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FT LD XRD Ty ¥ T ETo . B GaN
BEOIn0 @ 2310 EHB IV 2202 EHIZ DN TIT o 72
BIERERD ST ERERRE TS, K L7z GaN #iR
O clEI3 0. 5200 &72>THY, In0 @ c#hE (0. 5207
m SEEFHEL NI ESNHES MR, IR ¢ S

FHZBWT GaNFERN In0 i L Ttak—L > MIEEL.

[0001] HRIDIN—H—=ZXXR7 MV ERFRDI AT 4w Mg
OB APRDINT EERLTWS, —F, GaN BED 2
#hEIL 0. 3198 &> TH V. In0 @ a #iE (0. 3250 nw)
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TNTVWBZEN M7, T2, ZTHE O XRD BIE OH;
BnG, REL GaN BP0 a @, ¢ 8. nEAMOE
HEIZTNZNe 4028 % & =10.31% & =-0. 1T%TH
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BERAWTTROL DI,

e = -Cyhe, —CsE,
m
Cy

EEIND, ZZT ORI GaNOBEERTH . (7350 GPa,

C,7150 GPa. (7104 GPa. F/= a BB LT ¢ BAIRIDE
BITEBEE RN ST NF e, =10. 28%. £,=10. 315 TH 5.
ZTORR, 5OEIZ-0. 205 B I N, ZOMEIZ XRD BE
MNOEBRIITRDF p HHMOEAEREZIT—HLTY
%, W TEM 812212 & - T GaN/In0 D mEEEF /2 &
A, B4R T LD, GaN/In0 FREIZZETH D, 1%
FOENINFIEALEENWT ENHONII o, Fz,
[0001) D FRIEIE GaN & In0 TiFIFEL L. dk—
LY hRETHDZ ENHERIN,

KiZ. o In0 BR LA InN BEROEEA2T > 7. &
BEZ H0CIKHREL., IIN BEEZEERELZEIS ¢
i [N BEORENREA L. 23U, GaN #EEAE DS
A LA, SVRRERETIIEE/ERARICRGELN
EREN, INEEOKBSENSELZEDEEEZ LN
%, ZZTRmAREOREEBRNE LT RI-6aN BE% »
B Zn0 EMK EIZREL . T ORI IINEROREZITO 7.
ZO R, G517 TE DI, REEDBETIE ol InN &
BOIEYFI v IVREERTEI/NY — 2G50/,

GaN [ &
(700 °C)
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% [nN (0001} 45 SEEIE OFE RN S, B L 72 InN #EBIZ
WEEE RA AT D DRBADRLS VIV RAL 2 THEZ
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Wi RHEED f%.
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EEEBRTLIEITHMLT.
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T —alEN. —BOTIXTRETHD TN —LA
MRELTWAEFNDNS, ¥/ B 6(c)iZig PLD
EOBESEOENS, PEDETIRY T L—vaitks
TRETD TN —LOENRON PLD IEOBELOBAE
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BFREBO/NE W 100 (0001) MK LA GaN B O KR E %7
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(&% k]
(1] A. Kobayashi, H Fujioka J. Ohta, and M Oshima.,
Jpn. J. Applied Physics 43, L53 (2004).

[2] K. Ueno, A. Kobavashi, J. Ohta, and H. Fujioka, Ipn.

J. Appl. Phys. 45, L1139 (2006).
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PSDiZZAWVEB{LMBRRAEK

1. JFCHIC

AIN, GaN, InN O IR LrEEAIT 0. 6eV6. 2eV D
L&A TEEBBMON R¥y vy TEFDIENSR
BESH S ERENEEF T, B 707 /N1 248
ELUTHIHEINTWS, 2. SO E CAnE &
EEHEDIENOENT—FINA ACEBAETNA AR E
DEBFFNAAELTHERBINTVS, ZRSDOFNA
ZEE DA EIZIZFEAM R OB RBELNEETH 505,
MiEE EEERERIIEEIIEH TS DT T 71
7 (A1,0y) EARS SiC EAiz &0 BEMEIZ HW AT
IEYFI v IRERLDEZERFREZERL THD,
DEIBATFATEIF v IIREICLDBRREET
STWERY, BMEREESEROERNEL <, #i-
RAESREFEORECEH BRE K FEEEROERD
gFhTWhd,

INFETRLZENINVA L —T —H ik (Pulsed Laser
Deposition; PLD) #H W TIHREILHOKEREEZTT>
Tk, LD ETRL —F =7 7L —3i a ik DTk
EHBTEED, MIFINF—REBOMBEEZHET ST
EMRIRETH 5 728, BRMAEOKIRIZ B W TRTBMAL
BTRAT L= a r LERRENRREE 72D, /RO
SRETOC AN T0CLLEEFERIZEERTHDLDITHL
TPLD ETRIEBERENJRETH 5725, BREODRIEE
MBI TERARERERAND I EPNERTHS. 2OED
BIENEEBETOEATIIRELTLED In0 iR
H @BERZEOBRTFESEREAVTHEREZTD
ZEILVERERIIREEHOREEREEZRRL TH
3 [1].

ZDEII ) ETREMEREERENTETH O,
OB -7 T L =3 ERNWTVWAED, &
BB R OB R T )L F— KB THE S IURRICS
WTHTRIIRA 7L —2a Rl TH LD EEZL
5.

AN Z Y FHREEI R F—RKE T RG]
BETH DD, PLD ik EFARICESERRERRENTET
HrHEEZLND, FHE. SIAANY I P TTFRIY
a2 >3 (Pulsed Sputtering Deposition; PSD) 2R W THS
EEEETV. BE AIN BESEBEOERL 2, £72,
PSDiEEAWS Z &Ik - T GaN I TS L 7- LN Bifh
N 77 —BOEREEH L -OTERET .

2. REAFE
BHEETTY Z—VAE Z1T > /2 AL, (0001) -
MgO (111) - Mg0 (100) - Zn0 (000-1) FAR LI PSDiEZRAWNT
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HE A2

HEREET . ANYIIY—F v MIEE2R
A1(99.99%) - €& Hf (99. 9%) ZHWTH Y. RERICHT
BEMT 276X 107%Torr T Ar/N, BHK TICTREES
1008 12 T/NIVARINY Z ) > T ETo 2, fERL - #E
IBEBMETEME SN . RESIRIIF—EFHEIR
(RHEED) . X #REI#7i% (XRD) . &-F#RE2 5 HEL EBSD) 72 ED
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3. #HREEE

3. 1 ALLEADAINIESFL vILEE
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MBS SRS 2 EN S, 30 EEEE KA %
SERVAIN BRESAMERI NS 2 EPHRTE, 2H
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3. 3 INNNy77—BRVWEGGNEREE

HIN = 2N 72 £ D 4 BRZ{L2BI3 GaN E OB TEEH
CENTCEH D WAL, GaN(0001) /2N (111) 1 1. 31%) . 22D
BB TRETH 2, T2, CNSOMEIZRET
H5-0, BNWVKHRCEEMEALTHY, GaNIZHT
LENINy 7 7—BE LT IiEENH S 2], PSD
EEAVWDZ EICL > TERERATOYA VL — 3>
MEEINIEIF I v IIRENES LD, IIN#E
BOIEYFI vy IVREERDZ, £/, EBILZ IINN
w77 —Jg EIZPLDRIC LD GaN T ESY F 2 v LREZEIT
27

3. 3. 1 IINNyT77—BOEH

PSD iz & 0 Mg0 (111) #HAK LIz 1000C T IrN 2l E S
& RHEED #1247 > 724 R %X 6 1Z7R9. RHEED i BABR
72 IINULD) QR R —=2 =2 2RLTHED, Bifz
EHEE74OP— %o EEREEAKRELTNSZ
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EEL. ZOREIC I ENBOBNERDOI NS 2T
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T7o FE7-. Mg0 EAR & LN EEE O & NAL MBI R 2 S 7o i
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KAST FR18EEMFRBIE 2007.7.19
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3. 3. 2 IrNNyZ7—BEADGaNEE

PSD I K OERL = Me0 (11D EAR LD ZIN(L1D Ny
Ty —@EHANTPLDEICKD GaN BEEERM Lz, K8
WZLINNY 7 7 —@ EIT/ER L 7~ GaN @8 @ RHEED % % 7w
9, RHEED &8 v — T A MU —INXF—2ERLE D
MG, TEYFIYNRELTVWAZ LA TE S,
¥ 3 EEHRO REED B THZZ 05, NEED GaN
BENRELTWS Z EMREBEND, K 712 EBSD #iE
izE0BEsN GaN RO SR %R T, 000D AL O
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4. F&0

MiRZE (LR &R ERRIC BN T, PLDEEAWZ/NIL
AR AT LAMNERYA 7L —3 3 > OREEITEIRE
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BRI AT LETEMIIEEOB WA/ & TR
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B8 IN(11/Ny 77 —BEAAEL/ GaN #BLD RHEED &

TO-T.2F il
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e e

B9 IrNWED<0001>EBSD BmE

a0 |V G JEA
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ERHVWSZ L& TEmER AIN ZESYF v LK
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BLAEZEIERICTEMIIKRERESTHDLEEAS
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REFICHETIETNEB ATV, LAAi> T, KK
FIIAEHZE NS <EFETHEEL 505, Lal,
ERTIZ Nb"ARBIZEEL. BEFIZIZZO N6 25K
ERRBN R LU TVS LHRIL T3,

4. FLOHLFHRORE

AFEL D B EFEIIEATOBRBIIRE <K
T2 ehbho e, EETEEIZE N 2E <ER
SN, HEAFEETIILZOE O N AN & U THEEL
T2, ZHMEROFLEAR-ETOEZFITMA.
MDD AN Z X LBFEL TERERBRAESRL TH
LIEEBERLTVS, %, ZOREHFIEAN =X L%
BHL TS FETH 5,

[&E 3]
1. Y. Furubayashi ef al., Appl. Phys. Lett. 86, 252101 (2005).
2. NEDO ¥k 17 FE R REREEZE 05002114-0,
05002115-0.
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HSRALEICHETS Ti0, REPFEBROKFHE

1. [IEHIC

W, 7Ty MNFIT 4 AT LA BT NAA(V
= —RRN S A F— R)P RGBS L, KFH/ERE
B2 RO EETFOERPERIIEATNDS, TN
FFITBNT. BHEEBHEIIERNEREZRZLTY
%, Sn & R—7 L7~ In0; ITONZ. BN/ BLCENE (K
P 1~3X10" Qem)&. RIEIEEBICH T2 EHEGE
B %ALY ERT B2, HERDLIEONTNHS
BHEEKRTHD, LML, ITO BFIEETHS In %
ERSFET DD, SROBREEERT 5 & ERMIEBENR
AINTHY. BERAHEHEBEMERORRNRBREL
o TWa,

2005 FEIZH A OBFES N —TTid NIVAL —HEKE
HBEEPLD)EHWTREI®AEZTFF —E& TigeNbgecO:2
(TNO)ZEZ F I v )L A, BBIZHBWTITO IZILEY
BRIFEAEEEERT I EERE L (L, 2] ZOME
OERIZET T, KAEA I A LitBWTZode®E
BoAZENBRETHD, BRARHAIALIZBNWT, PLD
EERWT TNO ZREBIL 7-#%. 1.5x10° Qem %/R7 7%
BAERTASZEICRILAZBL UL, &S5 EER
(EMBETH D, T I THAAETIE. HIAEREIZBN
T, BEENERT TNO HEHEBEEZERT L7200
Tt ABRET-> 2. TORKE. 4.5x10° Qem ZEBT
5 EIRL 4.

2. EBAE

PLD iEZHW, J > 7NAU AT A(A—=271737)
R 12 TNO B2 REME ~120nm)SE77, RER
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Qem THo 24, BT Z—ILIck 0 6 DL, 6x10*
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THO, MR EDFERIFMI—KRIIHAL TNHI LM
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7 ATHH M TZ—IVER T F & —ER EIVF)L BN
BIELTWAA 1)), L7zA>T. Nb R—EZidF v
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TELUTEET 14 m® ERED SN, R—~TLE
Nb EHFOHK 0% MMmEHICET R HGEELTNS
ZEBbhof, ZOBWEHLEERIT. Nb BV FI—F
BED T Y1 MABBELTWS I EE2R BT 5, ")
BEEld 8.0 cm®Vis' &, TEYF I v )l TNO HEOZ
NOERBETH D, TOEVE—)VEEEHERRITIC
ERT2H0OH0, BEMNOBRFHIZLDHORITDON
THSBORMEEL . TOMOBENEL LEEHLD
BREBEH-TND,

BRICKEEEIIDVWTERRSE, 72— NVEBOFEET
TR SOE B T,13 60~90%(1X 3(a)). T H A(= 1-(7+R))
13 10%82E(X 3(b)) & ROWEEHENG SN, REER
BIzBWT, ANMBALTHS0IE. Sy UTHEA, £
NIZEBREEM L& &, TIXRBEOEEEL
REEEEZ NS, 7T —EHOEHZEIH K500 nm
IZBNTH 24-25 EEW=H, BENTOTEHOREN
k&, T, REBTO—RAE—2%RT, UEORER
i3 TiO, ZBEEBEEOSAICHE L THEEITHMFZ R
BARBETHY. BIFROBIZERAL THRERGZTH
W FARROBRENEINS,

4. F&®

HI A LIZBOTERR 45%<10* Qem. A[EAEBE 60
~90%%&FEHL -7 &I, Tio, REHHBEOER LM
FTRERINEEE R D, KEFHEZF 7 Z—IVIZXKOK
BB MNE SN2 FEEIZOWTIL, 7FHF—ERO
MEAFITIIRATE T, BERBTIIEFM AT =X A
BARATH B, §%1T. AALZXLOMBAITMA. BE
EOEIC L2 ERAEENL, £2ANY &) VKT
OKEREPEENS,

(2% 3CHK]
Furubayashi et al., Appl. Phys. Lett. 86, 252101 (2005).
BIREBAROHEM F— L4 (2007)
T. Hitosugi ef al., Jpn. J. Appl. Phys. 46, L86 - L88 (2007).
T. Hitosugi ef al., Appl. Phys. Lett. 90, 212106 (2007).
—Kf HAES Iy 7 ARRE(ET I v I X) 42,
32 (2007).
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Nb RN A7 F9 —EB Ti0, FRDOIEPFEH

1. [RUBHIC

Nb 2L 7= TiO: #E (Nb:TiO2) 13, ITO {U&FEH
EEMEE LTI SN TS, BHEEERONEREZ
A BE. TEAEBRERE WA TRITRPERZ/NT A
— & &b, BRI FHICBIT RN EZXET S0,
t L Nb:TiOz O J& 7 2 A T & 413, FAH RO i #i B

ERBIHEATELHDEZASNS. TITEAMETIL

Nb:TiO2 IZ& BIZHIDTLERERMT 2 Z &ick D, EHER
DEH@ERA-, T T, SHITMABEMIAWE, T
%5771 Nb:TiO)DBESKHICEEERITS W &N
"L, BRI, I A4 22k 0F v U T DR
MWarnkd, T ERU+H4 DA A DN THRELZ.

2. RE
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7N LSAT HER B2 7> —tF 8 TioeayMyNboosO2 HIK
(M=Si, Sn, Hf, Zr) 2T E&F> vV RES €, BKE
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M=Sn #EOKEHRF v — Mo AL - B TFER
AR 1ITRT, D Ed y=0.02 EFTIE. BFERTy
L TUZTZICHEmML TH0 (RXA—RAD, BEERA
13 y~0.02 &,

0.38 ——
e b X}
— + . :
® 0378} ¢ ® :
. oo '1,;/.'—_
S 0956 e .
S 0952t m— N -
0'948_'--I--r-i----%m-fn-r%r-nfnn%n'_
& 0.138f :
c - ]
< 0.137f 3
> = 4
0'136'-..I....|....r....|....|....|....|..-'

0 0.1 0.2 0.3

yin Tio_g4.beo %SnyOg

1. SmNb:Ti0, DEFEH

KAST ERI18EEMFRBE 2007.7.19

mh B

M=Si BL U Sn BEOEKIES(0). F vV 7 iBE (D).
F—IVBEE (un) 22, K3IZZTHEIRT. M=Si
Tit, SiBAIZLD n TRk 2WA, ppfETL, T
RROMVERTZEVWIEBRENMESNSZ, —4H. M-Sn'T
W3, peifERIL. o0 ® 104 Qem BREMERFL TS,

1072 : :

= E
o .t ]
G107
O_ : - - - <
10-45 ‘ | Re5|stw|tly‘3
""E 1[)22§F Carrier concentratiorr;
o E ]
S0 .
< i ]
- 107 : —
& L Hall mobility -
c? 40_ Y_
E 20} K‘i\‘ _
ZI_ 0'_ 1 I =3

0 0.05 0.1
y in Tig g7.yNbg 03Si, 02
B 2. Si.Nb:Ti0, DM

-2
= 10 o T T 2

o i
S 107 ./._._.—.——-0 :
e 104i Resistivity |

Carrier concentratiorn

1021[.——.’". H—‘—-—.1

—
o
h
r
al

1020% : - + - } ; 43
Hall mobility ;

10F :
0; 1 i 1 N 1 N -
0 0.1 0.2 0.3
y in Tig.g4.yNbg 06SN, 02

Uy / cm2Vist ng /cm
)]
o

B 3. Sn. Nb:Ti0, DX



M=Si, SniZBWVT, BFrEREERENZ ML ER BT RIIHBED L TS, BFREOETHIRKR
X4, K517, M=Si TIZEHRIZERITHENT S 0.3BETHV, #¢- T, SnidEHFEMEOELLERM
—%., y>0.07 Tit. BIFEMIFI—E LD, I PTHLEHERTE D,

L. M=Sn O &.y>0.1 TEERENTIZE—E L7720,

|
[ 3%

-2

£ 26F] ' 310 £ 26 110
s | 2 5 | 2
R 3 2 3
® @ ® 7}
2% ] < s < <
9 {10°< 3 103Z
s 24 i B s 24 g
2 L 5 | e S
g = g =
E 23' T, PRI T —4 % 2
@ e ol N 1 1 N —-4

0 005 011 © "0 01 02 0310

y in Tig.g7.yNbg 03SiyO, y in Tig g4.,Nbg 065N, 0,

B4. Si.Nb:Ti0 DIBIAFELEBIRE E5. Sn. Nb:Ti0, DiEAZE S BIFEE

KAST FR18EEMFRBIE 2007.7.19



Z;BEERAE > LED DRFICE T /=
Co K—ZTi0,/ In0 / p-GaN ZBHEBEDEH

1. [U&IC
1. 1 HRER
EFOEOERMEAVY > OBHBEOHEFERIALT

F - ISHREREE A BT N AMRER R T2 A D
I ADMEISEEZRIZERL TW5, B TH, FEE
WREME B T R RN L 7 A R S K (diluted magnetic
semiconductor: DMS)IZ. b > RIVBESESI(TMR)# T H
BAERBTAAE D LED /&, FEEFINA ZIZHR
HBEA N S TEZ 2 2N OEHEZED TWS, LML
NG, HEOHFEDERTHS Gads ® InAs ZX—2
& L7 DMS 137 /N1 AREEE D EIH I B sai it 2 (iR
TUNERTERWD, ZRCICEELRERHECHKY
L7283 7s 0,

22T, RAIREBERERPEAIE S SO R
FNA ZAEERTD-DIT. TiO, #X—A &9 2% DMS iZ
FEELU. TIO IR T & L T %D Co > Fe iR MNT
B EBETHREMEETRT DMS &2 0([1]. a8k
ErhOZ 7 AMEIE L TSN TV S,
—H T, TIO, R—AD DMS % TN ZIZBH T 5B
WS DOMNDBRELERET . T2, TiO, 13 p BIBEED
ERDEFICRBLWETH O, FHBETINA ADERE
BETHZ pn BEEEEDLZENTERN, ZDED. GaAs
£ InAs N— A O DMS IZ b XCTHERR vl 8E72 57 /N1 ARBR S
N3, ETIT, BELERTH 0K TNA ANDILA
PERETHZ, T2T IN5OMEEHRT L7207
TO—F & LT, TIO,R—AD DMS % p BB BTN
FOLEY XL P IEEXIREATO pn BEEZFIRATS
ZEEFERLE.

1. 2 FBICBITHMVEHS

ERFETIE, BN EEEAZE S FOZ 7 ZAFNA X
ELUTIFNE Co K—7 TiOyCo:TiO)% p B GaN £
FieREE R A LED(R DOERIZF Y L 22U T
W3, INETIZ. HEREZGZ2R#E1LTZIET,
CoTiO, & p-GaN EIZATFOIEY F T v LR &S H[2)
BETHREAEZRE IS Z LRI LABL L LA
5, ERL/-ATO pn BRICEEEZHML ZBICERAE
NAHRMIZ, AY > LED OERITHER GaN DN K
BRICESHDTIE L pGaN FIZ7 727 L TH
EFh2 Mg BETORWRMMEMNZNTLERATH -
(1 2).
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G 5

PLEMNS, BiaATDO pn 8T, Co F—7
TiO, & p B GaN ORIICHENEEY > R v F LI =B
BPLETHD ENIEHESL, BT, GaN &R
VRS RS, p-GaN & OAFT O LED NRE X
nTw? o4& RABLLTHWE
Co:TiO,/Zn0/p-GaN = [@#1E(IX 3)i2 &k 5 A > LED #EH
OEROMAIZDOVTHET S,

Tio.907C00.030
? * Au/Ti
e
I B ' ' | /| Pt
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{EE 7%
B \4 \4 AlL,O3

1. (Z)GaN D/ FilEENF BB OEIRA . A/UFEB /A
VETEADOEEHNARLEDE-O. AEVRBLEGEEEFOE
Alz&UIBAREA B EN S, (B) EHL-REY LED O
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™
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W T FsiEl
SRS b Mg oL
~3.42eV ¥ 53381

AL
A —
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FLOKE (F)MgKF—7 GaN DI R ILXF—H AT I T4



Au/Ti Co:TiO,

 — 3. Co:TiO/ZnO/p-GaN
ZRiEEOERE
I E(ZnO) —
p-GaN

u-GaN(buffer)

AlbO,
2. RKERLER
2. 1 In0/pGaN ANTFOESDESR

BUBIC. BABEL THWS Zn0 D p-GaN EiR
FEADITEYF L v IVREICROMBARL, BEREEEL
TV A L —H—#K% (PLD) %2 A, ERGEE % 350C
~750C. BeERE% 1x10“Torr~1x10%Torr DEIFH TE1L
X877, p-GaN ERITIT, BERTIIC HCO Ty F 27125
R EREL /-,

XBERIEZT 25, LRFETHEL - Zn0
HEEIT GaN ER LI T EYF I v IVREL TnH I &N
WRTER-, — 5T, BEETHREFRHEEDRZHHEL
A, BTOFEITHEWT Zn0 @R 3 RITHITRK
ELTH0. BEFL VLV TEEED R WEBEITE S 2k
27 (K 4).

ZDH, ZnO @ FIC CoTio, #EL2HE. GaN
iR FICEEEERESEBE B TREENIE
HICEL, BEBBEEFRIBIEFIRBBATL L
MTELho-ES. K6).

4. ZnOlp-GaN @ RHEED /{5 — (KR 700°C.
BHESE 1x10™Torr), BROREHEE RBLI-AKR YL
FoRE—UMRENS,

l\ - CoTio/GaN

N : :
H :
J 2 TR A L

1200

800
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400

omega [degree]

5. Co:TiO(200) X BEHE—H DOvF LT H—T

10

Ker rotation [10'3 deg]

i
'me)’I:j;o

6. Co:TiOx/ZnO/p-GaN(/ 3y 77 ML )DL Kerr %)
BES BBICHLTREESIIRIRICHET HES

Magnetic field [kOe]

2. 2 In0EBNYZ77BDEA

ZnO BEOEWFHEERET LD KENY T 7
Bo#EAZRA, BAEMIZIT GaN BEiR EIZ ZnO Ny 7
7 [§% 300°C T 30nm HEfE L. EARIBFE 650~750C, &K
S 1x10*Torr 12T 7 Z— )V L7=#% T, HiREE LEHED
EEZNFTA—F ELTHE In0 BOKREET>. TOD
HE, BIRIEE 650CEL L, BE2E 3x10%Torr BA LD
#1235\ T RHEED BOKEVBR SN /2(E 7).

7. ZnO &R/ 3y 7R® RHEED /88—, a) /\vI 7
RIRE#, b) NI 7RT=— i, c) ZnO B E#. d)
RYDPEHEL. ) TIIREFIBHOREICLY R —IK
D= JEh TN,

19.3nm

\ 6.4um

000 Inm] 4275

8. ZnO/GaN (/3w 7R#HY. 750°C. 1x10°Torr) O AFM 1§
LEERKTOTPAL
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AFM BIEIC X0 & SICFIC R AR EFEL - & 2
A RBFO Zn BT E 0 BRTORBILNEE RREIZR
ZLTHBD, HIRERE 750C. BBEDE 1x10°Torr D&M
TRDIANTIENDODODREFL RN TEEHRAT VT
&TF TG AMEE LS T EMHENT2 o2 (K 8). E 5T,
CO&EMMAETHERLABRE I MIxv A
PLEREDLRA LRS- ENS, FHBELTORAIC
HRETH D EfEH L 72(9).
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‘ !
1x10-5 Torr I l‘,_
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9. () ZnO/p-GaN(/ Sy 77 R®HY . 750°C. 1x10°Torr)

@D PLRARIIML, (T)PL RE OBE S EERFRE

2. 3 Co:Ti0,/In0/p-GaN = EHEED/ER
ZDEDITUTHERL 7~ ZnO B LT Co:TiO, # 5 & i
L7z. X #EHE—2 O¥f#EEE & RHEED &)o@tk s
EHEBREMELZEZA. Ny T 7BOEAIZL LB
BEENRELNAZR 10, B 11), 5T, BRIZBWTR
BHENABRSCFIE BB N/(K 12),

| Co:TI0,/Zn0/GaN
1&@/\ ;71739)

Co TiO,/Zn0O/GaN
1§m/\ I PiEL

omega [degree]

10. Co:TiO2(200) X ®EHE—H DAVF T Hh—T
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11. Co:TiO2/Zn0/p-GaN @ RHEED {&. (a)ZnO {E:R/\vIF
7L, (bYER/ v REHY

o
T

O

f f WMW“\WM
ol

10 5 0 5 10
Magnetic field [kOe)

12. Co:TiOo/ZnO/p-GaN(/ Xy I PR HY) DR Kerr 21 RES

Kerr rotation [10’3 deg]

3. ZERUSEROEZE

BNy 7y BE2EAL. BERESEGZE#TLTS T
LIk, BERLNNNTEEZREEF - E&EEO RN
ZnO 7% GaN ER LICHET 2 ZEIRML . 20

&0, B TR %R T CoTiO/ZnO/p-GaN = @&
DIERMNOIREIZ IR o Tz,

SBOREE LU TIMERL -=E#E% LED EFITm
TL., BIETOAY LED $#H{EOEHEZHELLTTD
IV BORE T TORNFEIC DO W TR ZTTD
SETH S,

(8% x#]
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1. FC®IC

HERBB L CBRMENELAARRICBVWT, 4%
NE—RBEFBCEE/LRETH S, BRARBRED 1 DIC
REYNRZERVWERBROEHFANET o NS, BEBEHFR

L. WEICIREARNECS LT OMMICBENRET
LRETH D, TOMREFRAL T, BIRINF—2EX
IRNF—REHRTEIENTES, LA BBHET
PULRNYALOEREME L TAEMEHCRE AR
O BRI RNF—ICERL THAT 2 I EPRAS
NTn3s,

EE, MEBAFLRT <, BRIZEHVEWVWD FAITH
WT, BLPBEME S L TIEBIN TS, BEME
ELTHIATZICRY— Ry VBB EERGEENKE
WIZERRETHY, 7F¥—EE TiO, iT=iR T
RERBBYHRTE RN VREZERT ZEAASNTN
72111

Rrx DRETN—T TR, ZOF7F 5 —EHTiO, "D
Nb R—E2Vic&b. EREEENKEICIMLETSZE
%ﬁmbtm Z 2T, ABFFETIE Ti), Nb,O, B E E

B R E RN, BEAE & L T O

#M%ﬁotoit‘Wﬁ#& SR RIITREER
RB =D, TiNb,0, 12 Co & R—7 L TH G LERZ
0., TOREFHEEZHAEL 2. 51T, TiLNbO, IZD
WTIIAEBHE BRSNS EYEREZENL. N
BEICET2ERET . ZOMEILBHESEWE S L
THHHFXNTNWAOT, AUER L EHEEHOBRKRIC
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D, L0 AEAREGREES OICHEVLIND DD MRI &R
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LA L, ZOESFEER B EILERS AR E~DENE
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B~ —FF 4 TENBD, IRABRICEIVES 6d
NI BEANZICAE L TASFICBERICELTERWR
BEIZh D, Eo T RMRETIRGIRETFRRTFOTL#E
TR 2 BT AR IMES BR L L TREOMR 1T =
VEFIFARPMES<IALONDG, (HBRLETEI®D)

—F, BBBACER L% BT Ieridwo<Y
CREBEL T, L oY ey s aR ) v —b b, ZDT
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FTLADOTHE Y T FMEEREMREEZ ®L, BRLLT
BB AMGEOEVMR I 2 bR FBRELNS, (H
B ETEBS)

ZIOEBROSVWTHE, BEREROEEZZROZ &,
(3) EHMBRHKELFE T IHHBERENAS F

%

BE. DD SHHZAMA L THARNOERICEEL T, £
ITCNHORFTEEREERSELVATARELAER
WV (HE— & B 2 A BT, BB TN B AR D v
— A BETHLOTHD), BERHFRETIZ, EWEER
LIS AL DHRBEERMTOA TS, ERICIE LR
WORRKTH D, TOEBEIT, 1) ERTTANENT
LETZ LB, 2) KCBAE A FrFVNIZE
W (BEAEOLDONE) EREICRRET S FEMEICL
Wk ThbH, ThHLOREZTRT L, AT TFItL
ol LA Fa L elnas 2B L, 2
DA FaFAE, ThETIA7ae Yz s bCIRIA S
LTSN D THD, B4Rt LI, (1) Rl
AT FEERETLEST I B, (2) MBICT
BE2AT A ENTF. BO 3) £FMEBERE. 0= m
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NOEERERL, TOHFFEIRI=FL T a—An
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EmATIIIVAIMR 1 EZH O

1. ZCBIC

EEAEGZHEICIE. X CT. MRI (BRESKILRE
). BEW . PET 2 EIHETEEHRILINTETVSA
MRI 13 X OB ORZNVEREBE OB HEE WO KRE
REEEETS, 2003 EIZT AU DBALBESR

(American Society for Clinical Oncology) 13 HEI/ZH,
MADEEZHIEIIMRI THEZEEHEL TS, G
BOHRAMRIOEEHIIF T2 LEZ 515,

Gd-DTPA IZRREIN S MRIGEAIZAVWS Z &I T
MMEGRE L TR VERLERERS NS 2D, RN
BV, TNHEAEIMES T AW TH 0 BRI <,
A RIS 12 4 EIEHITE W0, NEE, RUOME
BEOLIERHOEALFARICRETSFRICED
WWHWAZ ENTES, ZOLDRFEOEHE. BEAN
EDEISITARNTEEEINDNE WS BERITL<HEIZ
7257, BEBITGAEEAOIEHE Z NUIFEERZ N,

— BT, BEANREGERIEEOPMAERL . Rk
THEEAOEEIZEL T, F2 NEE OB ANET
5N5, EEZMEGONENMES FOEER BRI Y
NI LT MEEOLEILEFER 2 ZRIETLE
79, IKEEI RIS NS Z & TERIRNER NS
2%,

BEAOENANOEXEEEET D L BROLWVPIFEH &
LTHRY LA DS 5865 Fr )T —I2H
SIREEEHOFANET N, BAFELTTFA
FURRYL-YU T NREHEESEEZZETMEPT
OB EL TN, B TICHES 2RI &
SFOEBESMH N, T, RFARBRZF D720 OREM
BRI NBEENDPMLETE I LB D, £ BT
BEIES LD —DOOF . BRNA QMBI IERHE
IZEARTEBENE . WS EPR HIRIZE > THRE
ANFEBH T EEANEENARBRICY —F T TS
N228TH5.

L L722h S, EPR RICE DEERANDOEREEET
TEHENFIE D, BIR TR ARRNEEAIZIT W
ST, Weissleder 5D 7 )L—713. U (LU 2)
Z PEG #i% /57 Mba 872K v —IC#7HI Gd $#
HEDT, BVl R & BERRANOGERER DX EE
BRLTWS, LM LANS, ZOMRICBVTD, B
RINAY/2 MR BERIIHRE I N TWRN,
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MRI BRI OREZRRL . DAMGZ BIRNIERT
HEATFIVNRMRIEFERAERET S,

HR)ZOAALFA 5725 MRIEERIIT R =D
LA F EBCEETSKGFOTO RO T, BRI
EHRIEAERAZHNALT T BHAEBREEL I ENTE
B, R AL A 2T Oy 7 IR Y —OBUKER
RS SR BT IV ERRS §BICEKENRIC
NEXEEZET.HRYZOALA K FLOME
EREHT N, BREIME<AZSNS,

—H, BAFINAERS AR CERL 1R I A
L HRY SO AL F KRBT EHRATEIETRDT
Qw7 AR —ICHERINDIE N T, BRFERZRT 7
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MERNZBRL . BRESAICEREL ZR8ICESTFI IR
W< O ERMET 2 I L THEEHRERT MRIEZA
ERELTWVS, TO/RKE. Mk NAMEE DR TEW,
AL IAREEETD, EVNRAS EEBSABABE X
VBT E, BN BNAERIETES MRIERA &2
CHHFTES,

1. 2 BAFItLERISHEAOEE

@ L-EaTiE. RUTFL U a—)L#(PEG &
AU LV ) (PLLFBEENSRHFFRZHIELZ
Ty ARYI—=TH 5, 7 (L-VU ) OREED
BN F L —hETHZDOTAEEEB L, Gd1F %
B L7-BEEET 5.

Z®PEG-PLL M S25 70y 7 AR T3 d %
A=A F L EBEMTEZETRIAF ATl
W I AEBRL, THRI>TEIFIENVEBRT S,

2. RERELER
2.1 7Av23aRUT—DEREHER

BEROSF 8% HD PEGNH, 27 =7 CERRKHA &
LTRLRADBEEZETZ 70y 72K T —
(PEG-PLys(Z)) %Ak - BifR#E% L. PEG-PLL 2157,
BEDT I ) HIzE2 DEALT DOTA FHEAZEA
L. Bohn-70y 7 iy —ica LTl R =
TAGICL)ERIGE . HRUZULAF &R L7
Ty 7 AR I—EBE(AF—L Do
ZORBITBWTH R 2D A4 A IEMEIZ DOTA
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MeO\{\/\Oj’v\N? ?/“}/
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¢ Y
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OC./ u LCO

AE—UA1
HizEfr x5 2 &% PEG-PLL(IDOTAGB.8)ZFAWT. H
RY = A A > OFRME & B OBERZR L 2
3(k)). H#& LT, PEG-P(Asp)(ED-DTPA(6.6)% AT
1272 3(H).
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Gd(lll) found/number
S N A O
*
Gdiif) found/number
.

10 20
Gd{lll) addition/number

0 5 10 15 20 25 0
Gd(IN) additiorvynumber

H3ARUZOASLA L OFMEBEBRUM
(%£) PEG-PLL(DOTA(8.8). (4) PEG-P(Asp)(ED-DTPA(6.6)

PEG-PLL(DOTA)IZIBEIEDOH R ZO LA F 2 EMA
THEBRARY UL R Ty 7 aRY -
Biiand, —E0lE52-(K3(K). —H.
PEG-P(Asp)(ED-DTPA)IZ BRIBICMA -/ R U LA
F UEIIEBRMICEML T (& 3(H)). I DFERIE
PEG-P(Asp)(ED-DTPA(6.6)~DH KU =7 L1 7 > OEAL
EF L — MEFTTRRY 7 AN F UBEHICEM S
NTWVBZEERLTWVWS, H R T LA F 2 OERAIZ
DTPA E & P(Asp)#ED &5 512 BRI TE S 0B
7oz, FHUIZR LT, PEG-PLL(DOTA)IZEEED
HRYUZILAF L ZMATH, BALK DOTA EHELE
BRI ENT, HRUZDULMA 13 DOTA EDOAIZA
LTz,

2. 2 7OvyZaRUI—-D&EME )

ERLULAET Oy 7 ARy v — OREEMERE(T) % KixE
EEEFEOWTREL. &70v 7 3R T —OENBER,)
ZRD(F ).

*1 JovsaRye—nEHEE (400MHz)

PEG PLL DOTA Gd R
IMy(x10°)  /unit /m /n /mM's’!
5 23 7 7 5.6
5 23 22 7 6.2
5 65 10 9 6.1
2 9 ] L. S LA
Gd-DTPA 3.7

PEG # (D% T-& 5000 iZxt LT, PLL # & DOTA £ D
WAROTICITEREEIZIZEAEREES A o
7L, ED T MRIEFHATHS Gd-DTPA LEL&L T, 2
BIEEBVENERZ2E5A -, ZHUT. B FOEMREILHE
HOKSFOBREE EHIZ. B2 FOEBHHICRKET
BENTFAROPRO-DTH 3. BAFIEEOKSFIE
BFEEKDEELD, TOESHENEDF GI-DTPA
LB LU THE SN E2 TRMBRICE > T, PEBED
BHIEE O EAED 5/,

AEOHERETHD 9.4T(A00MHZ)REBIRE T THEM
BEIE1ICEZONBEERLES. ABRTTHWSR
% 1.5T((OMH)BIE FIZB W T, K2 F Gd EEFI & &
T Gd A2/ £ %R . PEG-P(Asp)(DTPA-Gd)D



RIZHBWNT,. 9.4T@00MHz) F THIEZETT -7z R D#ERI
5.6mM's? T&H - 728, ABERE FIZIEW 0.47T(20MHz)iZ T
7o &, 17.8mM s TH o7 (Gd-DTPA IZF L 047T 17H
WT 4.7 %52 3). (Bruker Optics D112 L %)

¥/-. PEG ${OFEITEMEEIZRNZ, PEG #HOHT
BA 12000 £H</2BZ & T, PEG#HOZTE 5000 28
LABOATEZH D70y 7aRYT—EDHAKAD
VERRME GBANME) &< 2B 2 &IiCk o T, BRSNS
anzeEEZLNSD,

2. 3 BOFILIERLENGE

PEG-PLL(DOTA-Gd)IZ DOTA ROEARBIZL > THF
Fot, ToA T Oy ARy =220, THNEFN
BRI AMWEERT, METERIA A 2FML, RUA
F2a2 TV 7 APIONZ L BENT I IR ERE
L72(&2).

®2 BEAFSEIBR

PEG-PLL(DOTA-Gd) Counter Polymeric
/M, Micelle

5-23-7-7 Poly(methacrylic acid) X
/7750

5-23-22-7 Poly(allylamine) O

/5000-60000

5-65-10-9 Poly(methacrylic acid) O
/7750

5-65-10-9 Dextran sulfate O
/~8000

VI)REMEICETA T Oy ARYIHAF—L
2(AMIRY RS U NPT FA NS VhilE. 73/
H%ZITLT DOTA EICBRL AN 2T L1428
SENCENM I AT Oy 7 AR Y T —(AF—L 2BYIE
RUTUNT I EEDTFINERETNENREL
Tro TOFER, HF A A% PEG-PLL(IDOTA-Gd) &R T
ZA I EDPICIZ L E@ES T3 ENERICIE, PLL #03+

H
o y N)\
Meovotv\” N7m [}

Polyanion
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o N N
Cod )
0,6~ ' -CO0y
[o)

U
j
i\ p Polycation
Meo~(./\o,)'n\/\” —_—

HN
-
HN (o) N N
»y—~_ — ~COy E J
o N, N _/N\JNM
[ sd ) HO,C COH
N N
0,6~ ' co;

AEx—LA2

—~COzH

BIZEVWEEIZED 5. B PLL HOBEIZTDER
BRvenhhol, BT, 7T F 2 H
PEG-PLL(DOTA-Gd) &R U B F 2> D PIC IZX5E45
FIENOERIT. PLLENES EBBRINZ. £40D
BN FI TN 100nm L RORFRERL % &
DLREEGZ T

BAT IV OBREEDL. &5 T 2 IV R OEMEE
R ThE<MA SN, LOLERS, BifFah/ziz
ERELREEEZT, BRT %D PERLZ. ZO#
BERT7Oy AR —-0ESTITNEREBEEL
TW3EEZ 5015, HFF 4 PEG-PLL(DOTA-Gd) &
RY 7 ZA EDPIC I, PIC BEE D KEEINEL. &
PTIVIBEREN M EEZ NS, TORD,
BHEEENZA-DCHEB R RV A1 3 EED
BRIz <. BRRATNZE TN o /2
tEZ2zZzoh3, ThiexlL T, 74 > #
PEG-PLL(DOTA-GA)ERU 7V IT I L&D PIC ITXo
TEDTIVINEERL =2 &S, BKENBRBERK S
N9, BHIBEN T - EBEL 6N,

#3 PEG-PLLDOTA-GABES FI I MRIZ&HEHMEEL

R, R,
/mM s /M5
) Y — IR 2B

PEG-PLL(DOTA-Gd) with

Poly(methacrylic acid) 6.1 52

/7750

PEG-PLL(DOTA-Gd) with

Poly(allylamine) 6.2 3.8

/15000
At 400MHz, pH=7.3-74.

2. 4 hVieZ72bLBEIR

hFF . 7oA Ty raRyv—-0EELE
HWBEIZH I TIEKRERY v —FiRE ORICER
BEDENED SN RUTUNT I EDPICIZESH
T2 EIVERRIE. BRIREAY 40%BA L Tz,

In vitro 1ZB 5 RY v —FKk. FRE3E&STFIBIVE
D7 7>+ LEIgIE. Gradient Echo i%&(TR/TE=7.3/3.9,
Flip=30° , average=200)iZ X > T TIW E# & L THZ (K
4),

BRgEOENTNZ ERNREBETI WS 77k
AT ZLET 25 & MRIZBTS T EFE& TIZH S,
RENED 5N, HFF o PEG-PLL(DOTA-Gd) & R
Uy rEoEBEaTItikdyay s aRy -4
BLT, BEFCRPZ2HLOOP[VEREOBIKREG X2, X
7. TEANS BB ERY A 7 UNBELLETSLE

(MaA)., RUAZZUNEISERL ST FIRIL
OHEGHRENE < BEHEME<HA SN ZLERLT
W3, KRUT7ZF L ONE. BT OHKEDOBRNIZES
THERENESD > TN EEZ NS,
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PEG-PLL{DOTA-Gd) & PAA 25725 ® 5T 2 BILVIERE
CBEE(D Gd-DTPA & HLE L THBEERENTH< (K4 (B)
). TRy aRYT—E L THHLNTHENRE
2EZ7, ZO#RIT., 724> PEG-PLL(DOTA-GA)
DESFIVIORREBEENHDEELL. TV I3
RUT—Eh Ty RUAF o OBKERNETTI
VB S BHEEI B RS TNSEEX 5615,

(F)Axial Eifg (F)> 7 HIVBREDYT 57
(A FF 2D FHE(GAIN=0.25mM)

B .

(Left to right) Gd-DTPA, Block copolymer, Micelle solution
(Dextran), and Micelle solution (Poly(methacrylic acid)).

(B)7 =% L DH A (GA(ID)=0.25mM)

B

(Left to right) Gd-DTPA, Block copolymer, and Micelle solution
(Poly(allylamine)).

K4 772 FALER

3. BRLSRORZE
3.1 EE

AEEZFHFIZ PEGPLL 70y 7 AR —0 5715
MRI EEFOER LG TFI IV ERRL 2. BB
EoT., RS, RENEA TS0y 7 aRYT—
EERTEIERERCEETHLENVAD, ZHid. B
KTEHERTH RO LM F > ORNERS I &I
ORNEED, PHEEL TIIEBERATH S, FRET
ERL 70y 73Ry ~—3H R =T L& WEL
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HEFTS DOTA ik > TEEREERZ L. DOTA
HEORBIRMINDHEEEEZRL T D,

KIZ, FRFENRO T Oy 7 3R < —DREHEES. YHE
BEEDL CESNETHO., BaTRKIOPRIZED
&5 F Gd-DTPA &l L TEWEERL 2, PLL#EE &
BEOEEIIENEIIITNZIEEEEREX T, K FAD
EHENE W PEG O TFEMNELS T 5 & THRMBEN
B rol, B TIEIEEZTDEMEORFDRER.
+a UK EBREN S 2 HRICE ST I RIVBK. BAIEE
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High Density Data Storage

SUMMARY

We have developed a silicon solar-cell array to generate
voltage (about 4.8Vdc in 16 series PIN diodes) to drive
cantilever actuators made of stress-controlled
combination of chromium-gold-chromium metal layers
for electro-thermal pull-up and electrostatic pull-down
motion. The silicon PIN layer was developed by the
epitaxial growth on an SOI (silicon-on-insulator) wafer.
We also have developed a simple fabrication method of
a micro tip on an electrothermal cantilever actuator,
utilizing a lift-off process with a contact shadow mask.
Nickel was deposited and patterned as a contact shadow
mask on the photoresist tip spacer, followed by forming
of through-holes for aluminum tips. The radius of the
fabricated aluminum tip was found to be 40 nm or less
at the apex. The bi-directional actuator was developed
for potential use in AFM-based data storage. The sharp
tip was formed on a layered metal cantilever of gold and
chromium for electro-thermal actuation. The metal
cantilever actuator was developed by using the reverse
sputtering process to minimize the performance
variation associated with the patterning error. Cantilever
was estimated to deliver a displacement of more than 1
um, which would cover the tip-height variation of the
arrayed cantilevers in a chip.

TARGET APPLICATION

MEMS (Micro electro mechanical systems)-based data
storage systems utilizing the atomic force microscopy
(AFM) have been developed for a next-generation
storage technology [1-4]. Motion controls of MEM
devices utilizing light addressing would be a solution to
avoid the problem of increasing number of intra-chip
electrical interconnection [5]. As a new trial, we propose
a solar cell array integrated with micro mechanism as
shown in Figure 1. Another issue in the AFM type
MEM device is the height uniformity of the arrayed tips.
In this paper, we propose a simple fabrication process of
solar cell arrays and layered-metal cantilevers for
up-and-down bi-directional driving.

| Control light
for cantilever

Lightto read
nano-bitdata

Figure 1. Schematic view of micro opto-electrical
mechanism of which motion is controlled by light signal.
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SOLARCELL ARRAY

Arrayed solar cells were fabricated and utilized for
voltage source to drive micro cantilevers as shown in
Figure 2. The output voltage from a unit solar cell,
series of four cells, and sixteen cells showed voltages of
0.5V, 1.8V, and 4.8 V, respectively, under a 633-nm
wavelength He-Ne laser beam of about 1.5-mm
diameter at 2 mW. The output voltage from arrayed cells
was found to be slightly lower than theoretical
estimation because of the array size larger than the laser
beam spot. Uniformly distributed laser power would
improve the output voltage.

__ Vout (~4.8V) L é

mEmms Connection wire

N-type layer

XKZZ8 188mm BBE8 1B8/-MAY BT

(b)
Figure 2: Scanning electron microscopic view of
serially connected solar cell arrays: (a) overall view,
and (b) close-up view of a unit cell.

FABRICATION OF MICROTIP
We started the fabrication process by spin-on-glass
(OCD type-7®) coating on silicon wafer for isolation
between the silicon substrate and the electrodes of
cantilevers. Continually, aluminum of 1 um in thickness
was evaporated and patterned to be used as sacrificial
layer (Figure 3a). Three metal layers (40-nm-chromium,
470-nm-gold and another 20-nm-chromium) were
deposited by thermal evaporation for cantilever
formation (Figure 3b). Thick photo-resist (PR) AZ
p4620® was coated to be used as tip-spacer [6, 7].
Nickel of 50 nm in thickness was deposited on the



tip-spacer and patterned for formation of the contact
shadow masking (Figure 3¢). Through-hole was formed
by exposure and development (Figure 3d). Thanks to
this through-hole, we could form the sharp tip by
aluminum deposition (Figure 3e); the aperture of the
contact shadow mask closes automatically during
deposition. The metal layers deposited on tip spacer
were removed by lift-off (Figure 3f). The cantilever was
patterned by sequential etching of chromium, gold and
chromium (Figure 3g). Finally, the sacrificial layer was
removed and the chromium layer of bottom side was
etched (Figure 3h). While the etching of bottom side
chromium, the top side chromium was passivated with
photo-resist.

Sacrificial
layer

Isolating
layer

Cr/Au/Cr

LT o

(a) (b)
Tip spacer (| Shadow mask
|
(c) (d)

(2) (h)

Figure 3. Fabrication steps on micro tip and cantilever
by (a) patterning of sacrificial layer on isolating layer
(spin-on-glass), (b) deposition of cantilever layer, (c)
spin-coating and baking of tip spacer (thick photo resist)
and patterning of shadow mask, (d) forming of
through-hole, (e) depositing of metal by evaporation, (f)
lifting off, (g) patterning of cantilever layer, and (h)
releasing by removal of sacrificial layer.

By lift-off process with contact shadow mask, the micro
tip was well defined as shown in Figure 4a. The radius
of the aluminum tip was found to be smaller than 40 nm
at the apex. After tip formation, the cantilever was
patterned by sequential etching of chromium, gold and
chromium (Figure 4b). As the final process step, the
sacrificial layer was removed and the chromium layer of
bottom side was etched. The top side chromium was
passivated with photo-resist while the etching of bottom

side chromium.

(b)
Figure 4. A Scanning electron microscopic images of
(a) a deposited micro tips by lift-off process, and (b)
formed cantilever patterns.

BIDIRECTIONAL CANTILEVER

Cantilever was designed to deflect upwards by the
electro-thermal Joule heat and also downwards by the
electrostatic force; this could be done by changing the
interconnection of driving sources as shown in Figure 5.
Actuator’s bi-directional motion was made possible by
carefully designing the Cr-Au-Cr layer thicknesses.
The cantilevers were fabricated on silicon wafers. A
spin-on-glass was coated for electrical isolation between
the silicon substrate and the cantilever electrodes [6].
Multiple layers of chromium, gold, and another
chromium layer were deposited by DC sputtering at 500
Watts each. For film stress control, the first chromium
was deposited at 2 mTorr for 0.5 minutes, gold at 2
mTorr for 5 minutes, and the second chromium was at
20 mTorr for 3 minutes.

Electrostatic
™0 — ] r-——'—-—-—._'f‘

—o |
~o C
=3 A Electrothermal _|
|
I g Down: Electrostatic

Figure 5: Scanning electron microscopic images of
metal-layered cantilevers after process improvement
using reverse sputter patterning of Cr, Au, and Cr metal
layers.  Upward and downward operation was done
by electro-thermal and electro-static drive, respectively.

The cantilever was patterned by the series of etching for
chromium, gold, and chromium. At the final step, the
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sacrificial layer was selectively removed for releasing
process. The released metal cantilevers were designed to
curl up by the intrinsic stress of the layers, as shown in
Figure 5 and 6. Uniform elevation height is
indispensable for the data storage application [3].
However, the first prototype by wet-etching the metal
layers resulted in excess side etch of chromium, which
made the pattern width difference as shown in the inset
of Figure 6(a). The width difference was found to cause
the variation of the cantilever elevation. The mean value,
maximum deviation, and standard deviation in between
cantilevers on 3 inch-size wafer were measured to be
27.0 um, 18.7 um (69.4 % of the mean value), and 4.59
um (17 % of the mean value), respectively.

To overcome this variation problem, we recently
utilized the reverse sputtering to pattern the Cr-Au-Cr
layers by using an aluminum etching mask. The etch
rate of chromium and gold were found to be 30
Angstrom/s and 130 Angstrom/s at RF 400 W power,
respectively. The inset picture of Figure 6(b) shows the
result of well defined cantilevers by reversed sputtering.
The curvatures of cantilevers were also made larger. The
improved mean value, maximum deviation, and
standard deviation in between cantilevers on 3 inch-size
wafer were 52.5 um, 4.5 um (8.6 % of the mean value),
and 1.31 um (2.5 % of the mean value), respectively.
Average values of maximum deviation and standard
deviation in one array, so to speak in-chip uniformity,
showed 1.33 um (2.5 % of the mean value), and 0.59
um (1.1 % of the mean value), respectively. From the
deviation analysis of the cantilever elevation,
cantilevers fabricated by the dry etching process had
deviations of nearly quarter to that by wet etching
process.

60

Patterrang Error by
Wt Elching

50 |
40
30 ¢

20 ¢

Cantilever elevation [um]

=Negligible pattern
_ error by dry etching

Cantilever elevation [um]

0 30 60 90 120 150 180 210

(b)
Figure 6: The profiles of cantilever arrays distributed
on a wafer which was patterned by (a) wet chemical
etching and (b) reversed sputtering, respectively.
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The elevation of the fabricated metal cantilevers was
further increased by the Joule heat using the
combination of thermal expansion coefficients and layer
thicknesses. On the contrary, the cantilever was
electrostatically driven in the downward direction. The
cantilever elevation is shown in Figure 7 as a function
of applied voltage and current. Due to the limitation of
optical measurement system, we only observed the
motion at a spot near the anchor of the metal cantilever
to be 130 nm and 220 nm by electrothermal and
electrostatic driving, respectively. The motion was
found to be large enough to make compensation of the
tip height variation.

a0 Electrothermal driving
100 ~ T with 0.85 VX 39mA
50 -

0
50 -

-100 | l
-150 Electrostatic driving
-200 with 13.5V
-250 -
0 50 100 150

Displacement [nm]

Time [msec]

Figure 7: Experimental result of electrostatic and
electro-thermal driving of the fabricated Cr/Au/Cr
cantilever. The elevation of cantilever was measured at
the distance of about 50 um (about one fifth of the
length of cantilever) from the anchor because of the
measurement limit (numerical aperture) of the laser
interferometer.

CONCLUSIONS

In conclusion, solar cells generated voltage of about
4.8V for 16 cell-arrayed to generate voltage source for
micro cantilever. The chromium-gold-chromium
cantilever with the appropriate thickness combination
was found to be suitable for the bidirectional up & down
mechanism for the AFM type data storage. The dry
etching showed superior patterning of metal-layered
cantilevers to wet etching for improved curvature
uniformity. The motions of cantilevers were found to be
large enough to make compensation of the tip height
variation.
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3-dimentional colored displaying in water medium

1. Introduction

Many variants of 3D displays were proposed and
patented since the beginning 20th century [1},
but no one of them became a popular
commercial product because of their demerits.
3D displays can be separated for two categories:
volumetric and not-volumetric.

Volumetric 3D displays are based on creation of
3D images inside of special 3D physical volume,
for example, when a 2D projecting screen is
revolving rapidly in 3D space [2]. Demerits of
this display are acoustic noise, massiveness etc.
In general, it seems that an ideal volumetric
display would be some 3D physical object which
can change its sizes, forms and colors fast and
controllably.

Not-volumetric 3D displays need no special 3D
physical volume because they are based on
manipulation by peculiarities of human visual
perception, for example, well-known
stereoscopic 3D display (glasses) which is, as a
side effect, produce also some discomfort to
viewer’s eyes. It seams, an ideal 3D display for
the not-volumetric approach would be a system
for direct influence on human brain for a purpose

to generate 3D visual illusions there.

The volumetric approach is more attractive for
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us because of its naturalness. Here we propose
3D displaying system which is based on creation
of real 3D images inside of aquarium with
transparent liquid by use of IR laser and optical
scanners. A liquid seems most adequate for the
foregoing conception of ideal volumetric 3D
display, because liquid is very mobile, flexible

and good reflecting object.

2. Displaying in water

Optical scanners [3] and lasers have been used
together for many applications including
creations of 3D images in a transparent solid [4-
5] or gaseous medium [6]. As for liquid
mediums, 3D displaying was realized only for
special photo/thermo-chromic solutions [1] and
also inside of overheated liquids for 3D
visualization of nuclear tracks though [7]. In our
work, for the first time, we demonstrate
displaying of real 3D dynamic colored images
inside of usual water using laser breakdown
effect [8].

In this universal effect, focused laser pulse
generates an electron avalanche inside of
transparent liquid. In that moment, light flash
and evaporation of liquid occur locally. In our

3D display, these micro-flashes are used as 3D



pixels or called voxels.

An invisible beam of YAG:Nd Q-switched laser
(1064 nm of wavelength, 4 mJ / 20 ns of max
pulse power, 5 kHz of max pulsing, 2 mm of
beam diameter) was used for experiments.
Three-dimensional beam steering was made by
using a glass lens on an electromechanical
shuttle for the longitudinal Z-direction and also
by using two mirror-scanners for the transversal
X and Y directions. The breakdown flash was
accompanied with bubble, as shown in Figure 1.
The flashing light was found to be more visible
than the reflection from the bubble and it looked
to be a white shining dot, which could be
observed even by naked eyes from a 5-meter-

distance in the indoor lighting.

-"

Flash —» ’

100 pm Bubbles

Figure 1. Laser breakdown in water photographed at

1/30 s resolution with red lighting from 5 mWatt LED.
The laser beam impinged the water from the left-hand
side of the photo, and a flash and a bubble were formed at
the focal point. The bubble around flash was difficult to
see due to its short lifetime and, probably, its low
reflectivity. Breakdown plasma flash looked more visible

than the satellite bubbles.

Ours initial idea to use that bubble as voxel was
found impracticable, because it would be
necessary to use very bright illumination for
making these bubbles to be observable by naked
eyes. Three-dimensional Lissajous figures of
approximately 1 cm in size were drawn by the
series of flashing dots in a container filled with
tap water, as shown in Figure 2. Upwards of
500 laser pulses per second were applied to a 1
cm’ volume of water to create the dynamic 3D
figures for several tens of minutes. Satellite
bubbles generated in conjunction with the
flashes did not seem to hamper the 3D image.

It was found to be impossible to keep
generating flashes in water by immovable laser
beam focused in the same spot of water at laser
pulsing of more than ~1 kHz. Hence, spatial
resolution and time resolution of the disblaying
in water can be evaluated as high as 10 pixels
per millimeter and 500 frames per second
accordingly. These resolution limits are
sufficient for the displaying of a high-quality

dynamic image.

KAST FR18EEMFRBIE 2007.7.19



Os 1/30s

2/30s

3/30s 4/30s

Figure 2. A series of snapshots showing a running real 3D shining spiral in a transparent container filled with tap water.

The spiral seemed to be chopped due to the shutter speed of the video camera.

The breakdown in water generated also a
sparking sound at the frequency of the laser
pulsing; the sound could be eventually
eliminated or suppressed by using pulsing
frequency in ultrasound range (up to 10° Hz for
femtosecond lasers).

Similar 3D display has been reported by
Kimura et al. [6] for laser breakdown in air, but
they required high power laser of 250 mJ / 7 ns.
High power laser can not provide the high
repetition rate which is necessary for the
dynamic imaging. In contrast to this,
breakdown imaging in water needed only 4 mJ /
20 ns for laser pulse. For comparison, with our
laser, it was necessary to use an aspherical lens
with focal distance of 5 mm or less in order to
execute breakdown in air, while breakdown in
tap water was executed with a usual biconvex

lens of 50 mm focal distance.
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Further lowering the breakdown threshold can
open up a door to the 3D images of large
display size with small lasers. Until today, we
found that the laser breakdown threshold was
lowest in tap water. Breakdown thresholds for
KI + I, aqueous solution and for Cul or CuCl
emulsions were found to be compared with tap
water’s one. Theirs thresholds are lowest in
comparison with thresholds of tens other
inorganic and organic chemicals tested in our
experiments. The possible explanation is that
they are the best donors of seed electrons,
which are required for initialization of the
electron avalanche [8]. As for lowest threshold
of tap water, it may be explained by presence of
some K- and Cl-containing disinfectant
additions therein. Tap water filtered through of
0.1 um filter did not changed the threshold
of breakdown

value noticeably. Nature



threshold in liquids is still not described
perfectly in literature.

Optical spectrum of the light flash in water
covers the whole visible wavelength range
(Figure 3). It is known from literature that
intensity of breakdown flashes can be a changed
by dissolving in the water of Ar gas. But how

can color of flash be changed?
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Figure 3 shows some measured optical spectrum (from
300 to 1000 nm of wavelength) of the breakdown flash in
water. The smaller from these two peaks is probably
caused by oscillation of the collapsing bubble

(sonoluminescence effect).

We propose to use an electronic color filter for
coloring the flash light spot in any color (Figure
4). In our experiments, we used a TFT (thin-
film transistor)-driven color filter of an LCD
(liquid-crystal display) to change colors in
synchronization with the laser pulse and the
scanning system. That filter is just a thin film

which can be stack on walls of water aquarium.

Figure 4. Snapshots of color-filtered flashing dot series
generated with different laser pulsing of (a) 10 Hz, (b) 50
Hz, (c) and 300 Hz. The container with tap water was
placed behind the color filter (TFT matrix of LCD),
changing its colors quickly between blue, red, yellow and
green during the longitudinal steering for a distance of 4

cm.

3. Conclusion

For the first time a liquid medium was
investigated for the creation of real 3D dynamic
color images. It was shown experimentally, that
the breakdown micro-flash in liquid could be
used as voxel of white color. Seeing through
electronic driven color filter made a voxel to be
perceived like colored one. Tap water was
found to be an optimal medium for the
displaying due to the lowest breakdown
threshold.

4. Research plans
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Our next step is to create arbitrary images by
PC controlling the laser, scanners and the color

filter (Figure 5).
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Viewer sees real 3D
colored dynamic image

Processor

Figure 5 schematically shows our 3D water display which is under construction now.
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Superhydrophobic TiO, Surface. Preparation and Photocatalytic
Wettability Conversion

1. Introduction

Superhydrophobic TiO, surfaces interestingly exhibit
extraordinary wettability conversion from superhydrophobicity
to superhydrophilicity under UV illumination. In such a
photo-stimulated wettability conversion, there is a sharp
wettability contrast of over 160° in water contact angle (CA) on
the surface, which should have applications in site-selective
deposition or transfer of functional materials, and
surface-tension confined microfluidic devices with open-air
structures. Despite these interesting possible applications, only
have dealt with

photo-stimulated ~ wettability

the preparation and
of TiO,-based
superhydrophobic surfaces, due to the lack of facile preparation

a few reports
conversion

methods. Herein, we report that superhydrophobic TiO;
surfaces can be easily and reproducibly prepared by roughening
of the TiO, surface with CF, plasma, followed by modification
of the rough surface with a hydrophobic monolayer. The
surfaces showed good superhydrophobic properties, and these
were easily converted to superhydrophilic ones with UV

illumination.

2. Experimental
2.1 Preparation of superhydrophobic TiO, surfaces

The preparation of superhydrophobic TiO, surface consisted
of three step: (1) preparation of TiO, thin films on Si wafers,
(2) etching TiO, films with CF, plasma to prepare rough
surfaces, and (3) modification of rough TiO, surfaces with ODP
self-assembled monolayer. Two kinds of TiO, films were used
in this study; one is smooth sol-gel film prepared by dip-coating
method, another one is rough CVD film purchased from Tokita
CVD Co.

The RF plasma etching system (BP-1, Samco) has two
parallel plate electrodes in a vacuum chamber. The reactive gas,
either CF, or O,, was introduced below the lower electrode.
(Caution: CF4 in high concentration may cause asphyxiation.)
TiO, films (1.5 x 2 cm) were placed on the lower electrode and
were first etched with CF, plasma (100 W, 33 Pa) for various
times at ca. 65 °C substrate temperature. The etching of TiO,
surface was evidenced by the color change of surface reflection.
Next, the etched surfaces were treated with O, plasma (100 W,
20 Pa) for 30 second to react any residual fluorine species on
surfaces. The samples were removed from the reacting chamber,
and were calcined at 500 °C for 30 min.

The etched samples were immersed in 0.5 mM octadecyl-
phosphonic acid (ODP) in a mixed solvent of heptane and

Zhang Xin-Tong

isopropanol (1000: 7 v/v) for 48 h. Afterwards, the samples
were removed from the solution and rinsed with isopropanol
thoroughly.  Successful
evidenced by the change of water wettability. Before

ODP modification was clearly
modification, the surfaces were superhydrophilic (water CA
~0°); while after ODP modification, the surfaces became
hydrophobic or superhydrophobic which water droplets were
not adhered to the surfaces.

2.2 Photocatalytic experiments:

ODP-modified TiO, samples were placed under a Hayashi
LA-310 light source, which emits ultraviolet light in the range
of 300-400 nm after installation of band-pass filters. The
intensity of the light illuminated on the surfaces was maintained
at 1.0 mW cm?, as measured with a UV power meter
(Hamamatsu Photonics, C9536-01), through adjusting the
power output and the distance between the sample and the light
source. All photocatalytic experiments were carried out at room
temperature and ca. 40% humidity. The decomposition of ODP
was studied by measuring the water contact angle on the
surfaces, or by the decay of the symmetric and asymmetric
vibrations of the —-CH,- and CH;- groups during UV
illumination. The hydrophobic or superhydrophobic samples
were all converted to superhydrophilic under UV illumination,
due to the complete decomposition of hydrophobic ODP

monolayer.

2.3 Superhydrophobic-superhydrophilic patterning:
Superhydrophobic TiO, surfaces were patterned with 5 mW
cm? UV light (Hayashi LA-UV310) through a photomask (Fuji
Film). The photomask was made from plastic film that had
good transmittance for UV light, on which black lines
(50-um-width) were printed with the line/space ratio of 1/1.
The photomask was directed placed on superhydrophobic TiO,
surfaces; then the photomask was covered with a glass slide to
ensure contact between the photomask and the TiO, surfaces.
The resultant superhydrophobic-superhydrophilic patterns were
visible by eye or microscope when exposed to water vapor.
Water condensation on the patterned surfaces was studied by
cooling the surfaces down to 5 °C, which was lower than the
dew point. The condensation process was recorded with a CCD
camera installed on optical microscope. The evaporation of
polystyrene suspension on patterned surfaces was studied by
put 5~ 7 uL 0.1 g L' suspension on the surface heated at 45 °C.

The evaporation process was also recorded with a CCD camera.
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3. Results and discussion

The as-prepared TiO, sol-gel films showed smooth surface
morphology under SEM or SPM observations. The surface was
made up of tens of nanometer-sized micrograins (Figure la),
with a RMS roughness of 0.7 nm as measured with SPM. The
film was crystallized in anatase structure, with a refractive
index of 2.16 at 623 nm. This refractive index value is smaller
than the value of 2.54 for anatase single crystal, due to the large
amounts of voids or lattice defects at grain boundary. Treatment
with CF4 plasma roughened the surface of TiO, films; the
longer etching time was, the rougher surface was produced. A
20-s-treatment created numerous pinholes on the surface, along
the grain boundary. As a result, micrograins were clearly
observed with SEM (Figure 1b). A 45-s-treatment caused the
formation of columnar surface microtexture, which consisted of
nanocolumns in diameter of ~20 nm and height of ~80 nm
(Figure 1c). Longer etching treatment reduced the density of
nanocolumns on the topmost surface, but maintained the

columnar surface microtexture (Figure 1d).

Figure 1. SEM images of TiO; sol-gel film after etching
with CF, plasma for a) 0 s, b) 20 s, ¢) 455, d) 90s.

Figure 2. SEM images of TiO, CVD film after etching
with CF, plasma for a) 0 s, b) 40s.

TiO, CVD films were also treated with CF4 plasma.The
surface is quite rough and contains large numbers of pores.
Soon after exposure to the CF, plasma, the film became thinner,
and its surface became rougher (Figure 2). The etching
appeared to proceed more easily along grain boundaries due to

KAST ERI18EEMFRBE 2007.7.19

the higher defect concentrations. Etching times over 30 s
caused the formation of a discontinuous wedge-like surface

microtexture.
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Figure 3. Contact angles versus etching time for TiO,
sol-gel film after modification with ODP monolayer.
Cirle: advancing contact angle; triangle: static contact
angle; square: receding contact angle. Inset: contact
angle hysteresis versus etching time.
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Figure 4. Contact angle versus etching time for TiO,
CVD film after modification with ODP monolayer.
Circle: advancing contact angle; square: static contact
angle; triangle: receding contact angle. Inset: contact
angle hysteresis versus etching time.

Immediately after etching, the TiO, surfaces always showed
nearly 0° water CA due to their enhanced roughness and
intrinsic hydrophilic properties. To impart the etched surface
with  superhydrophobic properties, hydrophobic surface
modification was found to be highly necessary. We chose
octadecylphosphonic acid (ODP) to modify TiO, surfaces in
our work. This molecule can form dense self-assembled
monolayer on TiO, surface due to the strong chelating bond
between phosphonic acid headgroup and Ti atom of the surface;
the dense packing of hydrocarbon chains thus made TiO,
surface hydrophobic.

Figure 3 depicts water CAs, both static, and dynamic
(advancing/ receding) CAs, of ODP-modified TiO, sol-gel
surfaces as a function of etching time. The contact angle
hysteresis (CAH), named as the difference between advancing
and receding contact angles, is also shown in the inset. Both

static (0s) and advancing (Ba) CAs show rapid increase in the
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figure with the increase of etching time within 1 min; beyond 1
min, the CAs increase slowly with extended etching. The
surfaces etched over 45s are all superhydrophobic (Bs > 150°)
after ODP modification. The receding CA, however, shows a
decrease in the initial stage of ~20 s, and afterwards shows
rapid increase with extended etching. As a result, the curve of
CAH rises firstly, and then goes down rapidly in Figure 2 Inset.
The hysteresis becomes only 6° for the 135-s-etched sample,
while that is only 2° for the 150-s-etched sample. The very low
hysteresis, together with the large CA, made water drops roll
off these surfaces spontaneously, rather than adhere to the
surfaces. Thus, the data of 8s for these surfaces etched over 135
s are not measurable and are not provided in the Figure.

The contact angle data of ODP-modified TiO, CVD film
versus etching are shown in Figure 4. Same as the sol-gel film,
the CVD film also becomes superhydrophobic after a
short-time CF4 etching. Only 30 s etching is needed to produce
superhydrophobic surface; and the CAH is almost zero for the
film etched over 30 s etching. Thus, we could conclude that
plasma etching is a good method for preparation of
superhydrophobic TiO, surfaces.

Under UV illumination, TiO, surface can decompose ODP
monolayer as a result of photocatalytic action. The
decomposition process was studied with IR spectra and CA
measurements shown in Figure 5. Under weak UV illumination
of 1 mW cm?, the vibration bands of methylene and methyl
groups lost intensity gradually; the band position shifted to
higher wavenumber with UV illumination, and the half-width
showed increasing trends. These changes indicate the
decomposition of hydrocarbon chains and the loss of orderly
packing of ODP molecules. After UV illumination for 180 min.,
the signal of vibrations of hydrocarbon chain became the same
level of noise, thus no band was observed in the spectrum. The
decomposition of ODP monolayer leads to the interesting
UV-stimulated wettability change of superhydrophobic TiO,
surfaces, also shown in Fig. 5. A series of water CAs was
obtained between 166° and 100°, dependent on the time of UV
sharp
hydrophilic state happened around the CA of 90°, where the

illumination. A transition from hydrophobic to
signal of hydrocarbon vibrations only remained 10% of the
initial value. After 240-min-illumination, the surface became
superhydrophilic, indicating all long-chained alkyls were
decomposed and removed from the surface. The rate of
wettability change was approximately dependent on the square
root of light intensity in our light conditions (1- 10 mW cm™),
which is similar to the case with other photocatalytic reactions;
and the rate became lower and lower with the extension of
plasma etching time, since the thinning of TiO, film weakened
the absorption of UV light.

One interesting thing is that dipping the UV-illuminated TiO,
surface, which was superhydrophilic, into the ODP solution
again recovered the superhydrophobic state as a result of

re-adsorption of the ODP monolayer, as illustrated in Figure 6.
This UV/re-adsorption cycle was repeated over five times with
only a bit decrease in water CA.

The UV-stimulated wettability conversion mentioned above
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Figure 6. Superhydrophobic and superhydrophilic
of the ODP-modified TiO, surface. The
conversion between two states are reversible.

states

is applied into preparation of interesting superhydrophilic
patterns on superhydrophobic TiO, surfaces. The wettability
contrast for the pattern, named as the difference between the
receding CA of superhydrophobic area and the advancing CA
of superhydrophilic area, would be greater than 140° or even
close to 160°. Such a great wettability contrast is not achievable
for the ordinary hydrophobic-hydrophilic pattern. Figure 7a
shows a micrograph of such a pattern prepared by use of a
photomask made up of 50-pum-width stripes. The pink stripes in
the picture are superhydrophilic, while the green ones are
superhydrophobic. The pattern follows the photomask with a
slight broadening, ca. 3%, in the superhydrophilic stripes, as a
result of the surface-diffusion of photogenerated active
oxidative species, such as holes and hydroxy! radicals to the
dark area. However, the degradation rate of the molecules in
dark area is one or two order lower than the illuminated area.
This allows us to prepare superhydrophilic features of 50 um
size or even smaller on superhydrophobic TiO, surface by
controlling the illumination time.

The superhydrophilic stripes greatly change the wetting
behavior of water droplet on the surfaces. Without the stripes,
water droplets wet the superhydrophobic surface isotropically
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with a circular contact area. With the stripes, water droplets wet
the surface anisotropically; the droplet becomes elongated in
the direction parallel to the stripes, when the size of droplet is
much larger than the width of stripes (Fig.8). Water CA in the
direction parallel to stripes becomes different from the direction
normal to stripes. For the above mentioned 50-pm-width stripes,
water CA is ~140° in the direction normal to the stripe; while in
the direction parallel to the stripe, water CA is much smaller,
with foots extending out the droplet that exhibit even smaller
CA.

We expect the great wettability contrast between
superhydrophobic and superhydrophilic stripes can help the
selective deposition of functional materials in the
superhydrophilic stripes. To examine this idea, a drop of
polystyrene latex solution was placed on the stripe-patterned
surface preheated to 45 °C. The drop shows an elongated shape
on the surface, as shown in Figure 8, with aspect ratio over 2.
Evaporation of water led to the shrinkage of the drop; the
contact line moved in the direction normal to the stripes, but
remained pinned in the direction parallel to the stripes. The
dried part of superhydrophilic stripes became colorful due to
the reflection of light by the deposited latex particles. Finally,
the drop disappeared completely, with latex particles only
deposited in the superhydrophilic stripes. The same experiment
was also carried out on stripe-patterned smooth surface with
moderate wettability contrast. During the evaporation of water,

latex particles were deposited in both hydrophilic and

Figure 7. (a-c) Water condenses in 50 pm-width
superhydrophilic stripes on superhydrophobic
TiO:; surface. d) water

superhydrophobic TiO; surface.

condenses on

We cooled the 50-pum-stripe pattern to 5 °C at ~60% relative
humidity. During cooling, water was condensed selectively in
the superhydrophilic stripes to form water drop, and water
column in sequence, as shown in Figure 7 b-c. Almost no tiny
water droplets were observed in the superhydrophobic area as
the result of the existence of superhydrophilic stripes. This is
entirely different from the superhydrophobic surface, on which
water was condensed into tiny water droplets randomly (Fig.7d).
It suggests that the superhydrophilic stripe could guide the
water condensation on superhydrophobic surface. Any water
droplet that is formed on the superhydrophobic area would
spontaneously move to the superhydrophilic area and be
confined there if it touches the border of the two areas. The
driving force for the movement is the unbalanced Young force,
that results from the wettability
superhydrophobic area 1 and superhydrophilic area 2 for the

contrast between
droplet. Note that great wettability contrast is required to
observe the guided water condensation. Water condensed on a
stripe-patterned smooth TiO, surface with moderate wettability
contrast (< 90°) did not follow the pattern; discontinuous water
droplets were formed on both hydrophobic and hydrophilic

area.
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Figure 8. Drying of a drop of latex solution on
superhydrophobic-superhydrophilic pattern. The

stripes are 50 pm wide.

hydrophobic stripes without selectivity.

4. Conclusion and Perspective

In summary, the CF, plasma was found to be a highly
effective technique for roughening polycrystalline TiO, films.
Superhydrophobicity of the ODP-modified TiO, surfaces in
terms of water CA and CAH was closely related to the surface
microtexture altered by plasma etching. Superhydrophobic
TiO, surfaces exhibit UV-stimulated wettability conversion
from superhydrophobicity to superhydrophility due to the
photocatalytic decomposition of the hydrophobic monolayer.
This special property could be utilized to fabricate
micropatterns with sharply contrasting wettability. Further
studies are being carrying out to examine the possible
applications of such surfaces, for example, in the printing of

functional materials or in microfluidic devices.
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Anatase TiO, Nanoparticles on Rutile TiO, Nanorods: A Heterogeneous

Nanostructure via Layer-by-Layer Assembly

1. Introduction

TiO,-based heterogeneous nanostructures with contro-
llable compositions, shapes and sizes have attracted
numerous attentions for developing a higher activity
photocatalyst 19 Such a heterogeneous nanostructure can
suppress the charge recombination, and enhance the use
efficiency of photo-generated electrons and holes.
Notable examples, such as anatase/rutile-TiO; 14
TiOy/Sn0, *7, TiOyWO; * and TiO,/CdS ° have been
studied extensively. Wherein, the anatase/rutile-TiO,
heterogeneous nanostructure was found to be more
interesting due to its possible dual-functional synergism.
That is, the charges excited by ultraviolet light can
transfer from anatase to rutile TiO, and suppress the
charge recombination 13.10.11 " At the same time, the rutile
TiO, can also act as an antenna for anatase TiO,, and
increase the photocatalytic activity in visible region s12
Hereby, it is much necessary to explore an effective
technique to fabricate such a heterogeneous nano-
structure. The fabrication of this anatase/rutile-TiO,
heterogeneous nanostructure in a state of film is

2 But in a state of powder, it is

relatively easy
complicated. We have noticed that some methods have
been reported > . However, these methods always
included strong or corrosive acid, and also it is not
convenient to modulate the compositions of hetero-
geneous nanostructures accurately. Here, we reported that
we can deposit anatase TiO, nanoparticles on the surface
of one-dimensional (1-D) rutile TiO, nanorod by a
layer-by-layer (LbL) assembly technique to fabricate
such a heterogeneous nanostructure. The experimental
conditions were quite mild, and the compositions of the
heterogeneous nanostructures can be easily modulated by
the parameters of LbL assembly. It should be mentioned
that the long 1-D rutile TiO, nanostructure used in our
research can provide an excellent platform for observing
the final anatase/rutile-TiO, heterogeneous nano-
structures distinctly, and simultaneously, preserve an
enough surface area for photocatalytic reaction.

1.1 Materials. Rutile TiO; nanorod (acicular type TiO,,
FTL-200) and anatase TiO, colloidal solution (STS-100)
were purchased from Ishihara Sangyo Kaisha, LTD,
Japan. Hydrochloric acid (35-37%) and ethanol were pur-
chased from Wako Chemicals. Polyelectrolyte, Poly
(Sodium 4-styrene sulfonate) (PSS, 30 % wt solution in
water, MW=70000), was available commercially from
Aldrich. Before use, the PSS solution was diluted to 10 g
L' with water. The pH value of the solution was adjusted
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to about 2.5 with hydrochloric acid. Milli-Q water with a
resistivity of 18 MQ-cm was used in all the experiments.

1.2 Preparation of the heterogeneous nanostructures.
The preparation process of anatase/rutile heterogeneous
nanostructures was summarized in Scheme 1 . In a
typical preparation, 0.2 g of rutile TiO, nanorod was
dispersed in 100 ml of hydrochloric acid solution (pH ~
2.5) ultrasonically. 25 ml of PSS solution (pH ~ 2.5) was
added to the TiQ, suspension and the mixture solution
was stirred for 30 min. During this period, PSS was
adsorbed on the surface of TiO, nanorods, since the
former is negatively charged, while the latter is positively
charged. Thereafter, the non-adsorbed polyelectrolyte
was removed by four repeated centrifugation/water-
wash/redispersion cycles. The polyelectrolyte-coated
rutile TiO, nanorod was re-dispersed in 100 m] water and
2 ml of anatase TiO, colloidal solution (STS-100) was
added to allow adsorption for 30 min. The non-adsorbed
TiO, particles were also
centrifugation. The above adsorption cycles were
repeated until the desired adsorption cycles, n, were
reached. Finally, the sample was calcined at 500°C for 1
h to remove the polymer material. In the present work,
the adsorption cycles for anatase TiO, was 3, 5, 7, 9 and
11.

Rutile TiO, nanorod
——

removed by repeated

pH=2.5
PSS

Wl

~

Scheme 1 Flow chart for the preparation of the TiO,
heterogeneous nanostructures by LbL assembly
technique

1.3 Evaluation of the photocatalytic activity. The
photocatalytic activity of the heterogeneous nano-
structures was evaluated by the gas-phase decomposition
of acetaldehyde '°. The photoreactor vessel was made of
Pyrex glass, with a volume of 500 ml. 20 mg of
photocatalyst powders were spread evenly on the bottom
of a glass disk (about 6.2 cm’ area), and this was placed
in the reaction vessel. An oxygen (20%)/nitrogen mixture
with a relative humidity about 50% was introduced to the
reaction vessel at room temperature. Then, 8 ml of
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standard reaction gas (1 vol% acetaldehyde in N
Takachiho, Japan) was introduced to the reaction vessel.
After the adsorption equilibrium of acetaldehyde reached,
the photoreactor was placed below black light lamps,
which emit UV light with an intensity of 1.2 mW/cm® as
measured with a Topcon power meter (Hamamatsu
Photonics, C9536-01). The decrease in the acetaldehyde
concentration was monitored using gas chromatography
(GC-8A, Shimadzu, Japan).

2. Experiments and Results

Figure 1 TEM images of original rutile TiO, nanorod
(a) and heterogeneous nanostructures with n =5 (b), 9
(¢) and 11 (d). The magnified images of the
heterogeneous nanostructure with n = 11 were shown
in (e) and (f). The heterogeneous nanostructures were
all calcined in order to remove polymer material.
Rutile TiO, nanorods are poorly dispersed in water.
Addition of PSS solution, however, remarkably improved
the dispersed state of nanorods. It was thus believed that
the adsorption of PSS to TiO; surface occurred, and this
resulted in the increase of surface charge density of TiO,
nanorods, although the surface charge should turmn
reversed, i.e. changed from positively charged to
negatively charged. The subsequent addition of anatase
colloidal solution deteriorated the dispersibility of rutile
nanorods, indicative of the adsorption of small anatase

nanoparticles to big rutile nanorods by the bridging layer
of PSS. Again, the suspension became well dispersed
with the addition of PSS solution.

Figure 1 (a) shows the TEM image of pure TiO, nanorod.
As shown, the diameter of the nanorod is about 60-80 nm,
and the length is in the order of micrometer. Alternative
treatment with PSS and anatase nanoparticles roughens
the smooth surface of nanorod, as shown in Figure 1b-d,
clearly indicative of the assembly of anatase nano-
particles on rutile nanorods. The magnified images of the
heterogeneous nanostructure with n = 11 are shown in
Figure le and 1f. As shown, the anatase TiO, particles
with a size of 8 nm interconnected each other to form a
porous layer on the nanorod. The high-resolution images
show that the anatase particles are fully crystalline with
lattice spacing of 0.35 nm, which corresponds to the
(101) crystal plane. Increasing the adsorption cycles
resulted in the increase of thickness of anatase layer on
the surface of the nanorod. Therefore, we could control
the thickness of anatase porous layer by the LbL
assembly process conveniently.

1000{ A

Intensity /cps

2 40 50
26 / degree

0

200
N
0 30

B

30+
204

104

Weight fraction of anatase/ %

T T T T T

0 2 4 6 8 10 12
Adsorption Cycles, n
Figure 2 (A) XRD patterns of rutile TiO, nanorod (a)
and heterogeneous nanostructures with n=3 (b), 5 (¢),
7 (d), 9 (¢) and 11 (). (B) The dependence of anatase
composition in the heterogeneous nanostructures on
the adsorption cycles of anatase TiO, particles.
The anatase TiO, component in the heterogeneous
nanostructures is further proven by XRD measurements
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(Figure 2). Pure TiO, nanorods show the characteristic
XRD pattern of rutile structure (Figure 2A). The strong
diffraction peaks at 26=27.4, 36.1, 39.2, 41.2, 44.0, 544
and 56.7° can be indexed to the (110), (101), (200), (111),
(210), (211) and (220) crystal faces of rutile TiO, (PDF
card 75-1755, JCPDS). For the heterogeneous
nanostructures, besides the diffraction peaks of rutile
TiO,, there also exists a diffraction peak at 26=25.3 °,
which can be indexed to the (101) plane of anatase TiO;.
With the increase of adsorption cycles, the diffraction
intensity of anatase (101) crystal face increased. On the
basis of pre-calibrated standard curve (Supporting
Information), we calculated that the weight fractions of
anatase TiO, in the heterogeneous nanostructures with
n=3, 5,7, 9, 11 were 14.9%, 23.7%, 31.8%, 38.5% and
46.9% respectively, which behaved a linear relation
against theadsorption cycles (Figure 2B). The weight
increment of anatase TiO, for every adsorption cycle was
almost regular and equal to about 4.2 %. The uniform
weight increase suggested that the deposition of anatase
TiO, nanoparticles on the rutile nanorod was developed
as the desired sequence '’

The absorption threshold of the heterogeneous
nanostructures was determined to be 420 nm by the
diffuse UV-visible spectra (Supporting Information),
which was same with that of the rutile TiO, nanorod. In
the short wavelength region, the anatase component
made the absorption of the heterogeneous nanostructures
increased slightly.

We examined the photocatalytic activities of hetero-
geneous nanostructures, with n= 3, 5, 7, 9, 11, by
decomposition of gaseous acetaldehyde. For comparison,
the activity of pure anatase nanoparticles and rutile
nanorods were also measured. These data were shown in
Figure 3 (a). The decomposition of the acetaldehyde on
all samples was observed to follow the first-order-type
kinetics, as evidenced by the linear function of In (Cy/C)
versus photo- catalytic reaction time t. Here, C, is the
initial concentration of acetaldehyde, and C is the
concentration of acetaldehyde after photocatalytic
reaction for t min. The rate constants of all samples are
calculated from Figure 3 (a), and these data are plotted in
Figure 3B for a clear comparison. It is clearly shown in
the two figures that the rate constants of the
heterogeneous nanostructures for complete decompo-
sition of acetaldehyde are greater than pure rutile TiO,
nanorods, and the rate constants increase with the
increase of the anatase TiO, absorption cycles from 3 to 9.
The rate constant of the heterogeneous nanostructures
with #=9 was maximal (0.0165 min™), which exceeded
the rate constant of heterogeneous nanostructures with
n=11 (0.01599 min"') and the pure anatase sample
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Figure 3 (A) Dependence of In (Co/C) on the
photocatalytic reaction time t for rutile TiO, nanorod
(a), heterogeneous nanostructures with adsorption
cycles n=3 (b), 5 (c), 7 (d), 9 (e), 11 (f) and STS-100
(g) sample after calcination for 1h. (B) Plot of the
first-order rate constant for complete decomposition
of acetaldehyde against the adsorption cycles of
anatase TiO,.

Considering the anatase TiO, generally exhibits better
photocatalytic activity for decomposing acetaldehyde
than rutile TiO,"?, it is interesting that the pure anatase
sample does not show a better photocatalytic activity
than the heterogeneous nanostructures that contains only
38.5% anatase (n= 9). The results clearly indicated the
existence of synergetic effect between rutile TiO,
nanorod and anatase TiO, nanoparticles in our
heterogeneous nanostructures. Note that no synergetic
effect was observed in the previous studies that
mechanically mixed anatase and rutile powders 3 The
preparation method in our study, however, ensures the
intimate contact of anatase particles to rutile nanorods,
which was considered to be vital for observing the
synergistic effect. Our study also shows that the strength
of synergistic effect should be dependent on the thickness
of anatase layer. Estimation from the rate constants
shows that the samples of n=7 and 9 may exhibit
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maximal synergistic effect. This could be explained by
considering the diffusion length of electrons from
outmost anatase particles to rutile nanorod; long
diffusion length will weaken the charge separation
efficiency and thus weaken the synergistic effect.

3. Conclusion and Perspective

In summary, we have designed a heterogeneous
nanostructure by depositing anatase TiO, nanoparticles
on the surface of rutile TiO, nanorods using the LbL
assembly technique. The synergism between anatase and
rutile TiO, was observed in the decomposition of gaseous
acetaldehyde, and the strength of synergism was found to
be dependent on the thickness of anatase particle layer.
The present LbL assembly method shows a potential for
developing highly active TiO, photocatalysts provided an
optimization on the particle sizes of anatase and rutile,
the thickness of anatase layer, and the LbL assembly
parameters. This method should also be suitable for
preparing heterogeneous nanostructures from other oxide
semiconductors.
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