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Introduction


High-Temperature polyimides are used extensively in the wide variety of microelectronic devices as inter-dielectric, alpha-particle protecting, and passivation layers, owing to relatively high thermal stability, good chemical resistance, and excellent mechanical toughness[1,2]. Of the high temperature polyimides, poly(4,4(-oxydiphenylene pyromellitimide) (PMDA-4,4(ODA) has the longest history among all commercial polyimides utilized in electrical and electronics applications and is widely used even today. It has good thermo-oxidative stability, mechanical properties, high glass transition temperature, and good resistance to solvents.

Although PMDA-4,4(ODA is a very useful material for electronics applications, it has had some problems. Specially, the in-plane coefficient of thermal expansion (CTE) is 35(40ppm/oC and the adhesion to itself or to Cu is poor, in addition to limited planarization. In addition, the processing of the polyimide precursor solutions is made more difficult in certain applications because of the rather high intrinsic viscosity of PMDA-4,4(ODA poly(amic acid) precursors. Since the thickness and planarization of multilayered structures depend upon the use of a high solid content solution, it would be advantageous to have a 
material with a lower solution viscosity.

To overcome some of the shortcomings in PMDA-4,4(ODA, poly(3,4(-oxydiphenylene pyromellitimide) (PMDA-3,4(ODA) has been developed[4-6]. It differs from PMDA-4,4(ODA only in the isomerization of the diamine unit as shown in (Figure 1). The change in the diamine makes the initial poly(amic acid) precursors more flexible due to higher configurational entropy, which come from larger degree of conformational freedom in PMDA-3,4(ODA. Whereas the final main chain conformation of PMDA-3,4(ODA polyimide can adopt a more linear conformation than PMDA-4,4(ODA, which could produce different properties.
In this study, PMDA-ODA films were prepared from the poly(amic acid) by thermal imidization at various temperatures in the range of 200-400oC. Molecular order and orientation in the films were characterized by wide-angle x-ray diffractions (WAXD). The water sorption behavior was investigated in detail by gravimetry using a Cahn microbalance, which was operated over 22-100% relative humidity (R.H.) at 25oC. In addition, some measurements were conducted in various temperatures of 5-60oC. The water sorption behaviors of PMDA-ODA were understood together with temperature, humidity, thickness, and morphological structure.

Experimental


Poly (3,4’-oxydiphenylene pyromellitimide) (PMDA-3,4’ODA) and Poly (4,4’-oxydiphenylene pyromellitimide) (PMDA-4,4’ODA) precursor solutions, poly(amic acid) (PAA), were prepared in dry N-Methyl-2-pyrrolinone (NMP) through polycondensation method. The solid content of precursors was about 15wt %. All the polyimide precursors were spin coated on a silicon (100) substrate. Here, the film thickness was measured using a surface profiler (Tencor Instruments, P-10). Coated wafers were prebaked at 80(C for 30 min on a hot plate under the nitrogen atmosphere. The prebaked samples were then placed in the curing oven and cured under flowing nitrogen by following cure schedule: 150(C/30min, 230(C/30min, 300(C/30min,and 400(C/60min. The ramping rate for each step was 2.5(C/min and cooling rate was 2.0(C/min. The fully cured films were cut into rectangular pieces approximately 15mm(15mm and fully dried in a vacuum for 24 hours prior to use of gravimetric measurement. 


Water sorption into the polyimide thin films were carried out by measuring the mass change as a function of time at 25(C and 22-100% R.H., by using the Thin Film Diffusion Analyzer (Cahn Instruments, D-200) with a resolution of 0.1(g over 20mg weight loading[5,6]. Some other measurements were performed in various humidities of <100% R.H. by using five different types of salt solutions in distilled water.

All the sorption isotherms measured were analyzed with Fick’s second law. Which has been driven for an infinite slab with a constant surface concentration by Crank et al.
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where M(t) is the water uptake at a time t, M(() is the water uptake at t=(, D(cm2/sec) is the diffusion coefficient of water, and L is the film thickness[3]. The experimental data were plotted with mass uptaking ratio M(t)/M(() as a function of t1/2L-1. 

Wide-angle X-ray diffraction (WAXD) patterns (both transmission and reflection) were obtained for polyimide thin film specimens on a Rigaku horizontal X-ray diffraction apparatus with nickel-filtered radiation. The CuK( radiation source ((=1.54() was operated at 35kV and 40mA and all measurements were carried out (/2( mode. 

Results and Discussion

The effect of temperature on the diffusion coefficient was measured at different diffusion temperatures ranging from 5 to 60oC for 12.20(m thick PMDA-3,4’ODA and 11.97(m polyimide film. Typical isotherms of water sorption with varying temperature are depicted in table1. The sorption isotherms were reasonably well fitted by Fick’s second law (i.e. equation (1)), regardless of measuring diffusion temperature and morphological heterogeneities due to the ordered and disordered phases. The diffusion coefficient was varied with increasing temperature in the range of 3.58(10-10 to 22.5(10-10cm2/sec for PMDA-3,4’ODA and 4.7(10-10 to 27.5(10-10 cm2/sec for PMDA-4,4’ODA, respectively. Additionally, activation energies for diffusion were calculated in standard Arrhenius form by fitting the dependence of the logarithm of the diffusion coefficient on reciprocal temperature as follows; 
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where D (cm2/sec) is the diffusion coefficient at a measuring temperature T (K), D0 (cm2/sec) is the pre-exponential factor, Ea (kcal/mol) is the activation energy for diffusion, and R is the gas constant (1.98kcal/mol K). The activation energy for PMDA-3,4’ODA was calculated to be 6.12kcal/mol, which is a little larger than that of isomeric PMDA-4,4’ODA.

To investigate the effect of relative humidity, the water sorptions for polyimide thin films were gravimetrically measured over 22-100% R.H. at 25oC. The diffusion coefficient varied slightly with humidity in the range of 8.3(10-10 to 10.2(10-10 cm2/sec for 12.20(m thick and 20.5(10-10 to 22.9(10-10 cm2/sec for 48.65(m thick PMDA-3,4’ODA films and 9.0(10-10 to 9.7(10-10 cm2/sec for 11.97(m thick and 35.6(10-10 to 36.9(10-10 cm2/sec for 55.60(m thick PMDA-4,4’ODA films, respectively. Apparently, the diffusion coefficient, over the conditions investigated, is nearly invariant with humidity within experimental error. This indicates that the water diffusion in PMDA-ODA films apparently obey Fick’s second law, which assumes that the diffusion coefficient is constant and not a function of concentration in films, and the water uptake is nearly a linear function of relative humidity. 

Water sorption measurements were extended for the polyimide films with various thickness. The diffusion coefficient of water varied from 5.7(10-10 to 22.0(10-10cm2/sec over 7.19-63.52(m thickness for PMDA-3,4’ODA and from 9.4(10-10 to 36.4(10-10cm2/sec over 11.97-55.60(m thickness for PMDA-4,4(ODA polyimide films. Overall, the diffusion coefficient of water apparently increased linearly with increasing film thickness. In contrast, the water uptake decreased with increasing film thickness. The film thickness dependence for the diffusion coefficient of water and uptake might result from morphological changes, which may include orientation, crystallinity, and chain packing density, due to the variation of film thickness.
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Figure 1
Synthetic schematic of PMDA-ODA polyimide by thermal imidization

Table 1. Diffusion coefficients and activation energy of isomeric PMDA-ODA polyimide 

       films.

Polyimide structure
Temperature

(oC)
Diffusion coefficient 

D(10-10 (cm2/sec)
Activation energy 

(kcal/mol)

PMDA-3,4(ODA
5

15

25

40

60
3.5

5.1

8.6

11.5

22.5
6.12

PMDA-4,4(ODA


5

15

25

40

60
4.7

8.2

9.5

18.7

27.5
5.81
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