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Fig. 1.1 Creation of new functional materials by laser processing.
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Fig. 1.2 Schematic diagram of implant in the human body.
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Fig. 1.3 Schematic diagram of artificial dental root.
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Fig. 1.4 Mechanism of adsorption of bone proteins in Ti.
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Fig. 1.5 Schematic diagram of aerosol beam processing.
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Fig. 1.6 Aerosol beam consisted of particles and flow of gas.
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Fig. 1.7 (a) Optical and (b) SEM image of the TiO, film after aerosol beam irradiation.
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Fig. 1.8 (a) X-ray diffraction pattern of the TiO, film formed on Ti plate.
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Fig. 1.9 Schematic diagram of cell.
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Fig. 1.10 (a) cell attachment on the material, (b) cell spreading at
random and (c) cell spreading along the grooves of periodic structures.
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Fig. 1.12 (a) Polarization of atom and electron by electric field of laser. (b) Location of
atom (+) and electron (-).
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Fig. 1.13 Creation of high density of electron layers on Si.
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Fig. 1.14 Variation of period and real part of dielectric constant of high density
of electron layers on Si as a functional of electron density.
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Fig. 1.15 Flow chart of this study.
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Fig. 2.1 Schematic diagram of cross section of TiO, film: (a) oxygen deficiencies
formed by femtoseocond laser irradiation and (b) CW fiber laser irradiation.
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Fig. 2.2 (a) Scanning of the laser focusing spot. Schematic diagram of and laser
irradiated area during (b) CW fiber and (c) femtosecond laser irradiation.
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Fig. 2.3 Schematic diagram of experimental setup for CW fiber laser irradiation.
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Fig. 2.4 Schematic diagram of experimental set up for measuring the electric

resistance on the laser irradiation area.
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Fig. 2.5 Optical images of TiO, film after CW fiber laser irradiation in the vacuum: laser
fluence was changed at (a) 5.8 x 107, (b) 8.7 x 10% (c) 1.2 x 10°, (d) 1.5 x 10°, (e) 1.7 x
10°, (f) 2.0 x 10%, (g) 2.3 x 10%, (h) 2.6 x 10° and (i) 2.9 x 10° J/cm? respectively.
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Fig. 2.6 SEM images of TiO, film surface: (a) bare TiO, (no laser irradiation), (b) CW

fiber laser irradiation area in the vacuum at 5.8 X 10% (c) 8.7 X 10% (d) 1.2 X 10°
(e) 1.5 X 10% (f)1.7 X 10%(g)2.0 X 10° (h)2.3 X 10°% (i)2.6 X 10%and (j)

2.9 X 10°J/cm? respectively.
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Fig. 2.7 Electrical resistances of the TiO, film after femtosecond laser irradiation in the
air and CW fiber laser irradiation in the vacuum as a function of laser fluence.
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L= =D REZZESE TR SN EAMOEZR AT, S HIT, TiO B E~DJE
RS E T A D = X DI OWNWTHE—RB TR LERE S 7 XAEY - RF7 U

(SPP) (Z X VIERR SN D AIREPEIC DWW TIRES Lo, SEBRTIE, TiO, B b~ JE A
MRS R Ol & L, fliTF & o (Ti) FER A~ B & R IC D) T b ik
T=o ZOBS EHINBIEE SR SN D L—F =T —  AOEEE TIiO L Ti
TR & el U7, TIO BRI ER TH 5720 L — P — D= X — 3B S 5 BRI
115 2 BTl E ) O REH~OB VRN VETHDL EEZOND, TX B
HETFZH L TWDHRETH D TiHi & i 5 & RS SR sh b L —
P—=T N —x  ZAOREIT TiO, IO LR Em< 705 L RIS, Eiz, EFEH LV
BAELE LTER SN TWD Ti BT T A L~ JE IS S K& OGS 15 7 L
IZONWT ORI, Ti BN T ZADRHEICONWTIL H 4 ETHELLBRS, L—H—
DR L LT, MEIOMLEOSIT~RATHIC IR R aTRE 2 i bhd, 22T K
BT, b= ARy A ORI LT 1Bl S TR BRI 1S R o
FREFRZAT O . ZOBR TR L 728 9 BOBGIAE 1 D TR K OV 39113 A4 AR 7R - At

(SEM) 12X > THIRI L7z, RETH O IEHERI S, & 4 BIRT Ti E&ES
7 AR 5 FITART TiO, B L~k U CE BRI E 2 TER 3 5 72 DA R,
/LI ENTEDEEZLND,
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321 BRIEF R VERUTF 2 D ERA DR EAMMEEER

EBRCTHWZ TIO I =T v e — AN LY Ti R E~ER L7 DOTH 5,
1IN Lz &) ISR & X7 4 —BRE2 A L TR Y TIO TR E Ik 2 — &
ETHED1Ium DX A YT RA—Z MZ XV BFEE LT, TiO, Ko Ra 13#) 3nm TH
%o TIO KRN Ti Z5 b~ I HAIEETER DT D 7 = L bbb —H —Hii
v N7 T % Fig. 3.1 QIR T, AEBRTHWZZ7 = & MNP L —HF— 3 ER L —
#—d Ti: Sapphire L' —%—Tdh %5, EAREOWKE, VI LUBERER OV ARIZE
LA, 775 nm, 1 kHz KOV 150 fs Th 5, JEHIROHHIE O 2 2 b S5 720,
W R AR 2 DT L— W — I & % FLAE O 775 nm 7> 5 55 S 71 0 388 nm & OV =

(a)
Mechanical
shutter
Femtosecond| X [Harmonic| W TOF
laser w |generator{ " [
Focusing lens
>
Sample Y
XY stag
(b)
Femtosecond laser
Laser irradiated\
area \
Scanning direction
| Sample

Fig. 3.1 (a) Schematic diagrams of experimental setup for femtosecond laser irradiation
and (b) scanning direction of femtosecond laser focusing spot.
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A D 258 nm ~E B LS, LA I 7 —TE& | EAEEE 100 mm 05
FRAEE LV X WD 2 & T TiO, R O Ti etk ~E e U, MkbEm kT
DL —P—=HDAKRy T 60um (L —HF—E—7mED 1/e?) T—E s Lz, &£
BRATIE, Fig. 3.1 (D)ITRT L 9T XY AT —V % EET 5 2 & THENHAR Y b & TiO, I
Kb~ 1 EFORGILAERGRHF LI, 22T, 7= ML —PF =32 L—
PO TREIHEL S EDL T LT ARy MOV ITEHR DIV AH (F—
N=T v T DS EDLZ L EFE LW, A== TH% Noyeriap (Shot) & T 5 & |
JERE L rz (Hz). 518 ve (misec) X OMEN B — A ARy hOELEdD (mE AN TA—
N=F oy THIIRATEREND,
Noveriap = dr / Ve (2.1)
AT =T OFFG R THEAR . F mi e O =m0 Se TERLTIL, 0.1 225
20mm/s ~E B EH7e, 2ok, KRN DA— =T v TEIZENEI 30 5 600
shots ~E b SHZ &ITe D, ol L=V —T—x2 X (L—Y—5E) (T 1/2
HEHRE R TIC L VR S TV D =3 v F -l s AV T LS, AR
WK OE _ETHROBAED L U XBREDO L —F—T =2 A (L—H =) 3%
N2, 01555 0.85J)cm® (1.0x10% 75 5.7x10% W/em?) & L7z, £7-. % i
DBEDL v AFE@BDO L —HF—T7 L—x o X (L—HF—dRE) (2 0.03 75 0.10 Jiem?
(2.0x10% 7225 6.7x10" W/em?) Th %, H_@milEOHBAEICBIT L L —F—7 1 —x
O ANIEHHROBE E, 010 Jem® B RKD L —HF—T )—T L A Th D, L—HF—
FESH 2 OREHT, SREHRRICHERE T 2 L B2 6D T TV EERET D204 ) —)L
W E TR A K 5 T o 7o, L— Y — B OFEHT SEM IZ L 2 K mEfige
EATUN, A BRSSO TR & OE 1 2 JE LT,

322 TiEEEHNFRLEADOHMMEERK
Ti BB T A EA~OHEERR DT OIERH L7 7 = A ML —F—H4 2 >
N7 TS IXNIE Fig. 3.1 (@) & [FAEETH D, HWie 7 = A ML —HF—3EK L —F —
@ Ti: Sapphire L —H#—TbH 1 | K, # 0K UEEEL OOV ARIZZZ 4, 775 nm
(FEAR) . 1kHz KOV 150 fs ThH D, L—HF—H4& I 7 —C# x| HAEEE 100 mm @
HLoZXeMnD 2 e TTiERSR T 7 ARE R Lc MR L To L —3—
D ARy FEEITH 60 pm (L —H —E—ZBRED 1/e®) T—E L Lz, EBRTIX, Fig.
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BLMITRT LT XY AT —VEEET HZ & THENHAR Y &R E~ 1 ET O
BlILZMN B Lz, 72, b—V BRI 12 ERERE TR E I L R ST
WD T AT —HESRET AW TEIEZ, L= —T7r—x 0 2F, 015 7°5H 1.0
Jem? ~E 2 b LT, fBlEEIZ 03 mmis & —EL L, KRB A—1—F v FHix
180 shots &5 5415, L —H—MEZOMEHT, HMEREICHERT 2L EANDDT T
VELZRET Doy ) — N a AW BE T % 5 2T o7z, L—Y—RE %D
FRUEHT SEM 2 X 2 REBIZR 21TV, AR & O IR M O3 2 1E L7,

33 EERERRUBE
3.31 BIEF2UVERUF I DERADEEAMMMEER K

TiO, [E~7 = & b L—HF — DA (775 nm) % FIV T, ##515E % 0.1 mm/sec (A —
X—F » F$ 600 shots) & LT, L—H¥—7/—=x> A% 015, 025, 0.35, 045K
0.55 Jem? ~ZE L S THENAR R &G Lgss bR L=% o Tio, 3 SEM #l
24 % Fig. 3.2 (b). (c). (d). @&KVMHIcENTILRT, /o, L—F—ZHHF L T
W TiO, D 1 SEM 8224 % Fig. 3.2 (@)l 7, Fig. 3.2 10 E M OVREID 7 A)1E L —
P—DRNEE R L TW5D, Fig. 3.2 @IZT~T L o1, L—F =284 L T2 Tio,
FENIZEHIOMREIE D X 5 kil S e olc, L—PF—T7 01—z 2R
0.15J/cm® ® & % | Fig. 3.2 (O)IZR"T & 912 TiIO, DR E RN DB L, L—
P—T )=z A% 0.25 Jem® ~ EHI % & Fig. 3.2 @R L 912 L—P — DR
Eloxt L CREARFAICRANE U, L—P—T L —x 2 28I L 0.35 Jem* ~ &
FElbS L& Fig 32 (IZRT Lo b —HF—DR) E Ik L CERER F AL
A9 2 JE MR ESTERR S e, ZOBROEMIZL —YF—T7 v —x 2D ZE{KIZH
bLTH230nm Tholz, L—W—T /) —x 2 2% 045 )cm? UL E~E#hnsE 5 &,
Fig. 3.2 (@) X OO T L 21T L —F—HEED TiO, B bR Zdu, JE IS & 23
B STz, ZOBROBMILT = 5 MY L—F—Z2 T Ti bR m~Ra L72ERIc
TERk U7 & % LU 600 nm FREETh - 72 39, TiO, A RE S -7, Ti Hfk -
~FEBIE S SRR S iz 2 EAVRIB ST, [FABRICEEARTE (775 nm) % VT,
REIEE 0.5 mm/sec (A —/N—F v 74§ 120 shots) & LT, L —HF—TL—x X%
0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75 %} 0.85 Jicm* ~ZAL S W THEN AR v b &
5l U703 & RS L 721 o Tio, i3 i SEM #1528 % Fig. 3.3 (3). (). (c). (d). (€). (f).
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Fig. 3.2 (a) SEM images of bare TiO, film surface and the TiO, film surface irradiated
at a laser fluence of (b) 0.15, (c) 0.25, (d) 0.35, (e) 0.45, (f) 0.55 J/cm? for scanning
speed of 0.1 mm/s at fundamental wave of 775 nm.

(@K O(h)IZZENEIRT, Fig. 3.3 D E K OVKRAIO FaE L —HF—DfF a7 LT
b, L—HP—7)—xz A8 0.15 Jem* D & X Fig. 3.3 @QIZ/RT X 91T TiO, o m
FARDDENCE L LTz, L—P— T —T 2 X% 0.25 Jem?~ & #0045 & . Fig. 3.3
O ART L= —DFHEITH L CEEZR FAICRAENE L, S HIZL—H—
TN—T 2 AZHNL 0.35 25 055 Jem? ~ & B SH 72 & & Fig. 3.3 (c). (d)& TV e)
IRT DI L= =D E 1%t LTI AR A E A5 5 B SRS 03 %
ST, ZOBOEIZL—F— T —2 AOZLICE D ST 230 nm ThH o 7,
L—HPF—T—x 2 2% 0.65 Jem? LA L~ & B &5 & Fig. 3.3 (). (@)X O(h)IT=
T L —PF—BEHRO TiO, A kRE S, EHIMBMESE SR Sz, 2 OB
O JE T 600 nm FEEE T H o 7o, [AERICHEAR (775 nm) % T 475 35 1.0 mm/sec
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Fig. 3.3 SEM images of the TIOZ film surface irradiated at a laser fluence of (a) 0.15,
(b) 0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning
speed of 0.5 mm/s at fundamental wave of 775 nm.

(A—/3—F » F$ 60 shots) &L, L—H¥—7/L—=x> A% 015, 0.25, 0.35, 0.45,
0.55, 0.65, 0.75 & 1} 0.85 Jicm? ~& B b S THENX AR v M &G L2ass 5 R L=t
O TiO, K i SEM #1244 % Fig. 3.4 (3). (b). (c). (d). (e). (). (K& V()icZzhEh
Y, =P =T —x 273015 Jem* D & & | Fig. 3.4 ()1 & 91T TiO D %
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Fig. 3.4 SEM images of the TiO, film surface irradiated at a laser fluenge of (a) 0.15,
(b) 0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm for scanning
speed of 1.0 mm/s at fundamental wave of 775 nm.

RS DT IICEAL LT, L—HP— T — 2 2 % 0.25 Jem? ~ & H9I4 % & Fig. 3.4
OIZTRT LI —F— DRI EICK L CRE AR FICRENE LT, L—F—T—
T U REHINL 0.35 225 0.65Jem® ~E LS H- & & Fig. 3.4 (¢). (d). (€)X (HIC
AT R —F—DfFN E Tk L TREZRFAISHEZ AT 5 8 SRS 2 R
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N, ZOBOEEITL—F—T7 1 —x= 2 2OZEIZBED ST 230 nm Th o7,
L—HP—T—x 2% 0.75 Jem* DL E~E &85 &, Fig. 3.4 ()X OO RT X
(Z L — =B O Tio, BEABRE Siu. JAMIIMEREE SR S iz, OB
HIEHK 600 nm FREE TH o7z, [FERIZEEA (775 nm) Z W T, 53 2.0 mm/sec
(A== v 7#30 shots) &L, L—H—7/L—=> A% 015, 0.25, 0.35, 0.45,
0.55, 0.65, 0.75 & T} 0.85 Jiem? ~& B b S THENXAR v M &R L72as b R Lzt
D TiO, K3 1f SEM #1£% % Fig. 3.5 (a). (b). (). (d). (e). (. (@LVMh)IcEThTh
RY, =P =T = Z780.15 75 0.25 Jem? D & = | Fig. 3.5 (@K Tb)ICENZE
WRT L DI TIO EORF RN DT ML L, L—PF—T N —x 2% 035 )
5 0.85 Jem* ~ Lt ZAbd % & | Fig. 3.5(c). (d). (&), (). @KLV T L IicLr—H—
O E (oxt U CIREZRFANCIEZ AT 2 B MMHIEE ST R S v ie, Z OB &
F—H =7 =2 ZOEAIZED 575 230 nm Th - 7=,
TIO EA~T = & MY L —H — % &l (388 nm) A MW T. 45 [EE 0.1 mm/sec
(A—,3—F » 7$ 600 shots) & L, L —HF—7/L—x 2 2% 0.15, 0.25, 0.35 } 1} 0.45
Jem? ~EZBAL SHTERAR Y S 2RI LR S MIRE L7k O Tio, KK i SEM #122
%% Fig. 3.6 (b). (). (AL TEIcENZN T, £/, L—F—ZHBEH L T2V TIO,
D #1H SEM #1534 % Fig. 3.6 ()l27”d7, Fig. 3.6 11 E X OMRHIO At L —H—o
FtERLTWD, L—PF—=T)L—x 2 28015 K 10.25)cm’ D & = Fig. 3.6 (b) X%
VITRT & 91T TiO IER A IR OREEN K S iz, M IRAEEO Iz VT,
L—H — DR E Tkt U CIHREL R A & A3 2 E IR BOAEE A R S ivfz, 20
BRoOEBIIL = =T —2 o ZOZKIZEAD TR 130 nm Th o7z, L—H—7
JL—T 2 A% 0.35 Jem® LL B~ EHIN S5 & (Fig. 3.6 ()X VM)A T L oI L—H—
FSHB O TiO, B bRE S, oS R S ic, 2 O, JE IR BIARE 3/ AL
ENeinotz, FERICE &l (388nm) ZHWT, f#51#EE 0.5 mm/sec (4 —/3—
Z v 7#5120shots) & L, L—F—7/L—=x > 2% 0.15. 0.25, 0.35. 0.45, 0.55, 0.65.
0.75 } Tr0.85 Jiem? ~ & L S ETHEN AR v F &SI L72as b S L7-% O Tio, Kk
M SEM #1224 % Fig. 3.7 (). (b). (©). (d). (e). (P. (@M T'(h)iZNEhRT, Fig. 3.7
@. (). ©. d). (). (). @OKTMITRT LT, KRG TIIHE IR IED I
DITERK S VA BRI ORIARE & | ZT AL S 4172 0~ o 7o, [RIERICER i i (388 nm) & VT,
FRF1EE 1.0 mmisec (A —/X—F v 7 60shots) & L, L—H—7/L—x 2 A% 0.15,
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Fig. 3.5 SEM images of the TiO, film surface irradiated at a laser fluence of (a) 0.15,
(b) 0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning
speed of 2.0 mm/s at fundamental wave of 775 nm.

0.25, 0.35, 0.45, 0.55, 0.65. 0.75 }% (X 0.85 Jem’ ~& b S & THEXAKR v h &7
L7273 BRST L 72#% o TiO, iz i SEM #8138 % Fig. 3.8 (3). (b). (c). (d). (e). (). (9)
Fig. 3.8 (3). (b). (). (d). (&), (). (@K T=T LI

AR TS FIRIEIE DS R S AU RO & L TP R S e dn o o, [RIARIS
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Fig. 3.6 (a) SEM images of bare TiO, film surface and the TiO, film surface irradiated
at a laser fluence of (b) 0.15, (c) 0.25, (d) 0.35 and (e) 0.45 J/cm? for scanning speed of
0.1 mm/s at second harmonic wave of 388 nm.

o maanE (388 nm) Z VT, fma i 2.0 mmisec (A —/N—F » 7%k 30 shots) &
L., L—#—=7/L—x 2% 015, 0.25, 0.35, 045, 0.55, 0.65, 0.75 &} 0.85 Jcm’
NEFESHTEAEAR Y FERT LN LIRE LZ% o Tio, lEm SEM #2244
Fig. 3.9 (8). (b). (). (d). (e). (M. (@)K (NITENEIRT, Fig.3.9 (). (b). (c). (d).
. (. @KLVMITTT L IIT, AT TIIEE IR 23 AL S 4R S
LT S EY A RV A/

TIO EA~T = & MNP L — P — D% =@Fis (258 nm) z T, w58 0.1 mm/sec

(A—"—F » F$ 600 shots) & L, L—H#—7/L—x> 2% 0.05, 0.06, 0.08 }21*0.10
Jem? ~ L L SETENEAR » MERFSI L2 SRS L% 0 Tio, I SEM #142
%% Fig. 3.10 (). (c). ()X (e)IcENZFhrT, £/o, L—F—ZRH L TWRWVTIO,
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Fig. 3.7 SEM images of the TiO, film surface irradiated at a laser fluence of (a) 0.15,
(b) 0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning
speed of 0.5 mm/s at second harmonic wave of 388 nm.

LD Z i SEM #8224 % Fig. 3. 10 (a)iZ7~ 7, Fig. 3.10 (b). (c). (d)X N(e)Zr7 &L 912,
AR TIE TiO, BER NSRRGSR S U722y, B K OV sl TR S
7o &9 7R A MRS & TR S V7R o 7o, [AIRRICEE =@l (258 nm) & VW T,
#5105 mm/sec (A—/3—F v 7% 120 shots) & L, L—H—7 /L—x > X% 0.05,

T 10k : v
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Fig. 3.8 SEM images of the TiO, film surface irradiated at a laser fluence of (a) 0.15,
(b) 0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning
speed of 1.0 mm/s at second harmonic wave of 388 nm.

0.06.,0.08 }2 1}0.10 Jiem® ~& ZA{b S B THEN AR v &S| L7 5 IS L2 % O Tio,
fEi i SEM #1244 % Fig. 3.11 (3). (b). (€)% OY(d)IcFh 2T, Fig. 3.11(). (b). ()
KON ART X 21T, AREMH T TIO EREIZ L —Y— DRIt E (25 L CTEE R 51
(BN U Tl & DS TR S 728 . BRI A IR TGIIR S 1 3O R S I 7rin o T,
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Fig. 3.9 SEM images of the TiO, film surface irradiated at a laser fluence of (a) 0.15,
(b) 0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning

speed of 2.0 mm/s at second harmonic wave of 388 nm.
[FIRRIZ 55 = =iz (258 nm) & MV C L i 5 R EE 1.0 mmisec (4—~3—F » 7§ 60 shots)
L, b—H#—=7/—x > 2% 005, 0.06, 0.08 U 0.10 Jem’ ~& ZfL S THEILA
Ry b 2ARG LA 5 R L7210 Tio, 1 SEM #l%4% % Fig. 3.12 (a). (b). (c)M
C()IZZNEHURT, Fig. 3.12 (@), (b). (XL TANIRT L D12, AREMHETILTIONEE
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Fig. 3.10 (a) SEM images of bare TiO, film surface and the TiO, film surface
irradiated at a laser fluence of (b) 0.05, (c) 0.06, (d) 0.08 and (e) 0.10 J/cm? for scanning
speed of 0.1 mm/s at third harmonic wave of 258 nm.

M L —H— DR E 2% U CERE 2 G NS BRN A UGS S TR S 7228, 8
HIF AR S TE R S e o 7o, RERICE @il (258 nm) Z W T, ol e
2.0 mm/sec (A —/N—F 7 ¥ 30shots) & L, L—H—7)L—=x> X% 0.05, 0.06, 0.08
J OV 0.0 Jem® ~E B LS THEILEAR Y R a5 Le 2 SIS L7tk o Tio, I
SEM #1224 % Fig. 3.13 (a). (b). ()& UN(d)Ic=hZhid, Fig.3.13 (a). (b). (c)& UY(d)
(TR L DIT, ARMECE N TS TIO BERE I L—H — DR E 2k L THEEZR T
(ZEBRDVE C T MREE S TR S T2 23 T IO & X BRI S TR S LR o T2,
INODORENE Bo@mill 2 W ega . BRI IE L Tio, I L~BHEIC T
ENRNZ ERbhrol,
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Fig. 3.11 SEM images of the TiO, film surface irradiated at a laser fluence of (a) 0.05,
(b) 0.06, (c) 0.08 and (d) 0.10 J/cm? for scanning speed of 0.5 mm/s at third harmonic
wave of 258 nm.
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Fig. 3.12 SEM images of the TiO, film surface irradiated at a laser fluence of (a) 0.05,
(b) 0.06, (c) 0.08 and (d) 0.10 J/cm? for scanning speed of 1.0 mm/s at third harmonic
wave of 258 nm.

50



"u i’rﬁssm

Fig. 3.13 SEM images of the TiO, film surface |rrad|ated at a laser fluence of (a) 0.05,
(b) 0.06, (c) 0.08 and (d) 0.10 J/cm? for scanning speed of 0.5 mm/s at third harmonic
wave of 258 nm.

EFRITR L7 TiO, IR MmN HAYE . 25 @il K O =@~ e B fhs g7 =
L RFP L — — % B U7 SEBRAE 0N B | TiO, MR2% 1 & B S O BORAR 185 23 T il T RE 72 55
%% L W7-27F 7 % Fig. 3.14 |27+, Fig. 3.14 OFfllI L — Y — 7 —x o & fitdil
IEHRBRIEEE 2 £ LT\ 5, Fig. 3.14 oMM K ONY TR LIEON, ENEIVHEAR &
OV R CRRST L7 IS A MRS SR S = Sefth 2R LT B, AR

(775 nm) % AW 7=84 . Fig. 3.14 O TRLTWD X212, fgdE 2 mm/s (F—
N—F o 7 30 shots) . L—HF—T7L—x 2 2 0.35 705 0.85 Jcm? DRFIZ L —HF — DI
YTt UCHRE R T IS 4 A9 2 B RGRE N T S e, 2O, Bk Shlz
AN 230 nm TH o712, W@EIHEEE 2205 0.1 mmis ~ LD (F—n—TF v THKE
30 7» 5 600 shots ~ & H4N) 3% &, JEHIKI 230 nm o JE IR THIAE IS 12T RL S 412 23,
B Enb L—Y =7 )—x o ZOFPHIE L 72 o 7o, JEHIRIBHIREE S ER S D /3
WAL, LD SV AR SN D Z L TREIRELE LS &R 37w, A—~—
T FHAENT 5 LR L —F — T L—x o 2 TO L JE B SHIRSE N TR S 5
ZEMRME T, B miRE (388 nm) A H\W2IEA . Fig.3.14 DY TRLTND
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Fig. 3.14 Condition of periodic structures formation on TiO, film with femtosecond
laser.
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FIX775 nm THLZ LD KT RLF—131.6 eV TH D, FEAWN THRE LIGE.
Fig. 3.15 T/RL7Z L D IC—H T TIEE I SV, mWERBE DTS
FT7awARNELD Z EICL > TRINEN D ATREM RSB 5 D, L LA b, & &l
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Fig. 3.15 Multi photon process of TiO, film with femtosecond laser.
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EFRICIR 72 TiO, A~ EHR BRI E Rk O briig & LC, M Ti RIS LT =
LML= =AW (775nm) ZHAWT, #@51EEE 0.1 mmisec (A —/3—F v 7 ¥
600 shots) & LT, L—#—7L—x> 2% 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75
J O 0.85 Jem® ~ELSETHENAR Y hERLHI LN LB L-%o Ti EhEm
SEM #1224 % Fig. 3.16 (b). (c). (d). (e). (A. (@). (NEV(G)EnZIrd, £,
L—H—Z I LT 720 Ti ZEEm SEM #1438 % Fig. 3.16 (a)l27~ 97, Fig. 3.16 D
E X OVKHIOF BT L —Y—DREE R L TW5D, Fig. 3.16 @IZrRT L oI, L—HF—
A BRI LTy Ti AR SR SR BRI 1 o0 L 5 ATl S e h o T,
L—H—T—x X% 0.15 /5 0.75 Jem? &L L &H 5 & | Fig. 3.16 (b). (). (d). (e).
M. @K MIZENEIRT L DI Ti B~ —HF— DRk Elxt L CTEEZRFIC
% A9 2 )8 HIRIEIREE DS TR S v, TERL S AU72 JE 113D 300 725 600 nm Tdh -
2o ZOBEEAEDS 200 725 500 nm F2EE OO 25 J& HIRO GG b~ 4735 L T,
L—H—T7b—x 2 Z7 0.85 Jem? D & & Fig. 3.16 ()23 & 9 1 & B 15 25 By
AU, PIREE DTERL S V7o, [RERICIEADE (775 nm) ZHW T, R51E#E 0.5 mm/sec

(A—/3—F » F$ 120 shots) & LT, L—H#—7/L—xz > 2% 0.15, 0.25, 0.35, 0.45,
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Fig. 3.16 (a) SEM images of bare Ti plate surface and the Ti plate surface irradiated at a
laser fluence of (b) 0.15, (c) 0.25, (d) 0.35, (e) 0.45, (f) 0.55, (g) 0.65, (h) 0.75 and (i)
0.85 J/cm? for scanning speed of 0.1 mm/s at fundamental wave of 775 nm.
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Fig. 3.17 SEM images of the Ti plate surface irradiated at a laser fluence of (a) 0.15, (b)
0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning speed
of 0.5 mm/s at fundamental wave of 775 nm.

0.55, 0.65, 0.75 & 1} 0.85 Jiem? ~Z b S THENAR v M EIFF| L7223 5 RH Lo
Ti JEAER I SEM #1224 % Fig. 3.17 @), (D). (). (d). (6). (). @K VM)IZZn iR
7, Fig. 3.17 F 0 E K OVRAIO Fii L —H —DfEtEr L Tnb, L—F—7 /1 —=
VA% 0.5 /05 0.85 Jem? ~ L B S H7- L & Fig. 3.17 (@). (b). (c). (d). (e). (P.
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Fig. 3.18 SEM images of the Ti plate surface irradiated at a Iaser fluence of (a) 0.15, (b)

0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning speed
of 1.0 mm/s at fundamental wave of 775 nm.

@KL MR T LY IZ L —F—DR)E E (Zxf L CHRE AR S M2 A9 2 J8 s
REEDNTER S vz, TERL S U= A4 600 nm Th - 7=, [AIEEIZIEA (775 nm) %
FAWT, fF51#E 1.0 mm/sec (A —/X—F v 7% 60 shots) & LT, L—H—7)L—=

v %% 015, 025, 0.35, 0.45, 055, 0.65. 0.75 T} 0.85 Jem? ~Z{k & THEI AR
v DRG] L7s b B U7 % o Ti kA SEM 81244 % Fig. 3.18 (3). (b). (¢). (d).
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0.35, 0.45, 0.55, 0.65 &} 0.75 Jem? ~E{L S THEN AR > R &FRII L7ed & Bk L
=% 0 Ti HAFem SEM 81224 % Fig. 3.20 (b). (c). (d). (e). (. (@)K (h)iZFhFhn
AT, Fio, b—F—E B LT e Ti A T SEM #1534 % Fig. 3.20 ()12,
L—HP—T—x 2 28 0.15 K1 0.2 5 Jem® D & & | Fig. 3.20 (b) X X)) IRmT X 91z
L—H —D R E Tkt U CIRE R IMICHE A2 A 3 2 RSS2 R S vz, L
L7223 6, A IO & X CTidze < ARG & L IZ B 200 225 500 nm
R ORI 305 LTz, RS2 BHIEH 230 nm Th -7, L—HF—T7 1 —
T2 AN 0.35)em? O & x| Fig. 3.20 ()R & 9 IC L— =D E 12k L CEE R

(I &G A MM S SR S e, 2 ORE, B E Eici3eE s
DOIRIF-NEEEE L7 & 9 ZRRBE TS LTz, L—Y— 7 L—mx 2 AN 0.45 Jlem? LA
Eo L= Fig. 3.20 (e). (f). (@)K C(h)ITRT & 5 I EIIRMAIARE O RIIBIZE S
TR TGRS LT L O IREED BB ST, [RIBRIZEE & (388 nm) &
WC, 5 0.5 mmisec (A —/N—F v 7 ¥ 120shots) & LT, L—H—T7)L—x
A% 0.15, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75 }2 1} 0.85 Jem? ~ZEfb S H THENL AR v
b ZAmgl L7y b RRE Lo oo Ti itk SEM #1534 % Fig. 3.21 (). (b). (c). (d).
(). M. QXVMnOIZZENZRT, Fig. 3.21 11D E HOVEREID FAE L —HF —DRE

57



-~ 2 4
) . 1 A ] y .. |
. ~ g B 8 )
. 3 3 Y x J S 3 -
: 4 ' 3 . N
% &F 3 » i
. \ " a - < -
3 R - -
. . - )™ |
. - 4 _ e
\ - ! % »
7L Uf SO0 s Wl 14 ] I ( \ LS J ﬁm -, reiatl =] S8 JRICK

¥

Fig. 3.19 SEM images of the T| plate surface irradiated at a laser fluence of (a) 0 15, (b)
0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning speed
of 2.0 mm/s at fundamental wave of 775 nm.

ZRLTWS, L—HF—T7/—x2 2 ZHR0.15 75 0.35 Jem? D & % Fig. 3.21 (a). (b)
LOCIZENENRT LI L —HF =Dk E (T L CTERERGMIIIEEZ AT 2 6 H
OIS SR S vz, TR S L7 B 230 nm Th 7=, L—HF—T7 1—x
AN 045 Jem? O & x| Fig. 3.21 (AR & 9 1 JH HIROBRIAE S O R X B S g
Mofz, L—HP—T)L—xz o 2 055)cm? LI Ed & & Fig.3.21 (). (). (9)%V(h)
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Fig. 3.20 (a) SEM images of bare Ti plate surface and the Ti plate surface irradiated at a

laser fluence of (b) 0.15, (c) 0.25, (d) 0.35, (e) 0.45, (f) 0.55, (g) 0.65 and (h) 0.75 J/cm?
for scanning speed of 0.1 mm/s at second harmonic wave of 388 nm.

WCZENZIRT L O A BIABHIE S TR S EEH D & O SRR TR S
7o [RERIZEE @R (388 nm) % AW T, #m5 i 1.0 mmisec (A —/—F v 745 60
shots) & LT, L—#—7/—x > 2% 015, 0.25, 0.35, 0.45, 0.55, 0.65, 0.75 K
0.85 Jem? ~E{L S THEIAMR » FEFRGI L72gd & BS L7=% o Ti Sk SEM %l
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Fig. 3.21 SEM images of the Ti plate surface irradiated at a laser fluence of (a) 0.15, (b)
0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning speed
of 0.5 mm/s at second harmonic wave of 388 nm.

248 % Fig. 3.22 (a). (b). (©). (d). (e). (. (M (hiZETh L "7, Fig.3.22 1D E
B ORI H E v —F =D %2R L TND, L—F—T L—2 2 273015 725 0.35
Jem® D & % | Fig.3.22 (@), (D)L VQICZENZINRT LI L —F—DRIEEICH LT
B2 AN 2 AT 2 AR E S A S e, FERL S U7 B #1349 230 nm ©
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Fig. 3.22 SEM images of the Ti plate surface irradiated at a laser fluence of (a) 0.15, (b)
0.25, (c) 0.35, (d) 0.45, (e) 0.55, (f) 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning speed
of 1.0 mm/s at second harmonic wave of 388 nm.

Hote, L—P =T —2 2 ZAH 045 )cm’ LL D & & Fig. 3.22(d). (e). (). (@&
(MZZENZIURT X O JE IS S TR S Lo 7o, [RIRRICES sl (388
nm) %MW, fRolEE 2.0 mmisec (A —/3N—F » 7 #30shots) & LT, L—H—7
JL—T A% 015, 0.25, 0.35, 045, 055, 0.65, 0.75 U} 0.85 Jem® ~ZE{k & H T
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Fig. 3.23 SEM images of the Ti plate surface irradiated at a laser fluence of (a) 0.15, (b)
0.25, (c) 0.35, (d) 0.45, (e) 0.55, () 0.65, (g) 0.75 and (h) 0.85 J/cm? for scanning speed
of 2.0 mm/s at second harmonic wave of 388 nm.

JAR Y N afmol L72ess 6 S L=t oo Ti kg i SEM #1234 % Fig. 3.23 (). (b). (¢).
d. (). (. @ERMhIZFNZFI T, Fig.3.23 11D E ROKRHEIOF T L —H—D
FhZERL TS, L—F—T/L—x Z780.15 75 0.45 Jem* D & = Fig. 3.23 (a).
(). LVAIZENZILURT LI L —F—DR) E ok L CREZRFAICIEEZGT
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HIPARAREE | TR S L7 o T,
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KO 0.10 Jem® ~ L ZB{L S ETHEHEAR v M &G Lt b S Lictho Ti ki
SEM #1524 % Fig. 3.24 (b). (c). (d). @& UVRIicENEIVRT, £z, L—HF—% M
LTV Ti Eefi i SEM #1224 % Fig. 3.24 (Q)I2~d, L—¥'— 7 )L—x 2 A 0.03
Jem? D & & | Fig. 3.24 (D)ITRT X 212 L —F =D E WSk L CRE ARG AICHELZ A
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Fig. 3.24 (a) SEM images of bare Ti plate surface and the Ti plate surface irradiated at a
laser fluence of (b) 0.03, (c) 0.05, (d) 0.06, (e) 0.08 and (f) 0.10 J/cm? for scanning
speed of 0.1 mm/s at third harmonic wave of 258 nm.
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7% 300 shots) & L., L—#F—7/L—x > 2% 003, 005, 0.06, 0.08 % r0.10 Jcm?
NEBESETERAR Y Mg LR OB Lzgo Ti Skim SEM Bl
Fig. 3.25 (a). (b). (c). K& V(e)IcENZEFhrT, L—HF =T/ —x2 2 2% 0.03 75 0.10
Jem? ~E BN L7 & &, Fig. 3.25(a). (b). (K AITRT LI ICL—F—DRKE I
xf U CHRE R TN 2 A 2 WM E S AL S v7c, TERR S AL72 B34 170
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Fig. 3.25 SEM images of the Ti plate surface irradiated at a laser fluence of (a) 0.03, (b)
0.05, (c) 0.06, (d) 0.08 and (e) 0.10 J/cm? for scanning speed of 0.2 mm/s at third
harmonic wave of 258 nm.
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S5« ¥ 150 shots) & L. L —HF—7/L—= > 2% 0.03. 0.05. 0.06. 0.08 & X 0.10 J/cm?
~NEBSHTENRAR Y NI LR OIS L% Ti EkZFEm SEM Bl&5%
Fig. 3.26 (a). (b). (¢). ()& (e)IzZ N TivrT, L—HF —T7/L—x 1 X% 0.03 2> 0.08
Jem? ~ LN L 7= & & | Fig. 3.26 (3). (b). ()X NIRRT X 2L —F—DIFIE I
st U CHEEL 7 7 N 2 A 3 2 A IR AR S i, TERR S v 7= J8 9113560 170
nm Cohol, L—HP—7—x2 2 A8 0.10 em? D & | JHHARMHIRESE Sk S e
Motz FEREICE =Mk (258 nm) %AW C. fF51E#E 0.5 mm/isec (A —"—F v
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Fig. 3.26 SEM images of the T| plate surface irradiated at a laser fluence of (a) 0.03, (b)
0.05, (c) 0.06, (d) 0.08 and (e) 0.10 J/cm? for scanning speed of 0.4 mm/s at third
harmonic wave of 258 nm.
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Fig. 3.27 SEM images of the Ti plate surface irradiated at a laser fluence of (a) 0.08 and
(b) 0.10 J/cm? for scanning speed of 0.5 mm/s at third harmonic wave of 258 nm.
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Fig. 3.28 Condition of periodic structures formation on Ti plate with femtosecond laser.
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Fig. 3.29 Variation of period of periodic structures on TiO, film and Ti plate as a
functional of wavelength of femtosecond laser.
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Fig. 3.30 Process of periodic structures formation on TiO, film by expiation of SPP:
(a) electron excitation by multi photon process (b) creation of high density of electron
layers and expiation of SPP and (c) periodic structures formation.
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Fig. 3.31 Variation of period and real part of dielectric constant of high density of
electron layers on TiO, film as a functional of electron density.
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Fig. 4.1 Schematic illustration for improving bioactivity of titanate nanomesh coated
Ti-based BMGs by microstructures formation: (a) before treatment, (b) microstructures
formation on the Ti-based BMGs, (c) after hydrothermal-electrochemical treatment, (d)
after SBF immersion test.
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Fig. 4.2 Experimental setup and method for periodic microstructures formation by
femtosecond laser irradiation: (a) experimental set up and (b) experimental method.
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Fig. 4.3 Experimental setup for hydrothermal electrochemical treatment.
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Fig. 4.4 XRD patterns of the Ti-based BMG surface: (a) no laser irradiation (0 J/cm?) and
(b) femtosecond laser irradiation area at the laser fluence of 1.0 J/cm?.
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Fig. 4.5 SEM images of the Ti-based BMG surface: (a) no laser irradiation (0 J/cm?),
(b) femtosecond laser irradiation area at the laser fluence of 0.15, (c) 0.5 and (d) 1.0
Jlem? for scanning speed of 1 mm/s and hatching distance of 20 pm.
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Fig. 4.6 SEM images of the Ti-based BMG surface after hydrothermal -electrochemical
treatment: (a) no laser irradiation (0 J/cm?), (b) femtosecond laser irradiation area at the
laser fluence of 0.15 J/cm?, (c) 0.5 J/cm? and (d) 1.0 J/cm?
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Fig. 4.7 High magnification SEM images of the Ti-based BMG surface after
hydrothermal - electrochemical treatment: (a) no laser irradiation (0 Jcm?), (b)
femtosecond laser irradiation area at the laser fluence of 0.15 J/cm?, (c) 0.5 J/cm? and

(d) 1.0 J/cm?.
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Fig. 4.8 SEM images of the titanate nanomesh coated Ti-based BMG surface after SBF
immersion test for 12 days: (a) no laser irradiation (0 J/cm?), (b) femtosecond laser
irradiation area at the laser fluence of 0.15 J/cm?, (c) 0.5 J/cm? and (d) 1.0 J/cm?.
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Fig. 4.9 XRD patterns of the titanate nanomesh coated Ti-based BMG surface after
SBF immersion test for 12 days: (a) no laser irradiation (0 J/cm?), (b) femtosecond
laser irradiation area at the laser fluence of 0.15 J/cm?, (c) 0.5 J/cm? and (d) 1.0 J/cm?.
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Fig. 5.1 (a) Schematic diagram of the experimental setup for femtosecond laser irradiation

and (b) scanning direction of the femtosecond laser focusing spot.
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Fig. 5.2 Definition of the angle & between the direction of cell spreading and axis (x)
perpendicular to the direction of the grooves.
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Fig. 5.3 (a) Optical image of the film after femtosecond laser irradiation. (b) SEM images

of bare film surface and (d) film with periodic nanostructures. Low magnification SEM
images of (b) and (d) are shown in (c) and (e), respectively.
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Fig. 54 (a) AFM image of the film surface without and (b) with the periodic
nanostructures.
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Fig. 5.5 The percentage of cells with good attachments to a film without and with periodic
nanostructures.
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Direction
of grooves
Fig. 5.6 (a) Fluorescence microscope images after the cell test on a film surface without

the periodic nanostructures and (b) a film surface with the periodic nanostructures. Arrows
indicate the direction of grooves in the periodic nanostructures.
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Fig. 5.7 SEM images of TiO, film surface after femtosecond laser irradiation: (a) at
1044 nm, (b) 775 nm and (c) 388nm. (d) SEM image of bare TiO, film surface.

mm OHFPHE T SN T\, £7o, R 1044, 775 & 18388 nm TS L 72ERIZ
TR S A7 B INIEZ 4240 350, 230 N 130nm TH Y | 5 3 BT L7 IR Oy
IRk A & 7o Tz,

JE 451 130, 230 M Uf 350 nm O JE BRI 1E 2 AR L 7= SR 36 1 2 Al ekl i o> st
JCTEPS SR % Fig. 5.8 (a). (D)X NOIZFNZEIURT, 7o, g LTL—¥—% ]

o,
»

Direction of = #
grooves

Fig. 5.8 Fluorescence microscope images of TiO, film surface after cell test: (a) at
laser irradiated area on 1044 nm, (b) 775 nm and (c) 388nm. (d) Fluorescence
microscope image of bare TiO, film surface.
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Fig. 5.9 Percentage of number of cells on bare TiO, film surface as a functional
of angle 0 between the direction of cell spreading and perpendicular to grooves
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Fig. 5.10 Percentage of number of cells on periodic nanostructures surface with
period of 130 nm as a functional of angle 6 between the direction of cell spreading
and perpendicular to grooves
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Fig. 5.11 Percentage of number of cells on periodic nanostructures surface with

period of 230 nm as a functional of angle 6 between the direction of cell spreading
and perpendicular to grooves
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Fig. 5.12 Percentage of number of cells on periodic nanostructures surface with

period of 350 nm as a functional of angle 6 between the direction of cell spreading
and perpendicular to grooves
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