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The thermal optimization management is one of the key issues in 3-D integrated
circuits (3D-IC). This paper leverages the dendritic biomimetic structures’superior
thermal properties to probe the thermal management for the 3D-IC via introducing
two different fractal micro-channels, which are Y-shaped and T-shaped fractal mi-
cro-channels. Three different 3D-IC thermal models with the different micro-chan-
nels such as the straight, Y-shaped fractal, and T-shaped fractal micro-channels
are designed and simulated via ANSYS FLUENT. Identical boundary comparisons
across inlet velocities show fractal designs reduce heat-source temperatures by
20-25 °C (13.9%-32.3%) vs. straight channels. T-shaped micro-channels consis-
tently outperformed Y-shaped, cutting peak hotspot temperature by 1.54-3.90 °C,
with the margin widening at higher flow rates, evidencing superior systemic cool-
ing. At 1.5 m/s, three cross-sectional flow analyses reveal fractal cooling supe-
riority stems from synergistic targeted jet cooling and boundary-layer resetting.
Y- and T-shaped fractal micro-channels demonstrate substantial advantages over
conventional designs for 3D-IC cooling.
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Introduction

In recent years, rapid integrated circuit development has driven chip structures and
semiconductor processes toward physical limits. Per Moore’s Law, 2-D manufacturing now
fails to meet application demands [1, 2]. To achieve More than Moore, researchers have de-
veloped 3D-IC utilizing multilayer interconnection technology, reducing signal delay while
enhancing integration density and overall performance [3, 5]. However, in 3D-IC, the elevated
power density results in inefficient heat dissipation, which exerts profound impacts on the func-
tionality and stability of both chip designs and integrated systems. This critical challenge un-
derscores the essentiality of thermal analysis and management in the packaging design of 3-D
integrated circuits. Consequently, extensive research on 3D-IC thermal management centers
on developing accurate physical heat-dissipation models to elucidate inter-layer heat transfer
mechanisms [6, 7]. Through analysis of the results, hotspots and temperature distribution in
3D-IC were identified, revealing inherent heat transfer mechanisms [8, 9]. Numerous scholars
have conducted multidimensional innovative research focusing on chip internal architectures
and functional materials: On one hand, by designing and fabricating novel heat spreaders and
chip structures to optimize heat transfer pathways [10, 11], on the other hand, by incorporating
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low dimensional highly thermally conductive materials such as graphene [12] and construct-
ing micro-fluidic micro-channel cooling systems [13], which significantly enhance the overall
cooling efficiency of chips. In the research field of 3D-IC thermal management, the academ-
ic community has conducted multifaceted innovative development, including micro-channel
cooling technology [14, 15], heat pipe cooling [16, 17], and nanoscale fluid cooling [18].

Micro-channel cooling in 3D-IC thermal management offers significant advantag-
es, enabling micron-scale localized heat extraction for precise control of non-uniform thermal
gradients in vertically stacked dies. This approach proves ideal for high power density hetero-
geneous integration. Micro-channel for single phase fluids appear in many configurations and
offer many possibilities for optimization [19]. Biswal et al. [20] proposed a systematic robust
analytical methodology for the design and optimization of straight micro-channel heat sinks.
Zhang et al. [21] studied thermal and hydrodynamic enhancement in straight micro-channel
heat sinks using six surface enhancement configurations. Ghorbani et al. [22] demonstrated
that wavy micro-channels can effectively suppress temperature fluctuations in electronic de-
vices. Fathi et al. [23] validated porous fins replacing solid fins to enhance both thermal and
hydraulic performance in straight plate-fin micro-channel heat sinks. Wu et al. [24] proposed
an embedded single phase water cooled silicon heat sink featuring micro-channels with serrated
sidewalls. These numerical simulation and theoretical analysis results not only highlight the
critical influence of micro-channels on the thermal management performance of 3D-IC, but
also provide essential references for developing practical high performance cooling devices.
However, conventional straight micro-channels suffer from high pressure drop and pump pow-
er due to microscale dimensions, and limited cooling capacity from long paths and small area,
risking 3D-IC stability.

Inspired by natural bifurcation systems, tree-like networks have been developed for
advanced cooling applications [25]. These biomimetic architectures outperform conventional
straight channels in hydraulic/thermal performance, cutting pumping power and boosting heat
dissipation efficiency [26]. Carlos et al. [27] numerically compared ¥-shaped and Y-shaped con-
figurations, revealing Y-shaped designs’ superior heat transfer: 18.7% lower thermal resistance
and enhanced temperature uniformity. Shui et al. [28] fabricated copper-substrate 7-shaped
micro-channels, comparing vapor and air cool effects and showing progressive heat transfer
coefficient enhancement along fractal micro-channels. Yan et al. [29] further employed AL,O;
and SiO, as working fluids in 7-shaped micro-channel systems, revealing through numerical
simulations that enhanced heat transfer efficiency inevitably induces elevated pressure drop.

Dendritic micro-channels, while researched for electronic cooling, remain underex-
plored in 3D-IC. Current 3D-IC thermal management focuses on mitigating high power density
heat accumulation and suppressing vertical thermal coupling. Although through-silicon vias
weaken localized temperature gradients, micro-channels’ impact on thermal management lacks
sufficient research.

This study constructs a 3-D thermo-fluid coupled numerical model of micro-channels
using ANSYS FLUENT based on fractal heat transfer theory. It systematically compares the ther-
mal transport characteristIC of Y-shaped and 7-shaped fractal micro-channels with conventional
straight micro-channels in 3D-IC. By quantitatively analyzing the temperature field contours,
the temperature variation patterns of different micro-channel structures are elucidated, revealing
the enhanced heat dissipation performance of fractal micro-channels. Further investigation into
the dynamic characteristic of the flow field compares the pressure drop and velocity distribution
within the three types of micro-channels. The findings provide a theoretical basis for the structural
optimization and thermal management design of biomimetic micro-channels in 3D-IC.
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Thermal modelling of micro-channel architectures
Governing equations and boundary conditions

To improve computational efficiency and simplify the calculation with reasonable
assumptions, the following are proposed:
— The flow is steady-state and laminar.
— Both the fluid and solid materials have constant thermophysical properties.
— The micro-channel walls are subject to the no-slip boundary condition.

Gravity is neglected, with thermal radiation and viscous dissipation-induced heat gen-
eration disregarded.

Continuity equation:

Vv=0 (1
where V is the fluid velocity vector and V — the Nabla operator.
Momentum equation:

pr(WV)v = ,usZV—Vp (2)

where py is the fluid density, x4 — the dynamic viscosity of the fluid, p — the fluid pressure, and
V? — the Laplace operator.
Energy equation for fluid:

piC,(VAT,) = 4, AT, 3)

where C, is the specific heat capacity at constant pressure of the fluid, 7; — the temperature of
the fluid, A;— the thermal conductivity of the fluid.
Energy equation for solids:

ANT =0 “4)
where A, is the thermal conductivity of the solid and 7, — the temperature of the solid.
The primary solid material in the model is silicon, with the back end of line (BEOL)

modeled as an equivalent homogeneous material. The coolant is deionized water. The thermo-
physical properties of these materials are summarized in tab. 1.

Table 1. Thermal properties

Material Density Specific heat capacity Co};gi:gsli ty 131};22;?:;

Si 2329.5 697.28 153.04 -

Equivalent homogeneous material 5 517 2.25 -
Deionized water 998.2 4182 0.6 0.001003

Fluid-flow and conjugate heat transfer in micro-channels were simulated via
the finite volume method. Volumetric heat sources received a uniform generation rate of
6.25-10712 W/m®. Inlets were velocity inlet boundaries at 10 °C and outlets were pressure-outlet
boundaries with backflow suppression. Model surfaces exposed to 26.85 °C ambient used a
5 W/m’K natural-convection coefficient. Practical heat transfer between 3-D-IC and environ-
ment occurs primarily via convection and conduction, with negligible radiative efficiency. The
SIMPLE algorithm solved energy and momentum equations with second-order upwind differ-
encing. Convergence required mass equation residuals <1076, energy equation residuals <1078,
and stabilized temperature profiles.
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To further validate the accuracy of the algorithm presented in this paper, a straight
micro-channel heat sink model from [30] was established and calculated using this method.
Figure 1 presents the numerical results of the influence of Reynolds number on the average
temperature, 7., of the bottom surface and the pressure drop, AP, of the heat sink. The maxi-
mum deviations for 7,,..and AP are 0.21% and 4.90%, respectively, indicating good agreement
between the simulation results of this model and those in [30]. The micro-channel heat dissipa-
tion model in this paper was modeled and simulated using the same method.

50000
75+
Ol &
170 o 40000
s <
Sest
60 | 30000 |
55
20000 [
50 f
45
10000 |
40|
35 L . . . X . . . ol . . . . . . .
50 100 150 200 250 300 350 400 450 50 100 150 200 250 300 350 400 450
(@) Re (b) Re

Figure 1. (a) Influence of Reynolds number on 7, and (b) influence of Reynolds number on AP

Physical model

In this study, the geometric model of the 3D-IC was simplified to accelerate conver-
gence and enhance computational efficiency. The 3-D cross-section of the 3D-IC incorporating
micro-channels is illustrated in fig. 2, with the topmost layer being the BEOL, followed by the
device layer, and the silicon substrate constituting the lowest stratum.

Calculation unit
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Tier 1+

Device layer
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Ti 3J
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—
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Figure 2. Schematic diagram of the geometric model for 3D-IC
with integrated micro-channels

This study examines fractal and straight micro-channels’ thermal effects on 3D-IC
cooling. Due to low thermal conductivity in inter chip bonding materials, thermal influence
is negligible. Analysis thus focuses on a single micro-channel within a monolithic chip layer.
Figure 3(a) shows the straight micro-channel’s geometry, while fig. 3(b) displays its cross-sec-
tion. Three uniformly distributed 40 um % 40 um volumetric heat sources are embedded in the
chip layer. Straight micro-channel parameters are summarized in tab. 2.
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Figure 3. (a) Geometric configuration of the straight micro-channel and

(b) cross-sectional view of the straight micro-channel

The cross-sections of the Y- and 7-shaped fractal
micro-channel are illustrated in fig. 4. The annotations
indicate the primary structural parameters for both frac-
tal configurations: the number of branche n = 2, fractal
angle 6 = 45°, length, L, and width, W, of micro-chan-
nels at each hierarchical level. Specific dimensions are
provided in tab. 3. Notably, the channel height is not
explicitly labeled in the figure, as the height of all hi-
erarchical levels in both fractal structures remains con-
sistent with that of the straight micro-channel. Based on
the Murray law [31], the length and width of the mi-
cro-channels are calculated:
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Table 2. Key parameters of the physical

model for the straight micro-channel

Parameter Value
w 125
Wn 50
/8 25
Wheat 40
tg 45
Lenip 5
Toeol 10
t, 10

©)

(6)

Accordingly, the width ratio o = 0.7937 and the length ratio f#=0.7071 can be derived.
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Figure 4. (a) Cross-sections of the Y-shaped fractal micro-channel and

(b) cross-sections of the 7T-shaped fractal micro-channel

Table 3. Key parameters of the physical model for the
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Results and discussion

Micro-channel fluid dynamic dictate that varying inlet velocities significantly alter
fluid heat absorption capacity and inlet-outlet pressure drop, thereby influencing overall ther-
mal dissipation. This study compares fractal and straight micro-channel cooling performance.
Under identical boundary conditions across three models, systematic numerical simulations
employed inlet velocities of 0.5 m/s, 1.0 m/s, 1.5 m/s, 2.0, and 2.5 m/s. After the numerical
computation, fig. 5 presents temperature contours on heat-source cross-sections for Y-shaped,
T-shaped, and straight micro-channels at different inlet velocities, with each group arranged
left-to-right by increasing velocity. To comparatively assess structural impacts on thermal dis-
sipation, temperature ranges across heat-source interfaces were statistically analyzed in tab. 4.
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Figure 5. Temperature contours on heat-source-containing cross-sections
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Table 4. Temperature ranges across heat-source interfaces

Inlet velocity Straight Y-shaped T-shaped
0.5 m/s 130.62-149.06 °C 112.94-128.32 °C 111.23-126.78 °C
1 m/s 90.51-106.35 °C 71.63-82.63 °C 69.27-80.06 °C
1.5 m/s 74.62-89.61 °C 57.30-67.21 °C 54.71-64.14 °C
2 m/s 65.39-79.90 °C 49.08-58.93 °C 46.75-55.47 °C
2.5 m/s 59.11-73.31 °C 43.67-53.35 °C 41.45-49.65 °C

Temperature vs. inlet velocity curves
were generated from tabular data using Origin
software, as depicted in fig. 6. The results indi-
cate a consistent decrease in overall tempera-
tures across all three models with increasing
inlet velocity. At identical flow rates, both frac-
tal micro-channel configurations demonstrated
significantly superior thermal dissipation com-
pared to the straight micro-channel.

At an inlet velocity of 0.5 m/s, the peak
temperature on the heat-source cross-section a0k St
measured 149.06 °C for the straight micro-chan- ! ! ! :

05 10 15 20 25
nel. In contrast, the Y-shaped and 7-shaped Inlet velocity [ms”]
fractal micro-channels exhibited significantly  Figure 6. Line chart of temperature
lower peak temperatures of 128.32 °C (13.9%  vs- inlet velocity
reduction) and 126.78 °C (15.0% reduction),
respectively. When the inlet velocity increased to 1.0 m/s, peak temperatures were recorded at
106.35 °C (straight), 82.63 °C (Y-shaped, 22.3% reduction), and 80.06 °C (7-shaped, 24.7% re-
duction). At 1.5 m/s, measurements showed 89.61 °C for the straight configuration vs. 67.21 °C
(25.0% reduction) and 64.10 °C (28.4% reduction) for the fractal designs. Further elevation 2.0
m/s resulted in peak temperatures of 79.90 °C (straight), 58.93 °C (Y-shaped, 26.2% reduction),
and 55.47 °C (T-shaped, 30.6% reduction). Finally, at 2.5 m/s, thermal analysis revealed peak
values of 73.31 °C (straight), 53.55 °C (Y-shaped, 26.9% reduction), and 49.65 °C (T-shaped,
32.3% reduction), demonstrating statistically significant thermal enhancement across all flow
regimes for fractal micro-channel architectures.

The final data unequivocally demonstrate that across all tested flow regimes, both
fractal micro-channel configurations exhibit significantly lower simulated temperatures than
the conventional model. Absolute temperature reductions ranged from 20-25 °C, with rela-
tive reductions spanning 13.9%-32.3%. These results collectively validate the superior ther-
mal management performance of fractal micro-channel architectures over traditional designs.
Notably, both fractal micro-channels demonstrate closely aligned thermal performance across
the entire velocity spectrum. At lower inlet velocities (e.g., 0.5 m/s and 1.0 m/s), the T-shaped
configuration exhibited peak temperatures 0.5-1.5 °C lower than its Y-shaped counterpart. As
flow velocity increased, the thermal advantage of the 7-shaped design expanded marginal-
ly, with peak temperature differentials widening to 1.5-2.7 °C. Analysis further reveals that
while absolute temperature reductions relative to the conventional micro-channel diminish
with increasing flow rate, relative cooling enhancement percentages exhibit progressive am-
plification.
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Subsequent simulations were conducted at a fixed inlet velocity of 1.5 m/s to an-
alyze internal flow velocity and pressure drop distributions within the micro-channels. To
enable comparative thermal assessment across configurations, three geometrically analogous
cross-sections were established in each model, positioned directly above the respective heat
sources.

At the first cross-section located in the inlet region, all three micro-channel configu-
rations share identical geometry, as shown in fig. 7. The fluid-flow, yet undisturbed by fractal
bifurcations, exhibits characteristic laminar parabolic velocity profiles: maximum velocities
at the core (each attaining 3 m/s) and near wall deceleration. Pressure contour analysis reveals
uniformly distributed profiles across configurations, with pressure magnitudes ascending se-
quentially from 7-shaped to Y-shaped to straight micro-channels. This pressure gradient arises
from localized flow acceleration induced by the fractal inlet transition geometry, which reduces
viscous pressure losses.
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Figure 7. Velocity and pressure
contours on the first cross-section
(a) straight micro-channel

(b) Y-shaped, and (c) 7-shaped

Positioned directly above the second heat source within the bifurcation zone, the
second cross-section exhibits distinct flow characteristIC across configurations, as shown in
fig. 8. The straight micro-channel maintains an unaltered laminar profile, while the Y-shaped
configuration demonstrates peak velocities of 2.1 m/s along inner branch walls due to its 45°
acute branching angle, which induces adherent flow with radially inward momentum compo-
nents to form centripetal jets. Conversely, the T-shaped configuration localizes maximum veloc-
ities of 2.0 m/s near outer walls, where its 90° right angle bifurcation provokes boundary-layer
separation, generating re-circulation vortices that establish centrifugal jets through outward fluid
momentum transfer. Pressure distribution analysis reveals distinct profiles across configurations:
the straight micro-channel maintains uniform pressure averaging 8751.4 Pa, while the Y-shaped
configuration exhibits a high pressure core (8667.9 Pa) decreasing radially toward the sidewalls
(8152.7 Pa), attributable to centripetal jet collision along the central axis where dynamic pressure
converts to static pressure, forming high pressure stagnation points. Conversely, the 7-shaped
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configuration demonstrates inverse behavior with a low pressure central region (4381.3 Pa) in-
creasing toward peripheral zones (5954.7 Pa), resulting from centrifugal jet-induced flow sepa-
ration that generates low pressure re-circulation vortices along the axis.
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Figure 8. Velocity and pressure contours on the second cross-section;
(a) straight micro-channel, (b) Y-shaped, and (c¢) 7-shaped

Analysis of velocity and pressure distributions across the three cross-sections reveals
fundamental thermal transport mechanisms, as shown in fig. 9. The straight micro-channel
relies on passive fluid passage through heat source regions, allowing near wall low velocity
layers to establish thermal insulating barriers. In contrast, fractal architectures actively guide
fluid via geometric bifurcations. The thermal superiority of fractal micro-channels stems from
synergistic coupling of targeted jet cooling and boundary-layer resetting: Y-shaped 45° bifur-
cations employ directed jet impingement on thermal hotspot cores, whereas 7-shaped 90° bi-
furcations cover corner regions inaccessible to conventional channels. Each bifurcation event
disrupts wall-adjacent thermal insulating sublayers, enhancing local convective heat transfer
coefficients.

Analysis of velocity and pressure distributions across the three cross-sections reveals
fundamental thermal transport mechanisms.The straight micro-channel relies on passive fluid
passage through heat source regions, allowing near wall low velocity layers to establish thermal
insulating barriers. In contrast, fractal architectures actively guide fluid via geometric bifur-
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cations. The thermal superiority of fractal micro-channels stems from synergistic coupling of
targeted jet cooling and boundary-layer resetting: Y-shaped 45° bifurcations employ directed jet
impingement on thermal hotspot cores, whereas 7T-shaped 90° bifurcations cover corner regions
inaccessible to conventional channels. Each bifurcation event disrupts wall-adjacent thermal
insulating sublayers, enhancing local convective heat transfer coefficients.
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This study proposes a thermal optimization methodology for 3D-IC employing fractal
micro-channels, establishing Y-shaped and 7-shaped configurations to benchmark against con-
ventional straight micro-channels. The conclusions are as follows.
® A conventional micro-channel model was developed with BEOL, device, and silicon sub-

strate layers. Three longitudinally uniform volumetric heat sources were embedded in the
device layer, while straight micro-channels were fabricated within the silicon substrate.
Based on Murray law, Y-shaped, and 7T-shaped fractal micro-channels were subsequently
integrated into this baseline architecture.

e Under identical boundary conditions and material properties, systematic variation of inlet
velocity revealed consistently superior thermal performance of both fractal configurations
across all flow regimes. Temperature reductions of 13.9%-32.3% relative to the straight
micro-channel were quantified.

® At a representative 1.5 m/s inlet velocity, identical cross-sections across models were ex-
amined. Analysis of velocity and pressure distributions at three axial locations rigorously
elucidated both internal flow characteristic and the superior thermal dissipation mechanisms
of fractal micro-channels.

Figure 9. Velocity and pressure contours on the third cross-section;
(a) straight micro-channel, (b) Y-shaped, and (c) 7-shaped

Conclusions
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