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Introduction


Polymers currently extend their usage in the microelectronics industry. In particular, high temperature polyimides are known to have excellent thermal stability (commonly up to 400oC), high chemical resistance, good mechanical properties, low dielectric constant, and easy processability[1]. For these advantageous properties, polyimides are widely used in the fabrication of semiconductor and microelectronic devices as interlayer dielectrics, insulation layers and packaging materials. Most high performance microelectronic devices are recently designed in multi-layer structures to be highly dense and compact[2,3]. In this application, polyimides are commonly interfaced with metals, silicons, ceramics and plastic substrates. However, high stress is generated at the interfaces by the mismatch between physical properties of the interfaced layers, and this may result in reliability problems such as displacement and crack. 

Residual stress is known to consist of two components-intrinsic stress and thermal stress[4,5,6]. Intrinsic stress results from volume shrinkage due to solvent loss and from molecular structural ordering during film formation process. On the other hand, thermal stress, which is the major contributor to the overall residual stress in polymer films treated at high temperatures, is a function of Young’s modulus, Poisson’s ratio, thermal expansion coefficient[6,7,8]. The TEC of a polymer film is strongly dependent upon the polymer chain rigidity as well as the molecular orientation. And the stress at polyimide thin film on a substrate can be minimized by controlling the TEC of the polymer through the modification of the polymer backbone and the control of molecular orientation[9,10]. Therefore, the stress at all interfaces of polymer/substrate or polymer/metal needs to be as low as possible to avoid the stress associated reliability problems.    

Copolymerization method may be used to show low stress and to have excellent mechanical properties and low water sorption as microelectronic devices. The main focus of this work was on linear polyimide containing the bulky di(trifluoromethyl) moiety. Copolymer was prepared combining 1,4-phenylenediamine (PDA) with 1,2,4,5-Benzenetetracarboxylic dianhydride (PMDA) and 2,2’-bis(3,4-dicarboxyphenyl) hexafluoro- propane dianhydride (6FDA); the 6FDA 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 of the co- and homopolyimide precursors as a function of processing temperature over the range 25~400oC by using Thin Film Stress Analyzer (TFSA). In addition, their relationship between morphological structures and residual stress behaviors depending on 6FDA composition was investigated by X-ray diffraction (WAXD). In this work, we can see that copolyimide can compensate for the difficulty in process due to high Tg in spite of relatively low stress for rigid PMDA-PDA by using the flexible 6FDA. 

Experimental

A. Materials and Sample Preparation
PMDA and PDA were vacuum sublimed (Aldrich Co.). 6FDA was obtained from TCI Co., Ltd., and sublimed prior to used. 1-Methyl-2-Pyrrolidinone (NMP) received from Aldrich Co was used after distillation. Poly(amic acid)s (PAAs) were synthesized in dry NMP at a concentration of 15% solids (w/w) by adding a stoichiometric amount of the combination of dianhydrides in a powder form to a mechanically stirred solution of PDA 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. Before use, the initial curvature and thickness of the wafers were measured. Then, an adhesion primer[0.1 vol% aminopropyltriethoxy silane solution, 90vol% EtOH, 10vol% de-ionized (DI) water] was spin coated at 2000~4000 rpm for 20sec on the precleaned wafers and dried in air. All precursor solutions were spin-coated on silicon wafers and soft baked at 80oC for 30min. Here, the spin condition employed was 800~1000 rpm, depending on the finally imidized film thickness demanded. The ratios of anhydrides between PMDA and 6FDA were employed by 100:0, 30:70, 50:50, 70:30, and 0:100. The stress behaviors of polyimide films were measured after conventional thermal imidization from 25oC~400oC[8]. 

B. Measurement

The curvatures of Si wafer with and without polyimide films were measured at room temperature in nitrogen using He-Ne laser beam of TFSA. After the prebake at 80oC of the precursor film on wafer in the hot plate, their curvatures were measured and then they were moved into the 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)[9].












(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-νs) is 180500MPa[10]. Before use, the initial curvature and the thickness of wafers were measured by using the TFSA and the thickness gauge (SM1201, Teclock Co., Japan). The ramping rate was 2.0 oC/min and the cooling rate was 1.0oC/min. In addition, the thicknesses of polyimide films were controlled range of 10~11 (m to minimize the thickness effect.

For the WAXD measurements, these fully cured films were removed from the substrate. Wide Angle X-ray Diffraction (WAXD) measurements were conducted in the (/2( method over 3~60o using a Rigaku diffractometer with CuK( ((=1.54Å) radiation source. Data were taken at 0.02o intervals a scan speed of 0.4o/min. The measured WAXD patterns were corrected with the background run and then normalized for the film samples[11,12]. 

For the other characteristic property, dynamic mechanical thermal analyzer (DMTA) (Polymer Lab. MKIII) was used. The employed heating rate and frequency was 5.0oC/min and 1Hz, respectively. Thermal expansion coefficients were measured by a thermomechanical analyzer (Du Pont Model 943) under nitrogen at a heating rate of 2oC/min.

Results and Discussion
The residual stress behaviors of homo and copolyimides were shown in figure 1 and the analyzed results were summarized in Table 1. For rodlike PMDA-PDA, the residual stress after fully cured 400oC was –5MPa. However, di(trifluoromethyl) groups attached on the PMDA/6FDA-PDA severely affect the stress development of the resulting copolyimide. As the concentration of 6FDA increased, the residual stress drastically increased to 20~45MPa for the PMDA/6FDA-PDA. The incorporation of larger bulky group into the polyimide backbone influences the TEC increase and easier chain mobility. That is, residual stress was higher in the copolyimide due to more moveable chain mobility.


The morphological structures of these polyimides were obtained from WAXD patterns. 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. In contrast, 6FDA-PDA polyimide revealed structureless patterns. That is, the incorporation of di(trifluoromethyl) groups into polyimide backbone showed significantly disturbed chain orientation and ordered phase of rodlike PMDA-PDA.

In addition to the molecular order and orientation, the chain mobility was considered as a key factor to influence the stress development induced by thermal mismatch during imidization. The chain mobility is directly related to the Tg, which is a measure of chain flexibility. Here, for each polyimide, the tan ( profile was significantly affected by the composition of CF3 groups. 

Conclusion


With 6FDA, PMDA, and PDA, the homopolyamic acids and copolyamic acids were synthesized and thermally converted to the polyimides in thin films. For all the polyimides, both stress and morphological structure were significantly dependent upon the 6FDA composition in the backbone structure. In this study, the ratio of 30:70 (6FDA/PMDA) anhydrides showed relatively low level stress and excellent mechanical strength for microelectronics application.   
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Table 1. Residual stresses and thermal properties of PMDA/6FDA-PDA copolyimides. 

Composition PMDA/6FDA
Residual stress 

at 25oC(MPa)a
Slope in Cooling curve (MPa/oC)
Thickness

((m)
TECb
 (ppm/oC)
Tg(oC)

100/0
-5
-0.1287
10.3
2.10
-

30/70
45
-0.1199
11.2
31.74
390

50/50
33
-0.0781
11.0
15.47
430

70/30
20
-0.0423
11.3
8.465
450

0/100
50
-0.0515
10.7
42.3
340

aAll polyimides were cured by one-step from 25 oC to 400oC; heating 2oC/min, cooling 1 oC /min, respectively 
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Figure 1. Residual stress behavior of PMDA/6FDA-PDA copolyimide thin film by thermal imidization at 400oC according to 6FDA composition. 
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