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Introduction
Polyimides have been widely used as protective overcoats and dielectric layers for semiconductor devices because of their good properties, e.g. excellent thermal stability, high chemical resistance, good mechanical properties, low dielectric constant, and easy processability.[1,2] Despite their inherent advantageous properties, it is commonly known that there are often reliability problems such as displacement, cracks, and delamination at interface for multi-layered device to be highly dense and compact.[2,3] Thus, it is desirable to have low level stress materials that are inert to ambient fluctuations in conditions such as temperature and humidity.

Among properties in polyimide films, stress relaxation characteristics induced by moisture is one of the interesting subjects to be investigated for the reliability and performance of electronic devices fabricated with polyimide, because water causes metal corrosions, failures of the adhesion to metals and degradation of dielectric properties.[4,5] Therefore, In order to optimize their fabrication, it is important to understand this relationship between polyimide structures and properties related to residual stress and water sorption. In this study, the stress relaxation induced by water diffusion will be discussed at 25oC in 100% RH with wafer bending technique.[6] The results were interpreted with the consideration of the morphological structure and chemical affinity to water molecules.

Copolymerization method may be used to show low level residual stress and excellent mechanical properties as well as low water sorption as microelectronic devices. Copolyamic acids PMDA/BPDA-PDAs(PAAs) were synthesized from 1,2,4,5-Benzenetetracarboxylic dianhydride (PMDA) and Bisphenyltetracarboxyphenyl dianhydride (BPDA) as the dianhydride and 1,4-phenylenediamine (p-PDA) as the diamine; the BPDA units contributed to a lower processing temperature (Tg) and water sorption, and the PDA contributed to a lower TEC. For these thin films, residual stresses were detected in-situ during thermal imidization as a function of processing temperature over the range 25~400oC and the stress relaxation induced by water diffusion was estimated at 25oC in 100% RH by using thin film stress analyzer (TFSA). In this work, we can see that copolyimide can compensate for the difficulty in process due to high Tg and relatively high level stress in compression mode and water sorption of rigid PMDA-PDA by introducing semi rigid BPDA-PDA which shows low Tg and water sorption behavior.

Experimental

A. Reagent
Pyromellitic dianhydride (PMDA) and p-phenylene diamine (p-PDA) were purified by vacuum sublimation (Aldrich Co.). Biphenyltetracarboxylic dianhydride (BPDA; 98% purity grade) was obtained from Aldrich Co. and used without sublimation. 1-Methyl-2-Pyrrolidinone (NMP; 99% purity grade) purchased from Aldrich Co. and was used after distillation. 

B. Sample preparation

Poly(amic acid) (PAA) precursor solutions for homogeneous- and co- polyimide were synthesized in dry NMP at a concentration of 15wt% solids by adding a stoichiometric amount of the combination of dianhydrides in a powder form to a mechanically stirred solution of the p-phenylene diamine (p-PDA). It was performed under nitrogen atmosphere at room temperature for about 36hr. The two-side polished Si (100) wafer as substrate used in this study was 3in(76.2mm) diameter. All precursor solutions were spin-coated on silicon wafers and soft baked at 80oC for 30min. Copolymers were synthesized by combination of an equimolar amount of dianhydride and diamine. The ratios of anhydrides employed were 100:0, 30:70, 50:50, 70:30, and 0:100. 

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).[8]
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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 polyimide films were measured after conventional thermal imidization from 25oC~400oC.
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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. [10,11] 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 analyzed results of the residual stress behaviors measured on Si (100) substrate are summarized in Table 1. For rodlike PMDA-PDA, the residual stress after fully cured at 400oC was –5Mpa, and 5.5MPa for semi flexible BPDA-PDA. As the composition of BPDA increased, the residual stress drastically decreased to –8 ~ 0MPa in compression mode for the PMDA/BPDA-PDA. The incorporation of linked group into the polyimide backbone influences the TEC increase and easier chain mobility. As linked group attached on the PMDA/BPDA-PDA it severely affected the stress decreasing in the compression mode of the resulting copolyimide.


Stress relaxation isotherms of PAAs in thin films apparently followed the Fickian process well at 25oC in 100% relative humidity. Measured residual stress relaxation behaviors are summarized in Table 1. As an additional factor affecting water sorption, the chemical affinity to water is the increasing order; BPDA < PMDA.[12] The water diffusion coefficient (S) estimated from stress relaxation was various over the range of 3.55 ×10-10cm2/s to 9.0 ×10-10cm2/s for PAA derived films. It is considered that the isotherms of stress relaxation behavior induced by water sorption into the polyimide thin film strongly depended upon the morphological structure of polyimide.

The morphological structures of the copolyimides from three components can be obtained from WAXD patterns of the polyimides(Fig.2). PMDA-PDA chains are mainly oriented in the film plane and highly ordered due to the rodlike chain nature, but irregularly packed together. The lack of regular intermolecular packing might be the result of the limited chain mobility due to its high glass transition temperature. The transmission of BPDA-PDA apparently showed multiple diffraction peaks from the high chain ordering along the chain axis, and also three halo peaks were exhibited in the reflection, indicating that the in-plane oriented chains are regularly well ordered.

With these results, the effect of precursor origins on these stress relaxation behaviors might result from some differences in the morphological structures of polyimide films prepared from PAA precursors having different composition. In addition to the molecular order and orientation, the chain mobility is directly related to the Tg, which is a measure of chain flexibility. The higher chain flexibility leads to the lower Tg, providing the higher chain mobility.

Conclusion

With PMDA, BPDA, and PDA, the homopolyamic acids and copolyamic acids were synthesized and thermally converted to the polyimides in thin films. The stress relaxation technique using TFSA was successfully applied in the measurements of water diffusion at 25oC in 100% relatively humidity. For all the polyimides, both residual stress and stress relaxation behaviors were significantly effected by morphological structure dependent upon the BPDA composition in the backbone structure. In this study, the ratio of 30:70 (PMDA/BPDA) anhydrides showed relatively low level stress and good mechanical strength as well as low stress relaxation for microelectronics application.
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Fig. 1. Bending beam experimental layout
Table 1. Residual stresses and stress relaxation of PMDA/BPDA-PDA copolyimides. 

Composition PMDA/BPDA
Thickness

((m)
Residual stress 

at 25oC(MPa) a
Stress relax.

(MPa)b
Diffusivity D, c
×10-10cm2/s
Tgd
(oC)

0/100
10.4
5.5
3.55
3.245
400

30/70
10.5
0
3.70
3.448
414

50/50
11.2
-5.1
4.35
3.725
457

70/30
10.4
-7.2
6.43
4.190
482

aThe ramping rate was 2.0 oC/min and the cooling rate was 1.0oC/min during 

 conventional thermal imidization from 25oC~400oC
bStress relaxation according to the water sorption at 25oC 100%RH

cDiffusion coefficient for the water sorption at 25oC 100%RH
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Fig. 2. (a) WAXD pattern for transmission mode of PMDA/BPDA-PDA film cured to 400oC.

      (b) WAXD patterns for reflection mode of PMDA/BPDA-PDA film cured to 400oC.
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