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ABSTRACT Three-dimensional integration circuits (3D ICs) have become an important direction of
integrated circuits, which brings in a higher integration level, higher power density, and shorter wire length.
However, the heat management challenge becomes one of the key limitations for the development of 3D
integration which needs desperate solutions. To address this challenge, the researchers conducted an in-depth
investigation into heat transfer technologies within key structures of 3D ICs. This paper aims to review the
literature on thermal management technologies, with a particular emphasis on advancements in three critical
areas: thermal interface materials (TIM), through-silicon vias (TSV), and heat sink designs. Continuous
research and innovation in TIM, TSV, and heat sink structures have provided diverse approaches and
technical solutions for addressing thermal management issues in 3D ICs. It is expected that this review
article can help researchers in academia and industry to understand the state-of-the-art of heat transfer in 3D
ICs and provide better research ideas.

INDEX TERMS Three-dimensional integrated circuits, thermal management, TSV, heat sinks.

I. INTRODUCTION
The relentless miniaturization of integrated circuits has
propelled the semiconductor industry into the era of three-
dimensional (3D) integration, where vertical stacking of mul-
tiple device layers enables unprecedented performance and
energy efficiency [1]. A 3D integrated circuit (3D IC), charac-
terized by its multilayer architecture interconnected through
through-silicon vias (TSVs), achieves significant enhance-
ments in integration density and signal transmission speed.
However, this architectural advancement intensifies thermal
management challenges due to vertically concentrated power
densities, material thermal resistance limitations, and spa-
tially constrained heat dissipation pathways. Central to these
challenges are three critical structural components: thermal
interface materials (TIMs), TSVs, and heat sinks. Their ther-
mal performance fundamentally dictates the reliability and
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scalability of 3D systems, yet each component faces intrin-
sic limitations governed by material physics and structural
design trade-offs. Figure 1 illustrates the typical structure
of a 3D lC, which includes key components such as the
substrate, C4 bumps, chip device layers, TlM, micro bumps,
heat spreader, and heat sink.

TIMs serve as interfacial layers to mitigate contact thermal
resistance by filling microscopic gaps between heteroge-
neous material interfaces. Despite their critical role in heat
transfer between stacked dies and heat sinks, conventional
polymer-based TIMs exhibit limited thermal conductivity
(<5 W/(m·K)) and interfacial thermal resistances as high
as 5–10 K·mm2/W due to bond-line thickness variations
and void formation during bonding processes [2]. Advanced
composites incorporating silver nanoparticles (AgNPs) or
graphene fillers face unresolved trade-offs: AgNP-TIMs
introduce parasitic capacitance that degrades high-frequency
signal integrity, while graphene-enhanced TIMs suffer from
anisotropic thermal conductivity (>20 W/(m·K) in-plane vs.
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FIGURE 1. Schematic of the typical 3D IC.

<5W/(m·K) through-plane) due to alignment challenges [3],
[4]. Additionally, coefficient of thermal expansion (CTE)
mismatches between TIMs and silicon substrates generate
cyclic shear stresses [2], [5].
TSVs are categorized into power, signal, and thermal

TSVs (TTSVs) to address distinct functional requirements [6]
[7]. While power and signal TSVs facilitate interlayer
electrical connectivity, TTSVs are specifically designed to
mitigate thermal bottlenecks by transferring heat to heat
sinks. Copper-filled TSVs achieve axial thermal conduc-
tivities up to 400 W/(m·K); however, their radial thermal
conductivity plummets to <10 W/(m·K) due to interfacial
voids and diffusion barrier layers. This anisotropy induces
lateral temperature gradients of 20–30◦C across 5 mm2 die
areas. Furthermore, spatial competition between TTSVs and
signal/power TSVs imposes stringent design compromises
[8], [9].
Heat sink, as a vital component of thermal management,

the heat sink is typically designed with larger dimensions to
provide a greater surface area for convective cooling. Conven-
tional heat sinks face scalability challenges in 3D IC envi-
ronments. Flat-plate designs suffer from thermal resistance
degradation under non-uniform contact pressures caused
by die warpage. Pin-fin arrays scaled for interlayer gaps
(<500µm) require pumping power>0.5W/cm2.Microchan-
nel heat sinks, despite ultra-low thermal resistance, encounter
flow maldistribution in vertical fluidic vias with diameters
<20 µm. Copper microchannels further degrade reliability,
corroding at rates of 0.2–2 nm/year in deionized water.

While extensive research has focused on optimizing these
components through structural redesign, advanced materials,
and novel cooling technologies, a systematic understanding
of their interdependencies and holistic thermal management
strategies remains elusive. This review synthesizes advance-
ments in TIMs, TSVs, and heat sink technologies, addressing
their individual limitations and collective impact on 3D IC
thermal performance. Section II provides a comprehensive

review of thermal interface material (TIM) design opti-
mization. Section III delves into TSV design optimization.
Section IV investigates heat sink design methodologies, with
detailed analyses of three configurations: (A) flat-plate heat
sinks for uniform heat dissipation, (B) pin-fin heat sinks
for enhanced convective cooling, and (C) microchannel heat
sinks for ultrahigh heat flux scenarios. This section further
evaluates environmental factors—including ambient temper-
ature, and humidity—on heat sink performance degradation.
Section V surveys supplementary thermal management tech-
niques to complement conventional approaches. Finally,
the conclusion synthesizes critical findings, identifies unre-
solved challenges, and proposes future research directions for
next-generation thermal solutions.

II. TIM DESIGN OPTIMIZATION
A TIM is any material that is inserted between two layers
to enhance the thermal coupling and realize a low-resistance
thermal contact. TIM layers are typically utilized between
a heat-producing device (e.g. an integrated circuit) and a
heat-dissipating device (e.g. a heat sink), as shown in Figure 2
[10]. Good thermally conductive andmechanically compliant
are two basic demands for an ideal TIM, which facilitates
heat transfer across the interfaces, conforms to the surface
roughness, and maintains the integrity of the interface dur-
ing thermomechanical stresses. However, the two demands
sometimes are paradoxical, for high heat dissipation coeffi-
cient and mechanic property can’t achieve both.

FIGURE 2. (a) Schematic diagram of a typical ball grid array electronic
package (b) Schematic diagram of a TIM filling the air gap between the
heater and mating interface of the heat sink.

Several researches focused on improving heat transfer per-
formance and mechanical flexibility of TIM as shown in
Figure 3a. One of the excellent solutions is to begin with
an intrinsically soft material and add conductive fillers to
increase the thermal conductivity as shown in Figure 3a. The
intrinsically soft material can be a gel, a polymer, or a grease
[11] and the conductive filler can be a graphene-polymer
composite in Figure 3b, metal nanoparticles, ceramic fillers,
carbon nanoparticles, and so on.

Another method is the design for mechanically compliant
thermal structures, for example, building a nanostructured
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conductive material (e.g., metals and graphite) into amechan-
ically compliant morphology, such as vertically grown
nanotubes as shown in Figure 3c [12], and vertically elec-
trodeposited nanowires in Figure 3d [13]. The thermal
conductivity can be significantly enhanced by incorporating
aligned arrays of continuous, conductive materials to facil-
itate out-of-plane heat transfer pathways. Recently, much
attention has been drawn to nanostructured TIM, which is
composed of vertically aligned carbon nanotubes (CNTs).
Won et al. grow aligned single-walled carbon nanotube films
using a micro-fabricated resonator method. The results show
that factors including the zipping and unzipping of adjacent
carbon nanotubes and the degree of alignment and entan-
glement can modulate the spatially varying local modulus,
thereby fabricating CNTs with excellent mechanical and
thermal properties [12], [14]. Regrettably, the thermal con-
ductivity of the CNT array rarely exceeds 5 W/m•K. Further
solutions should be investigated to solve the above problems.

Metal nanowires have excellent mechanical and thermal
conduction properties which have attracted scientist’s atten-
tion in the application of TIM [13], [15], [16]. The metal
nanowires can be precisely designed and fabricated using
templated electrodeposition to obtain excellent properties.
Barako et al. [13] have integrated vertically aligned arrays
of copper nanowires (CuNWs) into a soft polydimethylsilox-
ane (PDMS) matrix to achieve a reliable, high-performance
TIM. Figure 3d shows the vertically electrodeposited copper
nanowires. Thermal resistance is below 5 mm2 K/W, over an
order of magnitude lower than commercial heat sink.

FIGURE 3. (a) Two common strategies can be employed to create
high-performance TIM composites [13]; (b) an example of
graphene-polymer composite [17]; (c) vertically grown nanotubes [12];
(d) vertically electrodeposited copper nanowires [13].

In addition, ultrathin graphite foams (UGFs) have aroused
wide attention for their enhanced heat dissipation in the
application of TIM. UGFs are usually grown via chemical
vapor deposition (CVD) using sintered powder as origin

templates. Evan et al. [18] grow high-thermal conductivity
graphite foams on porous nickel foams template sintered
by low-cost nickel powders. An effective thermal conduc-
tivity of 16.4 W/m•K has been achieved at a porosity
exceeding 90 %.

Besides ultrathin graphite foams, hexagonal boron nitride
(h-BN) has also been considered a promising candidate
used in TIMs owing to its high thermal conductivity and
excellent electrical insulation [19]. Fang et al. [20] prepared
3D-BN-ZnO scaffolds using the ice-templating method. 3D-
BN-ZnO uses the excellent orientation of h-BN sheets as
the main skeleton, with ZnO particles filling between h-BN
sheets. This structure provides an efficient tunnel for phonon
propagation which enhances heat dissipation. According to
experiments, a thermal conductivity of 1.45W/m•K has been
obtained by a composition of 18.0wt% h-BN and 2.7 wt%
ZnO.

Carbon fibers with ultra-high thermal conductivity and
thermal stabilitymake it an ideal choice for high-performance
TIM. Li et al. [21] developed a high-performance TIM com-
posed of carbon fiber/polydimethylsiloxane (CF/PDMS),
which exhibited exceptional through-plane thermal conduc-
tivity up to 43.47 W/m•K. This remarkable performance
was achieved by constructing vertically oriented carbon fiber
arrays within the TIM, enabling efficient heat transfer due
to the high axial thermal conductivity of carbon fibers.
Additionally, the modulation of PDMS’s crosslinking density
resulted in outstanding elastic compliance comparable to soft
biological tissues (stress∼35 kPa at 35 % compressive strain)
and excellent resilience performance (resilience rate of 85 %
after compression cycles). Figure 4 illustrates the application
schematic of the TIM, as well as provides a depiction of the
preparation process for CF/PDMS TIMs and some character-
ization results.

Air voids in the TIM severely prohibit the heat flow
transporting from the IC device surface to the heat sink
surface. Gamal et al. [22] proposed a phase-change material
TIM in conjunction with a textured heat sink with multiple
grooves to push the gas bubbles out of the flat surface and
trapped into the groove. Because the area of flat regions is
bigger than grooves, the surface-modified heat sink with a
screen-printable phase-change material-based TIM has lower
thermal resistance and higher heat transfer efficiency from IC
die to heat sink.

Table 1 summarizes the advantages and disadvantages of
different types of TIMs. Based on this comparison, by select-
ing advanced materials and constructing an ideal heat transfer
structure, the thermal conductivity of TIM can reach a sat-
isfactory value. However, there are still some problems to
consider when developing the most advanced TIM. More
attention should be paid to improving the thermal interface
resistance instead of just increasing the thermal conductivity
itself. Surface treatment of interface, and bonding interface
quality optimization may further improve heat transfer effi-
ciency.Moreover, further development of TIMs involves new
designs with low-dimension materials, structure design, and
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FIGURE 4. Preparation and microstructure of the CF/PDMS
TIMs.(a) Schematic of TIM in the application;(b) Schematic for the
preparation of the CF/PDMS TIMs; (c) Optical images of the CF/PDMS
TIMs; (d–e) Microscopic morphology of the CF/PDMS TIMs; (f) Micro-CT
three-dimensional structure of the CF/PDMS TIMs [21].

TABLE 1. The comparison of different types of TIMs.

optimization of fabrication methods to obtain good perfor-
mance that possess additional benefits for TIM applications.

III. TSV DESIGN OPTIMIZATION
For the development of 3D integrated circuits, one of themost
fundamental and critical breakthroughs is the emergence of
TSV [25]. The origins of the TSV concept can be traced
back to William Shockley’s patent ‘‘Semiconductive Wafer
and Method of Making the Same’’ filed in 1958. The first 3D

IC stacked chips fabricated with a TSV process were invented
in the 1980s in Japan [26].

In electronic engineering, a TSV is a vertical electrical con-
nection (via) that passes completely through a silicon wafer
or die. Compared to alternatives such as package-on-package,
the interconnection and device density are substantially
higher, and the length of the connections becomes shorter
[27]. However, higher thermal resistance in the vertical direc-
tion due to the lower thermal conductivity of dielectric
layers, multi-layer stacked interconnect structure, and thinned
dies result in the heat generated in the devices cannot be
effectively dissipated. Thus, thermal challenges are major
concerns for 3D IC [1].

Optimizing the structure of TSV is an effective way to
improve its thermal management performance. In terms of
geometry, TSV is mainly classified into two types: cylindrical
and conical. A Cylindrical TSV refers to a series of struc-
tures where the through hole is cylindrical with a circular
cross-section that remains constant along its height. This
category includes cylindrical TSV, coaxial TSV, annular TSV,
and double annular TSV. In contrast, the through-hole of a
conical TSV has a cone shape, with its radius varying in
the vertical direction. Due to the limitations of the current
process, only Tapered TSV is relatively common. The opti-
mization of geometric parameters of the TSV chip is a key
area of current research. For example, in his research [28],
Lau adopted the heat transfer computational fluid dynam-
ics (CFD) analysis method to conduct a comprehensive and
in-depth thermal performance evaluation of the 3D stacked
TSV chip filled with copper. Through detailed 3D CFD sim-
ulation, Lau investigated the influence of copper-filled TSV
with different diameters, pitch, and aspect ratios on the heat
conduction characteristics, and thus determined the effective
thermal conductivity of the TSV chip, as shown in Figure 5.
In addition, Lau’s research also used correlation equations to
deeply explore the effects of TSV chip stacking layer number,
TSV chip thickness, heat source location, and other variables
on junction temperature and thermal resistance.

FIGURE 5. Equivalent thermal conductivity of TSV chips.
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Cu is the traditional material for TSV. During TSV Cu
electrodeposition, defects like voids and seams are usually
formed, which cause both losses in thermal transport and reli-
ability problems. To eliminate the Cu voids, Wang et al. [29]
invented void-free TSV copper filling method by utilizing
a triblock copolymer(ethylene oxide (EO)-propylene oxide
(PO)-ethylene oxide (EO)) as a sole additive in TSV copper
electrodeposition process. He has researched the impact of
EO-propylene oxide-ethylene oxide (EPE) concentrations on
the TSV copper plating process under various current den-
sities. The findings revealed that lower EPE concentrations
exhibited stronger inhibition capabilities for the generation of
air voids and achieved ‘‘V shape’’ filling at 0.3 ASD (A/dm2).
Conversely, higher EPE concentrations led to the formation
of micelles within the electrolyte, resulting in decreased inhi-
bition abilities. Furthermore, employing ultrasonic agitation
during the Cu deposition process can further inhibit the air
void generation enhance the TSV filling ratio, and even facil-
itate bottom-up filling.

Eom et al. [30] investigated the synergistic suppression
effect of cetyltrimethylammonium cation (CTA+) and bro-
mide ion (Br−) in copper electrodeposition for TSV filling.
Electrochemical analysis revealed that CTA+ induces nega-
tive differential resistance (NDR) enabling abrupt suppressor
deactivation, while Br− enhances surface passivation without
compromising NDR characteristics. Optimal concentrations
of 200 µM CTA+ and 400 µM Br− achieved void-free
bottom-up filling in high-aspect-ratio TSVs (10 µm diam-
eter × 60 µm depth), with excessive CTA+ (>300 µM)
causing over-passivation and surplus Br− (>600µM) leading
to non-uniform deposition.

Other filling materials such as tungsten (W), polymer [31],
solder [32], poly-Si, and carbon nanotube (CNT) [33], [34],
[35] have also been reported. The implementation of W as
a filling material in TSVs with diameters up to 3 mm has
been demonstrated [36]. However, thick W layers deposited
on wafer surfaces induce significant residual stress, lead-
ing to wafer bowing and potential interfacial delamination.
To mitigate these issues, Jiao et al. [37] developed a novel
hollow tungsten-filled TSV (W-TSV) structure to address
thermal stress issues in high-density TSV arrays. Finite ele-
ment analysis demonstrated a 60.3% reduction in thermal
stress within the top 2µm silicon substrate region, with radial
stress below 20 MPa within 3 µm from the TSV interface.
A CMOS-compatible process successfully fabricated ultra-
high-density TSV arrays (1,600 TSVs/mm2) featuring 640×

512 configuration, 25µm pitch, and 20.3 aspect ratio. Raman
spectroscopy measurements confirmed maximum surface
stress of 31.02 MPa, eliminating the need for keep-out zones
(KOZ) around TSV arrays. In addition, a partial etch-back
technique is employed, retaining a W film thickness below
∼500 nm to suppress wafer deformation while preserving
TSV integrity.

Compared to Cu, W exhibits closer thermal expansion
coefficient (CTE) matching with Si, minimizing thermally
induced stress variations and eliminating metal extrusion

FIGURE 6. TSV filled with CNT materials.

risks. Nevertheless, high elastic modulus (∼411 GPa) and
substantial intrinsic deposition stress of W exacerbate
mechanical mismatch with Si substrates, constraining the
maximum feasible W layer thickness.

Chan et al. [38] systematically investigated the temperature-
dependent electrical characteristics of CNT TSVs. Their
experimental results demonstrated that multi-walled CNTs
exhibited a 45% enhancement in S21 parameter at 400 K
compared to room-temperature conditions, with insertion
loss reduction reaching 23% relative to conventional copper
interconnects. This performance improvement was attributed
to the synergistic interplay between phonon scattering mech-
anisms and conductive channel activation within the 300–400
K operational range, revealing MW-CNTs’ superior thermal
adaptability for high-density 3D integrated circuit appli-
cations. However, CNTs TSV has never materialized in
commercial products of 3D IC and 2.5D packaging. Most
progress in CNTs TSV focuses on numerical modeling
works. Figure 6 schematically shows TSVs filled with
CNT [35].

The partition design of TSV is another effective optimiza-
tion strategy. The elaborate design of TSV placement can play
an important role in optimizing the thermal dissipation prop-
erty [39]. Hou et al. [40] proposed a novel regular triangle
structure of TSV arrays to improve the thermal performance
of 3D IC whereas effectively increasing the area’s utilization
rate of TSV. The result shows that the average temperature
reduces by 0.02 % and the peak temperature reduces by 0.09
% considering the vertical heat dissipation as compared to
traditional TSV cluster structure. Zhang et al. [41] investi-
gated two types of TSV placement strategies, as depicted in
Figure 7a and Figure 7b, respectively. The first type involves
uniformly distributing the TSVs throughout the chip. The
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second type clusters TSVs either at the center or periphery
of the chip. Simulation results indicate that the maximum
temperature for clustered TSVs decreases by 3.55 ◦C com-
pared to the uniform distribution case. Notably, there is
a remarkable drop of 6.65 ◦C specifically within the cell
array circuits, resulting in a maximum temperature of only
42.27 ◦C. Consequently, by strategically clustering the TSVs
away from memory cells, it can effectively isolate this ther-
mally sensitive region from high-power components on the
die surface. Kim et al. [42] proposed assignment algorithms
to optimize the locations TSVs for the design of 3D ICs.
Simulation results demonstrate that 3D ICs considering TSV
assignment algorithms exhibit a wirelength reduction of up to
25 % compared to their 2D counterparts.

FIGURE 7. TSV distribution scenario, where the red square denotes the
TSV and the thermal map (a) Uniformly distributed and (b) clustered TSVs.

Unlike conventional TSVs, TTSVs (Thermal Through-
Silicon Vias) are specifically engineered for thermal manage-
ment applications [43]. Singh et al. [44] studied the effects
of TTSV dimensions, dielectric liner thickness, and TTSV
extension length. The results show that significant cooling
can be achieved by inserting a TTSV that extends across all
IC layers to the substrate. Onkaraiah et al. [45] demonstrate
that the temperature profile of the 3D IC stack is highly
influenced by the choice of materials for the TTSV liner and
conductor core, as well as TTSV dimensions. A significant
cooling effect can be achieved when the liner material is a
chemical vapor-deposited diamond. The thermal conductivity
of CVD diamond is extremely high, up to 2000 W/m·K or
more, so it can greatly improve the heat transfer efficiency
and reduce the operating temperature of the chip. However,
it is difficult to grow high thermal conductivity diamond
materials. Furthermore, it is observed that larger diameter
TTSVs exhibit enhanced temperature reduction due to their
increased surface area in direct contact with Si.

To address thermal interference in 3D ICs, TSVs can
be innovatively configured as thermal isolation guard rings.
As illustrated in Figure 8, Hu et al. [46] demonstrated
this approach by arranging TSVs in a ring-like structure
around thermally sensitive components (e.g., ring oscilla-
tors), achieving efficient thermal decoupling. Simulations
revealed that TSV rings (with a 10-µm diameter and SiO2
coating) exhibit thermal isolation performance comparable to
metal rings, effectively mitigating heat transfer from adjacent

FIGURE 8. Conceptual drawings of integrating two closely located
building blocks (Circuits A and B) in a chip: (a) with a metal guard ring,
(b) with the TSV-based guard ring to alleviate couplings.

high-power devices. Experimental validation under localized
heating showed that the frequency shift of the ring oscillator
was reduced from 5.96MHz to 2.11MHz,while output power
fluctuation decreased from 0.47 dB to 0.18 dB. Such thermal
stability directly enhances energy efficiency by suppressing
leakage currents (lowering static power) and preventing com-
pensatory increases in dynamic power consumption.

IV. HEAT SINK DESIGN OPTIMIZATION
A heat sink is a passive heat exchanger used to efficiently
transfer thermal energy generated by electronic ormechanical
devices to a fluid medium, typically air or liquid coolant. The
design of a heat sink aims to maximize its contact surface
area with the surrounding cooling medium, and factors such
as air velocity, material selection, protrusion design, and
surface treatment can significantly impact its performance.
Additionally, the attachment methods for the heat sink and
the choice of thermal interface materials play crucial roles
in determining the die temperature of integrated circuits.
Heat sinks come in various geometries categorized into three
major types: flat-plate, pin-fin, and microchannel heat sinks
as shown in Figure 9. The latest research progress and opti-
mization strategies for the three kinds of heat sinks will be
reviewed in detail in the following sections.

A. FLAT-PLAT HEAT SINK
The flat plate heat sink, commonly referred to as a conven-
tional heat sink, is extensively utilized due to its uncompli-
cated design and convenient manufacturability. The layout of
the rectangular flat-plate heat sink is shown in Figure 10.
Many optimization methods have been proposed based

on analytical investigation and experimental study. Li [47]
established a correlation model between thermal resistance
(Rth) and the Reynolds number (Re =

ρuL
µ

, where ρ is
fluid density, u is flow velocity, L is the characteristic length,
and µ is dynamic viscosity) through dimensional analysis.
The proposed model is expressed as:

Rth = C · R−0.5
e · (

H
W

)−0.2
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FIGURE 9. Three types of the main utilized heat sink.

FIGURE 10. Flat-plate heat sink.

where H andW represent fin height and spacing, respectively,
and C is a material-dependent constant. The experimental
results show that the dimension of fins exhibited the most sig-
nificant impact on thermal performance at a lower Reynolds
number, which is consistent with the theoretical prediction.
Morega et al. [48] demonstrated that the thermal resistance
of an air-cooled heat sink can be reduced by approximately
15 % through an increase in the fin thickness along the
flow direction. Kim et al. [49] developed an optimization
model for natural convection heat sinks based on the vol-
ume averaging theory (VAT). They established an analytical
relationship between buoyancy-driven heat transfer and flow
characteristics via a modified channel Rayleigh number Ra =

gβρ2
f cf q

′′

sfD
5
h/µf k2f L. A Nusselt number correlation Nu =√

Ra
16fRe(Pheated/P)

was derived to quantify convective perfor-
mance, where f, Pheated, P are the friction factor, heated
perimeter, total perimeter and Re is the Reynolds number. The
study shows that a fin configuration with linearly thickened

profiles reduces thermal resistance by up to 10% in air-
cooled systems. This is achieved through variable-thickness
fins that increase heat transfer surface area while maintaining
favorable flow permeability, balancing buoyancy effects and
viscous dissipation.

Feng et al. [50]. compared the natural convective effi-
ciency of the conventional rectangular flat-plate heat sink
and cross-fin heat sink consisting of a series of long fins
and a series of perpendicularly arranged short fins as shown
in Figure 11. Numerical simulations considering both natu-
ral convection and radiation heat transfer were carried out,
and validated by experimental measurements. The findings
revealed that the cross-fin heat sink exhibited an 11 %
increase in overall heat transfer coefficient and a 15 %
increase in convective heat transfer coefficient compared to
the plate-fin heat sink. This performance enhancement can
be primarily attributed to the improved thermo-fluidic flow
pattern within the cross-fin configuration

FIGURE 11. Schematic of (a) convectional plat-fin heat sink and
(b) cross-fin heat sink [50].

The angle of the fins is also a crucial factor influencing
the thermal performance of rectangular flat-plate heat sinks.
Meng et al. [51] investigated the impact of mounting angles
on heat dissipation performance under natural convection
conditions. The results revealed that the performance of the
heat sink reaches its peak when mounted at a 90◦ angle,
whereas it decreases to its lowest level at a mounting angle
of 15◦, exhibiting a reduction of 6.88% compared to that
at 90◦ Similarly, Sarhan et al. [52] experimentally investi-
gated the vibration effects on the thermal performances of
the rectangular flat plate under natural convection conditions
in multiple angles. The experimental results illustrate that
the average heat-transfer coefficient increases linearly with
increasing Rayleigh number for different orientation angles.
In addition, the heat transfer efficiency is highest when the
plate is horizontal.

In addition to geometry optimization, adding ribs in chan-
nels of flat plate heat sinks can significantly enhance heat
dissipation efficiency. Ahmed et al. [53] conducted a com-
prehensive analysis of rib configurations with varying sizes,
positions, numbers, and orientations within the channels.
Figure 12 shows the schematic diagram of the ribbed plate-fin
heat sink. The concrete findings demonstrate that a ribbed
plate-fin heat sink exhibits thermal performance 1.55 times
greater than that of a plate-fin heat sink under corresponding
conditions. Furthermore, for equivalent thermal performance,
the pumping power required by the ribbed plate-fin heat sink
is reduced by 69.65 % compared to its counterpart with-
out ribs. Additionally, when considering five channels with
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15 ribs, the ribbed plate-fin heat sink demonstrates hydrother-
mal performance 1.37 times superior to that of a nine-channel
plain fin configuration.

FIGURE 12. Schematic diagram of (a) ribbed plate-fin heat sink;
(b) geometric parameters of plate-fin heat sink without ribs;
(c) computational domain; and (d) geometric parameters of rib. The
scheme is not drawn to scale [53].

A higher heat transfer enhancement was noticed by using
branched fins. Kim et al. [54] conducted a comparative anal-
ysis of various fin shapes, including Y-shaped fins, inversed
Y-shaped fins, and rectangular fins. Figure 13 shows the
schematic of three types of heat sink. The simulation results
demonstrate that the thermal resistance of the branched-fin
heat sink decreases by up to 15 % [49] and 10 % [55]
for water-cooled and air-cooled configurations respectively,
compared to a rectangular-fin heat sink. Moreover, optimiza-
tion of pumping power and length of the heat sink can lead
to an additional reduction in thermal resistance by as much
as 30 %.

FIGURE 13. Schematic of (a) Rectangular-fin heat sink; (b) Y-shaped fin
heat sink; (c) Inverted Y-shaped fin heat sink [54].

Considerable efforts have been dedicated to optimizing
the design of flat plate heat sinks and enhancing their ther-
mal performance, including optimization of fin thickness,
number, and angle, as well as channel width and geometric

shape. It is worth noting that not only geometry design plays
a crucial role but also factors such as heat transfer type,
coolant rate, and coolant type significantly impact the overall
performance of the flat plate heat sink. Therefore, in the
pursuit of optimal thermal performance, these factors need to
be taken into account to ensure that the radiator can achieve
optimal performance in different application scenarios.

B. PIN-FIN HEAT SINK
Pin fin heat sink comprises an array of pins extended from
its base to increase the surface contact with the surrounding
air, thus augmenting the rate of heat dissipation. The pins can
be cylindrical, elliptical, or square. The shape of pin-fins is
a considerable factor in heat sink efficiency enhancement.
Sakanova et al. [56] quantitatively evaluate the performance
differences between pin-fin radiators (round, conical, hydro-
foil) and finned radiators by using Nu, Re and thermal
performance index (η), where Nu = hDh/k , η =

Nu/Nu0P
(f /f0P)3

. The
diagram of the circular, cone, and hydrofoil fin is shown in
Figure 14. The findings indicate that among the three types of
pin-fin heat sinks, the cone-shaped design exhibits the highest
heat transfer coefficient. This can be attributed to the flow
separation effect induced by the pin-fins, which significantly
increased Nussel number and promotes efficient heat transfer.
Moreover, compared to traditional finned configurations, pin-
fin heat sinks demonstrate superior thermal performance by
1.6-2 times. Additionally, utilizing pin-fin shapes can reduce
up to half of the weight typically associated with conventional
finned heat sinks. Hua [57] presents an experimental study
investigating the heat transfer characteristics of various micro
pin fin shapes, including circular, ellipse, diamond, square,
and triangle arrays. The study examines the influence of
different sizes and shapes of pin fins on Nusselt number and
heat transfer coefficient. It is observed that increasing the
Nusselt number leads to an enhancement in the convective
heat transfer coefficient. Notably, among all the investigated
pin fin shapes, the ellipse shape exhibits superior heat transfer
performance.

FIGURE 14. The diagram of (a) circular pin-fin; (b) hydrofoil pin-fin;
(c) cone pin-fin [56].

To deliver better heat transfer and fluid flow characteris-
tics, fin height as an important factor has been extensively
conducted. According to Bhandari et al., [58] pin fin height
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affects the heat transfer performance because of Dean vor-
tices formation. The study reported that the enhancement
of heat transfer performance in the microchannel with a fin
height of 1.5 mmwas higher when compared with a fin height
of 2.0 mm, which is attributed to net convective surface area
and availability of the open space that facilitates favorable
flow behavior for better heat transfer.

The optimization of pin-fin heat sinks extends beyond
geometry and physical shape considerations, as the direction
of pin-fins can significantly impact their thermal perfor-
mance. In an experimental study conducted by Huang et al.
[59] experimentally investigated the natural convective per-
formance of square pin fin heat sinks under different
orientations (upward, sideward, downward). A mathemat-
ical framework integrating the Rayleigh number Ra =

gβ (Tb − Ta)L3/να and finning factor which represents the
total surface area divided by the base surface area revealed
distinct heat transfer behaviors. The downward orientation
exhibited the lowest Nu due to restricted buoyancy-driven
flow. Sideward arrangement outperforms the upward one for
small finning factors below 2.7, beyond which the situa-
tion is reversed due to flow blockage in sideward channels.
These findings provide valuable insights into the design and
optimization of heat sinks in various applications involving
natural convection cooling mechanisms.

Several studies have considered the effect of perforations
of pin fin heat sinks on heat transfer and pressure drops.
Al-Sallami et al. [60] conducted a comparative analysis
of staggered and in-line arrangements of strip fins, with
cross-sectional aspect ratios falling between those for plate
fins (high aspect ratio) and pin fins (aspect ratio ≈ 1). Heat
sinks with solid and perforated fins in in-line or staggered
arrangements are shown in Figure 15. The findings demon-
strate that strip fins offer an effective approach to enhancing
heat transfer, particularly when implemented in staggered
arrangements. Furthermore, numerical investigations reveal
that incorporating perforations into the strip fins yields addi-
tional improvements in terms of enhanced heat transfer,
reduced pressure loss, and decreased heat sink mass.

Furthermore, the dimensions and configurations of cav-
ities and holes within the pin-finned heat sink represent a
significant variable that should be considered as a crucial
factor in thermal performance analysis. Al-Damook et al.
[61] conducted a simulation of a pin-fin heat sink featuring a
rectangular slotted or notched hole. The results demonstrate
that the utilization of rectangular perforation leads to an
enhancement in heat transfer and a reduction in fan power,
as compared to the corresponding pin-fin heat sink with
solid pins. Moreover, it is observed that both the rate of heat
transfer and fan power exhibit a consistent increase as the size
of the perforation expands. Notably, the largest slotted and
notched perforations investigated have exhibited an ability
to elevate the heat transfer rate by more than 10 %, whereas
concurrently reducing fan power consumption and pin weight
by over 30 % and 40 % respectively. Hajmohammadi et al.
[62] introduced a novel tree-shaped pattern for the cavity

FIGURE 15. Schematic diagram of different heat sink geometries and
arrangements [60].

structure of a pin-finned heat sink, aiming to optimize its ther-
mal performance. The experimental findings demonstrated
that the maximum excess temperature obtained in the final
configuration with four branches was approximately 50 %
lower compared to the most optimal design reported in exist-
ing literature.

C. MICROCHANNEL HEAT SINK
Microchannels, characterized by a hydraulic diameter below
1mm and typically ranging from 1 to 99 µm, find exten-
sive applications in fluid control and heat transfer. The
pioneering work on microchannel design was introduced
by Tuckerman and Pease of Stanford Electronics Labora-
tories in 1981, who conducted experimental investigations
on the performance of microchannels. The results demon-
strate that straight microchannel heat sinks exhibit superior
performance in terms of heat flux removal, with capabil-
ities up to 790 W/cm2. However, it should be noted that
the high-pressure drop associated with microchannels poses
limitations on their overall performance.

Extensive experimental and numerical investigations have
been conducted to explore the impact of geometric param-
eters on enhancing heat transfer in microchannel heat
sinks [63], [64]. Tan et al. [65] employed fluid-thermal
coupling numerical simulations to compare the thermal
performance of five topological microchannel structures (ter-
nate veiny, lateral veiny, snowflake-shaped, spider-netted,
and honeycomb-shaped). Figure 16 shows the temperature
contours on chips of all microchannel topologies. Results
demonstrated that the spider-netted microchannel exhibited
optimal heat dissipation under 100 W/cm2 heat flux, achiev-
ing a maximum temperature reduction of 9.9◦C compared to
straight channels. The enhanced performance was attributed
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to topology-driven modulation of flow patterns and heat
transfer area, which synergistically optimized the Nu and Re
correlations. While straight channels exhibited limited Nu
due to fully developed laminar flow, the spider-netted struc-
ture enhanced secondary flow disturbances and expanded
effective heat transfer area, significantly elevating Nu. Hence,
according to numerical and experimental results, it can be
concluded that the significant influence of microchannel
topology on heat transfer efficiency, particularly under high
heat flux conditions.

FIGURE 16. Temperature contours of the chip. (a) Straight microchannel;
(b) lateral veiny microchannel; (c) honeycomb-shaped microchannel;
(d) ternate veiny microchannel; (e) snowflake-shaped microchannel;
(f) spider netted microchannel [65].

In the research [66], an experimental and numerical inves-
tigation into the thermal-hydraulic transport characteristics
of various complex grooves for utilization in a water-cooled
heat sink was conducted. The grooves show higher heat trans-
fer coefficients and pressure drops compared to the straight
geometry, with increments of up to 2.25 and 8.54 times,
respectively. This can be attributed to the expansion of
the flow path as well as the generation of swirling flows
within the intricate grooves. Figure 17 shows the temperature
contour of different groove models at a Reynolds number
of 1000.

FIGURE 17. A part of the temperature contour of different models on the
x–y plane at Re = 1000 [66].

Chai et al. [67] systematically analyzed the thermohy-
draulic performance of microchannel heat sinks with triangu-
lar ribs on sidewalls through a three-dimensional conjugate
heat transfer model accounting for temperature-dependent
fluid properties and viscous heating. Key geometric param-
eters, rib-to-channel width ratio (Wr/Wc)), height ratio
(Hr/Wc), spacing ratio (Sr/Wc), and converging ratio
(Wcon/Wr), as well as rib arrangements (aligned or offset)
were investigated. The geometric parameters of triangular
ribs are shown in Figure 18. Results demonstrated that the
offset arrangement enhanced cold-hot fluid mixing via sec-
ondary flow, achieving an average Nusselt number 2.15 times
higher than the straight microchannel at Re = 443. How-
ever, the aligned arrangement exhibited higher friction factors
due to converging-diverging flow passage effects. Optimized
rib height (Hr/Wc > 0.15) and reduced spacing (Sr/Wc =

2.5) significantly improved Nu, with a 50% reduction in
substrate temperature rise at Hr/Wc = 0.25. Smaller rib
spacing (Sr/Wc = 2.5) suppressed the decay of Nu along
the flow direction through periodic boundary-layer rede-
velopment. The comprehensive performance metric Nu/f1/3

revealed that the offset configuration with minimal spacing
(0.25 mm) delivered optimal thermal enhancement, primar-
ily attributed to intensified fluid mixing and boundary-layer
disruption. In his recent research [68], the study proposes
correlations between the average friction factor and Nusselt
number. The microchannel heat sinks with aligned triangular
ribs exhibit an increase of 1.03–2.01 times in the average
Nusselt number and a rise of 1.06–9.09 times in the average
friction factor compared to the typical straight microchan-
nel heat sink. The authors [69] also analyzed the impact of
various rib configurations, such as rectangular, backward tri-
angular, diamond, forward triangular, and ellipsoidal shapes,
on thermal-hydraulic performance. Their findings revealed
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that interrupted microchannel heat sink with ribs in the
transverse microchambers exhibited a reduction of 4-26 %
in entropy generation and a decline of 4-31 % in thermal
resistance. Furthermore, it was observed that the thermal
performance improved by approximately 1.39 time.

FIGURE 18. Microchannel heat sinks with triangular ribs on sidewalls for
(a) aligned arrangements; (b) offset arrangements [67].

A comprehensive review has been presented by Lee et al.
[70], indicating that the combination of various individual
techniques can effectively enhance the heat transfer coef-
ficient. The incorporation of ribs and cavities represents a
highly effective approach for enhancing the heat transfer
performance of microchannel heat sinks. Xia et al. [71]
have investigated the impact of triangular reentrant cavities
on heat transfer characteristics. The enhancement in heat
transfer can be attributed to both the formation of vortices
within the reentrant cavity, leading to chaotic advection and
convective fluid mixing, as well as the periodic interruption
and redevelopment of thermal boundary layers along the
constant cross-section surface. The combination of a cavity
and rib has also been subjected to numerical investigation
by Japer et al. [72]. The study compared various configura-
tions of ribs and cavities within a microchannel, including
a microchannel with a triangular cavity, rectangular rib, and
secondary channel design (TC-RR-SC), a microchannel with
only rectangular rib (CR-RR), a microchannel with only a
triangular cavity (TC), and finally, a microchannel featur-
ing both rectangular rib and triangular cavity (TC-RR) as

shown in Figure 19. The results demonstrate that the proposed
TC-RR-SC design exhibits exceptional overall performance
when compared to other designs due to its combined effect
on thermal boundary layer re-development and flow mixing
in the main channel. Similar research has been conducted by
Ghani et al. [73] and Li et al. [74].

FIGURE 19. Schematic of microchannel of (a) Conventional rectangular
microchannel heat sink (CR MCHS); (b) Conventional rectangular and
rectangular ribs (CR-RR MCHS); (c) Triangular cavities(TC MCHS);
(d) Triangular cavities and rectangular ribs(TC-RR MCHS); (e) Triangular
cavities, rectangular ribs and secondary channel (TCRR-SC MCHS) [72].

Bayrak et al. [75]. compared the impact of five different
geometric structures of microchannel heat sinks on flow char-
acteristics and heat transfer performance. The presence of
cavities and ribs in MCHS leads to enhanced heat transfer
performance compared to configurations without them, pri-
marily due to localized modifications within the channels that
ensure suitable fluid mixing between the core flow and near-
wall regions. However, for the asymmetrical cavity and rib
configuration, this effect is reversed due to the formation of
intense recirculation zones. The results indicate that the sym-
metrical cavity and rib exhibit superior thermal performance
whereas the asymmetrical cavity demonstrates optimal uni-
form temperature distribution along the baseline wall The
study demonstrates that the formation of vortices in a cavity
is important for enhancing heat transfer as it ensures mixing
between cold and hot water streams. However, inappropriate
design of the cavity can lead to the amplification of recircu-
lation zones, which hinder heat transfer between near walls
and core flow, resulting in localized regions with elevated
temperatures.

The characteristics of flow in microchannels and micro-
tubes have also attracted much attention from researchers
[76], [77]. The nanofluid is an important and attractive heat
transport fluid because the presence of nanoparticles in the
base fluid has increased the heat transfer coefficient of the
base fluid due to the thermal conductivity of solid parti-
cles being higher than fluid. Jiang et al. [78] investigated
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the cooling performance of a microchannel heat sink with
nanofluids numerically. The findings indicate that the cool-
ing performance of a microchannel heat sink employing
water-based nanofluids containing diamond, under a con-
stant pumping power of 2.25 W, is approximately 10 %
superior to that of a microchannel heat sink utilizing water
alone. The heat transfer enhancement effect of a system
utilizing an Al2O3/water nanofluid-cooled MCHS was inves-
tigated by Hung [79]. The study demonstrated a significant
improvement in heat transfer performance, with a remarkable
increase of 21.6 % observed when employing Al2O3-water
and diamond-water nanofluids compared to pure water. These
findings highlight the potential for enhanced heat transfer
capabilities offered by these nanofluids, as supported by the
research conducted.

D. ENVIRONMENTAL FACTORS
Environmental factors, including ambient temperature,
humidity, and air pressure, critically influence heat sink
performance in practical applications.

Çorumlu [80] systematically investigated the role of
ambient temperature on natural convection dynamics. At a
moderate input power of 16.5 W, increasing ambient temper-
ature from 30 ◦ to 40 ◦ improved convective heat transfer
coefficients (h: 30.45 →31.31 W/m2

·K) and Nusselt num-
bers (Nu: 21.94 →22.20), indicating enhanced convective
cooling efficiency. However, under high-power conditions
(33 W), while h continued to rise (31.85 → 32.17 W/m2

·K),
Nu exhibited a slight decline (21.73→21.61), suggesting
diminished dimensionless heat transfer efficiency due to
intensified thermal boundary layer resistance. Additionally,
thermal resistance (Rth) decreased with rising ambient tem-
perature (2.93→ 2.75 K/W), reflecting improved overall heat
dissipation. These results highlight the dual role of ambient
temperature: it enhances convective cooling at lower power
but introduces efficiency trade-offs under high thermal loads.

In contrast, Kope et al. [81] explored the impact of air
humidity on the efficiency of the radiator, proposing an
innovative approach using ultrasonic water vapor to amplify
natural convection. Their experiments demonstrated that sat-
urating air with water vapor enabled a 35 % increase in
transistor power dissipation (from 22 W to 31 W) while
maintaining a junction temperature of 150 ◦C. This is because
water vapor takes more heat from the heat sink and hence
cools it better allowing for higher power dissipation in
the transistor. Notably, this method addresses limitations of
passive cooling in high-humidity environments, offering a
scalable solution for power-dense electronics.

Collectively, these studies underscore the nuanced inter-
play between environmental factors and thermal manage-
ment. While elevated temperatures may improve heat sink
performance under moderate loads, high-power scenarios
necessitate careful optimization to mitigate efficiency losses.
Furthermore, humidity modulation via active methods like
ultrasonic vapor injection presents a promising avenue to

overcome inherent limitations of natural convection, partic-
ularly in thermally constrained systems.

V. OTHER THERMAL DESIGN
Carbon-based materials are good options for TIM, TSV,
and heat sinks due to their low density and relatively high
thermal conductivity. Graphene has been used as TTSVmate-
rial, of which the thermal properties have been explored
by simulation. The results showed that graphene-based fin
and spreader structure exhibit better performance compared
to CNT in terms of noise coupling, whereas CNT-based
structure is thermally superior to Graphene. Unfortunately,
no experimental work was reported [82]. More work is
needed to verify the relevant theories in the future. Other
research concerning graphene used as a heat spreader and
TIM has also been reported. Barua et al. [83] have studied the
effect of graphene heat spreaders in the thermal management
of 3D chips, the simulation results showed that the maximum
temperature can be reduced with graphene heat spreaders.
K.Vendra et al. [84] compared the impact of Graphene-based
TIM and Graphit-based TIM on the peak temperature of 3D
IC, proving that although graphene has an outstanding ther-
mal conductivity of 3000-5000 W/m K, the lower thickness
of Graphene will hamper the heat dissipation.

Moreover, a hybrid approach combining interlayer with
microfluidic cooling has been investigated. By embedding
microchannels into the silicon interposer, the number of
thermal interface materials can be significantly reduced but
requires sealed fluid interconnects from the system fluid
loop to the silicon chip stack [85]. Oh et al. [86] con-
ducted microfluidic cooling experiments using the fabricated
test equipment, verifying experimentally the effectiveness
of interposer along with microfluidic cooling technology in
terms of thermal isolation between layers. Figure 20 shows
the conventional air-cooled heat sink and the proposed 3D
system featuring microfluidic cooling embedded within an
interposer package. Furthermore, it reported high-aspect-
ratio (23:1) TSVs to enable their integration within the
microfluidic heat sink and preserve the electrical benefits.

FIGURE 20. Schematics of (a) conventional air-cooled heat sink; and
(b) the proposed 3D system featuring microfluidic cooling embedded
within an interposer package, high-aspect-ratio TSVs, and micro bumps
for electrical I/Os.

VI. CONCLUSION
In this paper, a comprehensive and systematic study of the
critical thermal problems in the 3D ICs is presented. The key
developments in heat transfer in TIM, TSV, and heat sink
from pertinent literature were summarized, and the effects
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of various significant parameters, such as TIM thermal con-
ductivity, TSV geometry characteristics, TSV arrangements,
materials variation, shape variation as well as the geom-
etry and shape parameters of heat sinks are analyzed in
detail.

The research on TIMs involves the introduction of high
conductive fillers and the design of mechanically compli-
ant thermal conductors, including carbon nanotubes, metal
nanowires, ultrathin graphite foams, porous foam architec-
tures of hexagonal BN, and carbon fibers.

TSVs are central to 3DIC integration. Various methods,
such as geometric parameters adjustment, dielectric layer
optimization, and the introduction of new materials, have
been adopted by researchers for the reduction of thermal
issues in 3D structures. Additionally, careful selection and
placement of TSV materials are essential for enhancing ther-
mal conductivity.

Different from TIM and TSV, a heat sink functions as a
passive heat exchanger that facilitates the transfer of thermal
energy across various geometries categorized primarily into
flat-plate, pin-fin, and microchannel types. The fin height,
width, number, fin orientation, and fin shape can signifi-
cantly impact thermal properties. Considering these factors
simultaneously can optimize thermal efficiency. Addition-
ally, some structure designs, including cross-fin, branched
fin, cavities and holes, are considered critical variables in
improving thermal performance. Flat-plate and Pin-fins offer
great thermal performance for heat sinks, but they may be
merged with other types of heat sinks such as microchan-
nels. A microchannel heat sink provides a very good thermal
reduction performance. Not only microchannel topologies
but also some special structures in heat sinks, such as grooves,
ribs, and the combination of cavities and ribs, can affect
thermal performance.

Despite considerable attention from the electronic pack-
aging community towards various thermal management
techniques, traditional methods are usually limited to a single
design scale, such as device thermal management, package
thermal management, or system thermal management. Many
previous solution techniques operate in isolation and may
eventually conflict with each other. Therefore, it is necessary
to conduct collaborative optimization of the key structures
in three-dimensional integrated circuits to solve the hot spot
problem to the greatest extent. It is expected that the summary
of the current state-of-the-art thermal technologies in 3D ICs
will help researchers in both academic and industry who are
addressing these and related challenges.
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