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Abstract: [Objective] With the trend toward larger sizes and higher layer counts in semiconductor package substrates,
warpage has become a critical factor affecting packaging reliability. Structural changes and thermal expansion mismatch
among different material layers during processing are the primary causes of warpage. Solder mask, as a critical protective
material on the substrate surface, significantly influences warpage deformation due to its stress relaxation behavior under
temperature variations. [Method] A viscoelastic warpage model for the reflow process of packaging substrates was
established, by characterizing the viscoelasticity and stress relaxation properties of solder mask, performing constitutive
fitting, as well as using the post-processing warpage profile as the initial state. /Result] The viscoelasticity of solder mask
had a significant effect on stress relaxation compared to nonlinear elastic models. At the reflow temperature of 260 °C,
the discrepancy between simulated and measured warpage values was merely 1.2 um. /Conclusion] The proposed
warpage analysis method clarifies the relationship between solder mask properties and warpage deformation, providing
a theoretical basis for warpage control in package substrate and contributing to improved reliability of electronic package
products.
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Figure1 Schematic diagram showing preparation process of solder mask film specimen
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Figure 2 Simplified design of a quarter panel for packaging
substrate: (a) sketch of ink residue distribution on bottom
surface; photos of the object’s bottom surface (b) and
top surface (c); and (d) warpage at corner
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Table 1 Design of residual ink rate on bottom surface of
packaging substrate

TR % 30 40 50 60
75 %/ um 163.3 225.0 2929 367.5
FRsa%/ Y% 70 80 90 100
% E/ um 452.3 553.0 683.8  1000.0
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Figure 3 Schematic diagram of packaging substrate
simulation model: (¢) geometric model of the simplified
design of packaging substrate; (b) grid division;
and (c¢) constraint imposition
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Figure 4 Variation curves of storage modulus («) and
dimension (b) with temperature for solder mask
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Figure 6 Warpage simulation and experimental results of a substrate with 70% residual ink difference between both sides
at 260 °C: (a) nonlinear material parameter simulation, (b) linear material parameter simulation, and (c¢) measured results
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Figure 5 Physical image («) and finite element modeling
schematic diagram (b) of packaging substrate
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Figure 7 DMA frequency scanning results (¢) and stress
relaxation results (b) of solder mask at different temperatures
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Table 2 Prony grade parameters of solder mask at
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Figure 11 Warpage measurement results of packaging substrate during reflow process
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Figure 12 Warpage simulation results of packaging
substrate during reflow process
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