (7)

o 7] 4} F+ Faraday 4} 5 ojct}.
E

rir

19
Eo
2
ry

]
3/

Het 2 R[EE ST decomp
T 54 o ¥ dogY¥Hy AHI  oE&EW Vs HAA
redox? 9] ¢! E(02/H20) ¢} wlaxle] P32 dAAYY ¢HY=
Bersts 7ol ¥,

AP oz B30 B4 HA @7 AMME cheH B

Eaecomp > EBredox (8)

vl A 2 o] 235 AL (decompodition potential) 7} A 3) A 9

redox ¥4 2ot EAHY B3 p4PS 2o: VA
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o A redox 3ol 23 dojutA Fo PS2o (YAl FY
2 rh18].

ofe] TEAN PsoM FHH AT AdJFY ALV HE
A 4t3t o Table 1 of vhefpu .  VEAN TS0 £33 7

E(02/H20) X} oW, & TiOz, 02 b X3¥  H0

Aol dHgez stk e *4 Aok Y
BEA BRIl FRAYE HPL we FYY Wsojmz T

Ay AR EE LAV VozE W3O *YYE F Y
mury £x gk, AAT WEA B3] FrAHYL H
oY ZT WM opuet g HEEY FWo osto] A
A o] A9, 20].

2. We £5E2FH FW
S HE T (reaction kinetics) of 83t BRI o] HAHALE

FE P24 EY AR sty 2 9% wALEY. 59
EWol st 2Ast= kink o]l dHe HAR Folol
LY 9¥s stAEC. Kink Apejoyr P Fe]  mofipe
Y3 4% ofe] VA3 oA (activation energy) = = o
dolofp AT ojF Fo TR B VA To] AAHOLEF

MeGEE AWPSHA Bk, THEz AM VEA W Il
4 2
o

2R YEk doy AW W9 opzt WE FEEF
ZwWo] Ealo] 2eis ool e},
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Table 1 Calculated standard potentials for decomposition of several semiconductors

Semiconductor Anodic Reaction E de:)rnp / VSHE
(band gap/eV)
GaAs(1 4) GaAs + 5H,0 + 6pT &> Ga(OH); + HAsO, + 6H* —0 38
GaP(2 25) GaP + 6H,0 + 6p~ & Ga(OH); + H3PO4 + 6H™T —0 71
oHY 4+ 2¢-# H, 0
TiO4(3 0) TiO; + 4HCI + 4p™ # TiCly + O, + 4H™ +14
ZnO(3 25) 2700 + 4H;0 + 4p™ & 2Zn(OH); + O, + 4HT +0 81
SnO4(3 8) SnO, + 4HCl + 4p™ # SnCl, + O, + 4H +1 05

O, + 4H+ + 4e-¢ 2H 0 +1 23



MEA PS50 FIH oA F4E s [AS valence
bandof FEAst= FIH VY del U+ redox A%
2213y Bl F 5 drk. T Y redox A9 occupied
statezs 0] 4wt % .30 valence band ¢ Hof =25} A x™
52 dso oy HIFE VI L3A7)17] K=
Pold oA redox ALl AtEAWZE KU AvA Pr}.
28} occupired state 7} w7t Ljof ZXJ A x| W Hr T A2

ERAEt AW P gl

e 1 OYAR HEMA Erp[21].
ojei %, VALY redox A YWY Was YA XY
BERZ o] E8t, o VA= FAo] st FHH} Y Y (space
charge vregion) of JH¥ P} AUA . THA 9
Tool #EA dojurtx] XY HFEel XY HI (bond) &
a7 Ho P32 Fad UM GIs XAHNA ¥k, A5
YAE FY FeEH VAT FAF HAREE AAFA

23tA HW W32 VAW UT oA ¥

T
o8
g
1
2

el ZRA FAL -y WEAo ¥sto] Y
AZAstA feb. ol Broa, n-Y BFrAgE oI,
Zoluzol oste] AP o 2o WATo] AWET o] E5}o]

FAE FAANYNEZ Y3 9P FI3eae dojupa] A
k. w % p-¥ PHEAoME FIF&slvt A3 HAw

C

F7R AN Pao YFFel AUHA ALPHA AAZ

ey

SHERE 0% VAol vste] A eyt
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A 43 egoix 2P g VAN YN

FR7 3P E AEsst=d 7 e FAES UEA

rulie

(1) 254 24430

(2) #7343 95N P59 u (band gap) LA &
s} dstt A ojrt.

w vy g s A HY 1.5 eV HEI He UEA
A0 Elgojya] B8 E AP Y V3 AZIM o8 +
QAT g2 Pl oM ASA FHYE] JVAHLY
&0 oy 4APo|r}. g3 Fad  daM 4TI
FFct T M Y= UEN VS uPel ARE 27
o Zof e gAY E FT+Y F QoM TARZwS
B33 LA el

ol 3t FUINBYRAF F2de A MAS7] 36
e w7 gEg FAe VHEA PSS AY, dvedg VEA TS 59
ZqA7 = 2, PTEAMEE o F A3 (hetrojunction) A7)

Uy 3} dopant& Y 7F A7l MW Sol ¢+EH2 Ydrt.

Aa2t2 UVEA 523 F3 Q+H4T TiOg,

SrTi03[22]), BaTiO3[23] 5-& w3 A3 Joja] oA




W 77o] W% A HMIEgol 1% m WMoz Aursl 2

Lhel . KTa03[24) S5 B2 o837 Y+

rld

w g 2 ok, wTre] 2.7 eV ¢! WO5(25] ¢} 2.2 eV ¢!
Fe,05[26] §& w37 W& TashA BB FRIFox Y
AT oA A} MYy Qs PIHw> A9
2 At

AEE ODEAs ARMYe AWE 93 AZXF7 0
il o] &9 FEolFE AT PSARIAM  de
Arxl 7 9rct., Bard E[18] & Ti0,, Fe,03, V,0g5, WOz, Cul,
MnO, soilx FH73% W3 tfsted ALSHAXY, TiOz,
Fea03, W03 Y& Aesty 2 oo HFI52 ASHA

THAHE AT

s 232 Aok, 2y o] AFEEFE TAMEH oA

Azl el 1.5 - 2.0 eV FHELY FPSeo] 7
AR, oY VEAREFZ PVAE  JddM A A
274 5 o ol 3o o AP o|r}. L4
R AM PFYT VEA PFES 4TFel yF: A
Bl goivix] QRPHEEo] BT  EA e 2823

2V BRI Be e HUR wol7) AAE YYD 02
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(1.5 - 2.0 eV) & oA PfAdME BT AMEE VEA

BIALEY Zlge] U5 ojoF L Fojrt.

2. Dye B4 3%}

u] o] 2 UEAM PG o @HAE dve 52 A FL =
dol g HsE& BHACIAL olwse VAEAY VLI

Aets) 2= oA%F.8 ¥rl. Silver halide, ZnO 2 TiO,

L.

AFEES vy (band gap) o] 3.0 eV o] 4} ojojr z}9f 4

3 &
92 FAET F+E &+ k. oy AR XV ul Yol
22 dye & FHAINY A FY dHdoAME FUHFT BEF
2tk 4 FEo] cyamde dye £ AT UH AP AN Tio 2
2ZFAE AE&¥rt. Tio, + n-% DR A0 wfFof o F 33
A Hojr p—-3 cyanide dye 7} A2 ¥},

Dye &5 -2 ultZe] wrAyg3 Fo] AAF oA
o %30 degradation o] Yojit G, HA FHo] o W=
T A7y rERL: gk, 9tEA PS5 flo dye & 0 5 A4
Bx g AEA2Y PP JAAME redox wHFol Yo}
Rthir dye 7} 43 Eo Zohie HEE Ak, T EEF dye
2 o8 FUTAYAA de o &= HAsAM= T FEH

Lol M FE R dye o] A1H oo F A ojrt.

3. o] = %3} (heterojunction)
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RS FE B FLHAL ZF PAYE Rolth. oy MR
17) $i3to] w 27e] F &
e B ot w7l T WMEAE FPAAE el

S oj2) 2 gtk 2ol A Hxieh W3e) WS wHol
e wEAMM olfoixu, o Fo] MU} NI Urz
o) F3to] WAl E FEFATcH 23 wPA 2 BEAGE
o] W Aol $4sot shul WY oML FHUN YL
2 ofof P},

Tomkiewicz &} Woodall{27] -2 n 3 GaAs $] o} SnO,, Nb,Os,

ol
3
1)

I
4t
\
)
X
oX
o
AU
¥
43
o
i
ne

Al203, TiO2 & F A7 FANHYNZTE ¢Lo1AvE. olw
FER5C A2 u gL e 28 S el & 4 FolM
DAY A7 PALYg Hao oty ZEchys A WAL
Kohl[28] =& n-¥ Si, GaAs, InP &} CdS 2Jo} n-3 Tio, &
52 HHoex FEAIct CdS, GaAs, GaP oA =
crack-free HE& ¢& 5 AT 5o AsA FHFA
Slodclk. n-¥ Si & InP oAM= crack-free §HF & Hd& =+
Aqem TiO, 2 uj ity Hrep 2 ogyx|g J= FA7)
AR = BSodM T FHAZ Ry, 252 o]l# T

A7 He wtge G IToAM Tio: WE HF ol

o) S5t 7) 7k of @i gl, Vx| TiO, BEohA AT carrier § WO F
A7k BEE7) wEeler vk, T o] A4S

37



443t7) 915to) W22 tunnelling o] k5% 4+ mm 570
e WEE ZAAZ L el APHL et

Y a4 ¥Ee UEA fA FHACNY VA= 4™
v -9 5 2 Schottky barrier diode 3Sjej7} =}, o] ¢f 3t
Fajojy g 4 o AOPSE F4-9wxA YoM band
bending J5 e 7] wFo] o F

27717 ojeje Wex gk, EP e o fermi 297

o 7+ Aolo) gol7tER 9

o iz 7} oA 3 4255 Ik, Ter} o]yt FA
fermi 2|7} w5 29 valence band oj zx] Yz T oj7=

v&e XA sid¥ 5+ gt

4. Dopant %] 7}

M2 o3 q4e Ze 954 P58 FHeEE FUAM%<
THLeE P35 Uof dopant § HIAIZ = FEE dAd. w1
Lo A3t dopant & oju{z] FFjof Yo] Xz dopant
v PAY d3e BVAAALc. FAo] o)5to] dopant  E 9

o) 23 ¥t HYe Fig. 4 of rvetugew gy VL
Hel T 4£438 A7 4 Ach(30].

Dopant Sensitization
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C.B
V.B

'—j‘——g

= C.B
(b)
V.B
- C.B
(c)
V.B
@ -necutral trap sites
© - negative charged trap sites
Fig. 4 Possible absortion processes due to  dopant

impurities i1n a material such as Ti0,.
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X + hv(photon energy) = Xt + e-
X* + v = X + pt
Y+ h =Y + pt

Y+ h =Y+ e-

Fo P27 dopant  F 3] ofl A

o

Fig. 4 (a) &+ Zxo 2
conduction band & o2 =2 FAELE e AL, o] FA
9 ol 23E dopant TS E FE AsHA HH A
valence bando} X o7 o} 2]sto] FHof ¢ & PAF trap A}
valence band tjof #H-2-& 3} Ax] 7}, Fig. 4 (b) + Fig.4
(a) o 3928 [Askx]9, dopant F 98 o] Fo] fEfLA]
g+=ctt. Fig. 4 (c) = Fig. 4 (a) & (b) o P+ ¢

Ao e, = O XMF B U 2848 Zt= trap site

&¢°] band gap o} £AY wf, Rojoy3 Ve P32 BH A

o

) ¥ trap site o] Y33 & el YA, o] 23 trap site F-

-

dlo] o] uj] =xHARe] ZF o M} B conduction band =

37|55 3} valence band 2] &} & trap 47§ o} band .} o}
Faa JAAMNZZNIE Fr. oY AR HE= VEAI
dopant-§ Y 7tA|7] & 4 $of vhElvts WYY F4elrt.
Augustynski[30] =2 TiO, o} Al, Sr, Ga, Eu, B T &
d7t217 P82 80 V3E ZASAAT A &2 doping 4] 7] A
= A AHe FA ERYE. 2@y} Ghosh 2} Maruska

=131] & TiOz of Cr & HZIA T FIoAMq FHE F7HE =
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Zaslodcef. o]e3t Moo= 0.6V HX 2 minimum bias 7}
Woste spA Ao} ostel  0.35 mA/emz o B A5}
BEE At 2 ddE U T+ =w(32, 33] of Ni, Nb, Co,
Cr, Mn, V. GSof tjsto] AT A, A Ni, Nb & Cr THo

Twe 57AM%Ic R23E vrErygY. SrTiOz(34] of MK of ¥

O

O

dopant & (Al, V, Cr, Mn, Fe, Co, Ni) & Y7}+}7 FFH & &

Aol QA W TRl vV, Cr, Ni ojM® AIFge 27z}

Lh e} SEc).

=3 M AGEE DA T dopant B LA A
523 A T2t FUY® Tio, = £ 53 AP o v o
ZFAF2H A4 10 v} o] 4 F kst Act(35]. ol FHUF Y

7 Qe 447 dopant T A&t AE UET AAE
W37 WEelets 285 QAW obYrha) of HWIo WA
dhol Ay 249 Ade thatell: A geixx g3
)t

W% ZEAol TP dopant FO 4B ofF B3
dejx)x] o2 YXW WEAHFol dopant FE Y74 A
BHAES F7HAZE BHS HolM 93P thE o) wstol

Az 3ol Teratel el 883 3 dx P¥eld AR
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A3 A R A

A 1 A TiOz FFe) w9

1.1 A% Zu

Ex 27137 AY2 $9% H5F+E VYol 1 cm? ¢ Flat
cell (EG&G Model KO0235) oA 25 2 300 K & 8 x]A]7) WA
¥ 5l of A t}l. Counter electrode = - 1u9to] 2 ©w saturated

calomel electrode 7} reference electrode ¥ A}8- 5% 2c}.

REZE] DY HAA|FI] 25to] o] &E working electrode =

T 57 93.9% ojny FAY 0.26 mm 9 titanium ¥ (Alfa
Products) o] Qit}. R Ze] et PYAHA77] Po) 54 94
oA V¥ U= Ar3E9E HF (48 %), HNO; (65 %) & HF
1:4:5 3 E3 a7 f Aol r chemical polishing &} o
A2 ek, TiOo; HFe) ¥ %2 24 h F¢ N, gas® bubbling
3t 1 N HaS04 899 ZofjA xv}3jAy Me).8 5, 10, 20, 30, 50 V
ve. SCE 7} %5 53% 5 ¢ 10 mA/cm?2 ©o] HMauoc = 3135 o

galvanostatically 3 4} A| 2] c}.

1.2 4 A9 (hydrogen injection)



vs. SCE 7F& 2 mV S~} 9] scanning rate 2 3t 2t 5 1] 5

&) 5} 9f ¢} Al &%l M2 N, gas ¥ 24 h E ¢ bubbling

0.1 N NaOH & 9 o} 9} c}.
1.3 g A &% (impedance measurements)

oupled A &AL potentiostat (EG&G, Model 273) & 2733
two-phase Lock-in Amplifier (EG&G, Model 5208) - A4}-8 6} 9of
35l oy A, Waveform generator oA A4 P reference E
waveform & #2733 cell (electrochemical cell) & XA
o, ojuf FIHIY cell 2 PAIYH R[4 FQ capacitor
9} resistor §2 AP YW PHE ¢HE e A He, E
waveform -2 A Z  (amplitude) 3} Y A7l (phase angle) 0]
tl g} A current (i) 3le}r 2., 232 reference E & 1 7t 9]
PHFI HALGE Ar 5e [IHI cell o Yu|TLF ¥
4+ gt
2 A 2ol = 24 h =9 N, bubbling 3t 0.1 N NaOH & 9 .5
B AR A& dct. T2 3% cell of 7}s) x] = dc potential

potentiostat £ o] &5lod -1 olrs 2 wvs. SCE 7+

L.

rlo

H3 A Zicp., =3 o] cell 2 Qujui A= 7+7}0] de potential
oM FFHol 5 mv ¢ H FIFEF 5 ojr 10000 Hz F}A|

SERE MBI TS
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A 2 4 SrTiO; 4~ 4A

2.1 A ™ 2y

99 ¥ SrTiO3 +%Y (High Purity Co., Japan) & 363 K =
S A ¥ oven oA 5 A7+ o)A} ZHF2F] A=) 7 80-mesh sieve
= apgst) 2B (granulation) spgitt.  THEA4
FAEZA2E A l4mm, A 5mm 2 ofu] Y HI § 134 MPa o
A2 7ttty H39A A3 (cold i1sostatic pressing) &
st Act. QEAF a4 Jo ¥ super kantal g LA X
o] &3 V2IE (CM 1Inc.) § A8&3lo JF7)% 1673 K o)A, 6
MY &F4T g sk,

A3t Al Mg low speed diamond <cutter  (Southbay
Technology Model 650) &} mechanical polisher & o] -8 6} o
F2A 0.5 mm 2 ZFF5 3 2Hu MHI] oM oM BOoFT MY
5} A ¢}

A& CEAZSC gt @42 (tube furnace) o] A
manometer ¥ Ha:N, § 1:1 ¥ R A% 23173k A 8 100 cc/min 2]

553 95U A 1073 & 1473 K 2] 25 HHAM 2 A5 ¢

2
CEIEELT T
B4 27 Ee AT ATE g Pol TEejATt.
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(2) #®m Wo| 328 # 12009 SiC paper T A AT ¥,
E™M 292 7] (Surface roughness) L 3} 3F Fo}7] 4sfed 1, 1.3,
0.05 micron 2] alumina powder ¥ polishing 3} v}, x| 3.E
Bl =2 ¥ 3} epoxy resin (Devon Corp., U.S.A.) 23 WHo] 1

cm? o A AT, L3 WEA FHE ¢ A

Current source (HP 6181C), digital multimeter (HP 6466A),
electrometer (Keithley Instruments, 610C)3% & o] 830 2
prove method & 4 -&olAe DC MR L FHstdy, wAYge

micrometer £ %4 P Lael W o HE BArstgr}.

Reference e L saturated calomel =7
Ab-&-5F 2 20, counter PS03+ AgW-& o &stodr. o
Mg A HM1S 20BK 3 8% % Flat A]| ™8 cel: (EG&G,
Model K0235) of Mxstgich. HelWzE &2 LT 470}




2160y 24 h =9 N, bubbling 3t 1 N NaOH -8 9] o] x}.&¥%] 9 t}.
2 R0l pH = pH-meter (Accume-910, Fisher Scientific) &

&% agrt.
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A 4 3 AP43 W 232

A1 3 Y9~ (impedance) )4

Quiryowg FHMHy 33 HMz] (photoelectrochemical cell) +
working P59 UEN P} 3PS, g2 U A
(applied potential) of 7} & o} v reference PS03

FAEHAt.  oje¥ ey TP F B 3R] oA

rl

DEA VI Y PP A7 St aRdET s
Z 2 (ac 1mpedance measurement) o] TS0 Ye o] 8% T
A tt.

271 HPRAM FHY  Yr|P A+ working P
285 ATVAAM EEH= P Dol Aol M2 2,
23 BvEN B0y Bl 7P Y9Y (space charge
region) of 2Jsto] HWHPrE., e} R IH4A4 AV =

} 2 M el x ¥ (charge transfer resistance) o]t} Helmholtz

fa

Yot
%
r3
olo

Of

qH88%Y (capacitance) 2 working HGofjrM A7 x| o|r}
BdRLFR 44 AYs] H3, 27 "o AAMIT FHAHR
FENHI PR Y|P o KT So 43 fA Yy Y
vhERLER] ek, B OUEAN BRI PEd T AV AN
‘37 = Helmholtz o] >]U¥ BHPEFE WPEAN TS
BLSTFol vdt A 27 wEol ¥Y FAE + drt.

A= FA2IHY PR L Juiid A HsjHo) 2] A3 A2
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Jeln wEA AJe A9 FUEYYLN AYHLE

FA2 AL JuPAE ] THEI] HME= o
HAxjod A 713 et¥rst F73¥ 3 (equivalent circuirt) 3
TAs)of ¥y, ol F st X QoM Bode plot &
2713 Al grct. Figure 5 of 3= TiO, ¥ %] u] 9o] tf3 Bode
2-E JeEtU k. 4 S92 s oM @R LT
Zupgof o] o] &stx] ggtevy, 44 (phase angle) & ¢
(zero) of 28U A Fxpp o EAHo] 78] e Y gtct.
7 Fys 992 Ay, Fu5T Skl wel dE YL
-1 of 2HE dHYI 72 E FLsrdr 4GS ¥ 80 2
205 XL (concave) 5} A L} E} Y t}.
olzi3t $4 AYLI FyH W2 Fnxs £ FoF
FYgoj M= FPUHHPAL QP AT HMIJRT T2E
T Av VW FT Fuax FY9A4MY dET e
228 P UAH dE5& 4 F Uk, oL
Bode 13 (Fig. 5) o A o3 2E TiO, ¥ T E)

N NaOH & 43 HIYEHe Y+ Fvd + 898+ 5738 2« Fig.
6 of vhEl] RAAMYP S FE w YL FTV} HPEY (space
charge capacitance), C, & @29 23}, R, of A2 ¥Y=,
Jej o] dZHo] He|H 23, Re, o] YT AYGxo Y=

2 €l o} T}

Figure 7 o= TiO, B T e} u] 93} As) 32 2] ¥Lof 2]} o]
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Impedance / 0

10 *

e
-
ol

10

Fig. 5 Bode piot for

NaOH solution.

10?2 10° 104 10°
Frequency / Hz

the passivating TiO,

49

t1lm 1n 0.1

90

N

Phase Angle / Deg.



C : space charge capacitance
R : space charge resistance

Re - electrolyte resistance

Fig. 6 Equivalent circuit obtained from the Bode plot
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40
35 A: 398 Hz
0: 1000 Hz
S0
O : 2510 Hz

3

et

25

20

15

Real Impedance / 0 cm™

10
-10 -0.7 -04 -0.1 0.2

Applied Potential / Vs
(a)
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100

N

'E A: 398 Hz
O

-~ 80 g: 1000 Hz
N O: 2510 Hz ~
o 60

-

O

'§- X
e 40

3 :
£ 20 .

o

O < o
E ~D

0 _
-1.0 -0.7 -04 -0.1 0.2

Applied Potential / Vecr
(b)

Fig. 7 Potential dependence of (a) the real and (b) the
imaginary impedance for the passivating Ti0, film measured

at various frequencies.

o2



A7) = A4 (real) & 4 (imaginary) Qo9 A 07} A 9 9

Bazs e, ow YguBA LEe s 24
32 4¥FY REE mTolMe PHEFH AR,
el Aeldel A% Aol osted WY . od¥

Auj B A AEE HY A% AN HREE oed R

4= Zre u jZim (8)

=R, + R/(1 + w2C?R2) — j (wCR)/(1 + w2C?R?) (9)

7] X Zre = A4 Yurjv A (real impedance), Zim & & 4

L.

J ol A (imaginary impedance), J + ol YE  (imaginary

constant) &, 12| w + radian F¥4 (= 2af) T el 7 rt.

BxEg} xjute] 27vsl M M A LI (gapce charge capacitance)

I MY AHAEEE sty slelM e VA working 3 Az S

L. ~—-1--—1-1_..::
Atol ol HMNEH ASHo] HAG FHEoof Jhr)p. 2 B ILAM
ol d A3 & Bode 2823 e ILstdri. Fig., 5 of A
YA =8 Futy Yadojr 7o A AHstA e Y.

Al B3] oM w2 ZxpLoja] thx] AR 2|3} o]

)
-
ZPV|3E A duvAE jMeA HEE, o duuA
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ol BslW MY Hok. o YA stel TV FalW MY L
A7} Rg e W4T sho] Fig. 8 of vperugrt.

0.1 N NaOH £ 912) x %3} 229 449 84 Ynuag 4
(9) of WYstod EFW Ti0, HFE ¥ e WY YU
Aroy FAY YL e FPH PRLIA AYE

2% 4 ath
A 2 % TiO, R=%€] ¥ % YoM donor -+ X (distribution)

Tio; S} ¥ 2 oA donor £XF Z A2 Flslo] 50 V
of muPHTHAA HHY w Yol o] H UL}, Y =AY
3= $1%ted 632 nm x 3o #Hojx ¥ (laser beam) & Z+
ellipsometer (Gaertner Scientific Corp.) 7} }85x 9rc}.
oluf F ¥ uujel AL 106 nm of giv}.

Tio; STl ¥ %o J73Pst P E3F (space charge
capacitance) & ©'7}#28] (applied potential) & 314 34
Fig. 9 of viefugict. Q2337 S8 wpep 277
4082 ASSo L3t rt 2V wvs. SCE o] oA = 2
DAPH ATl ilERLbx] ggiTh. o]HT HAE= o

QA5 (36-38]of °]sfo] AAlE QRFo] Ti0: REFE] ¥ Yo
Ab A 2.2 (oxygen vacancy) o] 2¥ o] 7] 913 n-3 wrx g 9 g
A| B s} £t

MEA VGl FPUS} YREFE FTARLAY Yol
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Fig. 9 Applied potential dependence of the space charge
capacitance for the passivating TiO, film anodically formed
1n the 1 N H;S04 solution at the potential of 50 V vs. SCE.

The measuring frequency was 103 Hz.
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(width of space charge capacitance), w, 2}2] Z A of A thin

film capacitor model & uwl= A = rt}.

C= EoKA/d (10)

ol HULF UYL AAFHT sl Pl BE
A3 oA donor Fo] o] &3ho] )Nk, o] 2P donor 9
o] £37t FV WA AL WA W, AP FoHYo) uhe
o] doje YWolx ZvtskA . ARHerR 4 (10) of
Adted PER P9 S} HPEH. C 2 LTS
7t o) wet FAeA o (Fig. 9). ey ©d F
TEA FYel ST g9 HY AFH2x AV H
7t x| {2t £ domor 2| o]zt 2o QA Yrl. oI B,
Z7 RS YHEPL AP o Ao 2RGA P

F A7) 38 M2 (photoelectrochemical cell) o HgL
e A3 v dUol = oA HH, o 4AL
M 3ol  domor %% ojske] A E L. 2 7} 2]

7R AAAM P E
9 ol 4 Mott-Schottky F A7 7 o] & gth[39, 40]. o

2AE g3 Zol et 3 Atk

"9 donor FEF S +Y

C2=(2/qNeoA?) - (V- Vg — kT/q) (11)
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= oAae AP, e & VFAM £IME, K &

L.

D30 4ugBYs, N = 0w domor 5, V &
0 7} M 2], vfb = flat band M2, k + boltzmann A4,
el T v Hr) e 5 (absolute temperature) & 7}e| 7c}.
Mott-Schottky #AZ HE] N5 N BIF2 donor 558 F+37]
gAME PH C2 vs. Vo] AMBAT WEHojop Pt
Bulk Z 72 e C2 vs. VO Yo A TFHFHEER
donor S5 F F8tvd dolA Mott-Schottky ZAF FH I
48 5+ Adrt.

28t (thin film) oj M = bulk AP+ el wALYE 2+
Mott-Schottky plot o] vt}ejpvtct 1 otz 9lt}{36-40}. Figure
10 of vL}e} P Ti0, X X¥} 3] vte] Mott-Schottky plots 9 A
B Y P44 e el Ak, C2vs. V oS4y HAPAFA-
T2 €2 = 0 oM VZH FHAL (FAPH FHAMT
L} e} 3 c) of o] FohA= B HZ  FrgA uhe
Mott—Schottky plot 2 2| g>7t HA FL3te DIl
i el St ot

o] 8] 3t Mott-Schottky plot 0] w]Z AMA.L o] H oLz} = o
2] 3} of 1Y S (thin film) W5 A (36-40] of A
ZHEHAAAT donor FEE F7] FAZ 42 sy 9
doM e $4 FAHHG. Z2g& C2vs. VF
(inflection point) oj Ao x| %o] S WA FPeLYY (space

charge region) o] St 7138, C-2 = 0 7} ¥ = R H of A}
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VLA AR 2)&7) Ve 4 (1) of ulYshy
donor 55§ Fotrt. oz PHE wEA HTP Tio;
2 5] 198 donor 5= ) 10! cm-3 M x v} ®c}.
7ol wute] W3 HolM RHA FT UG o] HopH, of
AH 2 o & 973 ST crelAYetE AR+ donor 2o
o] 37t A7) 2 AAH LEE) wue ZpUsS PHEY
(space charge capacitance) ©o] ®3l= 79 r}Epr}tx] A
o, ey m T AHRoe Fig. 10 My D53
of FOqME A VHAT FIA¥A wel A& ST
B308%e] Farr e ol W53 olFAME
D7 F S of utel donor o] o] 2FHIt ASEHI JQoew PLHEHE
TE VA Vo 2R e AFYs £k, H27, D

Quarto%-[41] & ¥] ¥} 8] Mott-Schottky 2 ojjA] w] % 414 o]

GebLbe ol g2 m /34 AT 2AMolM  donor
22UAsHA ExHof g4y mEold skt e 1gL
o) 5HE WFHoz T E Fohdct.

AFpA sl wpE F7 Ve WP Vs v oA
donor ©) o] 23te} AWHLT B Yth: AUT F¥ €3

vs. V. S49 7jg7 Y UVE 2 domor —X-F

o]

Vit

olsisl =] 2 g3stA Hr}[42]. Ax*M9 (ac voltage) 0]
798 9ol 97y o, 3V u£W3} (incremental
variation), dQ, £ Z7t¥st dde Yol, W, & Wspsl # o
9l c}.
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dQ=qAN(w)dw  (12)

17 M N(w)E Z7Astadele] zael (edge) ojA2] donor
xe= 3yl . wlA #HA AR  (electric field), dE, =
poisson Alof osto mj& bW Wil e Be BA
9 t} .

dE = dQ/(k € A) (13)

o2, ol P21 9%, dE, & vja AIpHe] B,

dv, o 43I # repd £ 9.

dE = dV/w (14)

(13) ¢ (14) A} & & ™
dQ/dV = (A €0 K)/W = C (15)

EX (13) 8 (15) A& (10) Ao g3

N(w) = 2/(q K € A?) - 1/(dC-2/dV) (16)
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ol e ¥ Feol Nw) = F2HPAY xMel AW, 3
HA/WE AVoF 2y FTARYGY go| (w) T3
Yol 2 W, of s4YH L donor 5T & 72l Vet

ol AFT 2452 O AYY PEAAM T H gy
qEol, o] £4F& ol &ste] Ti0, 2 Ee] 1 o) donor ¥ KT
237 HslME 56 xo) AMT Y HALA A
% Mast vk ol A%t 2 AFolME TF FEE (ac
conductivity) &% 3} X-#4 33 (X-ray diffraction) 4132
35} 94t}

AUt Hory 1§ HEXL Fm4p ojE2AHE &I ol

g, .= constant - us (17)

HAYHLE U2 Q+AE(43-45) o ¢+ Ao st s @4+
M]3 PEAHM 0.8 oM 1.0 Apo]of kg vpepq T,
434 VWEAAME 2 o5t gl vierdoh R

%3 215 WYY PENAM 2FVEEe AT Fns

ez E UE Wjof & AHxEo] hopping ) rEM MY
5t A ¢}
Figure 11 o) = TiO, % 5 €] »| YoM Ltejrts I FHEEE

2ut20 ¥43zH GerdYdch. Fu4v Z7gd we
y. 2

EXE ZUtstgen s AL o 0.556 £ iyt ol
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11 Frequency dependence of the ac—-conductivity for the

passivating Ti0, film anodically formed i1n the 1 N H,S04

solution at the potential of 50 V vs. SCE.
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BEY A2 A APH NEAoM Fojxl Ao P,
ol 2{3t A= 50 V oA VAR ¥ Y2 e AFHE HEHA S
21 sy . XX Tio; S EEl ¥ o] HAPYHE AuUX
A A2 X4 3 H AHA st HPH2I HY
5l o A ). Figure 12 = 50 V oMo HAs Ti0o, 1 -EE)
| oA o] X~ H Y44 Be T, Titanium 7jTof o7
peak o] ®j o] Ti0, F E&) ¥ Yof 2|3 peak 55 FHE oA},
J peak €2 HAPHE Tioz oA FHFHo|X] L anatase 8}
rutile 3 =% o} 3t peak = o} 9rt}.

o] = o] 42 PHeolM PR Tio; £ FE) ¥ o] sy o
At A2 ofe] AIFAE(3, 46] of °)slo] K X o ZT}.
Leitner § [3] & TiO; &) 3 TojMu|Y[Pyg P o
¥ 5 (photocurrent) & W3g FHHst] 20 V o] oX
A2 o] AARIE Ut R sy, ¥, Delpancke £}
Winand [46] &5 50 V o]j4tojA JAH ¥ m ojr = anatase 2}
rutile 27} &% PAJoD (TEM) 3} X-41 4 HH =
o] &3l o ¥ 33 rct.

Y9 LFHes B dg 5+ UAx C2vs. V x5
Bl 7 7)), A(l/c2)/av, B Zpzte] Qs AY (V) of A
+3 Ha, o V&Y AR U s 4 (16) of A
oo AP soAAo Nw) A 78 4 Urt. Figure 7
of vhepd e AP siYE = FEEFAE A5
A} (10) of o3ty »Ae AP SA sYEHe 1t

W

>
-3

s}

rd

o
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Fig. 12 X-ray diffraction patterns

obtaining from the

passivating Ti10, film anodically formed in the | N H,;S804

solution at the potential of 50 V vs.

SCE.



dojo) Wol, F HaA/¥ Y AWLF wEo e, T 7Y %
9] t}.

o} FA 7P REel v Ye donor XX, Nw), =
Ha)A/u9  AWeF e jejoj uwet Fig. 13 of
LbEbUIQiTE.  Ti0, % EEl ¥ YojAj e donor ¥ EE WelW/¥|
AW Z 2e) WY A 60% of AYHE A WA 1.6 x
101 cm3 HEE A gF@stgem, T o FojM:
AsjA/uje Aol NY/F4 AW FoF Pol uwe =)
zotstgieh. ojef¥ AL Ti0, %Ee) 1% oA donor 7}
Bus) $2AdskA LEHo] &g AN Tk, Y, oy
229U donor 55 o] A AEe auger AW AFH[46] 2}
2 x) 8} 1, Fromhold 7} & 3 o] 2[47] of 2jstof 1 e} A&
ABAY 4 9 gYrt.

110, %5 e] 3% UojA donor & E2YY L X
o2& 7123 5to] valve 240X X W2 YAUHHYH D7 o]
4WE 4 k. A HAM L EE ¥ o] HA W u,
Z40]22 Z3Hol Hu Hade txol o ZIHo Tt
Titanium 3} Z& valve 249 #v|31%3 $Po3 43y
AHAME W ol Pk £ 7P ot 1Y ol
o] &Eol WEA o] EskA Hri. oHT AL, & A
g ol Hsd THE F40| &Fo] FchatA 25t
Flm Ata o] 2E8 BEE o8 wrl A¥o] vpeupA Wt

TiOo; S 5e) S At o228 Ao 23t n-F VE AL

+~ Fromhold

v &
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Fig. 15 Donor concentralion in the passivating Ti0, film
vs. distance from electrolyte/film interface. The film was

anodically formed 1n the | N H,SO04 solution at potential of

50 V vs. SCE.
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k. wetd 340l &Fol  HAusA ZAste Ao
stoichiometry o Z7& TEA77] $istel FAZIE ol
ko] FristA "ok o] Akl F& 2o Y
WMol 4o donor & WA/ AT oA Y/ /FE A

Fo3 Hof wiel ZA FHsHA €.

A 3 W Ti0; %-5e] X GojA donor £ X o] ujx|: ¥ YA L

A

TiOoz €] ¥ ¥ oA donor -FXof vjx] ¥ YR
PBE ZABH7] sk o P oM mug JAAAFL LA
Ao Ystod JQEPxr FHeg RstAcr. olm  wmy
3 A ML= 5, 10, 20, 30 V & ©s}grc}. Figure 14 =
sy Rgo) we MYsAL) WiE xo Erh. WY
72t whep miR A= 2.9m V! o] 53 FHAHAHoR
2}t A et

Figure 15 £ o] PP stox AT Sl uf& Ti0;
HXE] o9 27rAMel a2 (space charge capacitance) &
Rof 2rh. TE AWAY sl MAPHIAA ZAYo
shet wmwpe] FpAst HWE&Ye ettt ok g
Aol WY WRE e AYolM WYY W Wl oo
sbRg ® 7Y (defect) Tol ¥ H7| wEojrh. Ti0, % Ee)

B2 n-g PHEAolr) wFo] 5tHE W HF (defect) §&
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Fig. 14 Formation potential dependence of the thickness of

the passivating Ti0O, film.
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Fig. 15 Applied potential dependence of the space charge
capacitance for the passivating TiO, film formed in 1 N

H2504 solution at various potentials ranging between 5 and

30 V vs. SCE.
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o] 23} ¥ donor Fo] ¥rf. HAAKR ¥YFAY I

Cvs. VvV 3Me sjydeoz e %I ®Y ol donor
e MEHoT FAE 2 o). X 2 oA donor 2
PEE  FYHez  BHHI fstd  E droME

Mott-Schottky plot 2] 3&j4o] o] 8% 2rc}. Figure 16 -2
22y el [ PHAAM dofF Tio, F-FEf ¥ 9 2] Mott-Schottky
plot & &Ko Ftf. K ZEl n "o Mott-Schottky plot 2
AD<S 448 =Yg J[ATHA 2A oF stdem RS

4 M9 oja ¥ F A4 Mott-Schottky plot of LpERYtth. of 3

O

TiO, K =€} mu jojirx] donor =0 wrdstA FIXEo
Adow e SA wrel mf Y jo} FTAYst+ donor FEE

gelH = eI

| S

S
BAY g (10 V ul9) 2 w7 AA (amorphous phase) 0o
22 uvehube & WP ®}™ (10 Voo4) oGME
479 3d4 (crystalline phase) o} vttefLtA (3], o] 7
dofM = X4 HHY HIE o83t w2 TAHATLHAMMI
xj v} .2 7] A A9l rutile 2} anatase 7 27} 5T =
H s A .

¥ Aot PEE 5Y SAN uwE wHY HEE

ZASEZL ety o muFgA RN F S PV R PO
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Fig. 16 Mott-Schottky plots obtained from the passivating
TiO2 film anodically formed in 1 N H,S04 solution at various

potentials ranging between 5 and 30 V vs. SCE.
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Fot 5ol A -g Fig. 17 of vhep . FAC S o] whe}
At P& Futs EBY2 FAacHAC.

S As BHRLYL Fu5 oJEHLE FE I o] deep
donor £ 9] (level) 2] EX & HIY + 3Jr}. donor T3 8
AlA) N EF 4+ donor £ 37 PoJHSF dof k. Qrtix
FH4ojMe FH Fubs = 10° Hz o5t 3 Pa P E4 QY 1015 Hz
of w3t sl yrcp. T2} deep donor = P FF w57}
B%B8 Yof, AAZE 105> Hz ofstel FAojr U7 Fyl

HSotA ®rek.  o]e|¥t deep donor o FFY Fwmg THe w32

Rups o) E4 ol

donor of A& 48] W& Fuby o Z4o] ihepyet.
o el wE mm volsel wWY FEe Wi Pt

Fig. 17 2 && & + . w¥y FAZ%G F7HA o

R I

BN AAEBY A4 GEAo] A FaAPo: 4AR
2o £7A PA4Y WYl wPY YR WH FARE I 4
9 t} .

2 oAoME 30 V oM HAP mTo A A3
g9k 7t dek. olw x = hoj4 e donor 2

X
oA 933 modified Mott-Schottky A2 o] R3}o] =g

T
~ ©

L

24
LN

k. o 2AF o &ste) £¥ Tio, $Fel ¥ oA e

donor -FX5° A& Fig. 18 of i}etugct. m wojA 2
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Fig. 17 Frequency dependence of the space charge

capacitance for the passivating Ti0O, film anodically formed

in 1 N H,SO4 solution at varoius formation potentials.
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Fig. 18 Donor concentration in the passivating Ti0, film

vs. distance from electrolvte/film interface. The passive
film was anodically formed 1n 1 N H;S04 solution at a

potential of 30 V vs. SCE.
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donor F 5 & Ru)A/M Y ANeR ve HY EAL 50 % of

AYEE 2 Y7ha) 2.1 x 1018 cm3 HEZ 2o dHsiPon,

Do FogME HAU/MY AWRN HY/ /T4 AW BoF
48 =4 27 sgn. o#H¥ FWE T, LEE w9

o)A donor So] B2AstA 2EFo A&E A HA T

M Hd  REEH v YojMqe donor EEE modified

Mott-Schottky 22 o] &3to] ZAY £+ grk. o 2AL

x| donor 2§17t st ZASE APA WEMolA  donor

Sxa 2= 088, o] donor T ESo] EHA5F=
Dol QRS hsiAI Y S PE 94 HF o 2T donor
o] o] &3 #ut ofr}e} deep donor 5 VAo 2o 5}
=aHer o3 Frt. Ax4ey wHye F7PE

4
AHEFe F7HE 49 FPo) AP Y23} deep donor
ol J) A HEEO) Yoz FAYT.

M MY 2Ee] ¥ Gojso) donor REL U YE BAZ

we) 7% 4 glr}[48).

1/(dC-2/dV) = 2/(qKeoN(w)A?) - (1 — KeoC-AdN(w)/dV))  (18)

o7 o SHEL J7rHGLaojo] B Ao 7] 9 3 ghallow donor
A H3deld, ¥ YFZ vPAAL 7] UX  deep donor I
=x) Wl APk, 4 (18) & ol&sto wHY ¥

o428 donmor £XF FHEH A7 9+ ¥ 7 AHAE
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ZNNE2FE st A& Y F o]t}
A 4 H TiO, R ETE] y oo s A Ao 3t 22 9%
TiO2 B &€} x| o] wxx HHo o3t 40 G&E

ZA3E7) 58kod 50 V. oM [GAHE w oM = FY TFY

mufe] Ym U AE ZHsigdrt.  Figure 19 ok 97U E
%)

B3 st 27 BAEHA 42 €53 "1HBHy 45 B4

xj2tofjrjo] Z2rAF HABLES L E}F L) 9 T}, ol y} A 2] v}

Z7h3ol ubel $5e) wue) FPHs YHLFE 2V vs. SCE

2k vl 2 A ES FdGolM A dA4skA el oew, 7
DAV S AN 27 Y ¥ Fo] £ 53 w Gof w5}
2A ey, ol A a7 FYY APo] 47
Al Bof uldle] 3t B AYEo WY Y UesE Y £

Figure 20 (a) %} (b) = 47 AUdEHA @2 AW

Aol ¥ Al Wof x| o) Mott-Schottky plot & L }EprL) 9fr}. 2

dao) Ar2glo]l TiO, F -5 ef 3 ¥ of A o] Mott-Schottky plot &
W] 2} A3 A o] iyt o) & TiO; Y E €] ¥ Yojr2 donor 7}

=98 FE5 7] ©Fof .

& Aol donor Ft FUEHA FEFHoO Y+ 949y,
Mott-Schottky plot oA Z Mol Liefrt= 99, oA nf Tt
donor -w- 3o Tt S0 f¥-E A A ). Tio;

HEZE}) m|9%-3 W Z A7 (parallel capacitor) J 7} A g
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Fig. 15 Applied potential dependence of the space charge
capacitance for the fresh and hydrogen—injected passivating

TiOz films.
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Fig. 20 Mott-Schottky plots for (a) the fresh and (b)

hydrogen—in jected passivating Ti0O, films measured at various

frequencies.
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2%, o 998 Yol (w) + g FE TAR FH LY F
At}

C= €0 K A/d (19)

Mott-Schottky plot o] W53 Y=L D73HPH sholAM,
T4t ZAY9¥ Yy ¢33 ngorey JF1rHE F99
ol ¥4 wUFART A vtepgrer. A (19) € o] 8351 o
w g S8 A3, o Yol mY FAL 60 % YE Art.

|G/ d AW Mol 7o) 4T donor FXEE FE
o of o A} 0] donor = 5 = Mott-Schottky 2 AT el 73]},
Figure 21 of = Mott-Schotiky A ojA af* donor =X &
Zot58 FE# e, B o Fuo s FdJoAM AT
AR wYPojMe] donor BE T =43 mYo] uito =H
L} e} Y}

TiO, 2 Ee} u]YojMo Wra 43-& donor T M %85}
At4 55 (oxygen vacancy) of osto] ZHPHex JIF& A
rk. ey S BYY oAM= YA 23S
THoeZw mjYojMo WEXN 4H4HAE HE9H 5+ . Fa7}
dAdF MHg 2P q42 ¥y Tre o vt 4 Eo
Abol &= m B uo] FYUR Fio FPBp 2 oA . Figure
19 3} 20 of vhEpR R X3P, myge] v HHo HHHLE

= < MY STV 4P EFA donor sE+= #Y
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Fig. 21 Frequency dependence of the donor concentration for

the tfresh and hydrogen—injected passivating TiO, films.
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UE 427 BUdRo] wet =2A Zvhstgck. ot W Uz
FAY £4v wue] Sz FREEE WHAYA gy
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