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ali)gLn-T:’eeg;';?)f‘(:‘:aﬁlfLg:);([i?tillsgs;) ’ When Industry seeks to drive limits of innovation and continue to meet in-
IC Design; Vertical Integration; creasing demands for higher performance, reduced power consumption,
Thermal Management in ICs smaller form factors in electronic devices. Traditional two dimensional inte-
grated circuit (2D IC) designs are moving towards their physical limit and a
new frontier is opened, three dimensional integrated circuits (3D ICs). Such a
revolutionary chip design and packaging allows high performance computing
to rise above the last stratosphere and usher in a new age of development. In
Semiconductor design, 3D ICs are a paradigm shift from conventional planar
structure and an alternative to the challenges. 3D ICs achieve extraordinary
Corresponding Author Email: levels of performance and functionality by stacking active components verti-
Lim.d41t@ece.gatech.edu cally and interconnecting them using TSVs. A main advantage of this vertical
integration is that it leads to shorter interconnects, lower power consump-
tion, and better signal integrity and that is why it is an attractive solution for
many tasks in mobiles, data centers and artificial intelligence systems. With
this annunciation of a new dimension of chip design, the industry now moves
DOI: 10.31838/JIVCT/02.01.01 into new challenges and opportunities. To enable the legacy transition to 3D
ICs, a radical overhaul of the entire semiconductor ecosystem is required in
terms of thermal management and stress analysis, as well as in design tools
. and manufacturing processes. This article dives deeper into the design and
Received : 03.11.2024 intergration of 3D IC’s for high performance computing, and talks about chal-
Revised : 05.12.2024 lenges involved in full realization of 3D IC’s.
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THe Promise ofF 3D ICs data faster. The increase in bandwidth can lead
to very significant performance boosts to overall
system performance for high performance computing
systems with heavy data throughput requirements,
such as scientific simulations or artificial intelligence
applications (Figure 1).B3-4

3D ICs are a significant step forward in semiconductor
technology beyond the limitations of planar based
designs with their associated advantages, particularly
for high performance computing applications.l'2

Better Performance and Bandwidth

However, the increase in the performance and
bandwidths is the main benefit of 3D ICs. Stacking
along the vertical direction makes it possible to
have very short interconnects between different
functional units. On the contrary, this decrease in
the interconnect length also implies shorter signal
propagation delays between elements, which is
important because it allows to transfer and process Fig. 1: 3D ICs
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Reduced Power Consumption

Specifically in modern computing systems (data
centers, phones etc.) power efficiency is a critical
challenge, and 3D ICs allow to reduce the distance
for the signals to travel. Short interconnects lead to a
lower capacitance and resistance resulting in lowered
power consumption. They additionally suggest that
redundant heterogeneous components optimized for
particular function roles might be less difficult to mix
into bigger system designs, hence bettering the power
utilization. For instance, a direct stack of memory
layers stacked on top of the processing units, directly
reduces the energy for data movement and also
improves the overall system efficiency.*

Increased Functionality in Smaller
Footprint

3D ICs can achieve an order of magnitude increase of
functionality per unit area through vertical integration of
components. In particular, it is particularly useful in cases
where space is at a premium, i.e. not only on devices
(such as mobiles), but also high performance computing
systems with limited size. Since chip size is lateral for a
die, designers can put more features and functionality
on chip with multiple dies on chip. More powerful and
variegated computing systems in smaller form factors
can be enabled by advances in density of functionality.!*!

SIGNAL INTEGRITY AND TIMING

To exploit the performance benefits of 3D integration,
signal integrity must be preserved and timing managed
between multiple stacked dies. TSVs for vertical
propagation of signal. Electromagnetic interference
and inter layer crosstalkin 3D structures, Clock
distribution and skew management will be addressed.
Cross die timing closure over multiple dies with
possibly differentiated process technologiesmultiple
stacked dies is crucial for achieving the performance
benefits of 3D integration. Designers must account for:

o Vertical signal propagation through TSVs

e Inter-layer crosstalk and electromagnetic in-
terference

e Clock distribution and skew management in 3D
structures

o Timing closure across multiple dies with po-
tentially different process technologies

Integration Techniques for 3D ICs
Successful 3D IC implementation depends on advanced
integration techniques to stack and interconnect

multiple dies. However, these techniques have been
adapted to circumvent the distinctive challenges of
vertical integration and to harness the advantages of
3D architecture.l'011

There are several approaches to stacking dies in 3D
ICs, each with its own advantages and considerations:

1. Face-to-Face Bonding: In this technique, two dies
bonded that ‘active’ sides are facing. However,
this approach allows for high density interconnects
between the two dies but only to two layer stacks.

2. Face-to-Back Bonding: By bonding the face of a
first die to the back of a second die, this technique
allows the stacking of multiple dies. Vertical
connections require TSVs, but a more flexible
multi layer stack is allowed.

3. Monolithic 3D Integration: This growing technique
is to grow a number of layers of dynamic devices
on the same wafer. Given its challenges to
implement, it promises extremely high density
integration.

Bonding Technologies

Interconnections between stacked dies in current
system-on-package (SoP) concepts are fundamentally
dependent on selected bonding technology.

Microbump Bonding: It provides good electrical and
mechanical properties using these small solder bumps
to connect stacked dies.

Copper-to-Copper Direct Bonding: It offers high
density interconnects with low resistance at the cost of
requiring precise alignment and surface preparation.

Hybrid Bonding: It offers high density, low
resistance metal-to metal and dielectric to dielectric
bonding.[10-"4

INTERPOSER TECHNOLOGIES

The design of 3D IC systems incorporates interposers
as both first and intermediate layers which connect
stacked dies to the package substrate. Key interposer
technologies include:

The manufacturing expenses of silicon interposers
remain challenging due to their high density routing
capabilities and their capacity to contain active
components.

Device producers can develop glass interposers
through panel manufacturing in large quantities
which lowers their production price. Provide a lower
interconnect density than silicon or glass, at a lower
cost but less demanding application (Figure 2).!">
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Fig. 2: Interposer Technologies
Table 1: 3D ICs for High-Performance Computing
Application in High-Performance
Technology Role in 3D IC Design Computing

Through-Silicon Vias (TSVs)

TSVs enable vertical electrical connec-
tions between different layers of the
IC, facilitating multi-layer integration.

Facilitates efficient vertical integration
for faster data processing and reduced
latency.

Wafer-Level Packaging (WLP)

WLP provides a compact and cost-ef-
fective packaging method, improving
yield and performance in 3D ICs.

Improves system performance and
reduces package size, crucial for
high-density computing systems.

Microbumps and Stacking Techniques

Microbumps and stacking techniques
enable precise alignment and intercon-
nection between stacked die, ensuring
optimal performance.

Enhances electrical performance in
stacked ICs and improves reliability for
multi-layer circuits.

Thermal Management Solutions

Thermal management solutions such as
heat spreaders and microfluidic cooling
techniques are crucial to manage heat
dissipation in 3D ICs.

Ensures stable operation of high-per-
formance computing systems by man-
aging thermal constraints.

Interposer Integration

Interposer integration allows for het-
erogeneous integration of components,
enhancing functionality and reducing
interconnect delays.

Reduces signal delay and improves data
bandwidth, essential for high-perfor-
mance computing applications.

Packaging Considerations

o Clock distribution and skew management in 3D

Packaging of 3D IC shows unique problems and
advantages. The needs of 3D integrated systems
are met through current development models of
advanced packaging technologies that combine fan-
out wafer-level packaging (FOWLP) and embedded
die technologies. The performance benefits of 3D
integration depend on three packaging design features
including strong electrical connectivity between
system board and die thickness and size definition.
Designers must account for:

o Vertical signal propagation through TSVs
o Inter-layer crosstalk and electromagnetic in-
terference

structures

Multiple die timing closure serves as a critical
requirement when working with dies that operate
from different process technology platforms
(Table 1).U1-20

Integration Techniques for 3D ICs

Multiple dies can be stacked and interconnected
using advanced methods to achieve successful
deployments of 3D ICs. The approach to stacking and
interconnecting multiple dies has developed specific
solutions to manage vertical integration requirements
while fully realizing 3D architectural advantages.

Journal of Integrated VLSI, Embedded and ComputingTechnologies | Jan - April | ISSN: 3049-1312 3 |



Tyrell Laa and D.T. Lim : 3D ICs for High-Performance Computing Towards Design, and Integration

D1e StackiNG METHODS

Several methods of stacking dies in 3D ICs have been
developed, and each offers its own advantages and
disadvantages.

1. Face-To-Face Bonding: In this, the two dies are
bonded with active face to active face. However,
it has the advantage of providing high density
interconnects between the two dies, but only in
two layer stacks.

2. Face to back Bonding: This involves bonding of
one dies face to another dies back thus allowing
one to stack multiple dies in one dimmension.
Multichip packaging requires TSVs (i.e. for vertical
connections), but provides more flexibility on
multi-layer stacks.

3. Monolithic 3D Integration is this new approach
where multiple layers of active devices are built
on a single wafer. Although difficult to implement,
huge degrees in area integration are possible.

Selection of the bonding technology is crucial to
the formation of reliable interconnections between
stacked dies. Common bonding techniques include:

e Microbump Bonding: Small solder bumps are
used to connect stacked dies and provides
good electrical and mechanical properties.

Copper-to-Copper Direct Bonding: a low resistance
interconnect with high density that is achieved thermo-
compression bonding copper with high precision and
requires careful preparation of the copper surfaces.

Hybrid Bonding: Combines metal-to-metal and
dielectric-to-dielectric bonding for high-density, low-
resistance connections.!?'23

Interposer Technologies

Interposers are also used in many 3D IC designs to serve
as the intermediate layer that enables connections
between the stacked dies and the package substrate.
Key interposer technologies include:

o High density Routing: Always provides high
density routing capability; it can also in-
corporate active components and offer
some mixed signal routing but is costly to
manufacture.

Glass Interposers offer good electrical isolation, and
can be made large panel sizes which could lower costs.
Organic Interposers: For less demanding applications
offer cost effective solution with lower interconnect
density than silicon or glass.

Packaging Considerations

The issues involved in packaging 3D ICs are unique.
To meet the particular requirements of 3D integrated
systems, various advanced packaging technologies,
including fanout wafer level packaging (FOWLP) and
embedded die technologies, are also being developed.
These packaging solutions must provide:

» Efficient heat dissipation

e Robust electrical connections to the system
board

o Protection from environmental factors

e Allows for the incorporation of die of various
thicknesses and sizes in the stack

3D IC DEesiGN AND INTEGRATION
CHALLENGES

Although it has huge potentials, many design and
integration problems exist in 3D ICs for realizing its
potentials in high performance computing applications.!?4!

Thermal Management

One of the most outstanding issues in 3D IC design is
its heat dissipation. In the presence of several active
layers stacked, power density increases and so do
hotspot creation in the structure. Left untreated, this
will result in degraded device performance, reliability
problems, and ultimately failure of the device.
Integrated heat spreaders or microfluidic channels for
advanced cooling

Post-Bond Testing

The problem however is that after dies are stacked and
bonded, testing internal layers becomes very difficult to
access. Testing strategies after bond must deal with the
fact that the interconnections and functioning across
the 3D stack have to be verified. Testing in layer to
layer fashion and, implementation of 3D scan chains to
increase the test access coverage area of the 3DIC test.
The testing of 3D architectures becomes challenging
for the development of boundary scan techniques.
Verification of interconnections and functionality
across the 3D stack must be possible according to the
post bond testing strategies (Figure 3).[252

Future Directions and Emerging
Technologies

There is much rapid pace on emerging new
technologies and approaches in the field of 3D ICs for
high performance computing. Areas of development
which are most promising include:
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Fig. 3: Monolithic 3D IC

Table 2: Advanced Integration Techniques

Application in High-Performance

Integration Technique

Focus Area

Computing

Chip-to-Chip Integration

Stacking multiple chips vertically to
increase density and improve perfor-
mance in computing systems.

Enhances system throughput and mem-
ory bandwidth by enabling chip-to-chip
communication within a 3D stack.

Heterogeneous Integration

Combining different types of chips or
technologies (e.g., memory, logic) to
optimize performance and functional-
ity.

Enables the integration of specialized
components, optimizing HPC systems
for specific tasks.

Monolithic Integration

Integrating different functions (e.g.,
processor and memory) onto a single
die for compactness and performance.

Increases computational power and
reduces footprint in systems requiring
compact high-performance solutions.

Co-Design of Hardware and Software

Simultaneously designing both hard-
ware and software to maximize the
performance of the integrated system.

Improves system-level performance
by optimizing resource allocation and
minimizing delays in data processing.

System-on-Package (SoP)

Combining multiple ICs into a single
package to enhance functionality, re-
duce interconnects, and improve sys-
tem performance.

Enables the packaging of diverse func-
tionalities in a single compact unit, re-
ducing system complexity and improv-
ing performance.

Monolithic 3D Integration

Current 3D IC technologies are based on the process
of stacking together separately fabricated dies; while
monolithic 3D integration involves assembling active
devices by integrating many layers into a single wafer.
However, this approach is limited by manufacturing
challenges to the highest integration and performance
levels with this process.

Optical Interconnects

Optical interconnects within 3D IC structures enable
chip to chip communication with orders of magnitude
more bandwidth than interconnects using electrical

interconnects, and consume energy efficiency by more
than two orders of magnitude better than electrical
interconnects. Research is being carried out on
practical solutions for integrating 3D architectural
photonic components with electronic circuits (Table 2).

Advanced Cooling Solutions

In pursuit of addressing thermal challenges pertaining
to high performance 3D ICs, novel cooling technologies
like integrated microfluidic channels and phase change
materials are being studied. Even more, they may
enable for operating of higher levels of integration
and performance.
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Neuromorphics Computing Architectures
An exciting area in the research is to develop 3D
integration of neuromorphic computing elements
which are structurally and functionally mimicking the
biological neural networks. Such architectures could
allow for creating highly efficient, scalable Al systems
by virtue of vertical dimension.

Quantum Computing Integration

As quantum computing technology advances, the
integration of quantum processing elements with
classical control circuitry in 3D structures is taking
place. Presented here is the hybrid approach which
one day may make quantum computing systems more
practical and scalable.

CONCLUSION

3D ICs are a transformative technology how achieves
high performance with dramatic improvements in
power efficiency and functionality. With Moore’s
Law continuously advancing the capabilities of the
semiconductor space and computing hardware, 3D
integration is the way for the semiconductor industry
to keep that pace of advancement in computational
capability. Nevertheless, realizing the full potential
of 3D ICs comes with several design, manufacturing
and test challenges. Meanwhile, efforts in research
and development are needed to overcome thermal
management problems, increase yield and reliability,
and develop the design tools and associated
methodologies. Monolithic 3D integration and optical
interconnects are emerging technologies with
potential of even better performance and efficiency
that have been proven to be attractive in general 3D
ICs for HPC. Similar to any mature technology, the
ecosystem around 3D IC design and manufacturing
will mature on the go and it will ultimately open up
computing systems that will increasingly use power
of the third dimension as the technology continues
to mature bit by bit. However, the possibilities of
computational power, efficiency in energy use and new
application possibilities make the journey towards
fully enabling 3D ICs process still ongoing, but an
important focus area for the semiconductor industry.
Therefore, as the future of researchers, engineers,
and manufacturers spend more time innovating and
collaborating, 3D IC remain integral in defining the
future of high performance computing and creating
the next generation of technologies.
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