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ABSTRACT

High Bandwidth Memory (HBM) fabrication requires highly reliable Thermo Compression (TC) bonding, where rapid heating
and cooling of ceramic pulse heaters are critical to bonding quality. While heating characteristics have been widely studied,
cooling strategies remain insufficiently explored. This study numerically investigates hybrid cooling channels that combine jet
impingement with micro-channel flows to enhance transient cooling performance. Three geometries-Aligned, Staggered, and
Zigzag-were modeled using transient computational fluid dynamics with the Realizable k-& turbulence model. Cooling
effectiveness was evaluated through heater temperature, Nusselt number, and heat flux. Flow structures and cross-sectional
Nusselt number distributions along the z-axis were also examined to identify mechanisms governing heat transfer. Results
showed that the Zigzag configuration with a 30 ° angle (Z30) was the only case reaching the target temperature of 373 K
within 10 s, achieving an 8.9 % improvement over the reference design. Although Z30 exhibited the highest total heat removal,
720 achieved slightly higher area-normalized heat flux due to its smaller cooling area, indicating a trade-off between absolute
cooling capacity and surface efficiency. Flow analysis revealed that periodic separation and reattachment in the Zigzag channel
continuously disrupted the thermal boundary layer, sustaining higher Nusselt numbers along the z-axis. These findings highlight
the importance of channel geometry, with Zigzag layouts offering a promising pathway to improve TC bonding reliability in

next-generation HBM packaging.
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Fig. 1 Geometry of the numerical model: (a) Overall
schematic view, and (b) Cooling region of the heater
viewed from the —y direction
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Fig. 2 Simplified model: (a) Overall schematic view, and (b)
Cooling region of the heater viewed from the —y direction

Table 1 Properties of ceramic pulse heater(AIN)

Density, p, [g/cm3] 34
Specific heat, ¢, , [Jkg - K] 735
Thermal conductivity, &, [W/m - K] 180
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Fig. 3 Schematics of channel configurations: (a) Ref, (b)
Aligned, (c) Staggered, and (d) Zigzag
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Table 2 Design channel of each case Table 3 Numerical analysis condition
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Fig. 4 Mesh configuration: (a) View from the —z direction,

and (b) View from the —x direction
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Table 4 Nusselt number, pressure drop, and their relative

errors of the Reference model with various element numbers

# of elements | 1.5 M 25 M 35 M 45 M 55 M
Nu 177132 | 17582.1 | 165952 | 16675.5 | 16591.1

Relative error | 6.763 % | 5.973 % | 0.025 % | 0.509 % 0 %

AP [Pa] 3336.0 | 33249 3265.0 3272.7 3265.4
Relative error | 2.161 % | 1.821 % | 0.015 % | 0.221 % 0 %
* 1 M = 1,000,000
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Fig. 6 Average Nusselt number over time compared with the
Reference case: (a) Aligned, (b) Staggered, (c) Zigzag, and
(d) Best performing cases of each channel geometry
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Fig. 8 Area—normalized Nusselt number over time compared
with the Reference case: (a) Aligned, (b) Staggered, (c) Zigzag,

and (d) Best performing cases of each channel geometry
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Table 5 Heat transfer characteristics for each case

Q [W] A [mm’] q” [Wmm’]
Ref. 7.34 68.00 0.1079
A2 7.48 71.36 0.1049
A4 7.60 74.72 0.1017
A6 7.71 78.08 0.0987
S2 7.42 70.52 0.1052
S4 7.53 73.88 0.1019
S6 7.63 7124 0.0988
Z10 7.52 68.60 0.1096
720 8.02 70.50 0.1138
730 8.37 74.03 0.1131
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Fig. 10 Velocity field in the jet impingement
region on the yz plane at the center channel

(with symmetry condition on the xy plane)
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Fig. 11 Streamlines and velocity magnitude, and Nusselt number distribution inside the channels at 10 s: (a) Ref, (b) A8, (c)
S6, and (d) Z30 for streamlines and velocity magnitude; (e) Ref, (f) A6, (g) S6, and (h) Z30 for Nusselt number
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