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Introduction
Epoxy resins are some of the important polymeric materials which are extensively used as the matrices for fibre-reinforced composite materials, adhesives and coatings as well as other engineering materials. Also they widely used in the field of potting, composites, larminates, and encapsulation of semiconductor devices.[1-4] Recently, in integrated circuit(ICs) and large scale integrated circuit(LSI) sealed with epoxy moulding compounds(EMCs), the chip size has been increasing while the dimension of package has become smaller and thinner, which is more susceptible to the thermal stress failure and not all the properties of the materials are beneficial, such as inherent brittleness, i.e. low toughness and crack resistance due to their high crosslinking densities. 

The stress generated on the semiconductor can be approximated from the product of the Young’s modulus of the resin and the thermal expansion coefficient of the resin. Moreover, the trend of IC packaging has shifted from conventional insertion mount devices, such as Dual Inline Package(DIP) to surface mount devices, such as Quad Flat Leaded Chip Carrier(PLCC). The prevailing surface mount technology, exposing devices to a soldering temperature of 250℃ also generates heat stress to devices. Therefore, a low-stress and high glass transition temperature(Tg) EMC is strongly required.

Therefore, considerable attention has been paid to modify epoxy resins. Many studies have been reported to modify epoxy resins with high performance engineering thermoplastics, especially to improve toughness of highly crosslinked epoxy resins, e.g. tetrafunctional epoxy resins, various types of thermoplastics, such as poly(ether sulfone)(PES)[6,7], poly(etherimide)(PEI)[8], poly(ether ether ketone)(PEEK)[9], etc. , have been explored to modify epoxy resins[5] and to enhance the heat resistance of epoxy resins, for example increasing the crosslink density of cured epoxy resin, preparation of a stiff main chain, or introduction of a bulky structure such as biphenyl or naphthalene. There are several ways to improve the toughness of the cured epoxy resins. Much attention has been paid to the addition of a carboxy terminated butadiene acrylonitrile elastomer(CTBN) to the epoxy resin. However, the superior toughness of the rubber-modified epoxy resin was obtained only with a considerable sacrifice in Tg.

The superior thermal stability, mechanical and electrical properties of polyimide have made possible its use in many high-performance applications, from aerospace to microelectronics.[13,14] There are many attempts to introduce imide groups to epoxy resins to improve the thermal stability and toughness.[15] 

As a part of a series of our studies on the modifications of epoxy resins, in this work, the synthesis and characterization of Epoxy/Polyimide were studied. At first, we analyzed stress by TFSA(Thin Film Stress Analyzer) and investigated the relation to morphology of Epoxy/Polyimide. The presence of polyimide in epoxy resins in capable of exhibiting flexibility and good thermal stability. And it is used as curing agents on their own. A hydroxy-containing fully aromatic polyimide film based on 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane(6FDA) and 2,2-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane(AHHFP) was prepared by thermal curing method and then reacted with o-cresol-formaldehyde novolac epoxy.

Experimental

A. Reagent
2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane(6FDA; 99% purity grade) and 2,2-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane(AHHFP; 99% purity grade) were obtained from CHRISKEV Co. and used without sublimation. 1-Methyl-2-Pyrrolidinone (NMP; 99% purity grade) purchased from Aldrich Co. and was used after distillation. O-cresol-formaldehyde novolac epoxy was supplied by EPICLON Co. in Japan.

B. Sample preparation

AHHFP(5.00mmol) and NMP were placed into a flask equipped with a nitrogen inlet and a mechanical stirrer and then stirred until a clear solution was obtained. Equimolar amount of soild 6FDA(5.00mmol) was added to the solution of AHHFP at a concentration of 7wt% solids. Then the obtained brown viscous solution was precipitated in water, filtered, washed with water, and dried under vacuum at 50℃. The overall yield of poly(amic acid) was 3.76g(92.8%). Poly(amic acid) powder was heated to convert it into polyimide.

The epoxy resin and the polyimide were mixed together into NMP. The mixture was stirred under nitrogen atmosphere at room temperature until a clear homogeneous solution was obtained. The solution was cast on a one-side polished 3in Si(100) wafer as substrate used in this study. All solutions were spin-coated on silicon wafers and soft baked at 80℃ for 30min.

C. Measurement

The curvatures of Si wafer with and without polyimide films were measured at room temperature in nitrogen using He-Ne laser beam based home-made stress analyzer. The residual stress of the films was calculated from the radii of the wafer curvatures measured before and after the film deposition using the following equation (1).
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 (1)

Where, ( is the residual stress in the polyimide film. The subscripts, f and s denote the polyimide film and the substrate. E, v, and t are Young’s modulus, Poisson’s ratio, and the thickness of the substrate, respectively. R1 and R2 are the wafer curvatures measured before and after the film deposition. For Si (100) wafer, Es/(1-s) is 180500Mpa.[9] The ramping rate was 2.0oC/min and the cooling rate was 1.0oC/min. The stress behaviors of Epoxy/Polyimide films were measured after conventional thermal imidization from 25oC~220oC.
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To estimate stress relaxation, variations in the curvature of silicon wafer due to the water diffusion into deposited films were in situ monitored as function of time up to equilibrium state. The stress relaxation induced by water diffusion in polyimide thin film can be expressed quantitatively from a macroscopic viewpoint by Fick’s laws of diffusion. If (w(t) is the stress induced by water diffusion at time t and if ((0-(() is the equilibrium stress relaxation, then equation (2) gives the time dependence of the sorption in terms of S, the stress relaxation coefficient, and tf, the thickness of the film.

This model for stress relaxation of a polymeric film provides a modified Fickian description of the process. 

Wide Angle X-ray Diffraction (WAXD) measurements were conducted in the (/2( method over 3~60o(2() using a Rigaku diffractometer with CuK( ((=1.54Å) radiation source. Data were taken every 0.02o at a scan speed of 0.4o/min. The measured WAXD patterns were corrected with the background run and then normalized for the film samples. The reflection pattern in which the diffraction vector is in the vertical direction to the film plane gives the structural information in the direction of film thickness, and the transmission pattern in which the diffraction vector is in the film plane provides the structural information in the film plane.

For the other characteristic property, dynamic mechanical thermal analyzer (DMTA) (Polymer Lab. MKIII) was used. 

Results and Discussion
The hydroxy-containing soluble polyimide and o-cresol-formaldehyde novolac epoxy resins are successfully synthesized. Epoxy resin(o-cresol formaldehyde novolac epoxy) was added to the soluble polyimide in various ratio. Instead of crosslinking agent of epoxy resins, the hydroxyl group containing polyimides are reacted with epoxy resins. All the resulting solutions are clear and transparent in any ratio.

Dynamic residual stress measurements were preformed during thermal curing process of the soft baked precursor films on Si wafers by using the TFSA(Thin Films Stress Analyzer). Here, the curing process was performed by multistep with a ramping rate of 2.0℃/min. The epoxy/polyimide system is brought up to 220℃ for a time period sufficient to fully cure the epoxy and to remove the volatiles. The schematic bending apparatus, TFSA, was set up and used, as shown in Fig. 1. With these TFSA data, the residual stress decreased in tension mode as the ratio of polyimide in Epoxy/Polyimide film was increased. Due to low Tg of Epoxy resins, as curing temperature is raised, the portion of imide segment affects stress behavior of Epoxy/Polyimide system more severely. In addition, incorporation of imide segment in epoxy structure may influence chain mobility of system. The more epoxy resins of Epoxy/Polyimide was added, the steeper slope is obtained. It means that increasing imide portion of the resulting film gives lower TEC(Thermal expansion coefficient) and lower residual stress.

From WAXD analysis, morphology of Epoxy/Polyimide system can be obtained. Due to the flexible chain nature of epoxy resin, the pattern of Epoxy/Polyimide system shows amorphous and they are irregularly packed together.

Therefore, it was found that the ratio of polyimide in Epoxy/Polyimide films strongly affected residual stress and moisture induced stress relaxation behavior. It is suggested that the morphological change and portion of imide segments in Epoxy/Polyimide system might be one of important factors leading to the low residual stress in thin film shape on Si wafers.

Conclusion

At first, using 2,2-bis(3,4-dicarboxyphenyl)hexafluoropropane(6FDA) and 2,2-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane(AHHFP), hydroxy containing polyimide was synthesized and then reacted with o-cresol formaldehyde novolac epoxy successfully in various ratio. 

Bending beam technique has been used to study stress development in Epoxy/Polymer film on substrate during thermal cycling. As the ratio of polyimide was increased, the residual stress of Epoxy/Polyimide system is noticeably decreased. It is also found that morphological structure and ratio of polyimide in Epoxy/Polyimide system might be key factor to low residual stress system.
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Fig. 1. Bending beam experimental layout
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