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olm=(PI)ol| /N3 E-E3| FF(ring-opening metathesis polymerization)®] 713k 3 Wt 74344 (end-capping
agent)?] cis-1,2,3,6-tetrahydrophthalic anhydride(CDBA)Z A& @lol 7t whgo| H 7fwd Zgjoln=g 443}
Atk T A o] vl tE Vi Zjolv|= wete] F-§ AE-2 thin film stress analyzer(TFSA)YE
0|23 wafer bending mothod® &= W} A% AES in-situ= A3 AEAL A2} FAF QA
=

(DSC), €714 Z471(TMA) B & S E471(TGA)S ol&sted ZIaL, 33t A2 Aol /7gA
B A (UV-vis)2} 2xH (spectrophotometer)S ]330 H, WIEY T 2] REZX]|(morphology) M3 E3l
AT, ek AgA o] vt STl whel RS2 27.9914 -1.3 MPa® 2489 2 34E 4 54
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Abstract: Cross-linked polyimides (PIs) were synthesized by reacting 4,4'-(hexafluoroisopropylidene)-diphthalic anhy-
dride (6FDA) and 2,2'-bis(trifluoromethyl)benzidine (TFDB) with various ratios of the cross-linkable, end-capping agent
cis-1,2,3,6-tetrahydrophthalic anhydride (CDBA) via ring-opening metathesis polymerization. Residual stress behaviors
were investigated in-situ during thermal imidization of the cross-linked PI precursors using a thin film stress analyzer
(TFSA) by wafer bending method. The thermal properties were investigated via differential scanning calorimetry (DSC),
thermomechanical analysis (TMA), and thermogravimetric analysis (TGA). The optical properties were measured by
ultraviolet-visible spectrophotometer (UV-vis) and spectrophotometry. All properties were interpreted with respect to their
morphology of cross-linked networks. With increasing the amounts of the end-capping agent, the residual stress decreased
from 27.9 to -1.3 MPa, exhibited ultra-low stress and high thermal properties. The minimized residual stress and
enhanced thermal properties of the cross-linked PI makes them potential candidates for versatile high-density multi-layer
structure applications.

Keywords: polyimide, ring-opening metathesis polymerization, cross-linked network, residual stress behavior, mor-
phology.
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Scheme 1. Synthetic routes for CDBA end-capped and cross-linked
polyimide thin films.
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Figure 1. Thin film stress analyzer (TFSA).
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Figure 2. FTIR spectra of cross-linked polyimide thin films with
various end-capping agents.
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Table 1. Residual Stress and Morphological Structure of Cross-linked Polyimide Thin Films with Various End-capping Agents

Residual stress behavior

WAXD results

Sample code Residual stress at 25 °C*

Slope in cooling curve

Thickness (um
Out-of-plane (A) ()

(MPa) (MPa/°C)

Pure PI 27.9 0.1014 5.77 57
PI/CDBA 1% 23.8 0.0865 5.64 49
PI/CDBA 3% 17.7 0.0643 5.54 46
PI/CDBA 5% 14.6 0.0530 5.48 49
PI/CDBA 7% 7.4 0.0269 5.44 52
PI/CDBA 10% -1.3 -0.0047 5.28 54

“All polyimides were cured by one-step from 25 to 300 °C; heating 2 °C/min, cooling 1 °C/min.
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Figure 3. Residual stress behavior of cross-linked polyimide thin films with various end-capping agents.
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Figure 5. DSC thermograms of cross-linked polyimide thin films
with various end-capping agents.
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Figure 6. TGA curves of cross-linked polyimide thin films with
various end-capping agents.
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Table 2. Thermal Properties of Cross-linked Polyimide Thin Films with Various End-capping Agents

Thermal properties

Sample code

1y (°O) CTE’ (ppm/°C) IDT* (°C) 50, (°C) T (°C) wig/ (%)
Pure PI 266.2 45.25 445.5 482.4 495.8 62.9
PI/CDBA 1% 276.6 43.56 443.5 4923 509.7 67.1
PI/CDBA 3% 279.9 42.14 461.2 4953 509.6 69.5
PI/CDBA 5% 281.2 40.09 468.4 496.6 510.8 74.6
PI/CDBA 7% 298.5 39.75 472.1 499.2 517.4 79.3
PI/CDBA 10% 300.9 39.32 465.1 511.6 570.7 88.1

“Glass transition temperature. "The coefficient of thermal expansion (CTE) determined over the range of 50~250°C. ‘Initial decomposition
temperature. “Temperature at 5% weight loss. “Temperature at 10% weight loss. /Weight percentage of char residues at 650 °C.
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Table 3. Optical Properties of Cross-linked Polyimide Thin
Films with Various End-capping Agents

Optical properties

Z}F2]

Sample code v %" (am) T,,(s;:);lllc
Pure PI 32 328 89.8
PI/CDBA 1% 4.9 324 88.3
PI/CDBA 3% 5.3 328 86.6
PI/CDBA 5% 5.7 335 86.3
PI/CDBA 7% 6.4 336 86.3
PI/CDBA 10% 11.8 338 83.7

“Yellow index. *Cut-off wavelength. “Transmittance at 550 nm.
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Figure 7. UV-vis spectra of cross-linked polyimide thin films with
various end-capping agents.
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