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Abstract

High-temperature furnace tubes are key special-purpose equipment for thermal oxidation and
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annealing of semiconductor wafers, whose cooling performance determines equipment production
efficiency. Conventional passively-cooled furnace tubes with single-layer insulation suffer from
cooling rate below 1°C and non-uniform thermal field. Long-time cooling induces process failures
including wafer warpage and uncontrolled impurity diffusion, limiting capacity for advanced nodes
below 5 nm. Taking a 12-inch vertical high-temperature furnace tube as the research object, this
paper analyzes drawbacks of natural heat dissipation and external water-cooling schemes, and pro-
poses a three-in-one optimization scheme combining three-layer composite insulation structure,
air-water coupled active cooling and multi-point intelligent closed-loop temperature control. Per-
formance is quantitatively compared via simulation curves and KPI indicators. Theoretical deduc-
tion shows that the scheme raises cooling rate by 40%, shortens single-batch cooling time to 35 min,
improves OEE by 50% and reduces thermal-stress-defect risk by 80%, with lower energy consump-
tion and maintenance costs. This solution is granted Chinese patent CN201210138202.3 and offers
theoretical and engineering references for heat-treatment furnace upgrading.
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Figure 1. Cross-sectional view of a conventional hot annealing furnace tube
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Figure 2. Cross-sectional view of the improved three-layer composite furnace tube
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Figure 3. Overall air-water coupling composition of the rapid cooling system
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Figure 4. Schematic diagram of the linkage control between the cooling system and the heater
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