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Three-dimensional integrated circuits (3D ICs) are revolutionizing semiconductor
design by offering significant advantages in device density, performance, and
power efficiency. The advent of Through-Silicon Vias (TSVs) and monolithic
stacking has enabled vertical integration of circuits, reducing interconnect lengths
and improving signal integrity. This paper reviews the fundamentals of 3D ICs,
focusing on TSV-based integration and monolithic 3D stacking, highlighting the
design challenges, manufacturing techniques, thermal management strategies, and
emerging applications. A comparative analysis of TSV and monolithic stacking
approaches is provided, alongside a discussion of future research trends. The
insights presented aim to guide researchers and engineers in the development of

next-generation high-performance and energy-efficient integrated circuits.
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1. Introduction

The relentless demand for higher performance, reduced power consumption, and miniaturization
of electronic devices has propelled the exploration of 3D integration technologies. Traditional
two-dimensional (2D) integrated circuits are reaching scaling limits due to physical, electrical,
and thermal constraints. 3D ICs provide an alternative by stacking multiple device layers
vertically and interconnecting them using techniques such as Through-Silicon Vias (TSVs) or
monolithic inter-tier connections.

3D ICs offer several advantages:
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e Reduced interconnect delay due to shorter signal paths.

« Higher integration density and reduced footprint.

o Lower power consumption for data transfer between layers.

« Potential for heterogeneous integration (e.g., logic, memory, sensors).

This paper reviews current approaches to 3D ICs, focusing on TSV-based designs and
monolithic 3D stacking, analyzing fabrication challenges, design methodologies, and
performance benefits.

2. Fundamentals of 3D ICs

Three-dimensional integrated circuits (3D ICs) are a transformative approach in semiconductor
design where multiple layers of active devices are vertically stacked, instead of being spread out
on a single plane as in conventional 2D ICs. This vertical integration allows significantly
reduced interconnect lengths, higher device density, and improved overall performance. 3D ICs
also facilitate heterogeneous integration, where different types of devices—logic, memory,
analog, RF, and sensors—can coexist in a single chip stack.

The two primary approaches for 3D ICs are:

2.1 Through-Silicon Vias (TSVs)

Through-Silicon Vias (TSVs) are vertical electrical connections that penetrate through a silicon
wafer to provide direct communication between stacked layers. TSVs are fundamental to wafer-
to-wafer or die-to-wafer 3D integration, serving as the “vertical highways” for signals, power,
and ground connections.

2.1.1 TSV Fabrication Steps
The fabrication of TSVs involves multiple precise steps:

1. Via Formation:
o Deep holes are etched through the silicon wafer using Deep Reactive-lon
Etching (DRIE).
o DRIE allows high-aspect-ratio vias (depth-to-diameter ratio typically 10:1 or
higher), which is essential for modern 3D ICs with thin die layers.
2. Insulation and Liner Deposition:
o To prevent short circuits between the silicon substrate and the conductive metal,
vias are lined with an insulating material, commonly silicon dioxide (SiO-) or
low-k dielectrics.
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o A thin adhesion/barrier layer such as tantalum (Ta) or tantalum nitride (TaN) is
often added to prevent metal diffusion into silicon.
3. Metal Filling:
o The viais filled with a highly conductive material like copper (Cu) or sometimes
tungsten (W).
o Electroplating is the most common technique for copper filling, followed by
annealing to reduce stress and improve conductivity.
4. Planarization:
o Chemical-Mechanical Polishing (CMP) is used to flatten the wafer surface,
ensuring that stacked layers can bond without topographical irregularities.
o Proper planarization is critical for yield and reliability, as uneven surfaces can
cause voids or delamination.

2.1.2 Advantages of TSV-Based 3D ICs

o High-Speed Vertical Interconnects:
TSVs reduce interconnect length dramatically compared to 2D planar routing, lowering
propagation delay and improving signal integrity.

o Compatibility with Heterogeneous Integration:
TSVs allow stacking of different types of dies, such as logic and memory, enabling high-
bandwidth memory solutions like HBM (High Bandwidth Memory).

e Mature Industrial Process:
TSV-based 3D ICs are already deployed in commercial products, with a growing
ecosystem of EDA tools, design methodologies, and packaging techniques.

2.1.3 Challenges of TSV-Based 3D ICs

e Thermal Hotspots:
Dense vertical stacking leads to heat accumulation, especially in logic-intensive layers.
Without proper thermal management, device reliability and lifetime can be compromised.
e Mechanical Stress:
The presence of TSVs and wafer bonding can induce mechanical stress, causing warpage,
microcracks, or delamination, especially in large-diameter wafers.
« Fabrication Complexity and Cost:
TSV integration adds multiple process steps, including DRIE, CMP, metal deposition,
and bonding, significantly increasing manufacturing complexity and cost.

2.1.4 Example Applications

e High-Performance Computing: CPUs and GPUs use TSVs to connect stacked cache
and logic dies for low-latency data access.

e Memory Integration: HBM stacks DRAM dies connected with TSVs to achieve
extremely high memory bandwidth in compact footprints.

o Heterogeneous Systems: Sensors, analog, and digital circuits can coexist in a 3D stack
for 10T and mobile devices.
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Figure 1: Simplified Illustration of a TSV-based 3D IC

Figure 1 shows a simplified illustration of a TSV-based 3D IC.

2. Fundamentals of 3D ICs

Three-dimensional integrated circuits (3D ICs) are a transformative approach in semiconductor
design where multiple layers of active devices are vertically stacked, instead of being spread out
on a single plane as in conventional 2D ICs. This vertical integration allows significantly
reduced interconnect lengths, higher device density, and improved overall performance. 3D ICs
also facilitate heterogeneous integration, where different types of devices—logic, memory,
analog, RF, and sensors—can coexist in a single chip stack.

The two primary approaches for 3D ICs are:

2.1 Through-Silicon Vias (TSVs)

Through-Silicon Vias (TSVs) are vertical electrical connections that penetrate through a silicon
wafer to provide direct communication between stacked layers. TSVs are fundamental to wafer-

to-wafer or die-to-wafer 3D integration, serving as the “vertical highways” for signals, power,
and ground connections.
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2.1.1 TSV Fabrication Steps
The fabrication of TSVs involves multiple precise steps:

1. Via Formation:

o Deep holes are etched through the silicon wafer using Deep Reactive-lon
Etching (DRIE).

o DRIE allows high-aspect-ratio vias (depth-to-diameter ratio typically 10:1 or
higher), which is essential for modern 3D ICs with thin die layers.

2. Insulation and Liner Deposition:

o To prevent short circuits between the silicon substrate and the conductive metal,
vias are lined with an insulating material, commonly silicon dioxide (SiO:) or
low-k dielectrics.

o A thin adhesion/barrier layer such as tantalum (Ta) or tantalum nitride (TaN) is
often added to prevent metal diffusion into silicon.

3. Metal Filling:

o The viais filled with a highly conductive material like copper (Cu) or sometimes
tungsten (W).

o Electroplating is the most common technique for copper filling, followed by
annealing to reduce stress and improve conductivity.

4. Planarization:

o Chemical-Mechanical Polishing (CMP) is used to flatten the wafer surface,
ensuring that stacked layers can bond without topographical irregularities.

o Proper planarization is critical for yield and reliability, as uneven surfaces can
cause voids or delamination.

2.1.2 Advantages of TSV-Based 3D ICs

o High-Speed Vertical Interconnects:
TSVs reduce interconnect length dramatically compared to 2D planar routing, lowering
propagation delay and improving signal integrity.

o Compatibility with Heterogeneous Integration:
TSVs allow stacking of different types of dies, such as logic and memory, enabling high-
bandwidth memory solutions like HBM (High Bandwidth Memory).

e Mature Industrial Process:
TSV-based 3D ICs are already deployed in commercial products, with a growing
ecosystem of EDA tools, design methodologies, and packaging techniques.

2.1.3 Challenges of TSV-Based 3D ICs

e Thermal Hotspots:
Dense vertical stacking leads to heat accumulation, especially in logic-intensive layers.
Without proper thermal management, device reliability and lifetime can be compromised.
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« Mechanical Stress:
The presence of TSVs and wafer bonding can induce mechanical stress, causing warpage,
microcracks, or delamination, especially in large-diameter wafers.

o Fabrication Complexity and Cost:
TSV integration adds multiple process steps, including DRIE, CMP, metal deposition,
and bonding, significantly increasing manufacturing complexity and cost.

2.1.4 Example Applications

e High-Performance Computing: CPUs and GPUs use TSVs to connect stacked cache
and logic dies for low-latency data access.

e Memory Integration: HBM stacks DRAM dies connected with TSVs to achieve
extremely high memory bandwidth in compact footprints.

o Heterogeneous Systems: Sensors, analog, and digital circuits can coexist in a 3D stack
for 10T and mobile devices.

2.2 Monolithic 3D Stacking

Monolithic 3D ICs are an alternative vertical integration approach where multiple layers of
active devices are fabricated sequentially on a single wafer. Unlike TSV-based stacking,
monolithic 3D does not require wafer-to-wafer bonding or large-diameter TSVs, enabling much
finer vertical pitches (often <100 nm).

2.2.1 Fabrication Approach

o Each transistor layer is fabricated using standard CMOS processes, separated by ultra-
thin dielectric and interconnect layers.

« Inter-tier interconnects, often copper or tungsten vias, are created between sequentially
fabricated layers.

o Because fabrication occurs sequentially, careful low-temperature processes are essential
to avoid damaging previously formed layers.

2.2.2 Advantages of Monolithic 3D ICs

o Ultra-High Interconnect Density: The vertical pitch is much smaller than TSVs,
enabling dense connectivity.

e Lower Interconnect Capacitance: Shorter vertical paths reduce resistance-capacitance
(RC) delays, improving speed and lowering power consumption.

e Compact Form Factor: The absence of large TSVs reduces chip area overhead,
enabling ultra-compact designs.

2.2.3 Challenges of Monolithic 3D ICs

o Thermal Budget Constraints: Sequential fabrication layers must tolerate low-
temperature processing (<400°C for some interconnects) to prevent damage.
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e Process Complexity: The fabrication of multiple active layers on a single wafer is
technically demanding and currently not as mature as TSV-based 3D ICs.

« Design and EDA Challenges: Standard design tools are optimized for planar layouts;
vertical routing and thermal modeling require new methodologies.

2.2.4 Example Applications

e Logic-on-Logic Stacking: Combining multiple logic layers for high-performance

computing.

e Memory-on-Logic Stacking: Ultra-dense SRAM or DRAM embedded directly on logic
layers.

o Heterogeneous Sensors: Integration of sensing layers with processing units for compact
I0T devices.

2.3 Summary of Fundamental Concepts

Both TSV-based and monolithic 3D ICs enable vertical integration, reducing interconnect length,
improving performance, and supporting heterogeneous designs. TSVs offer industrial maturity
and high current-carrying capacity but are limited by pitch and thermal challenges. Monolithic
stacking achieves ultra-fine vertical interconnects, lower power, and compactness but faces
fabrication and process integration hurdles. The choice between TSV and monolithic 3D
approaches depends on application requirements, cost constraints, and thermal/power budgets.

IC Layer 3
3D Interconnects

Monolithic 3D Vias
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Figure 2 illustrates the concept of monolithic 3D stacking.
3. Design and Fabrication Methodologies

The successful implementation of 3D ICs relies heavily on sophisticated design and fabrication
methodologies. Vertical integration introduces unique challenges in partitioning, interconnect
planning, thermal management, and layer sequencing. This section elaborates on the
methodologies for both TSV-based and monolithic 3D IC designs, emphasizing practical
approaches and optimization strategies.

3.1 TSV-Based 3D IC Design

TSV-based 3D ICs involve stacking pre-fabricated dies or wafers and interconnecting them
through TSVs. The design process must address electrical, thermal, and mechanical challenges
introduced by vertical integration.

3.1.1 Partitioning

e Objective: Divide the overall design into multiple layers while balancing area,
performance, and thermal distribution.
e Methodology:
o Critical logic or high-speed blocks are often placed closer to the bottom layer for
lower signal latency.
o Memory dies can be stacked above logic dies to reduce interconnect distance.
o Partitioning tools analyze power density, signal timing, and routing congestion to
assign blocks to appropriate layers.
o Example: In a 3D CPU-GPU stack, the logic die (CPU cores) can be placed at the base,
with cache and memory layers on top, minimizing interconnect delays while reducing
thermal stress in logic circuits.

3.1.2 Floorplanning and TSV Placement

e TSV Density and Pitch: High-density TSVs reduce interconnect delay but increase
silicon area overhead and introduce stress.
e Placement Strategy:
o TSVs should be positioned to minimize wirelength between functional blocks.
o Critical paths are prioritized for TSV connectivity to ensure timing closure.
o TSVs are often grouped into clusters or arrays to reduce parasitic capacitance and
resistance.
e Simulation Tools: EDA tools such as Cadence Innovus 3D Stack and Synopsys IC
Compiler 3D provide automated TSV-aware placement and routing.
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3.1.3 Thermal Management

o Challenge: TSV stacking leads to vertical hotspots due to concentrated power
dissipation.
o Strategies:
o Thermal TSVs: Dedicated vias that act as heat conduits.
o Heat Spreaders and Heat Sinks: Embedded materials with high thermal
conductivity (e.g., copper, diamond-like carbon).
o Layer Distribution: High-power blocks are spaced across layers to avoid
stacking too many hotspots.
o Simulation: Thermal-aware floorplanning using tools like HotSpot or ANSYS
Icepak.
o Example: In a high-performance GPU stack, thermal TSVs can reduce peak temperature
by up to 20-30°C, improving reliability and lifespan.

3.1.4 Fabrication Flow for TSV-Based 3D ICs

1. Fabricate individual dies using standard CMOS processes.

2. Etch and fill TSVs in each die or wafer.

3. Perform wafer-to-wafer or die-to-wafer bonding using techniques such as copper-copper
bonding or adhesive bonding.

4. Apply planarization (CMP) to ensure smooth topography for subsequent layers.

5. Test interconnect continuity and functional performance.

3.2 Monolithic 3D IC Design

Monolithic 3D ICs enable sequential fabrication of multiple transistor and interconnect layers on
the same wafer. Unlike TSV-based stacking, monolithic 3D allows extremely fine vertical
interconnect pitches, resulting in ultra-dense designs.

3.2.1 Sequential Layer Processing

e Process Overview:
o Fabricate a full layer of transistors, interconnects, and dielectric.
o Deposit an intermediate dielectric layer (e.g., SiO2 or low-k dielectric) with via
openings for inter-tier connections.
o Fabricate the next active layer on top without exceeding thermal budget limits
(<400°C for some layers).
e Challenges:
o Thermal sensitivity of lower layers restricts annealing temperatures.
o Contamination or misalignment can propagate errors to upper layers.
o Example: In a monolithic 3D SRAM-on-logic design, the logic layer is fabricated first,
followed by a memory layer using low-temperature processes to prevent damage to
underlying transistors.
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3.2.2 Design for Manufacturability (DFM)

o Objective: Ensure that process variations do not degrade device performance or yield.
o Considerations:

o Alignment tolerance between layers is critical for inter-tier vias.

o Lithography constraints are stricter due to stacked layers.

o Stress management is essential to prevent wafer warpage.
e Techniques:

o Incorporating dummy structures to balance mechanical stress.

o Using design rules specific to monolithic stacking (layer thickness, via spacing,

metal density).

3.2.3 Inter-Tier Optimization

« Goal: Minimize interconnect length and parasitic effects while maintaining signal
integrity.
e Methodology:
o Short inter-tier connections reduce RC delays and power consumption.
o Signal timing and placement-aware routing are performed across layers, not just
within a single layer.
o Power and ground routing is carefully planned to avoid voltage drops in upper
layers.
« Example: In a monolithic 3D processor, vertical interconnects between ALU units and
cache can be reduced to tens of nanometers, significantly decreasing signal latency
compared to TSV-based designs.

3.2.4 Fabrication Flow for Monolithic 3D ICs

1. Fabricate base CMOS layer using standard processes.

2. Deposit dielectric and form inter-layer vias.

3. Sequentially fabricate the upper transistor and interconnect layers using low-temperature
deposition and patterning.

4. Metallize inter-tier connections and perform CMP.

5. Conduct electrical testing and thermal evaluation for all layers.

Table 1: Comparison of TSV and Monolithic 3D ICs

[Feature |TSV-based 3D IC|[Monolithic 3D IC]
Vertical Pitch |~5-10 pm 1<100 nm |
lInterconnect Density  |[Moderate IVery High |
IPower Efficiency |Good |Excellent |
\Thermal Challenges HSignificant HModerate \
\Fabrication ComplexityHHigh HVery High \
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[Feature |TSV-based 3D IC|[Monolithic 3D IC]
lIndustrial Adoption  |[Established IEmerging |

4. Thermal Management in 3D ICs

Thermal issues are critical in 3D ICs due to vertical stacking, which can create hot spots and
degrade reliability. Common approaches include:

e Thermal TSVs: Dedicated vias for heat dissipation.

e Microfluidic Cooling: Embedding microchannels within layers for liquid cooling.

e Advanced Packaging Materials: Using high thermal conductivity substrates and heat
spreaders.

Simulation studies show that careful floorplanning combined with thermal TSVs can reduce peak
temperature by up to 20-30%.

5. Applications of 3D ICs
5.1 High-Performance Computing (HPC)

3D ICs reduce latency between processor cores and memory layers, enabling high-speed
computing and energy efficiency.

5.2 Memory Integration

TSV-based stacking enables High Bandwidth Memory (HBM), increasing memory bandwidth
without expanding chip area.

5.3 Heterogeneous Integration

Monolithic 3D stacking allows integration of logic, sensors, and RF circuits on a single chip for
loT, wearable, and mobile devices.

6. Challenges and Research Directions

Fabrication Yield: Defects in TSVs or monolithic layers can significantly reduce yield.
Thermal Reliability: Managing heat in ultra-dense stacks is critical.

Design Tools: EDA tools need enhancements to support vertical design and optimization.
Process Standardization: Industrial adoption requires standardized fabrication flows.

el A

40 Page 30-41 © MANTECH PUBLICATIONS 2017. All Rights Reserved



Journal of Research in VLSI Design Tools and Technology

MANIECH

Publications Volume 2 Issue 1, January-April 2017

Future research trends:

o Development of low-temperature monolithic processes.

o Al-assisted design optimization for thermal and power management.

« Integration of emerging materials like graphene and carbon nanotubes for vertical
interconnects.

7. Conclusion

3D ICs with TSVs and monolithic stacking represent a paradigm shift in semiconductor
technology, enabling high-density, low-power, and high-performance designs. TSV-based
approaches are mature and suitable for heterogeneous integration, while monolithic 3D stacking
offers ultra-dense integration for next-generation applications. Despite challenges in thermal
management, fabrication complexity, and design methodologies, ongoing research and
technological advancements are expected to drive widespread adoption. The combination of
these technologies is poised to redefine performance scaling beyond traditional Moore’s Law
limitations.
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