디아민의 구조가 내열성 폴리이미드 박막의 잔류응력

및 기계적 물성에 미치는 영향

박성국, 정현수, 조영일, 한학수

연세대학교 화학공학과

The effect of diamine structures in high temperature polyimide thin films

on the residual stress and mechanical properties

Sunggook Park, Hyunsoo Chung, Yungil Joe, Haksoo Han

Department of Chemical Engineering, Yonsei University

Introduction

Polyimides have increasingly gained importance because of their high temperature resistance, low dielectric constants, inertness to solvents, and long-term stability.[1] The most notable use of polyimides is in the electronics industry, primarily in applications as films or coatings. Polyimide coatings are used in a variety of interconnect and packaging applications, including insulation and passivation layers, alpha particle barriers, and stress buffers on integrated circuits and interlayer dielectrics in high-density interconnects on multichip modules.[2,3] However, when polyimides are used for multilayered structure, residual stress generated at the interfaces with other layers can cause critical problems for reliability, such as crack, delamination, and displacement. Thus, to avoid these problems, low stress is necessary at each interface in a multilayered structure.

It is well known that chemical structure is the most important parameter on thermal and thermophysical properties of aromatic polyimide films. The residual stress of a polyimide layer is mainly caused by the mismatch of thermal expansion coefficient (TEC) between two layers, which is variable depending on the chemical structure and chain rigidity.[4] Besides this, processing and environmental conditions can also affects the residual stress and mechanical properties. Therefore, it is possible to control the residual stress of the polymeric material through the modification of the backbone structure with different repeating unit. In doing so, detailed understanding of the effects of each monomer and environmental condition on the residual stress and mechanical properties is absolutely needed and is a field to be continuously studied.


In this study, we investigate the residual stress behavior of biphenyltetracarboximide thin films with three different aromatic diamines using wafer bending technique. The stress observed in the polyimide films was understood in comparison with thermal and mechanical properties such as Tg, Young’s modulus, and TEC. In addition, water-induced stress relaxation behavior in 90% RH at 25oC was monitored and fitted with the Fickian equation.

Experimental

The backbone structures of the monomers used in this study are shown in Fig. 1. All the monomers were purified through sublimation before use. Three different poly(amic acid) precursor solutions, poly(p-phenylene biphenyltetracarboxamic acid) (BPDA-PDA PAA), poly(benzidine biphenyltetracarboxamic acid), (BPDA-BZ PAA) and poly(oxydianiline biphenyltetracarboxamic acid) (BPDA-ODA PAA), were prepared through polycondensation in N-methyl-2-pyrrolidinone (NMP) from the respective dianhydride and diamine. The resulting solutions were controlled to have solid contents of 10-15wt%.
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Single-side polished Si (100) wafers of 3 inch diameter were used as substrates. Before use, initial curvature of the wafer was measured using thin film stress measurement system (TFSMS). PAA solutions were spin coated at 1500-2000rpm for 30s on the precleaned wafers in order to make the finally imidized film thickness about 10m and then softbaked at 80oC for 30min in a curing oven. These softbaked films were then thermally imidized at 400oC for 60min in a hot plate equipped in the TFSMS during in situ measuring the residual stress. The ramp rates are 2oC/min and 1oC/min for heating and cooling, respectively. The residual stress (f) of the film was calculated from the wafer curvature measured before and after the spin coating using the following equation.[5]

Here, the subscripts f and s denote polyimide film and Si wafer substrate, respectively. Es and vs are the Young’s modulus and the Poisson’s ratio, respectively. After dried in an vacuum oven for 24hours, the fully imidized polyimide films on wafers were put into a cell with 90% RH and 25oC in order to measure the stress relaxation behavior with time by water sorption. The measured data were fitted with Fickian equation as follows.[6]
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Where o is the initial stress at t=0,  the difference between the residual stress values at t=0 and t=(D the stress relaxation coefficient of polyimide film by water sorption, and Lf the film thickness. After peeling polyimide thin films from the wafers, thermal and mechanical properties were measured by dynamic mechanical thermal analyzer (DMTA), Instron, and thermal mechanical analyzer (TMA).

Results and Discussion


Fig. 2 shows the residual stress behavior of three different polyimides during curing up to 400oC and subsequent cooling. The initial residual stress values after prebaking were between 10-15MPa for all the films, with the difference being mainly caused by the initial amount of residual solvent. As the temperature increases up to 100oC, the residual stress of BPDA-ODA PAA, which is relatively flexible backbone structure, decrease, while the others decrease after slight increase. This represents that the decrease of the residual stress by thermal expansion character of poly(amic acid)-NMP complex is more dominant than the increase by solvent evaporation in BPDA-ODA PAA, while the others show opposite behavior. With the temperature, various factors, such as solvent evaporation, softening of material, imidization and thermal expansion character, change competitively, resulting in the complicate residual stress behavior. When temperature reaches 400oC, the residual stress of each film is shown between 4-10MPa. It is well known that thermal stress is generated only when the temperature goes down from final annealing temperature or glass transition temperature by the TECs of thin films. The residual stress values of BPDA-PDA and BPDA-BZ at RT, TECs of which are similar with Si wafer, are 1MPa and 5MPa, respectively. Comparing to this, the value of BPDA-ODA is 50MPa owing to more flexible and bulky ether group. 


To see the relationship of the residual stress behavior with mechanical properties, the glass transition temperature and tensile modulus were measured by DMTA. The tensile modulus behaviors of three polyimide films with different diamine structures are illustrated in Fig. 3. The initial tensile modulus of BPDA-ODA is relatively low. The glass transition temperatures appeared at 350oC for BPDA-PDA, 390oC for BPDA-BZ, and 330oC for BPDA-ODA. In particular, the modulus of BPDA-BZ decreases in a broad range of 200oC~450oC without any sharp drop and loss tangent data shows distinct (-transition and broad glass transition region. BPDA-PDA also reveals (-transition but much less than that of BPDA-BZ, indicating that biphenyl moiety in polyimide backbone structure plays a important role for short-range molucular motion while its linearity gives the polyimides films stiffness and good mechanical property. The hinged structure in ODA results in low modulus and drastic change near glass transition temperature. 


The stress relaxation behavior in 90% RH at 25oC for three different polyimides is shown in Fig. 4. BPDA-PDA, which is rigid and linear structure with a biphenyl group, shows little total relaxation amount and relaxation coefficient, while those of BPDA-ODA with the hinged group are 10.2MPa and 6.2568cm2/s, respectively, as can be expected. However, BPDA-BZ, which has two biphenyl groups and shows higher modulus and glass transition temperature than those of BPDA-PDA, relaxes relatively much by water sorption. 
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This can be explained that there is more free volume in BPDA-BZ due to two biphenyl groups. In summary, biphenyl group in polyimide thin films brings about the increase of mechanical properties while it goes against the resistance for water in environment.
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Figure 3. Dynamic mechanical properties of polyimide films derived from biphenyltetracarboxylic dianhydride with various diamines. Ramping rate 5oC/min





Figure 1. Structures of dianhydride and diamines
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Figure 2. Residual stress behavior during thermal imidization of various poly(amic acid) coated on Si (100) wafer
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Figure 4. Residual stress relaxation of polyimide films from various diamines measured at 25oC in 90% RH as a function of time. 





Table 1. Comparison of variables for residual stress relaxation
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