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Figure 1. Schematic structure of transmission (a) and reflec-
tive (b) half-waveplate and refractive index ellipsoid of poly-
imide. The refractive indices in the film plane are denoted by ny
and ny, and that normal to the plane is denoted by n,. The in-
plane birefringence (An) is defined as ny-nx. When the prin-
cipal axis of ny is set at 45° to the polarization direction of the
incident light, the polarization is rotated by 90°.
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Figure 2. PMDA/TFDB polyimide.
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Figure 3. A method for preparing in-plane birefringent poly-
imide films using a metal frame. Rectangular films of PAA
were fixed in a metal frame by using four screws; then the films
were thermally cured in an oven under a nitrogen flow.
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Figure 4. Definition of the Euler angles. The main chain of
the PMDA/TFDB polyimide orients along the Y direction.
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Figure 5. Plots of (a) An and (b) the direction cosines about
the y direction with various R values. The direction cosines are
denoted by (@), <cos?(yY)>, (I <cos*(yX)>, and (A)
{cos*(¥Z) >, respectively in (b).
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Figure 6. Relationship between An and the difference be-
tween the direction cosines about the y direction to the axes Y
and X.
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Figure 7. Changes in temperature and generated retardation
during curing of PAA film fixed in a metal frame. The 7, was
set to 350°C, and the heating rate was 4°C/min.
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Figure 8. Configuration of (a) the proposed polarization-
insensitive AWG multiplexer with a polarization mode convert-
er formed at the center of the circuit and (b) Mach-Zehnder-
type reflective polarization-insensitive Ti-diffused LiNbO;
intensity modulator.
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Figure 9. Transmission spectra between the central input and
output ports of the AWG multiplexer, (a) before and (b) after
forming the polarization mode converter. The open and filled
circles represent the TE and TM modes, respectively.
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Figure 10. Polarized transmission spectra of Ag-doped poly-
imide films uniaxially drawn with a constant load (10 g) at 7}
=320°C for 30 min (a) under nitrogen and (b) in air. The
spectrum of undoped PI film is also shown in (a) as a refer-
ence.

Table 1. Draw ratio (R), in-plane birefringence (An), and
dichroic ratio (D) of films prepared under each atmosphere

Atmosphere R An D?
N, 115 0.10 1.14
Air 1.56 0.22 19.7
N+ 0, 1.03 0.03 1.05
N,+ Vapor 1.62 0.24 1.10
N,+O,+ Vapor 1.61 0.22 259
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T D 5 WK SR I N/ 2 ik
D, 74 IVLAPBRURLT k- 7/c/cdTH45. Figure
11 IR & B &4 20mol%ic L, N, K&+ TfF
B 72RO FERE T HMEE (TEM) %R d. N,/
TrEBL L 7230 CIIE R 10 nm B E O F /K F 145
BLTHHLCTEBY, £/A20f0ICNEOIEFIC/IHS
F /KT (BRI 3nm UUF) 298I Tw5A. XD
F/RTFORRICLEFRZIZEA LRGN V. KK
FRCIESL L 72308 ClINaRHT R TR A K & <,
PORFHREHTHF /RF (R 20-30 nm, 2
L 1020 nm, 7 A7 b 1.5) 2 EEET AN Kb
ZETTHHL TW5. E72, RIFNCIZEMBR T2
JEM G ENCELS L CREIE ST e. 8] /R T oM
FETLKIETH 5728, KRAFCTERL 238 CldiE
DB X VR OERB VL, @BeDF KT
DRKESHELILLDEEZLN, ZORKFITRI A IF
SFHEOBABOFECT JRTHPEFICEEL, £
T RFTHNCIIET L REECRIES Nz D EEZ bR
L. ChBHOF R TFRIEAXBEH X —vrbé
BHEOERE S / NFTHAZ VLML - TE

D, TORFHRF KT IOT SRR R
HERBEL WS EEZLNSYE.

K&, T;(=320°C) CORFRMZEL IR T
(ty=10-60 min) EHLL 7-30kF (AgNO;; 5.7mol%) O
An & D % Figure 12 |\2Rd. WA I FMLIRE, ZE#
MEMIFEF-ETHAHEHh0, AnHTIF—EDEE
ALTWA. —7, RFREFIC T, PRKELSET S
CEICEb DI KRELEMLA. 34 min T KfH
HELN, ZTOHKIIRY 4 I FORMRESFEE SN T
WABIZHE 22D LR A2ICD O HRERI N/, &
DR KNI RFFRFE OREEIC & b 7 W R T R OfE
RICKOIBRBEFUERBA L, F /KT OEFIREEEL
NHTLICEALTWS EEZLNDD . —F, K&+
IZBWTIHKD D BB OND ty IC T2 2 b S+

(a) under N» (b) in Air
—— 5 50 : e 3 50
> v
«  Drawing direction ~ * o nm e Drawing direction ® =
- ‘ " L o & i - A "
% y ‘® = - " ” .. %*’ 'g
Caahagn Poymide~, @®* ~ e ®°L g
y . el @
el Ll L & ® ®
g L . - o .
;, . .' wys AgPa’t’Cle\q ae W°F »
T e . o
.. e " . E P
o g r & ® o -

Figure 11. Cross-sectional TEM micrographs (x200000) of Ag-doped polyimide film prepared
(a) under nitrogen and (b) in air. The sectioning direction was parallel to the drawing direction.
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Figure 14. (a) Polarized transmission spectra and (b) cross-sectional TEM micrograph
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[Comprehensive Papers]

Uniaxially Drawn Fluorinated Polyimide Films: Control of Molecular Orientation and Anisotropic Optical Properties for Lightwave Cir-

cuit Applications

Sho-ichi MaTsupa*! and Shinji Anpo*!

*1Department of Organic and Polymeric Materials, Tokyo Institute of Technology (2—12-1 Ookayama, Meguro-ku, Tokyo, 152-8552,
Japan)

Fluorinated polyimides having rigid-rod structures exhibit high degrees of molecular orientation and large in-plane birefringence by
uniaxial drawing during thermal curing. The relationship between the orientation and the in—plane birefringence in the biaxial orientation
state was quantitatively examined for pyromellitic dianhydride / 2,2'~bis—(triftluoromethyl)—4,4’—diaminobiphenyl (PMDA/TFDB) poly-
imide, and the intrinsic birefringence was estimated to be 0.33 (1 =1307 nm). This value is much larger than those of conventional optical
polymers and is suitable for a birefringent material for lightwave circuit applications. Methods for controlling the in-plane birefringence of
polyimide films were developed, and a thin half-waveplate at a wavelength of 1.55 um (14.5 um-thick) was prepared. The polyimide
waveplate was tough and flexible. It was inserted into a goove formed in an arrayed waveguide grating (AWG) as a TE/TM polarization
mode converter. The polarization dependence of AWG was completely eliminated; the excess loss due to the waveplate insertion was 0.26
dB, which is less than 1/15 of that of a quartz waveplate. Furthermore, we developed methods to control the precipitation of noble-metal
nanoparticles in highly oriented polyimide films. The combination of the anisotropic shapes of particles and the highly birefringent poly-
imide matrix generates large anisotropy in optical transmittance (i.e. optical polarization). When one uses silver nitrate as a dopant, the
shapes of the precipitated particles are considerably affected by thermal curing conditions. When films are uniaxially drawn and cured in air
for an optimal holding time, the optical polarization values were precisely controlled by the degree of polymer orientation.

KEY WORDS Polyimide / Uniaxial Drawing / Orientation / ATR FT-IR / Birefringence / Waveplate / Metal Nanoparticle / Silver /

Gold / Polarizer /
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