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Introduction
Polyimides are widely used in the microelectronics industry owing to excellent mechanical properties, high thermal stability[1-3]. Despite inherent attractiveness, there are many problems associated with polyimide usage. It is commonly known that for multi-layered device there are often reliability problems, such as displacement, cracks, and delamination at interface[4-5]. Interfacial stress generation is linked to potential reliability problems in integrated circuits, such as loss of adhesion, dimensional stability Thus, it is desirable to have low stress level materials that are inert to ambient fluctuations in conditions such as temperature and humidity.

Imidization reaction and a vaporization process occur during curing of a poly(amic acid) (PAA) precursor. In vaporization process, solvent and by-products are removed from the film. The imidization fragments in the polymer solvent solution is expected to change the solubility characteristic of the polyamic acid-imide system. Specially, residual solvent in PAA films causes plasticizing the films and increasing mobility of polymer molecules during thermal curing process[6]. Due to the residual solvents in PAA films, polyimide properties are greatly influenced by curing conditions[6-10]. This suggests the morphological changes of polyimide films occur in complex imidization process. 

Curing conditions including annealing step significantly affected to the morphology and residual stress of polyimide[11]. Depending on solvent system the obtained morphology can be varied because polymer chains can order during imidization Understanding the relationship between solvent system and residual stress is therefore considerable interest because ordering is possible during thermal curing

In this work, semiflexible poly(4,4’-oxydiphenylene pyromellitimide) (PMDA-ODA) and pseudo rodlike poly(p-phenylene biphenyltetracarboximide) (BPDA-PDA) were prepared by different thermal imidization history. As a solvent for polyamic acid, a mixed solution of 20% by weight cyclohexyl-2-pyrrolidone (CHP) and 80% by weight n-methyl-2-pyrrolidone (NMP) was used. The residual stress behavior of these polyimide prepared from PAA (NMP/CHP) was compared to that prepared from PAA (NMP). 

Experimental

A. Reagent 
Poly(amic acid)s (PAAs) were synthesized in the high boiling point solvent (CHP; b.p.=307oC) and relatively low boiling point solvent (NMP; b.p.=202oC) from the respective dianhydrides and diamines: poly(p-phenylene biphenyltetracarboxamic acid) (BPDA-PDA PAA) and poly(4,4-oxydiphenylene pyromellitamic acid) (PMDA-ODA PAA). The corresponding PAA was synthesized in only dry NMP from the respective dianhydride and diamines.
B. Sample preparation

Poly(amic acid)s (PAAs) were synthesized in the high boiling point solvent (CHP; b.p.=307oC) and relatively low boiling point solvent (NMP; b.p.=202oC) from the respective dianhydrides and diamines: poly(p-phenylene biphenyltetracarboxamic acid) (BPDA-PDA PAA) and poly(4,4-oxydiphenylene pyromellitamic acid) (PMDA-ODA PAA). The corresponding PAA was synthesized in only dry NMP from the respective dianhydride and diamines. In the synthesis of poly(amic acid)s, attempt to control molecular weights was made by creating a stoichiometric imbalance of monomers using small excess diamine[2-3]. Intrinsic viscosity was measured at NMP to be 0.65dl/g for BPDA-PDA PAA and 0.62dl/g for PMDA-ODA PAA. The concentrations of PMDA-ODA and BPDA-PDA precursor were 15wt.% in respective solvent. The films of precursor were prepared by spin coating and soft baked at 80oC for 30minute in a convection oven.
C. Measurement

Dynamic residual stress measurements were performed during thermal imidization of the softbaked films on Si wafers using Thin Film Stress Analyzer(TFSA). 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).[12]
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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.[13] The ramping rate was 2.0oC/min and the cooling rate was 1.0oC/min. The stress behaviors of polyimide films were measured after conventional thermal imidization from 25oC~400oC.

Wide angle x-ray diffraction (WAXD) was used for characteristics of molecular order and chain orientation in polyimide films. WAXD patterns were collected using the (-2( method in the reflection and transmission mode over 3.5o<2(<60o. The X-ray generator, CuK( radiation sources ((=1.54Å) was run at 35kV and 40mA. 
Dynamic mechanical thermal analyzer (DMTA) (Polym. Lab., MKIII) was also used for the glass transition properties of polyimide thin films

Result and Discussion

Residual stress of polyimide films prepared from mixed solvent system (NMP/CHP) was compared to that of the films prepared from PAA (NMP) with different curing schedules are presented in Table I. For the PMDA-ODA polyimide film imidized from PAA (CHP:NMP=20:80 by weight %), residual stress decreased from 35 MPa for rapid cure A to 31 MPa for slow cure C, respectively. For the PMDA-ODA polyimide imidized in only NMP solvent, residual stress was 30 MPa. For the BPDA-PDA polyimide film imidized from PAA (NMP/CHP), residual stress decreased from 40 MPa for rapid cure A to 20 MPa for slow cure C, respectively. For the BPDA-PDA polyimide imidized in only NMP solvent, the residual stress was 8 MPa.

WAXD measurement was performed to evaluate the degree of the chain anisotropy for the polyimide film in both transmission and reflection pattern, respectively. WAXD clearly shows the effect of curing process and high boiling point solvent (CHP) on the degree of chain orientation in the films. As shown in Fig. 1. transmission diffraction peak shows that the stronger intensity of the (002) reflection in the PMDA-ODA prepared from PAA(NMP/CHP) indicates higher degree of crystallinity and chain alignment in the film direction than prepared from PAA(NMP). From the reflection patterns, intermolecular packing order is more increased for polyimide prepared PAA(NMP/CHP) than that of prepared PAA(NMP). The presence of (002) at in reflection and transmission mode indicates that polyimide derived from PAA(NMP/CHP) is significantly more isotropic despite higher degree of chain packing oder compared to the film prepared from PAA(NMP)

WAXD data for BPDA-PDA films are also given in Fig. 2. It suggests that the degree of in plain orientation was relatively low in polyimide thin film prepared from PAA (NMP/CHP) with rapid curing. For the reflection spectra, the dependency of cure history and solvent system on the molecular packing order is also evident in BPDA-PDA. It indicates that the molecular packing order in the BPDA-PDA polyimide film has significantly improved as cured in mixed solvent. 

The degree of anisotropy variation in the BPDA-PDA was significantly higher than that of the PMDA-ODA with solvent system and curing rate. However, the stronger intensity of the (002) diffraction in semiflexible PMDA-ODA prepared from PAA (NMP/CHP) indicates higher level of crystallinity. This abnormal behavior might be resulted from solvent contents and intrinsic chain mobility in polyimide films. The presence of a CHP greatly facilitates chain mobility and permit chain alignment during imidization due to the relatively high boiling point (~307oC) and low vapor pressure of CHP


During thermal imidization, the imidized chain mobility of BPDA-PDA will be limited because the in plane orientation is higher than flexible PMDA-ODA. Therefore, the storage modulus of BPDA-PDA polyimide is always higher than that of PMDA-ODA regardless of solvent system and curing process. The storage modulus in rigid BPDA-PDA is higher in the films prepared from PAA (NMP) than that of PAA (NMP/CHP). It means that degree of chain mobility is higher in polyimide film prepared from the PAA (NMP/CHP). This approved chain mobility in BPDA-PDA prepared from PAA (NMP/CHP) may release the sufficient stress development on cooling process. Thus, the significantly higher chain mobility in BPDA-PDA may cause an increase in the residual stress on cooling process. 

Conclusion

The polyimide prepared from PAA (NMP/CHP) with rapid curing process shows a low degree of molecular anisotropy in the film and high chain mobility than polyimide film prepared PAA (NMP) with low ramping rate. The morphological change of pseudo rodlike BPDA-PDA was influenced significantly by solvent system and thermal curing history, whereas that of semi-flexible structure PMDA-ODA was not relatively sensitive. Therefore, the solvent system and curing history depending upon residual stress and morphological structure might be one of important factors to lead low residual stress in polyimide thin films. Additionally, it is suggested that in order to minimized film stress, BPDA-PDA precursor should be imidized in solvent system and curing process, which could induce higher chain anisotropy by restrict chain mobility during thermal curing process.
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Table 1. Residual stress for polyimide thin films prepared from mixed solvent systems 

with different curing sequences
	Polyimide
	Solvent

NMP:CHP
	Curing process*
	Slope of cooling curve (MPa/oC)
	Residual stress

(MPa)

	PMDA-ODA
	80:20
	A
	0.088
	35

	
	80:20
	B
	0.086
	31

	
	80:20
	C
	0.086
	31

	
	100:0
	C-NMP
	0.085
	30

	BPDA-PDA
	80:20
	A
	0.089
	40

	
	80:20
	B
	0.077
	32

	
	80:20
	C
	0.057
	20

	
	100:0
	C-NMP
	0.017
	8


Note: * Curing schedules are identified in Fig. 1. and Fig. 2.

[image: image1.wmf]s

n

F

E

s

t

s

s

R

F

R

=

-

-

¥

1

6

2

1

1

(

)

(

)

[image: image2.wmf]2

q

 (degree)

0

10

20

30

40

50

60

70

INTENSITY (A. U.)

Transmission

Reflection

Cure A

Cure B

Cure A

Cure C

Cure B

Cure C (NMP)

Cure C

Cure C (NMP)

(002)

(002)

(202)

(110)


                 (a)                                                (b)

Fig. 1. WAXD pattern of the PMDA/ODA prepared    Fig. 2. WAXD pattern of the BPDA-PDA prepared   

    from the mixed solvent with different curing           from mixed solvent with different curing                    

    processes: (a) cure A;(b) cure B;(c) cure C;            processes: (a) cure A;(b) cure B;(c) cure C;

    (d) cure C(NMP).                                 (d) cure C(NMP).
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