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Chapter 18: Supply Chain
Executive Summary
Send corrections, comments and
Past technical roadmaps have not addressed supply chain dynamics, suggested updates to the TWG chair,
as there has not been a need to do so due to a linear ecosystem. using our HIR SmartSheet:
However, electronics has shifted away from the monolithic systems
that were prevalent in the IT dominated space, to the consumerhttps://rebrand.ly/HIR-feedback
focused realm where compute has become pervasive and increasingly
heterogeneous. Inevitably, supply chain dynamics have become far more complex.
Globalization and integration of the manufacturing landscape drives opportunities as well as significant challenges
for a connected supply chain. Infrastructure has gone from a single integrated process performed within the
boundaries of traditional large enterprises (OEMs – IBM, Intel, HP, etc.) to a fragmented and dis-integrated process.
It started with outsourcing outside the company, followed by offshoring locally or regionally, and finally outsourcing
and offshoring globally. As such, the challenges and risk to an OEM’s supply chain increased dramatically. In this
ever-changing landscape, a manufacturer, its processes and its supply chain must be fully integrated and
interconnected to maintain a consistent, high-quality, reliable product. The intent of infrastructure change is to drive
down costs of production through economies of scale. This new structure enables companies to obtain needed
components or commodities without owning or operating a factory. This does, however, drive a very elongated,
complex supply chain. In this chapter, the global, connected supply chain that OEMs are operating in today is
described. The impact of IoT on the supply is explored. [1, 2]
With the industry now looking through the applications lens more so than ever, the strategic direction of electronics
packaging has undoubtedly been impacted as well. There are several supply chain considerations that come into view
as more packaging options become available for various applications. From supply chain trends (e.g., convergence,
mergers, and acquisitions) to challenges (e.g., material and equipment capability) to disruptions (such as geo-political,
natural and human resources, regulatory, and Environmental Health and Safety), these factors must be taken into
consideration when making technical and business decisions.
New advanced packages entering the market have met with increased costs, equipment limitations, manufacturing
limitations, and manufacturing processes that needed to be upgraded. The fundamentals of Moore’s law (that has
governed the computer industry for more than 60 years) is no longer capable of increasing or absorbing additional
functionality and capability without significant equipment and process changes for CPU’s, GPUs, etc. Costs are
increasing (not decreasing) with die shrinks. Scaling issues have pushed package designs to change. To achieve
more efficient, less costly die shrinks, companies are pulling out common function from advanced packages such as
CPUs and GPUs. These are put into common function die and/or packages that are referred to as chiplets. This
chapter will discuss these processes from RDL and bump to final inspection for several package architectures
including chiplets. [3, 4]
I. Background and Objectives
The Heterogeneous Integration Roadmap is designed to be a market- and system-driven roadmap with multiple
chapters, covering the entire electronics technical ecosystem as shown in Figure 1. Six (6) future, leading-edge
market and system applications are represented, along with the building blocks of hardware systems represented by
five (5) heterogeneous integration components. The largest group of technical working groups in HIR is in the crosscutting technologies area, and we have placed the Supply Chain Chapter here for very specific reasons.
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Heterogeneous Integration Roadmap
An Application Driven Roadmap
Market/System Applications
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•
•
•
•
•

Cross Cutting Technologies

High Performance Computing & Data Center
Mobile
Medical, Health & Wearables
Automotive
IoT
Aerospace & Defense

Heterogeneous Integration
Components
•
•
•
•
•

Single Chip and Multi Chip Integration
(including Substrates)
Integrated Photonics
Integrated Power Electronics
MEMS & Sensor integration
5G Communications & Beyond

•
•
•
•
•
•
•

Materials & Emerging Research Materials
Emerging Research Devices
Test
Supply Chain
Security
Thermal Management
Figure
Reliability (new chapter for 2021)

1: Overview of
the Roadmap’s
chapters and TWGs

Integration Processes
•
•
•

SiP
3D +2D & Interconnect
WLP (fan in and fan out)

Co‐Design & Simulation
•

Co‐Design & Simulation – Tools & Practice

Firstly, we want to clearly recognize that each of the market and system applications will differ in their supply
chain approaches and dynamics. For example, the automotive market is currently in the midst of a severe chip
shortage that has caused automotive companies to shut down factories and reduce production – significantly
impacting economic recovery from the COVID-19 pandemic. That same chip shortage has subsequently spilled over
into other markets and systems.
Secondly, it is recognized that, as our industry (driven by those same market forces) shifts from a chip-level focus
to more of a system-level focus, our supply-chain becomes ever more complex and interconnected (see Figure 2).
More than ever before, companies, academia and governments are working on joint solutions with supply-chain
partners outside of their traditional groups. Most notable is the build-out of hardware groups and extension of the
supply-chain reach in the large system integrators.

Figure 2: Layers of the electronics supply chain

These additional intersections are not just linear within single markets or industry segments, but cross over the
traditional boundaries of markets, applications and technologies. For this reason, the Supply Chain TWG of the HIR
will continue to work closely with all other TWGs in the roadmap.
Past technical roadmaps have not addressed supply chain dynamics, as there has not been a need to do so due to a
linear supply chain. However, electronics has shifted away from the monolithic systems that were prevalent in the
IT dominated space, to the sense/compute realm where supply chain dynamics have become complex.
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Factors for this shift include:
 Product/application complexity as well as global complexity
 Geographical and political diversity
 Supply chain disruptions (e.g., pandemics, raw material shortages, force majeure, climate change, and
other causes)
 Supply chain development (e.g., development and support for new materials)
Trends:
 Convergence (e.g., front-end equipment manufacturers venturing to developing equipment for back-end,
foundries having back-end operations, OSATs now having PCBA/SMT/EMS, PCBA/SMT/EMS now
having advanced packaging capabilities)
 Growth of the Foundry – Fabless – OSAT model to serve the Systems houses.
 Mergers and Acquisitions, partnerships, and consolidation, e.g AMD and Xilinx, Nvidia and ARM.
 Potential for vertical and horizontal integration (e.g., fabless acquiring fab capabilities)
 Market entrants and exits, such as Intel re-entering foundry business
 System houses designing their own processors, e.g. Apple, Google
Therefore, not taking into consideration supply chain ramifications when making technology choices can lead to
serious consequences. At the very least, we need to be aware of these dynamics/factors impacting the technical and
business decisions.
The focus of this working group will be on awareness as well as guidance on checkpoints for the industry when
they are considering specific technical paths. While this first edition of the Supply Chain chapter includes initial
work on advanced packaging supply chains and covers some application spaces, the work of the Supply Chain TWG
continues to branch out further into various heterogeneous integration areas and to connect with other TWGs in the
HIR, and industry participants more broadly, to include a richer perspective of the supply-chain challenges and
solutions facing us in the future.
2. Scope
The scope of this group will encompass the full supply chain (including supply chain planning) pertaining to
heterogeneous integration (design and manufacturing), with specific focus given to highlighting challenges and
significant gaps with prioritized recommendations.
This chapter is not limited to integration of silicon-based devices but is inclusive of other device types including
compound semiconductors. This chapter will also focus specifically on processes from RDL and bump to final
inspection for the following package architectures:
 Substrate-based, both wire bond and BGA
 Multi-chip including 2.5, 3D, and SiP
 WLP, both Fan-out and Fan-in
 Chiplets
 Panel
 Embedded Dies
3. Supply Chain Challenges
As early as 2006, consulting companies such as Gartner, MIT Sloan, and McKinsey were highlighting the
challenges companies were facing in the ever increasing globally integrated environment. Large enterprise
companies such as IBM, Intel, HP, and Cisco began transitioning from horizontally integrated processes in which
they procured, manufactured, and fulfilled their end-product, to outsourcing the less-profitable aspects of both the
supply chain and manufacturing processes. These companies looked at the bill of materials (BOM) for a given
product and defined critical components on the BOMs. It was determined what electronic components could easily
be resourced and those that could not/should not be resourced. A product’s BOM typically has 80% parts that are
common industry parts, and the remaining 20% of the parts are high reliability, core company IP, and/or considered
as SPOF (single point of fail).
For companies to maintain their competitive edge in this changing environment, they had to decide how to reduce
their BOM costs. During the first ten or so years of transitioning from a horizontally integrated process to a vertically
integrated process, the supply chain model of a company that maintained and managed a select set of suppliers to
procure their parts through strict supplier agreements was restrained from reaching significant cost reductions as all
quality, reliability, and performance requirements were specified in those agreements. These companies had to decide
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what could be outsourced and what could not. This was a staged process: first, the procurement organizations began
to outsource industry-standard parts locally, then outsourced regionally, and eventually these parts were procured
globally from OEMs, OSATs, foundries, and individual electronic companies. With this change, the companies put
supplier contracts in place (with shared accountability) that enabled their suppliers to control their own suppliers.
The emphasis was for the supplier to control the quality and reliability of parts that they procured from their suppliers.
While this provided cost reductions to the large enterprises, it increased their supply chain risk, as they turned over
the reins of their common, industry-standard parts as well as their visibility and traceability to the procured parts and
assemblies. Theirs was no longer a transparent supply chain. In the globally integrated environment, OEMs (large
enterprises) were and are now dealing with other OEMs, OSATS, and foundries. Key characteristics of each are
provided below: [5, 6]
OEMs such as IBM, Intel, HP, etc. had:
 End-to-End (E2E) control of the design, development, qualification, manufacture, and production; strict
quality and reliability requirements in place for selected suppliers; and direct-buy suppliers
 Management at all levels and tiers ensuring supply chain transparency, flexibility, and agility to change as
disruptions occur
 Demand driven
 Lower costs through long-term contracts
 Multiple sourcing for non-critical content of the BOM
 Single source and, in some cases, sole source for critical components. [7]
OSATS such as ASE, Amkor, JCET, SPIL, PTI, etc. had:
 OEM-outsourced design and development in addition to packaging hardware manufacture
 Contracted for full E2E product
 Accountable for all assembly, test, quality, service support, etc.
 Potential IP sharing and collaboration with the OSAT
 Consolidations with other OSATs (through mergers and acquisitions to increase product offering
differentiation): JCET acquired STATS ChipPAC, Amkor increased its ownership in J-Devices, and
acquired Nanium, and ASE merged with SPIL – Siliconware Precision Industries [7]
Foundries such as TSMC, GlobalFoundries, UMC, Samsung, SMIC, etc: As a result of OSAT mergers and
acquisitions (mentioned above) the number of OSATs available to OEMs was reduced. Foundries began and continue
to compete with the OSATs to fill the void. A foundry has two distinct roles. First, it is a semiconductor fabrication
facility that is dedicated solely to the fabrication and delivery of an OEM’s IC design. Second, it is a semiconductor
design and fabrication facility that offers a full service OSAT-type capability. Characteristics:
 Dedicated foundry that can scale production better than an OSAT facility
 Significant investment dollars available for R&D
 Ability to introduce new and/or advanced packaging technologies on a shorter development cycle
 Cost margins of 40 to 50% (typical foundry) but must be willing to accept a lower cost margin from
OEMs to compete with OSATs
 Maintains an IP portfolio [7]
OEMs, OSATs, and foundries all have supply chain choices. Regardless of what choices are made, the interaction
between each and their suppliers varies. There are multiple sourcing, single sourcing, and sole sourcing in all three.
When each entity works with its suppliers, and their suppliers work with their network of suppliers, the supply chain
can become a very elongated and complex network, a barrel-shaped network, a diamond shaped supply chain
structure, or a hybrid of the different models. Disruptions of any sort have a substantial impact on the OEM, OSATs,
and foundries across the electronics packaging industry. To better understand this, one needs to delve into areas of
disruptions that have the greatest impact.
Disruptions and what they look like (not in any order of importance) are listed below. Actual incidents of some
are detailed. Because of the impact of the Covid pandemic on all industry sectors, this section will start there.
 Manufacturing capacity
 Natural disasters (hurricanes, typhoons, tsunamis, earthquakes, pandemics and other)
 Raw material shortages
 Design and development changes
 Counterfeit parts
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Mergers and acquisitions
Political/personnel unrest disruptions (strikes, geo-political)
Accidents

Natural Disasters: Covid-19 and supply chain disruptions have been evolving since January 2020. The
disruptions are varied and have occurred in various industry sectors. Of significance to the electronics packaging
industry is the microchip shortage that has curbed automotive manufacture. By the 2nd quarter of 2020, automotive
manufacturers shut down; and they canceled their orders with chip suppliers. The chip suppliers then had excess
manufacturing capacity and sought other markets such as PCs, tablets, and consumer electronics to sell their excess
capacity. But by May 2021 several of the automotive manufacturers reopened. Due to poor inventory planning on
their part, the chip manufacturing capacity that was taken up by consumer electronics, and a natural disaster (drought
in Taiwan), have led to severe chip shortages for the automotive sector. This sector is at the back of the line for
obtaining chips at this point. It is projected that they will start receiving chips in the 3rd quarter this year. There are
two key supply bottlenecks: fabless companies like Apple and Qualcomm are consuming the manufacturing capacity
of two large foundries: TSMC and Samsung.
Political/Personnel Unrest Disruptions (strikes, geo-political): Supplier insolvencies are occurring because of
economic uncertainty and volatility because of Brexit, global trade sanctions, and trade tariffs.
Design and subsequent development of follow-on products: Boeing experienced this firsthand in 2013 with the
grounding of the Boeing 787 for 3 months due to battery issues. The plane was grounded again in 2020 for fuselage
failures. Both failures were due to a changing sourcing strategy from the preceding product, the Boeing 737. The
737 outsourced 30 to 50% of the components/assemblies used to manufacture their plane. Boeing abruptly increased
outsourcing of components/assemblies to over 70% for the 787. Boeing utilized multi-tiered, strategic partnerships
with 50 Tier 1 suppliers for the new airliner. These strategic partnerships combined with increased outsourcing
pushed the development/design and assembly out of Boeing’s purview. Boeing lost supply chain visibility,
traceability, and transparency as a result. [8, 9, 10]
Natural Disasters and Manufacturing Capability: Toyota was seriously impacted by the 2011 tsunami in Japan.
Toyota wrongly assumed that their suppliers increased with each sub tier in a pyramid hierarchy, thus providing
redundancy. They had a multi-tiered, tightly controlled supply chain. They used a Just-In-Time (JIT) manufacturing
process, and single-sourced a high percentage of their parts. Because they only worked with the Tier 1 suppliers,
they were not aware that a Tier 1, Tier 2, or Tier “n” supplier could be utilizing one of their other Tier 1 suppliers as
their Tier 2. Toyota managed only its Tier 1 suppliers, but not its critical sub-tiers. Toyota had a barrel-shaped
supply chain and suffered because of this lack of transparency. It is interesting to note that Toyota did not experience
the same fate during the Covid pandemic. Since 2011, Toyota increased their supply chain transparency and reduced
the number of single-sourced parts.
Industry standard parts: Nearly the entire automotive industry sector procured seat belts and air bags from the
same company, Takata Corporation. When these parts began to fail in the field, it caught both Takata and the end
users by surprise. Takata had inadequate quality control. Customers had no visibility nor access to quality control
records. The Takata seat belt failures were caused by the degradation and fracture of the seat belt’s polymeric release
buttons. The fragments can break away from the buttons, becoming lodged within the seat belt mechanism. Three
possible failure modes are: (1) the belt fails to latch, (2) the belt will latch but will not unlatch, and (3) the belt appears
to be latched but is not.
In 2013 Takata airbags began failing in the field, leading to many deaths around the world. The bags ruptured
prematurely because of an unstable chemical (ammonium nitrate), design and manufacturing defects, and quality
documents that had been manipulated. Takata was one of the world’s largest airbag manufacturers. Failing airbags
resulted in the largest safety recall ever in the US. [11, 12]
Raw Material Shortages: ABF (Ajinomoto build-up film) serves as an interlayer insulating material that has
been manufactured for many years. However, in 2019 the demand for the raw material increased dramatically as the
requirements for HPC packages (CPU, GPU, FPGA, and custom ICs) grew. The newer packages require higher layer
counts and larger body sizes. The ABF substrate demand could not be met with the small set of ABF suppliers and
the limited manufacturing capacity that existed. There needed to be more investment in equipment, materials, and
substrate manufacturing capacity. Unimicron and Nan Ya PCB manufacture most of the substrates today, but together
they could not keep up with the demand. Smaller companies such as Japan’s Ibiden and Taiwan’s Kinsus saw the
robust demand and chose to repurpose a few of their lower-demand SLP lines (substrate-like lines) to provide
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additional ABF capacity to support companies involved in AI, 5G, IOT and consumer electronics. Exacerbating the
issue, Unimicron experienced two plant fires, one in Dec 2020 and another in Feb 2021, further reducing the amount
of ABF available. [13, 14]
Even though there is additional ABF substrate capacity being put in place at multiple locations by multiple
suppliers, the new capacities remain short of demand for processing new HPC chip solutions rolled out by end
customers; the shipment ratio for high-spec offerings continues to ramp up. Demand for ABF substrates is expected
to rise down the road. Besides spec upgrades and strong market demand, the costs of the raw materials are also
another cost driver. Prices for ABF-based substrates are likely to rise quarter by quarter in the coming years, as the
demand for such substrates continues to outgrow the new capacity supply, according to observations.
Counterfeit Parts: Counterfeit electronic parts continue to plague OEMs, OSATs and foundries as they have for
many years. Because of today’s global landscape, various disruptions (discussed earlier), and parts shortages, the
number of these parts entering the marketplace has significantly increased. Some of this is intentional, while some
is not.
Considering integrated circuits alone, counterfeit ICs can simply be defective parts from a qualified manufacturing
line that are rejected because they do not meet a company’s part specification. These parts are tossed into a bin as
waste, to be dealt with later. Because of poor (or no) “defective parts” processes, some of these parts are not thrown
away; instead, they are sold to recyclers, 3rd party distributors, etc. Adding to this, because of the shortened product
life, new products quickly replace the older versions, and the old product is sold as scrap to companies that salvage
anything of value, i.e., gold from connectors, ICs, and other parts. Unscrupulous recyclers re-mark the packages after
removing the original part number, brand, and date code. If a company doesn’t have a thorough “defective parts”
process, these defective parts are not discovered until it is too late, and they begin to fail in the field. The
counterfeiters have become more experienced and sophisticated; they make look-alike IC’s that do not perform as
originally designed and begin to fail during early life.
When there is a critical chip shortage, such as what is occurring today because of the Covid pandemic,
counterfeiters have ample opportunity to sell fake ICs, and willing customers to sell their parts to.
3. Supply Chain Challenge Mitigations
It has been reported (2020) that only a few companies are/have been investing in their supply chain visibility.
However, visibility is still limited for most of those that have been investing. as they don’t see across their entire
supply chain. More significant is that greater than 50% of companies polled had no supply chain visibility at all. To
mitigate the challenges and impacts suffered by most suppliers (see earlier examples) during disruptions strongly
requires implementing and/or optimizing a supply chain management process. Fragmented, unconnected supply
chains must be replaced by dynamic, smart, integrated, E2E supply chains (via IoT). Visibility and traceability in an
E2E IOT supply chain is critical to providing a resilient supply chain that is flexible and can adapt to impacts/issues
in real time.
Key challenges that an elongated supply chain faces include the following:
 Multi-tiered, multi-channel
 Loss of control over E2E manufacturing supply chain
 Inventory management
 Lack of transparency/visibility to suppliers’ sub-tiers
 No direct management of critical suppliers, especially sub-tier
 Non-resilient, hence unable to sense and respond
Looking back at the first six disruptions detailed earlier, it is easy to link the above characteristics that led to the
product impact. The chip shortages occurred because of cancellation of chip orders by major companies as their need
was reduced with their plant closures. The companies did not plan for their needs when their plants would reopen.
The chip providers immediately filled their lines with consumer electronics orders to eliminate their newly created
excess capacity. Those that could not fill their capacity reduced their production. [15]
The Japan tsunami in 2011 brought many car companies to a standstill. At this point Toyota had lost sight of the
critical aspects of their supply chains. They dealt directly with 50 Tier 1 suppliers, and they expected these suppliers
to maintain the stringent quality, reliability, and procurement requirements that they themselves used to have in place.
Toyota had a multi-tier, just-in-time supply chain. They were single-sourcing 60 to 70 % of their parts with no
visibility at all to Tier 1 suppliers. Since there was no transparency, Toyota was not able to sense and respond quickly
to the disruption.
HIR 2021 version (eps.ieee.org/hir)

Chapter 18, Page 6

Heterogeneous Integration Roadmap

November 2021

Supply Chain

Boeing too had a multi-tiered, multi-channel supply chain with nearly 70% of the bill of materials single sourced.
In their case, they had outsourced key assemblies of the plane to various design shops around the world. They did
not do a deep dive into these strategic partnerships for critical assemblies such as the Li-ion battery pack and the
fuselage. The battery was exhibiting thermal runaway that had to be addressed. The inner fuselage skin was made
from a new carbon composite. This skin had a critical flatness of 0.005” required to create effective joins of one
piece of fuselage to the next. The design of these sub-assemblies was outside the purview of Boeing.
Takata Corporation was a major supplier of seat belts and air bags for the automotive industry. These two products
failed miserably in the field and lead to many deaths. Since this was an industry-standard part with little competition,
no customer did a deep dive into the product procured. Root causes of failures were poor quality, bad reliability, and
minimal record keeping.
These examples drive home the point that strong supplier partnerships in which the supplier (regardless of Tier)
has skin in the game when a disruption occurs is critical. Today’s elongated, multi-tiered, multi-channel supply chain
needs transparency, innovation, and investment to develop a smart, connected supply chain. A smart supply chain
will bring efficient data and information collection to the forefront throughout the entire manufacturing process
beginning to end. All data gathered by IoT devices along the way provides a real-time look from the manufacturer
to the retailer. This includes supply chain strategy, integrated planning, inbound supply chain, intelligent
manufacturing, outbound supply chain, logistics, and supply chain enablement. For a more detailed understanding
of each key process please refer to Figure 3. [16]

Figure 3: Supply Chain Management – Component Business Model

4. Supply Chain Map for Completed Packages
As shown in Table 1, six generic package process flows can represent nearly all the known package assembly
process flows:
1. Wirebond Leadframe
2. Wirebond Substrate
3. Flip Chip Substrate
4. 2.5D Substrate
5. Fan-In Wafer Level WLP (see Chapter 23)
6. Fan-Out Wafer Level WLP (see Chapter 23)
(Note: Category 6 [FOWLP], includes FOPLP)
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As shown in Table 2, three generic package process flows can represent nearly all the known package subassembly process flows. A package sub-assembly itself must be assembled into a package before it can be mounted
on a PCB:
1.
Chip Cubes (HBM, etc.)
2.
Chiplets (Pchiplets, Tiles, etc.)
3.
Devices in Substrates (Passives, Actives, EMIBs, etc.)
As shown in the center of Tables 1 and 2, within each of these assembly process flows there are up to ten major
process steps. Each process step may utilize a set of unique materials and processing tools: refer to Chapter 8 on
Single and Multichip Integration:
1.
RDL and Bump
2.
Wafer Singulate
3.
Carrier System
4.
Die and/or Flip Chip Attach
5.
Wire Bond
6.
In-Line Metrology
7.
Underfill and/or Overmold
8.
BGA Ball Attach
9.
Package Singulate
10. Final Inspection
Table 1: A supply chain map for completed electronics packages

Table 2: A supply chain map for subassemblies
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Discussion
Because of the large number and uniqueness of package assembly flows, package assembly can be sensitive to
abrupt changes in industry loading. For example, industry capacity can be very sensitive to demand shifts in the
following areas:
 Wire bond vs. Flip chip
 Leadframe vs. Substrate
 Saw Dicing vs. Advanced Dicing
 Number and Types of Substrate Layers
 Mass Reflow vs. Thermo-Compression Bonding
 Transfer Mold vs. Compression Mold
 Leadframe/Substrate vs. Fan-Out
In addition, new and/or niche assembly flows can also be very sensitive to demand shifts as the infrastructure
might be quite limited:
 Fan-Out
 Chip Cube
 Chiplet
 Device in Substrate
Wire Bonded Packages: 75 to 80% of all packages are wire bonded. It is used for mid-range packages, and for
memory stacking in NAND manufacturing. It is used for 16-high NAND stacks, and state of the art is 40 microns
bond pitch. Wire bonding is the most cost-effective and flexible form of semiconductor packaging. The failure
modes of wire-bonding are well-understood, which is one of the reasons it is heavily used for automotive
semiconductors. Wire-bonded packages will not disappear.
Flip-Chip: Flip-chip packaging has been in existence almost as long as wire bonding, having been introduced by
IBM in the 1960s. Before die singulation, solder is put onto the exposed contact pads via PVD and electroplating.
After dicing, the die is placed face down onto the PCB and the solder is re-melted to form an electrical connection.
Flip-chip became popular because the completed assembly is smaller and thinner, with higher data transfer because
of the short connections. However, those short, rigid connections do contribute one failure mechanism, being less
forgiving if the chip and substrate thermally expand at different rates.
Fan-In: This was the first of the wafer-level packages and is used in much greater volume than any other in the WLP
category. It is an extension of the wafer fabrication process. Redistribution layers (RDL) are deposited to connect
device I/Os to bump (ball) locations on top of the die. The bump locations are arranged in an array that is compatible
with the circuit board. The resulting package is the same size as the die. The maximum number of connection points
is dictated by the size of the die and the bump pitch.
High Density Packages: The high-performance computing segment has become very active, driven by end uses such
as crypto-mining, artificial intelligence, and autonomous driving. With the cost of the ≤7nm node excluding all but
the very wealthiest fabs, focus has moved on to the package as the enabler of high-performance systems in a compact
and energy-efficient footprint. Two package types are emerging: 2.5D where dies are placed on silicon interposers
and interconnected by through silicon vias (TSV), and high-density fan-out.
2.5D, 3D: These are the highest density packages currently in production. Side-by-side or stacked die are placed on
a silicon interposer and connected by high-density wiring. Through silicon vias (TSVs) in the interposer are filled
with copper to connect the high-density package to the PCB via C4 bumps. Alternatively, the individual dies are
connected through a “silicon bridge”, where high density wiring is built on pieces of silicon which are then embedded
in an organic substrate and then used to bridge the connection gap between adjacent die. Interposer technology
delivers the shortest, densest connection lengths resulting in low RC delays, high bandwidth, and small footprint.
However, interposers are expensive and are only used in the highest performing packages, such as AI and networking.
Fanout Wafer Level Packages (FOWLP): (Note: The following comments also apply to FOPLP) Fanout wafer
level packages first appeared in the late noughties when Infineon developed the Embedded Wafer Level Ball Grid
Array (eWLB) that was first applied to low I/O count packages such as audio-codec and baseband devices. The lowloss nature of the epoxy mold made eWLB particularly suitable to RF applications, such as radar sensors in
automotive.
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With conventional flip-chip on substrate and wafer level packaging (WLP) schemes, I/O terminals are spread over
the chip surface area, limiting the number of I/O connections. FOWLP embeds individual die in an epoxy mold
compound (EMC) with space allocated between each die for additional I/O connection points, avoiding the use of
more expensive silicon real estate to accommodate the higher I/O count. Redistribution layers (RDL) are then formed
using physical vapor deposition (PVD) and subsequent electroplating and patterning to re-route I/O connections on
the die to the mold compound regions on the periphery.
FOWLP comes in two flavors: low and high density. Embedded WLB is an example of low-density FO and can
be classified as <500 I/O with at most two RDL layers with line and space dimensions of ~8 um. High-density FO
packages are >500 I/O and can carry up to 5 RDL layers. 5/5 um line and space is mainstream, now moving to 2/2
um. 1/1 will be leading-edge in a couple of years. The best-known high-density FO package is made by TSMC. Its
InFO (Integrated Fan-Out WLP) package was first used in 2016 to support the Apple A10 microprocessor. This
development established FOWLP as a viable platform for high-density packages, offering low cost, small form factor
and short connection lengths.
Because FOWLP does not need a substrate, it is a low cost, very thin package. All the major OSATs have their
own FO products: Amkor’s Silicon Wafer Integrated Fan-out Technology (SWIFT) is designed for multi-die and
large die capability with interconnect density down to 2µm line and space; ASE is promoting FoCoS (Fan-out Chip
on Substrate).
Chiplets: While it is technically possible to scale monolithic die, the economics don’t favor it. Because of defects,
as die size grows yields drop, and high-performance die are big. Further, manufacturing all the functions in the same
leading-edge node becomes cost-prohibitive for all but the leading chip makers. Indeed, there are probably just 2 or
3 companies who can afford to compete in 2D leading-edge production.
Chiplets solve that problem and will be a game changer for the companies who can master the design and supply
chains, and develop the ideal business model. Chiplet technology partitions each function into single die or chiplet,
and then recombines them in a package. Costs are lower because individual chiplets are made at the appropriate
node, and because smaller die yield better. There are some additional costs associated with chiplet production – the
package is more complicated, and more Si area is needed for connections – but the benefits far outweigh the costs.
To get the maximum benefit from chiplets, the package needs very high density, with short connections to
maximize bandwidth, reduce latency, and minimize power loss. Both 2.5D and FOWLP are being used in the first
wave of chiplet production. For instance, ASE has launched a multi-die package on its FoCoS platform featuring
one ASIC surrounded by eight chiplets including HBM. The chiplets are connected through a 6-stack metal scheme,
2/2 um line and space. Figure 4 shows a simple chiplet case on a fan-out substrate from NXP, realizing a 60% area
reduction over individual packages on a PCB.

Figure 4: Chiplets on a FOWLP. NXP

Hybrid Bonding: The single biggest packaging development focus at foundries and leading-edge IDMs is in hybrid
bonding. Instead of connecting die by micro bumps which limit the point-to-point connection pitch to ~20 microns,
hybrid bonding connects Cu bond-pads directly to each other. The technique relies on fine tolerances of flatness,
overlay accuracy and cleanliness. When done correctly, wafer-to-wafer or die-to-wafer, surfaces are pressed together
and annealed to form permanent Cu-to-Cu bonds.
Connection densities can be orders of magnitude higher than with bumping. A micro-bumped die will have ~800
connections per mm2, TSMC reported 12,000 to 1.2 million connections per mm2 with its SoIC hybrid bonding
technology. As is shown in Table 3, because of the small pitch and low resistance contacts, performance gains are
massive.
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Table 3: Micro-bumped versus hybrid bonding

Bump density

3D-IC (F2F)
Microbump
1x

Silicon
interposer
1x

SoIC by
HB
16x

Bandwidth

1x

0.012x

191x

Energy/bit

1x

22.9x

0.05x

5. Deep Dive of Current and Future Desired State of Chiplet Supply Chains
The intent of this section is not to show what is an ideal chiplet supply chain, but rather to show one of the possible
scenarios of the chiplet open ecosystem and the potential supply chain risks. Supply-chain mapping here does not
include every aspect of the semiconductor supply chain (such as equipment, materials, foundry, and OSAT – see
Figure 2) since we try to keep the system-level supply chain perspective.
Figure 5 shows the current state of the SOC supply chain (not an exhaustive list of the supply chain flow) where
chip vendors source IPs from different IP vendors and develop SOCs, then go through different stages of supply chain
(foundry, assembly and test, ODM/CMs) to make a final IC product (CPU, GPU, XPU, and others). On the other
hand, the current chiplet supply chain is a vertically integrated one where chip vendors (CPU/GPU companies)
perform die disaggregation into chiplets to optimize the cost/performance and own the end-to-end chiplet supply
chain. Each chip vendor has proprietary die-to-die interfaces and there are several packaging solutions (2.5D Si
interposer, multi chip module, wafer level packaging and others) for chiplet integration.
To develop an open ecosystem for chiplets, Figure 6 shows different business challenges that need to be addressed
across the supply chain to develop multiple vendors for chiplets.

Figure 5: Summary of the chiplet infrastructure

One view of the value-chain mapping of the end-to-end chiplet supply chain is shown in Figure 6. It starts with
EDA tool vendors, to companies building individual chiplets using available IPs, followed up by either a new class
of companies called “chiplet integrators” or existing chip vendors who will integrate individual chiplets such as I/O,
power, voltage, or memory functional blocks which do not scale node over node like an XPU. Finally, a system will
be delivered to the end customer. Another view of this proposed supply chain is shown in Figure 7 which suggests
an open ecosystem for Chiplet integration.
One of the potential risks that needs to be addressed is the testing of chiplets to ensure ‘known good chiplets’. On
the one hand, this can be very challenging due to the technical difficulties as well as IP issues, but on the other hand,
this is very critical to the yield (and cost) of the final system IC product.
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Figure 6: Business challenges

Figure 7: An overview of a chiplet supply chain

6. Wrap-up
The HIR Supply Chain Team has, for the first time, succinctly distilled a strategic path forward to provide this
chapter for the Supply Chain Roadmap in heterogeneous integration. We have done this by analyzing the complex
needs and the technology developments in the varied aspects of manufacturing and packaging for the diverse
component teams of HIR.
We have taken inputs from the automotive, aerospace, power, high-performance computing and other teams in
coming to this stage. We have considered packaging advances such as TSV, HBM, chiplets, etc., and how they
helped stay the course of Moore’s Law despite physical limits being reached. We recognize the need for greater
flexibility, transparency, visibility, and synergy especially in these times of geopolitical, medical and natural
disruptions.
With the collective contributions of the outstanding team of experts in their respective fields, this team would like
to offer this chapter as our best projection of future needs. We look forward to inputs and feedback, as we continue
to refine and improve upon the foundation laid in this chapter in tackling the challenges that lie ahead.
7. References
[1] Slevin, Bob. “What is a connected supply chain?”, Open Text Blog - What is a connected supply chain? - OpenText Blogs
October 5, 2020.
[2] Shiklo, Boris, Chief Technology Officer – ScienceSoft. “Connected Supply Chain: Top Questions Answered”, CIO Blog,
December 5, 2018.
HIR 2021 version (eps.ieee.org/hir)

Chapter 18, Page 12

Heterogeneous Integration Roadmap

November 2021
Supply Chain
[3] Hruska, Joel. “Chiplets are Both Solution to and Symptom of a Larger Problem”, Chiplets Are Both Solution to and
Symptom of a Larger Problem - ExtremeTech April 30, 2019.
[4] Kenyon, Gareth. “Heterogeneous integration and the evolution of IC packaging”, Heterogeneous integration and the
evolution of IC packaging - EDN September 2, 2020.
[5] Pearsall, Katherine, “Manufacturing supply chain challenges - globalization and IOT”, 2016 6th Electronic SystemIntegration Conference.
[6] Macher, J.T “Vertical disintegration and process innovation in semiconductor manufacturer, foundries vs. integrated
producers”, Technology Mini Conference, Philadelphia, PA, March 2001.
[7] Pearsall, Katherine. “Challenges of OSATs, OSATs+, and Foundries in Semiconductor Packaging”, Invited Paper at
Shenzhen HKIST in January 2019.
[8] Gates, D. “Boeing 787’s Problems Blamed on Outsourcing lack of Oversight”, Seattle Times,
http://seattletimes.com/html/businesstechnology/2020
[9] Collins, M. “The Boeing Supply Chain Model”, Saving American Manufacturing, July 2010,
http://www.manufacturing.net/news/2010/07/the-boeing-supply-chain-model
[10] Denning, Steve. “What went Wrong at Boeing?”, http://forbes.com/sites/stevedenning/2013/01/21/what-went-wrong-atboeing/#4cd33cfeaad Jan 21, 2013.
[11] Henshawa, JM, Wooda, V., and Hall, A.C. “Failure of automobile seat belts caused by polymer degradation”, Engineering
Failure Analysis 5 "0888# 02Ð14, Pergamon Press, September 9, 1998.
[12] ”Takata Airbag Recall - Everything You Need to Know: What this recall means to you and what actions you should take,”
Consumer Reports, Jun14, 2016, http://www.consumerreports.org/cro/news/2016/05/everything-you-need-to-knowabout-the-takata-air-bag-recall/index.htm
[13] “ABF Substrate Shortages Project Further Constraints into 2021”, Fusion Worldwide, December 12, 2020.
[14] “ABF substrate shortages may dent 2021 shipments of new CPU, GPU chips”, "ABF substrate shortages may dent 2021
shipments of new CPU, GPU chips" : AMD_Stock (reddit.com) 2021.
[15] Fernando, Jason. “Supply Chain Management (SCM)”
Supply Chain Management (SCM) Definition (investopedia.com) April 10, 2021.
[16] Szakal, A. and K. Pearsall. “Open industry standards for mitigating risks to global supply chains”, IBM Journal of
Research and Development 58(1):11-113

(GLWHGE\3DXO:HVOLQJ

HIR 2021 version (eps.ieee.org/hir)

Chapter 18, Page 13

Heterogeneous Integration Roadmap

