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u = ¢ (e + Pee + yeee +- -*) (2-1)
P=¢,(x"E+ x”EE + yEEE +--*) (2-2)

CIT. EIEEFOFEER., aldBEIFolBE, SRV Y IZERES
FOMETH D, xORIHBERERZE, x® 22)InROFEREERZETH
0o X® (22)2FVLHZnROIERESMBPO L MR, FEHREREZRIIKE
REZRICHANREBICNIVED, BEOHRN R TCEIRREOEEIZIZ
EAERRW, L LRSSV —PYHRDLSmBRICNLTE. LRXDA
AE2HEUBENEEATCEZRI D, PLEOBRMIERE L RS, D& D
BRO2E, IRICHHILEFERESBEIEL 2, PLEEIRY MVTH D
PS5 XOXMDBEDO T VN ERDIYMEDOR S EREF D, RE-2)DE2IHLL
P28 ZEE, EEEXFRI LRSS CRIL L TH DD, BERZEEME R ONK
DHENVE =T PRBETHADLVEAKROBROAREFHAABR)TH>TH
YA

X DIFRAFIE. ARIERIEAEMR & F W = ZIROIEFIE A FhRICE
T2HDTHDHDT, UTFTEZROIEBIEAMPO IZDONWTEEIRT %o ZIRDIE
M MOIE 2 HHEICHAT 2, ARBERWw RTw,0 DDA E2PEIC
BT 2L, ZDODABKED S w,cw +w )DOXENHET 2, MHANEE
BRDLEABBONDPRET D, ISITHKVEBEEBOBREAEROMEEH
CBEHZNE, ERICHHILT. WEOEITEREEZFIERI T, JhidFy
TNWAMREBEEINDHDTH 50 w,DHFEDFHET 2HAED _ROIEBEE
Y FWVDi 5 P (w,)id. B R FEESHG; 0w, =0 +o =20)DIFA,

1
P (2w) =3 & ), X (-20w,0)E (0)E, () (2-3)

DEEHESh. xP O Iz ZRIER 2R,
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1
dy =3 X (2030,0) @4

ERVZONEBTH B, Z0d, 13, WHEOSHCRHE#MET 2 EEREHTH
Bo F1. SROIBILAME P ¥ ASEARERE° OBRIZRR TR EN D,

( E(@) )
E (@)’
(Q(2w)\ {dn d12 d13 d14 d15 d16\ E(w)Z
F,2w) J=eotd21 dy dy dy dy d J T
PZ(Z(U) d31 d32 d33 d34 dss d36 2E (a))E (w)
2E, (@)E, (@)

RO N ZEB@EB) DML R RE, HEROMIMEIC L >TZDOT
RV DEIELE 6D <70 B, £-8/dT 2V IVEARI OB SEH/NX
CEMRTEIRSTEH D, R25HD—BARIIP RO BHEILINBZBEEHE N,

2-2-2 FERMEHEDPORBEEREFE _SHBERE

AETIE, EREEEPEERT 2 HIC K 2 E B KR LESHGIZ D
WTREE T 2. ERMEHEEAPERINICHAEHESBHEE 0=0)T. /54D
FEEREEPZRET 2 L. EREIEBE ST Maxwelld H R 51 R K
DEEBFTREAZE/DLILNTE D,

(2-6)

AE-6)k. BRI RHIRGOHEP, 2B HEB AR TH 2. u, el
HZEDEME, MEOEEXTH 2. FRESBP, PABREDES - %

-13-



250, HLAOFREABE L RH IR ENFT - 2N BEORBERE 12 5
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HBE IQw)IRAD L S>ickxh 3,

2 02
(62(0) w2d2E4L2 Sin (AkL /2) (2_7)
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I(2w)=5 _—0 0 (AkL/Z)Z

T, EANERKEORIB., LIIEHE. Ak(=Fk,, -2k )ITEXKE L E

ABEDRBDEERT . > T, AR LSHEDORKEIC N T 2 RIF=%
PLd B BAWED SSHEAOSHGE )

nw =(£w /80)1/2’ nZw = (820) /80)

Bl E. RADLS>ITh 3,

3

12w [, 2 w2d?]? sin*(ARL /2)
O T v s (e 2y | o)
X (2-8)h 5 SHGE #5h K %,
d2
(2-9)
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Cd. COF, EMEDE/LLICN L THET ZSHE D E 1T
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THERZV FUVIEAOMNBBEEEZTS>EHIC. FxL a7 HHE
B RO BES R Y OERKEAVWEAEIA VLN TV S,

()F = b >3 7 B R AH B 5 5 (Cerenkov radiation phase-matching)!!*~!”!
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Fig.2-1 Schematic diagram of Cerenkov-type phase matched SHG.
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EREDPEBE 2 EHT 2 201,
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(2)%BE LU #H #8 5 ¥ (Quasi phase-matching: QPM) [18-2%]
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Fig.2-2 SH conversion efficiency in quasi-phase matching (QPM)
medium, and schematic of QPM structures compared with
cases of phase-matched and non-phase-matched.
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Fig.3-3 Schematic diagram of experimental setup for measurement of rotational Maker-Fringe.
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FAE 7V RARFNEREE ) 7 BERED IR N R
§4-1 #8

ARETIE, KBNS R EWETH DN NERANT, 7 VRERERML
ERBRERHEEOIBEAZEMEI OV T 2, ) iy M —2 iz 3k
LD F 2B BEICHNT 28Ik D IR EEBEHAX &, B8 - BN
CRERIFRHE 2 BEIE 2, LT, 4281 TIE T REMIERTE e
PIEIZDOWTERR L. 43EITIEYIV-TIViER BV G RRIE R A O /R
FREAERHEB L OB F & — LBENC & 2 I 1 L Cacikd %,

84-2 FYREHEBEREMHOMM

AWFTHER U= BRI it 7V RBFETH DDisperse  Red 1
DR1(Aldrich34,420-6)F & U“(S-Nitrothiazolyl-2-azo-[2’-methyl-4’—{N-ethyl-N-(2-
hydroxyethyl)}-aminobenzene]; TA)D “fEEDEETH 3, FEEDMHEER £ Fig4-
HUIRY,

(a) Disperse Red 1; DR1

CH,
N
jN—O-NZN—(}NOZ
HO/_/ i

(b) Thiazole Azo; TA

Fig.4-1 Structual formula of azo-type nonlinear optical materials.
(a) Disperse Red 1; DR1 (b) Thiazole Azo; TA.
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THBIEREATR ORI Z X2 MV ORIZIZ . B EET Y ) —)VE R,
SIYERE R Hitachi  U-2000)% FIWCHIE 2T 550 @EDANT 42 - VN V2
b DHRIFEIZIIDSC (Differential Scanning Calorimeter: R E BB 2 AV, &
ABHIRE UTNA:YAG L —H(1064nm)% FI W 7= 1B ThZ2hoERITFHRK
WER(S320m)IC K ERIRINAEEST 20 2 D=0, HISTHIRIC BT 22RDEHF
BRI 21T 5 BEDDH 3, KFETIL. PPP-MOA 2 AW T IR S IS(= 3
BBIRS320m)IZ B 2 2R D5 T HBERDEHE % 471 304 L7o Table 4-112%&
BRODFEM, . BINE =Y FERA,,  BIH Y N T7WEA, . TR
e, ANVF 42 TRL LT, 2RDBEHFHBEB & RT

Table 4-1. Typical characteristics of azo-type nonlinear chromophores.

Disperse Red 1 (DR1) Thiazole Azo (TA)

Molecular weight ; M, 314.34 335.38
Peak absorption wavelength; A, 481 nm 590 nm
Cutoff absorption wavelength; /lw,oﬂ 628 nm 700 nm

Molar absorption coefficient; & 3.03x10%dm > mol " em™  2.53 x10*dm *mol ™ em ™
(at peak wavelength)

Melting point; T, 142°C 147°C

2nd-order hyperpolarizability; B 230x10™* esu 363 x10™ esu
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2ROBAFABEBIE. 7L INBRTCHDEDERORSEET 2, D
D, EDTF U VIVESDIERIEHRICEFST 200, AFREORNIME LT
<o AT, FMRERIK S FHUEEMOPAC; Ver 6.0, PM3) % B W\ TIERRTE
FME OB FE— A2 b BL2ROESFABELDT > VIS DEES
1To7z0 GHHEZITSBIC. Keywordd U CPRESIZE(UHRHIE R 2B L < T 2),
XYZ(XYZEEAZ R Z TV CEHE 2 %), VECTORS (B E A~ 7 b VD LR,
BONDS (&4 45 & IR¥AT5I D H#7), POLAR(1IKR, 23K, 3RDOSIBROEE)Z
%Zo MOPACTEIHI N 2 MNMBFE— AL P BLOBMERIL. B2z Bl 3
AR 0=0)IINT3HEL LTEBEIN TS, DRITAL b 1- UEFE— 2
Y FDHMET €75 THB-NO»S FF—CTHB-NRROBFETH b . Wi
FE—AL PDKREXIL, DR1T7.9Debye, TATS8.1Debye L EHE I N /=, 2RD
BT ABELDRRKEMNEL,. THDH. WEFE—AL POBAE —B LT
b0 RBFE—AL FHHAKADB_ DKE XL, Z 1 ZHNDRIT33.0 x10%su.
TAT49.0x10%esuTdH b TADH H1.48{5%, 2IMDBHFAHERH K = N EEE L
Bl T, TADR Y — 7 WEIFEHREMIZS 7 F LTW3MN, DRIE
5 B R FRIH(400nm AT #5)I2 K FRIRINHEZE LT\ 255, TADISE . BAEE
T BN TIRID BN L. RIAEEICDRVWED, HESH L 25 @
Te—L 2 MERAOMEE LToIASEIRTx 2,



8§43 7YVGKRBMBREGMS V) hEE

4-3-1 V)V-TIVEIC & 2 RIS U h BEE D ERE Y

INV-TVEIEEBOBEHS & BRGSO ED B R L. BRF Tl
BYONKGE - EGIIL->CHHlE2 BRI T2 KR D HOkLF DS VA
LieVIVe L, I5ICRIGEEEETY L L. ERSNEZIEDT ) %N
LUCHRE, HS R, SREEREERT 2 5% TH 2. #o7C. HRIE W VAR
2 DMEPRIG TR L WA RIS T H T EI T 3 = LIFEIRET H B,
RAFEIZBNT, INVTNEOHFERP S EN 2WEIZRDED TH 2.

M) BE7NVIFT K (S(OC,H,),) (BRI & 9 2B A)

@K H,0) (MoK fEF)
(3) &% (C,H,OH, (CH,),NCHO) FIEBWREER)
@ B H) (SR E )

(5) FHIERIE 62418 (DR1, TA) (QIRDIERRIA)

VAP NVIAXS RTHBEF ST rFL LS ~(Si(OC,H,),; TEOS) % F\\
EBE. VIV-TVEICBI 2RIGIERO L S I2FbN 5. Bole . TH =)
(CH,OH)ZEH & UCTEOS Lk 2R A L., fillit ¢ 5 LIRMHCYEMZ 2, 7)
AFY RIKBE-TIVI— )V OERBERE R LTTI %S R DIk R & B
BxiTb¥ 3L, BRBAYOK FHER L CEBIZI N E R D, Bt b e ds &
ERDEE TN ERD, F RS hFL LS > OHKARIRATREI NS,

nSi(OC,H,), + 4#H,0 — nSi(OH), + 4n C,H,OH (4-1)
L= Si(OH), ZRISHICER, RORKRDL S ICEELT=S; -0-Si =DDk
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Do 7= Si0, Btk & 72 2,
nSi(OH), — nSiO, + 2#H,0 . (4-2)
LEBST, LIS LTRRRDL S Iz£ah 2,
nﬁuxgHg4+2mgcr»nsx5+4nCJL0H (4-3)

UEDESIZLT, nSi0, 2032 YV hdz v b V=0 DPEEIh T\, 2D
&%T%Bhé@@%é@@ﬁ&ﬁ&ﬁ@ﬁﬁwﬁﬁD\:h&%ﬁéﬁé:t
tib%ﬁ#»t&éo:@Eﬂ#»%é%ﬁ?égé\if\x9/~wﬁ%
%?5\:®t@\mNWEK@%Eﬁ%<&50*wiﬁﬁﬁyunsmen
tk%mt@t\ﬁ%xgmimﬁﬁkéﬁﬁﬁcbﬂﬁﬁibfbiﬁ:tﬁ
HBo TIT, UMRORKBMETHED . REEHIK & H LTiEahicha
WNN- A F)VH)V L7 3 F((CH,),NCHO; DMF, bp=153°C, ¥y =36.8 dyne/cm) % H
%@%tMié:ttib\%%ﬁéb%:t&<%ﬁﬁ»¢%%%héi5t
UZzo VIV-TIVED HHBIE MR DML % Table 4-2 12 7 49,

Table 4-2.  Composition of starting solution of sol-gel
processing for dye doped slica flim.

Molar ratio

I A W
Si(OC,H;), 1.0
C,H,OH 1.0
(CH,),NCHO 1.7
H,0 3.8
HQl 1.0
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3=, 603RPIFTA—T7 L DREEIS0CETHRRICHFR U, £EL, A—
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Azo-type chromophore +
Si(OC2Hs)4 + C2H50H +
(CH3)2NCHO

70°C | <— HCI (35wt%)

Sol

Spin-coating

Gel

Baking and poling

Fig.4-2 Flowchart for preparation of sol-gel processed silica film
doped with azo-type chromophore.
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Fig.4-3 Apparatus for corona poling of needle electrode.

-53-



150
140
g |
§ | |
< I I
e | |
g 70 V/ | oven |
& -
| | —— sample |
| | | |
| | | |
| | | .
| T 1 t—*
|
| | | |
4 | ]
12 | |
wnFF———— . :
2 | |
> | l
& | |
S | |
>
| |
| |
I ] [ I I
—»
0 10 50 100 150
Time (min.)

Fig.4-4 Typical patterns of temperature and applied high voltage
for baking and poling processes of corona-poling method.
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7V ERBMEREE ) A RO IERE A EB(AEB)DRZIZIZ. §3-3
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FEALEBOBE - M 21T o0 7V GERBNEREGS ) 5 @ T AR
B R(5320m)IZ RIS EEHE 3 B 7= 8Kleinman B D3R b 32 7 BN, dy =d D
FRIZRIZ LRV CDESD, A—H— - 7 7V PREICBNTEERRE D A SRR
ABLURABEORNER S 2L X €T, WRIL723 RN (dys, .y, s ) D 53 BEEEAT (8
3I3BE) BTV, HIBHEBIC BT 2 IR EE RO 215> 7=

ih%#»&t&b@%btyUﬁ@xvbv~7$t#ﬁ%é$f%579é
?EMM%iT$ﬁ¥ﬁﬁﬁ%T%MT%Ztﬁﬂ%fﬁéo:CT\%M%ﬁ
ERTPITPFSUSLDT P FSENTRCRIELTSIO, & 2o 7 & 75 L
EHBEDETH S, THICH LT, =43 FPMMA (Poly(methylmethacrylate))i= 7 *J
é%é%Mbt%é\wsm%iTL#%MTéz&ﬁm%@moﬁof\79
BRFMY ) DEEE, RS T EERECRNTCE2 0. K& RIERR A
PR TED. YV VEICE DR UEDRIGMERE G ) 4 o iR
(DR1/Silica)ds & O TATRM BRI > ) 71 #fE (TA/Silica)DJE 37 % % Tabled-317 73
o TZTGC,,C ldSellmeier DARIC BIF 2 EHTH b . n,,n,, (EZh2h#
AP F(1064nm), FFWHEG320m)ic B 2 RBMOBHETH 3 o

A== TV PHEIZBOT, plRADEESRE LRI AL L. plRAXDE
FERD B L= B e, BRBREI AR EO = 0°DRHIZ0TH D, §=+58°T
MRIEZE DL W85 — biot, EERLERIT. = DHERERED &
CHEAMTH 2 KROIERE KBS 22 LI & DS RTT- 7=, Table4-41Z .
BEZKA—h— - 7V U DHICE b AIE L 7= FEA (DR 1/Silica, TA/Silica) D IELG
HFER(dyy, dyy,dys ). B EEEH X E 5 )L(Oriented Gas Model) &= FHWVCEHE L
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Table 4-3 Refractive index of azo dye doped silica film at a concentration of 40 wt%.

Sample C, C n, n,,
DR1/Silica 0.772 -9.22x10™ " m? 1.568 1.825
TA/Silica 0.693 -6.42x107 " m? 1.604 1.773

Table 4-4 NLO coefficients of azo dye doped silica film at a concentration of 40 wt%.

Sample d,, d, d,, d,,(cal.)
DR1/Silica 120 26 27 138
TA/Silica 154 26 17 168

unit; (pm/V)
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e LT, 7VaEEZEDIFPMMAIZL2.5Wt%EHNN L= BEa OB REMAKD
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D6 IERES FONBBRICL DR L, BEEINICHN L TEESEIZSF
REALTWEEELIOSND, ULEDLSIZ, 7V ERBNEBEREM >V H &R
EWICRER WM EE T L 2R L,

BREABICBNT, RERZIREREMEET I LREMRDOI L, 2D
MM DK - BRENRZEMDIERICEEL2>TL %, 2D, 7VAEERR
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Fig.4-5 Decay of NLO coefficient of dye doped silica film
and PMMA film under room temperature and 125°C.
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Fig.4-6 UV-visible absorption spectra of DR1/Silica film before
and after poling and after electron-beam irradiation.
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Figd-7 Dependence of peak absorbance and peak wavelength
versus electron-beam dose for DR1 doped silica film.
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Fig. 4-8 Degradation of azo-type NLO molecule (DR1) by electron-beam irradiation.
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Fig.4-9 The SH intensity distribution in DR1/Silica
film by changing the electron-beam doses.
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Fig.4-10 Erasure of SH activity in DR1/Silica film by electron-beam irradiation.
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Table 5-1. Molecular structure of pyrylium salt dye with different
alkyl group and abbreviation for each chromophore.

R

Compound R, R, R, X
1'CI H N(CH,), H chloride
I'a- H N(CH,), H a -naphthalenesulfonate
1'6- H N(CH,), H (3 -naphthalenesulfonate
2'ClI’ N(CH,), H H chloride
2'a N(CH,), H H & -naphthalenesulfonate
2'6 N(CH,), H H (G -naphthalenesulfonate
3'Crr N(CH,), N(CH,), H chloride
3Fa- N(CH,), N(CH,), H a -naphthalenesulfonate
36" N(CH,), N(CH,), H (G -naphthalenesulfonate
4 N(CH,), COO H
5'ClIr N(CH,), CH,CH, H chloride
S'a N(CH,), CH,CH, H a -naphthalenesulfonate
6'Cl’ N(CH,), CH(CH,), H chloride
6'a N(CH,), CH(CH,), H a -naphthalenesulfonate
6'G" N(CH,), CH(CH,), H G -naphthalenesulfonate
6'B N(CH,), CH(CH,), H benzenesulfonate
7'ClIr N(CH,), OC, H,, H chloride
8'ClI" N(CH,), CH, CH, chloride
9'ClI N(CH,), CH, H chloride
9Sa- N(CH,), CH, H a -naphthalenesulfonate
10°'CI" N(C,H), H H chloride
10ta” N(C,Hy), H H & -naphthalenesulfonate
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Fig.5-1 Absorption spectrum of pyrylium salt dyes and orgaxiic NLO material DR1.
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Table 52 The peak absorption wavelength and cut-off wavelength
of pyrylium salt derivatives.

Compound A, (nm) Ay (nm)  Absorbance
1'CIr 556 712 1.41
2'CI 558 664 1.42
3'CIr 573 681 1.45
4 560 712 1.98
5'CIr 565 678 2.19
6'Cl 562 671 1.85
7°ClI° 560 658 2.13
8'Cl° 550 657 1.64
9"Cl’ 559 671 1.99
10°CI- 570 689 1.87
DR1 481 628 1.39
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Table 5-3 The melting point and decomposition temperature of pyrylium
salt derivatives measured by DSC and TGA, respectively.

Compound T, (°C) T,(°C)
1'CI 192 .
2'CI° 174 277
3'CI° 196 298
4 >300 -
S5'CIr 171 248
6'Cl 179 199
7°ClI 141 272
8Cl° — —
9°CI’ 163 268
10°Cl 242 280
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PR FHUEREMOPAC)ZHWTE, B )Y AEREEERD B FE—
AV FBL2ROBATHBRBEHE L=, BV A AFA I LTE
H2175 /=8, Keyword® L TPRESIZE, XYZ, VECTORS, BONDS, POLAR DAthiZ
CHARGE=1CR D&M =1)Z{HH L 7=¢, FE¥ V)Y ABRFZEEKDMOPACIC L 3
EHRAERZTable 5-4I7RT. FHHINEBAIFIMEBIZERICAS L. Axn
“RIERIEME DI T & B,

Table 5-4 Dipole moment and 2nd-order hyperpolarizability
of pyrylium salt derivatives calculated by MOPAC.

Dipole moment u  hyperpolarizability 8

Compound (Debye) (x 10 esu)
1+ 3.52 64.2
2 3.55 97.8
3" 1.78 2722
5 4.93 82.7
6 6.35 78.8
7 16.2 53.6
8" 6.08 94.9
9 3.97 88.3
10* 1.48 87.4

Calculations were performed for cation portion.
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Fig.5-2 Chemical structures of polymers used as host matrices.
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Fig.5-3 Oven temperature and applied high voltage of corona-poling method versus time.

-75-



5-3-2 EBERBNEREGE S 7 EEO LM

OEaRFMEREEPAAR D555

AR T, BAFPAAICERCL, 2, 287, 3°CL, 3*a, 3* 8-, 4D Y )
LIRFRFE B2 TN L C Guest-Hosth D B RELFAIPAA MR £ (R U= o & E AN
BREAEEOBEIME KL D RO -ER, LR LEREY 3—F 1 o 7k
@%#tﬁmf\06um&%méhtoﬁﬂmﬁﬁ$u\Hmwv—ﬁ@Ms
mmmommIswmmmlbmﬂmmmnwﬁMECSLwn1mmm£i0
NEYAGL —HZ MW, m-linel i & O'Brewsterf ik & F W\ CHIE - %15 7>
Fig.5-4122" a2 B FPAAISSW%ERHN L 7= & DR AT R D I B A 8ha 2 5 4
Fig 5-4TEiRiISellmeier DX T T 1 v F 4 L/ LM TH . BEEL RN
!ﬁw%f%ﬁ¥wmﬂ%Mbt%®Eﬁ$EEMe55tﬁ?o::f\cmqu
&mmmmﬁﬁﬁtﬁw%iﬁﬁﬁb\%mMM§¢W%anmm\%%ﬁﬁ
RG320m)ic BT 2BITETH 5,

1.58 T I T I T
1.57 -
1.56 " -

1.55 n

Refractive Index

ol e Q...,._

1.52 | | l | ]
500 600 700 800 900 1000 1100

Wavelength (nm)

Fig.5-4 Refractive index dispersion curve of Dye 2t o doped PAA film at a dye
concentration of 5 wt% measured by m-line and Brewster angle method.
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Table 5-5 Refractive index of dye doped PAA film at a concentration of 5 wt%.

Sample C, C, (x10™"m% n, n,,
2'CI/PAA 0.742 2721 1.547 1.596
2*a/PAA 0.761 -1.790 1.530 1.560
2'3°/PAA 0.724 -2.272 1.556 1.598
3'CI/PAA 0.726 -2.335 1.555 1.598
3*a/PAA 0.712 -1.892 1.561 1.597
3*'G°/PAA 0.757 -2.431 1.536 1.578
4/PAA 0.728 -1.920 1.551 1.586
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Table 5-6 Orientational order parameter of poled PAA film
doped with pyrylium salt derivatives.

Sample R, Order parameter @
2'CI'/PAA H 0
2'a’/PAA H 0.0067
2'G°/PAA H 0.0073
3'CI'/PAA N(CH,), 0
3'a’/PAA N(CH,), 0.0054
3*"G°/PAA N(CH,), 0.0036
4/PAA COO 0.049

® = (3(cos* 6)-1)/2=1- A, / A,
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Fig.5-5 The ionic bonding of pyrylium salt derivatives with side-chain of the PSS polymer.
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Fig.5-6 Refractive index dispersion curve of Dye 2% o doped PSS film at a dye
concentration of 5 wt% measured by Brewster angle method.

Table 5-7 Refractive index of dye doped PSS film at a concentration of 5 wt%.

Sample C, C, (x10"m*)  n n

© 20
2'C1/PSS 0.720 -3.672 1.567 1.641
2'a /PSS 0.782 -4.129 1.530 1.604
2*G°/PSS 0.801 -4.634 1.522 1.603
3'CI/PSS 0.701 -3.427 1.578 1.651
3*a’/PSS 0.724 -3.624 1.564 1.636
3*6°/PSS 0.793 -4.536 1.526 1.606
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Table 5-8 Orientational order parameter of poled PSS film
doped with pyrylium salt derivatives.

Sample R, Order parameter @
2'Cl/PSS H 0.18
2'a /PSS H 0.26
2*G°/PSS H 0.28
3'C1/PSS N(CH,), 0.21
3'a /PSS N(CH,), 0.18
3*6°/PSS N(CH,), 0.18

® = (3{cos? 6)-1)/2=1-4, / A,
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Fig.5-7 SH intensity versus incident angle using dye 2t doped
PAA film measured by rotational Maker-Fringe method.
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Table 5-9 NLO coefficient of poled PAA film doped with pyrylium
salt derivatives at a dye concentration of 5 wt%.

Sample R, NLO coefficient d,; (pm/V)

2'CI'/PAA H 0

2'a’/PAA H 0.41

2'8°/PAA H 0.53

3'CI/PAA N(CH,), 0

3'a’/PAA N(CH,), 0.36

3'G/PAA N(CH,), 0.39

4/PAA COO 2.3
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Fig.5-8  SH intensity versus incident angle using dye 2*a doped
PSS film measured by rotational Maker-Fringe method.
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Table 5-10 NLO coefficient of poled PSS film doped with pyrylium
salt derivatives at a dye concentration of 5 wt%.

Sample R, NLO coefficient d,; (pm/V)
2'Cl/PSS H 30.6
2'a/PSS H 30.7
2'G°/PSS H 33.8
3'C1/PSS N(CH,), 28.3
3'a’/PSS N(CH,), 294
3'G°/PSS N(CH,), 32.7
DR1/PMMA —_— 36.9°
TA/PMMA —_— 55.0°

“dye concentration of 12.5 wt%.
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Fig.5-9  Decay of NLO coefficient of pyrylium salt dye doped PSS film under
room temperature compared with azo dye doped PMMA film.
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Fig.5-10 Absorption spectrum of 6tal doped PAA film at each dye concentration.
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Fig.5-11 Peak absorbance of 6"« doped PAA film versus

pyrylium salt dye concentration.
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Table 5-11 The peak absorption wavelength and cut-off wavelength of pyrylium
salt derivatives doped PAA films at a concentration of Swt%.

Sample A o (nM) Aoy (n)
5'CI'/PAA 545 687
5'a’/PAA 547 710
6'Cl/PAA 565 712
6'a /PAA 552 702
6'G°/PAA 551 705
6'B/PAA 556 705
7'ClI'/PAA 557 694
8'ClI'/PAA 552 664
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Fig.5-12 Refractive index dispersion curves of dye 67" doped PAA film for various
dye concentration measured by m-line and Brewster angle method.
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Table 5-12 Refractive index of dye 677 doped PAA film for various dye concentration.

Concentration C, C, (x10™"m?) n, n,,
2.5 wt% 0.820 -2.557 1.502 1.540
5.0 wt% 0.800 -3.045 1.515 1.563
7.5 wt% 0.772 -3.213 1.532 1.587
10 wt% 0.751 -3.435 1.546 1.609
15 wt% 0.713 -3.830 1.574 1.653

Table 5-13 Refractive index of dye doped PAA film at a concentration of 5 wt%.

Sample C, C, (x10*m?) n, n,,
5'CI/PAA 0.799 -1.580 1.508 1.532
5'a’/PAA 0.824 -4.255 1.507 1.576
6'Cl/PAA 0.784 -2.904 1.523 1.571
6'a'/PAA 0.800 -3.045 1.515 1.563
6'G /PAA 0.819 -4.738 1.512 1.592
6'B/PAA 0.788 -1.130 1.512 1.529
7'Cl/PAA 0.781 -3.243 1.526 1.581
8'Cl/PAA 0.781 -3.024 1.525 1.576
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Fig.5-13 Schematic diagram of experimental setup for measurement of
propagation loss in the waveguide.
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Fig.5-14 Propagation loss of 6 o doped PAA waveguide for TE and TM mode
using the Nd:YLF laser operating at 1047nm.
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Fig.5-15 SH intensity versus incident angle using dye 6ta doped non-poled
PAA film measured by rotational Maker-Fringe method.
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Fig.5-17 The NLO coefficient of pyrylium salt derivative doped
PAA films for various type of counter ion.
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Table 5-14 NLO coefficients of non-poled PAA film doped with pyrylium
salt derivatives at a dye concentration of 5 wt%.

Sample d,(pm/V) d,, (pm/V)
5'CI/PAA 0.40 0.13
5'a’/PAA 0.20 0.07
6'Cl'/PAA 0.43 0.16
6'a’/PAA 0.52 0.18
6'3°/PAA 0.34 0.11
6'B/PAA 0.26 0.07
7'ClI'/PAA 0.57 0.17
8'CI'/PAA 0.68 0.21
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Fig.5-18 Peak absorbance versus film thickness using dye 6*ar doped
PAA films at a dye concentration of 5 wt%.
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Fig.5-19 The NLO coefficient versus film thickness by changing
the amount of solvent and rotation speed of spin-coating.
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Fig.5-20 Peak absorbance versus film thickness by changing the number of PAA layer.
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Fig.5-21 The NLO coefficient versus film thickness by changing the number of PAA layer.
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Fig.5-22 Optimized stereo structure of 6Ta pyrylium salt derivative calculated by
semiempirical molecular orbital calcuiation MOPAC.
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Table 5-15 The dihedral angle between the pyrylium plane and the phenyl plane
calculated by semiempirical molecular orbital calculation MOPAC.

Compound R, dihedral angle 6
5CI- CH,CH, 56.4°
S'a CH,CH, 59.9°
6'CI CH(CH,), 54.4°
6a CH(CH,), 63.8°
65" CH(CH,), 55.7°
6'B CH(CH,), 60.6°
7°CI OC, H,, 28.8°
8'CI CH, (R,=CH,) 82.4°
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Fig.5-23 Thermal stability of NLO coefficient of non-poled dye
doped PAA film at a high temperature of 125°C.
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Fig.5-24 Mode dispersion curves of pyrylium salt derivative
doped polymer waveguide for TM mode.

-113-



3.0l]lllllllllll"llllllill
B 7=2.01X 10 *%/W
g i (T=0.8 £ m)
)
Y&Z.O— ____________
) - 4
= o
e
Q L
5
:§1.0_
ﬁ =
88 |
0 1|||1|| ||1||1||1||1|

0.4 0.6 0.8 1 1.2 1.4
Film Thickness (4 m)

Fig.5-25 Theoretical value of SH conversion efficiency in the pyrylium salt
derivative doped polymer waveguide using coupled mode theory.
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Fig.5-26 Schematic diagram of experimental setup for Cerenkov-type phase matched SHG.

Fig.5-27 Photograph of Cerenkov-type phase matched SHG (532nm).
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Fig.6-1 Chemical structures of indan derivative organic NLO materials.
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Fig.6-2 Absorption spectrum of indan derivatives in ethanol solution.

Table 6-1 The peak absorption wavelength A_, , cut-off wavelength A

X . X S cutoff
and molar absorption coefficient ¢__ of indan derivatives.

Compound A... (nm) Aoy (M) €, (dm’mol’cm™)
11 555.0 657.0 44600
12 562.0 659.5 63100
13 558.5 650.5 69800
14 644.5 747.5 56400
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Table 6-2 Dipole moment and 2nd-order hyperpolarizability of
indan derivatives calculated by MOPAC.

Dipole moment ¢ hyperpolarizability 8

Compound (Debye) (x10™ esu)
11 3.71 28.3
12 4.40 41.8
13 2.08 35.0
14 4.32 61.8
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(a) Polystyrene (PS), Tg=80°C (PMMA), Tg=109°
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Fig.6-3 Chemical structures of polymers used as host matrices.
(@)PS, (b)PMMA, (c)PC, (d)U-100, (¢)T-AP.
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Table 6-3 Conditions of corona-poling for various host polymers.

Host Polymer T, Temperature  Voltage Time
PS 80°C 80°C 10 kV 10 min.
PMMA 109°C 100°C 10 kV 10 min.
PC 149°C 150°C 7kV 10 min.
U-100 193°C 150°C 7kV 10 min.
T-AP 233°C 150°C 7kV 10 min.
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Fig.6-4 Absorption spectrum of indan derivative doped U-100
polymer film at a dye concentration of 5 wt%.
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Table 6-4 The peak absorption wavelength and cut-off wavelength of
indan derivative doped polymer films.

Sample A’max (nm) A’cutojf (nm)
11/PS 553 684
12/PS 562 686
13/PS 544 675
14/PS 640 782
11/PMMA 551 681
12/PMMA 559 683
13/PMMA 541 674
14/PMMA 635 780
11/PC 560 680
12/PC 566 696
13/PC 547 698
14/PC 646 795
11/U-100 563 693
12/U-100 569 692
13/U-100 552 681
14/U-100 649 793
11/T-AP 560 680
12/T-AP 564 694
13/T-AP 556 692
14/T-AP 647 795
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Fig.6-5 Refractive index dispersion of dye12 doped U-100 film.
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Table 6-5 Refractive index of indan derivative doped polymer films
at a dye concentration of 5 wt%.

Sample n, (1064nm) n,, (532nm)
11/PS 1.579 1.657
12/PS 1.579 1.642
13/PS 1.592 1.612
14/PS 1.594 1.602
11/PMMA 1.573 1.606
12/PMMA 1.574 1.582
13/PMMA 1.588 1.634
14/PMMA 1.595 1.629
11/PC 1.568 1.570
12/PC 1.574 1.560
13/PC 1.577 1.545
14/PC 1.578 1.529
11/U-100 1.564 1.596
12/U-100 1.596 1.645
13/U-100 1.556 1.692
14/U-100 1.558 1.574
11/T-AP 1.577 1.587
12/T-AP 1.595 1.655
13/T-AP 1.585 1.641
14/T-AP 1.585 1.585
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Fig.6-6  Absorption spectrum of poled and unpoled indan
derivative(12, 14) doped PC films.
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Table 6-6  Orientational order parameter of poled polymer

films doped with indan derivatives.

Sample Order parameter Sample Order parameter
11/PS 0.051 13/PC 0.247
12/PS 0.032 14/PC 0.309
13/PS 0.080 11/U-100 0.158
14/PS 0.086 12/U-100 0.216
11/PMMA 0.062 13/U-100 0.282
12/PMMA 0.069 14/U-100 0.257
13/PMMA 0.072 11/T-AP 0.172
14/PMMA 0.094 12/T-AP 0.228
11/PC 0.163 13/T-AP 0.223
12/PC 0.206 14/T-AP 0.287
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Fig.6-7  SH intensity versus incident angle using dye 12 doped U-100 film
measured by rotational Maker-Fringe method.
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Table 6-7  NLO coefficients of poled polymer film doped with
indan derivatives at a dye concentration of 5 wt%.

Sample dss (pm/V) d}s (pm/V) ds, (pm/V)
11/PS 7.6 2.2 2.2
12/PS 9.3 2.9 2.8
13/PS 9.6 4.0 34
14/PS 10.7 4.4 3.8
11/PMMA 10.1 3.2 3.2
12/PMMA 15.3 5.2 49
13/PMMA 10.4 5.1 42
14/PMMA 11.8 45 3.9
11/PC 15.7 6.7 5.9
12/PC 25.2 6.9 7.0
13/PC 29.5 8.9 7.8
14/PC 29.2 8.1 7.4
11/U-100 26.1 8.8 8.5
12/U-100 25.5 8.3 8.2
13/U-100 48.2 15.3 15.5
14/U-100 27.2 8.8 8.5
11/T-AP 23.0 7.1 6.6
12/T-AP 27.3 8.4 8.2
13/T-AP 37.8 13.6 13.2
14/T-AP 23.7 7.0 6.9
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Fig.6-8 The NLO coefficients of dye 12 doped U-100 film
versus concentration of dye molecules.
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Fig.6-9  Decay of NLO coefficient of dye doped poled polymer film
by changing the host polymer. (at room temperature)

-144-



1.2 T T T I T T T I T
~ i
51 -
& ]
'Um 0.8 =~ \3 o 7
= an o g g O O 5 s
L 06 - m @ o ® e
.9 i Y i
5
o) 0.4 - ]
O i J
Q ® 12/PC |
— 02 —
Z. i O 14/PC l

0 1 | 1 l 1 | 1 | 1
0 100 200 300 400 500
Time (hour)

Fig.6-10 Decay of NLO coefficient of dye doped PC film by changing
the guest chromophore. (at room temperature)
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Fig.6-11 Decay of NLO coefficient of dye doped T-AP film by changing
the guest chromophore. (at room temperature)
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Fig.6-12 Mode dispersion curves of indan derivative doped U-100 polymer
waveguide for TM mode of 1047nm fundamental light.
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Fig.6-13 Mode dispersion curves of indan derivative doped PMMA polymer
waveguide for TM mode of 800nm fundamental light.
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Fig.6-14 Theoretical value of SH conversion efficiency in the indan derivative doped
U-100 polymer waveguide for fundamental light of 1047nm.
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Fig.6-15 Theoretical value of SH conversion efficiency in the indan derivative doped
PMMA polymer waveguide for fundamental light of 800nm.
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Fig.6-16 Photograph of Cerenkov-type phase matched SHG (523.5nm)
using indan derivative doped U-100 polymer waveguide.

Fig.6-17 Photograph of Cerenkov-type phase matched SHG (400nm)
using indan derivative doped PMMA polymer waveguide.
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Fig.7-1 Scheme of cross-linking of Polystyrene by EB irradiation.
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Fig.7-4 Sample geometry with periodic poled structure for QPM-SHG device.
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Fig.7-5 The grating periodicity of indan derivative doped PMMA polymer

Grating periodicity /\ (/44 m)

Fig.7-6 The grating periodicity of indan derivative doped U-100 polymer
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Fig.7-7 Fabrication process for periodically poled NLO waveguide
by the use of electron-beam. (Type A, Type B)
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Fig.7-8  Sensitivity curve of indan derivative doped PMMA film for electron-
beam irradiation. (Acceleration voltage=25kV, beam current=0.5nA,
beam diameter=0.1 & m, film thickness=0.5 £ m, test pattern=10 &4 m
grating, developer=isoamyl acetate/ethyl acetate)
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Fig.7-9  The absorption spectrum of indan derivative doped PMMA
film dependent on the exposure dose.
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Fig.7-10 The peak absorbance of indan derivative doped PMMA film
versus electron-beam exposure dose.
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Fig.7-11 The SH intensity distribution for various exposure dose. The acceleration voltage
was fixed at 25 kV and the beam current was kept constant at 0.5 nA.
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Fig.7-12 The decrease of the SH intensity dependent on the exposure dose.
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Fig.7-13 Schematic diagram of experimental setup for measurement
of SH intensity distribution.
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Fig.7-14 The SH intensity distribution in the x(z) grating fabricated by
an exposure dose of 104 C/cm?. The sample was corona-poled
and then electron-beam exposure was performed.
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Fig.7-15 Photograph of 100/4m period grating fabricated by electron-beam
exposure and wet-development.
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Fig.7-16 The SH intensity distribution in the x® grating fabricated by
an exposure dose of 30, C/cm?and wet-development.
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Fig.7-17 Photograph of 3 s m period grating fabricated by electron-beam
exposure and wet-development.
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Fig.7-18 Fabrication process for periodically poled NLO waveguide
by the use of electron-beam. (Type C, Type D)
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Fig.7-19 Sensitivity curve of indan derivative doped PC film for electron-
beam irradiation and thermal development.
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Fig.7-20 Sensitivity curve of indan derivative doped U-100 film for electron-
beam irradiation and thermal development.
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Fig.7-21 Sensitivity curve of indan derivative doped T-AP film for electron-
beam irradiation and thermal development.
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Fig.7-22 Photograph of 20 /4m period grating of U-100 polymer fabricated by
electron-beam exposure and thermal development.
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Fig.7-23 The absorption spectrum of indan derivative doped U-100 film
dependent on the exposure dose.
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Fig.7-24 The peak absorbance of indan derivative doped U-100 film
versus electron-beam exposure dose.
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Fig.7-25 The decrease of the SH intensity dependent on the exposure dose
using indan derivative doped U-100 polymer film.
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Fig.7-26 The SH intensity distribution in the x® grating fabricated by an exposure
dose of 100 C/cm 2. The sample was exposed and then corona-poled.
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Fig.7-27 Photograph of 100 £ m period grating fabricated by electron-beam
exposure and thermal development.
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Fig.7-28 The SH intensity distribution in the x(z)grating fabricated by
an exposure dose of 1000 . C/cm?and thermal development.
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Fig.7-29 Photograph of 3 t¢m period grating fabricated by electron-beam
exposure and thermal development.
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Fig.7-30 Sample geometry with domain-inverted structure for QPM-SHG device.
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Fig.7-31 Fabrication process for domain-inverted NLO waveguide
by the use of electron-beam.
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Fig.7-32 Sensitivity curve of indan derivative doped PS film

for electron-beam irradiation.
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Fig.7-33 The absorption spectrum of indan derivative doped PS film
dependent on the exposure dose.
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Fig.7-34 The peak absorbance of indan derivative doped PS film
versus the electron-beam exposure dose.
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Fig.7-35 The SH intensity distribution in the high Tg and Low Tg regions.
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Fig.7-36 The SH intensity distribution before and after heat treatment at 80°C.
Sample was corona-poled at 110°C and then heat treatment was performed.
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Fig.7-37 Cross section of channel waveguide using
indan derivative doped PMMA film.
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Fig.7-38 Mode dispersion curve of channel waveguide at 1064nm
using indan derivative doped PMMA film where T=0.5 & m.
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Fig.7-39 Cross section of ridge-type channel waveguide using
indan derivative doped U-100 film.
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Fig.7-40 Mode dispersion curve of ridge-type channel waveguide at
1064nm using indan derivative doped U-100 film where
T=0.4 &4m and t=0.5 ¢4 m.
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Fig.7-41 Mach-Zehnder type NLO waveguide fabricated by direct
electron-beam lithography technique.
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Fig.7-42 Photograph of Mach-Zehnder type NLO waveguide fabricated by electron-beam
exposure. (12/PMMA; channel width=5 £ m, branching angle=4° )

oI

Fig.7-43 Photograph of branching portion in the NLO waveguide fabricated by electron-
beam exposure. (12/PMMA; channel width=5 ££m, branching angle=4° )
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Fig.7-44 Photograph of branching portion in the NLO waveguide fabricated by electron-
beam exposure. (12/U-100; channel width=5 /£ m, branching angle=4° )
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DTENEBNREEZELTWEI L 2R LE. £, BV U LAER
BRBMEARRASS FEBRLEREL UE3E RS 7THFBEE IRV T,
B R1064nm O EAWHIRIC L 2 EA B K ES2nmD F = L > 3 7 BB
BASHGOEHANTHIN L =0

BREEBICLDEEEIL—L Y MAROBHRBOEDIZ, 1 V¥ REKE
BRI FEM B & B4 FPS, PMMA, PC, U-100, T-APIZ &I L =@ ERNE ST
BEZER U, 1 V5 U RERIEREXEMEIT. FREBEEBEEBICBVT
LD DIe < ZIROBHTHBERNIRE N0, EIRFREEMICL 2T
E—L Y EEAEFHOMBLE L THWEZ LN TES, 1 V¥ U REBER
MEREL A RS T EEDO IR ZEBUL. d,,=25.5pm/V(12/U-100; 5wt%) &
AHliE ., RMBERBEMEVWICHED S T, RERIRIEREE L2 RE X
BLIEDTEE. 4 VIV REBRBNERE NS S FHEBIC BT 2 IEEE
HORERHIEZRE L EHER. S5 FU-1002 AW 5EICIIYIHIED 75%.
B FT-APOBFITIXYHEDSS%TH . HI RAGEBBEODSVED T2
BRAFR)I—L LTHWSZ LIZL D, PMMADGA & Lk LU TIEGRAM
DEEMERESHETEIENTE =, BT, A VYV RAEFMER
FErMEEL2EEEE LT, FoLoa7HREAHBE®RICLD, K&
(523.5nm) B X CEF B YE400nm) DA AHEE S SHG DB AN L =0

ARIFEREAFEMR 2 B FHICHMN L EERERS TEBEE2 AW T, B8
MRS T NA ZEMERT 2/ EE LT, BFE—L2EREESTH
RICEERHN U, EREMREB LUy — U (ER21TS Z L DTRETH D
BYU—LERMEEEZER U, AEEREERT 2 A%k LT, fEkK,
7NV VITST4EREBANSNTNSE D, XEFRED 7= DR EEIC
IRADD D, EFE—LEBRBERIEFREAVTVWREDY7I /0

-207-



A= DIEBENEREEEER T ZZ EWNAMRETH B, S FPMMAE K
AR —=L UTHWEREIZI, 10uC/em®DEFHEEBR TS LI
LD IEMEM2ZERICHENRETH LI L 2HSHIC LE, PMMAIL. 30u
C/m’DBEFRERHITZILICLVARPHOBEBFHL VX b & LTHEE

52 lZMALT, BABRBICLV v F L V2TV, HFRAIE, =K
IR 2RESE 2 LICK DAY BEELERNT 2 LRk E. &
73FPC, U-100, T-APEF X bR ) v—& LTRHWEERS. 100u4C/mDEF
e T 2RI LD HRIFREAEMHO ZROBS FABEL 2 HET
& AN BEELERTEZZL2HSDICLE. &4 TU-100H1000 1
Clem’OBFHRERH LE, MANETZILICL IV ROHOBTHL ¥
ANEUTHEET 22 L2FA LT, BBRBAFEICL 29—V R E =R
IR DRBRE FRFICITS 2 LI L b EHIMBEE 2 ER T 2 2 L HiHk
Jzo BFHRBEHFICKDAARE UTHEET 289 FPSEAWT., SR EEHE
EDOERZIT o2, B ESOUC/MDEFHREBHE T2 LI L b 2EME#
2T 2720, BAFPSOH S RERREIZ LRT 2, 15 AEGEBERE
DERZFE 2 APOICERL 2%, 2FRALERZTS 2Lk b, S
REBEDERZITS T HHS, 510, BFL—LABEEMEEZ BV
T, BRPMES FHERRICBIT2F v 2V EEREELERLE, BF
E—LAEEBEEZANWSZLIZED, v - VL BRI EERL &
HHERT ¥ XNV BEBEOIERZITS T & DK -,

U ERHE LTz K510, RFX Tl U= ZEERIZ. BRIEBIE DA
TOBNERREEZED L, BEENAREEREFICHTAHETHD. Ak
MIEAFMB 2 WV RREBRZET B L ONEREF R LONREET N RDE
REZHELELDTH %,

ARG T B2 R BRI EME 2 S ) A B L OES FHICHM L =3k

IR EER U JEREME O BRI 3 & OMERE 26 DR & HE BTl L. AL
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Wi 2 5 2B BIERRENCEM RIS 2R U2 F oL a7 R
UAHBSEZ AW TREROSHGE BRI 2 LICHRIIL, BEERICL 20—
LY MEBRENAROBEREEIT >, EFE—LEBEBEEZHW T, I
B LI BB 2 ER T 2 2 LI L. AEIERE LM 2B W
KA T N ZDRFIEADTEEMEZ TR U BRIERE ML, BAEEM
BN TW S EHIERIEAEMRCED 2B E LTHWS BRSNS b |
AR RDAFRDE IR MR 2 H W =R T N ZOERIC+HAE
BRCEDHDEET 5. RIS, A TIER U 7= GHIERIE LM ERR IR
FEEOERM. BLUAMEDSEDOBELE LD TRLRT 5,

Sample BINEEW%) d, (pm/V) BEM T4

TA/Silica 40 154 © A
2'G°/PAA 5 0.53 X O
2'3°/PSS 5 33.8 O X
HARELMI(6" ) 15 12.9 © O
12/PS 5 9.3 X ©
12/PMMA 5 15.3 X ©
12/U-100 20 90.9 O ©
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