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A CASE FOR LOWERING COMPONENT-LEVEL CDM ESD
SPECIFICATIONS AND REQUIREMENTS
PART I1: DIE-TO-DIE INTERFACES
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Introduction

This document addresses the targets of electrostatic discharge (ESD) design, manufacturing control, and
testing for die-to-die (D2D) interconnects, which is exclusively a topic for 1C assembly and testing of
chiplets by OSATSs, foundries, or IDMs. Once the chiplets are assembled in a package these die-to-die
interfaces are no longer exposed to ESD risk.

For this purpose, an industry-wide survey of requirements and targets for D2D interfaces has been
performed. More than 60 responses across industry and geographic locations were collected. It shows the
high relevance and urgency of the topic. The need for standardization of the charged device model (CDM)
design goals as well as the manufacturing assessment was clearly expressed.

It should be noted that throughout this white paper, the term system-on-chip (SoC) will commonly be used
to refer to any 2.5D or 3D multi-chip package (MCP) or multi-chip module that contains D2D interconnects.

This paper is the foundation for the standard intellectual property (IP) development of D2D hard IP. Area,
performance and power constraints enforce an unprecedented lowering of the CDM requirements for D2D
interfaces to 5 V for products starting as early as volume production in 2024. The implementation of the
required ESD control is anticipated to occur in steps. While a few lead assembly sites equipped for advanced
heterogeneous integration are already prepared for the lower-level ESD robustness of D2D interfaces,
others in the industry might take a couple of years to comply with the requirements. This is indicated in the
graph in the time frame from 2024 to 2028. It is also anticipated that another transition to 3 V beyond 2028
for high-density D2D interfaces with even tighter bump pitches (see Figure 1) will be needed.
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Figure 1 — Roadmap of CDM Targets of Die-to-Die Interfaces
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Introduction (cont’d)

IP development must be related to CDM peak current. The peak current depends on the size of the die.
Reference values of 75 mA to 116 mA are given for a 5 V target assuming typical die sizes from 60 mm?
to 500 mm?. This reduces to 45 mA to 70 mA for a 3 V CDM target. The actual peak current values depend
on the capacitance of the die to the charging plate in the CDM test setup and the discharge impedance. The
actual capacitance of the die is typically lower, but this requires additional investigation, determining this
actual capacitance, and thus peak current, is essential to determine the optimum design solution.

To guarantee the safe manufacturing of components with low-level CDM D2D interfaces, a detailed process
assessment must be performed of the process steps before and up to the point where wafers are bonded, die
are bonded to a wafer, or die are attached to a package substrate (with or without D2D bridges). At this
point, it is presumed the D2D interface is no longer exposed to an ESD risk. This is specific to each
assembly process variant. American National Standards Institute (ANSI)/ESD SP17.1 describes
methodologies to assess manufacturing facilities at low charging and discharging levels. Based on survey
responses, it is felt that more information than is contained in ANSI/ESD SP17.1 is needed, but it should
be noted that this will be difficult if not impossible to do. At these low target levels, critical process
assessments must be completed on the tools used to handle die/wafers. There are no shortcuts based on a
simple list of things to do. As these tools will vary from company to company, an ESD expert must leverage
the process assessment techniques as discussed in ANSI/SP17.1 for assessing these tools. Even if the tool
is of the same type, there may be differences in materials used or the process itself that could influence the
charging or discharging risk. Assessment of materials that may contact these die/wafers is no different from
what is discussed in ANSI/ESD S20.20.

Standard field-induced CDM testing of the chiplets according to ANSI/ESDA/JEDEC JS-002 does not
apply to high-density D2D interfaces for three reasons:

o ANSI/ESDA/JEDEC JS-002 field-induced CDM (FICDM) testing gives meaningless results in the sub-
100 V range.

e The tighter pitch (~10 um and down to 1 um in the future) is beyond the capabilities of today's most
advanced systems.

e The high number of hybrid bonds or pbumps, which can be hundreds to millions, is beyond the scope
of reasonable testing.

Fortunately, the overwhelming majority of D2D interfaces are exact copies of a few standard input/output
(1/0) variants. The following approaches are therefore proposed:

e Perform the stress test on a test vehicle that contains the set of D2D interface variants.
o Include the design for test measurement capability for the SoC by providing contact points for a few
representative D2D interfaces covering the used D2D interface variants.

The stress test can be executed using very-fast transmission line pulse (VF-TLP), capacitively-coupled TLP
(cc-TLP), or low-impedance contact CDM (LICCDM) testing. A stress test of the D2D interfaces on the
SoC is not required if a comprehensive test of the IP on a test chip has been performed.

During the sign-off, the verification tools must validate the correct integration of the D2D interface cells.
Full coverage of all D2D 1/0Os must be guaranteed. This is especially critical because a later ESD
qualification test on the D2D 1/Os on a fully assembled SoC is not possible. This should pave the way to a
correct-by-design qualification approach.
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Introduction (cont’d)

In summary, a call to the industry is presented to prepare for low-level CDM robustness of D2D interfaces
to account for area and power constraints. This opens the door for the wide use of D2D interfaces and,
consequently, to the full capability of heterogeneous integration.
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A CASE FOR LOWERING COMPONENT-LEVEL CDM ESD
SPECIFICATIONS AND REQUIREMENTS
PART I1: DIE-TO-DIE INTERFACES

(From JEDEC Board Ballot JCB-23-46, formulated under the cognizance of JC-14.1 Subcommittee on Reliability
Test Methods for Packaged Devices.)

1 Scope

This white paper presents an industry-wide survey on the relevance of industry-aligned D2D CDM targets
and the currently used targets for D2D interfaces. The survey results emphasize the need for a common
roadmap.

The three main aspects of the paper are the assessment of the status of electrostatic discharge (ESD) control
of the process steps with ESD exposure for D2D interfaces, the stress test approach, and the roadmap of the
target values. These recommendations outline the tasks for the industry to get prepared for the use of high-
density D2D interfaces in the years to come. The white paper affects IP design, chiplet design, foundry, and
the outsourced semiconductor assembly and test (OSAT) industry as well as EDA vendors.

2 References

The following normative documents contain provisions that, through reference in this text, constitute
provisions of this standard. For dated references, subsequent amendments to, or revisions of, any of these
publications do not apply. However, parties to agreements based on this standard are encouraged to
investigate the possibility of applying the most recent editions of the normative documents indicated below.
For undated references, the latest edition of the normative document referred to applies.

[Cho1983] Y.L. Chow, M.M. Yovanovich, “The Capacitance of two Arbitrary Conductors”, Volume
14, Issue 2, August 1983, pp. 225-234, Elsevier Science Publishers B.V., Amsterdam.

[Gae2014] R.Gaertner et al., “Do Devices on PCBs Really See a Higher CDM-like ESD Risk?”, Proc.
EOS/ESD Symposium 2014

[1be2019]  T. Iben, “Capacitive Discharge to Ground of a Flat Metal Disk with a Pin Contact” EOS/ESD
Symposium 2019.

[Kar2016A] J. Karp, M.J. Hart, M. Fakhruddin, V. Kireev, P. Tan, D. Tsaggaris, M. Rawat, “Interposer
FPGA with self-protecting ESD design for inter-die interfaces and its CDM specification”
2016 IEEE International Reliability Physics Symposium (IRPS), 6A-2, Apr 2016.

[Kar2008] J.Karp, M., V. Kireev, D. Tsaggaris, M. Fakhruddin, “Effect of flip-chip package parameters
on CDM discharge” 30th Electrical Overstress/Electrostatic Discharge Symposium, 7-11
Sept. 2008

[Kar2016B] J. Karp, M.J. Hart, M. Fakhruddin, V. Kireev, L. Horwitz, M. Hogan “FinFET MPSoC
32 -Gb/s transceivers ESD protection and verification” IEEE 59th International Midwest |
Symposium on Circuits and Systems (MWSCAS), 16-19 Oct. 2016
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2 References (cont’d)

[Mar2001] J. Marley et al., “Controlling ESD Damage of ICs at Various Steps of Back-End Process”,
Proc. EOS/ESD Symposium 2001

[Nie2016] F.z. Nieden et al., “Predict the Product Specific CDM Stress Using Measurement based
Models of CDM Discharge Heads”, Proc. EOS/ESD Symposium 2016

[Tam2017] P. Tamminen et al., “Charged device discharge measurement methods in electronics
manufacturing”, Proc. EOS/ESD Symposium 2017

[Vih2022]  T. Viheridkoski et al., “Detection of Electrostatic Discharge with Limited Measurement
Bandwidth”, Proc. EOS/ESD Symposium 2022

[Wu2021]  Michael Wu, Terry Cuang, KC Liu, Michael Chang; ,TSMC 3D FabricTM and ESD Target
Spec’, Presentation at Industry Council on ESD Target Levels, 2021

[Zei2021] L. Zeitlhoefler et al., “ESD Risk Assessment with Discharge Electrode and Antenna
Measurement”, Proceedings EOS/ESD Symposium 2021.

3 Terms and Definitions

ANSI American National Standards Institute

cc-TLP capacitively-coupled transmission line pulse

CDM charged device model

CoWw chip-on-wafer

CoWoS® chip-on-wafer-on-substrate

D2D die-to-die

DOE design of experiments

EDA electronic design automation

EOS electrical overstress

ESD electrostatic discharge

ESDS ESD-sensitive

ESDA Electrostatic Discharge Association; ESD Association; EOS/ESD Association

FA failure analysis

FICDM field-induced charged device model

FINFET fin field-effect transistor

FPGA field-programmable gate array

FWHM full-width half maximum

GND negative voltage supply in digital logic, neutral voltage supply in analog logic

HBM high bandwidth memory

HBM human body model

HVM high-volume manufacturing

IC integrated circuit

IDM integrated device manufacturer

IEC International Electrotechnical Commission

IEEE Institute of Electrical and Electronics Engineers

InNFO integrated fan-out

IP intellectual property
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3 Terms and Definitions (cont’d)
1/0 input/output
JEDEC JEDEC Solid State Technology Association
LICCDM low-impedance contact charged device model
LSI local silicon interconnect
MCP multichip package
MIM metal-insulator-metal
OSAT outsourced semiconductor assembly and test
PDK process design kit
RC resistor-capacitor network
RDL redistribution layer
SP standard practice
STM standard test method
UCle™ Universal Chiplet Interconnect Express
VF-TLP very-fast transmission line pulsing
Vcharging the charging voltage in a real-world scenario
Veom charging voltage of field plate in CDM test setup
w2aw wafer-to-wafer
WowW wafer-on-wafer

system-on-chip (SoC): Throughout this white paper, the term will commonly be used to refer to any 2.5D
or 3D multi-chip package (MCP) or multi-chip module that contains D2D interconnects.
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4 Overview of Heterogeneous Integration Technology
4.1 Introduction to Heterogeneous Integration

Heterogeneous integration is an assembly technology to integrate chiplets of similar (like memories) or
diverse (like digital and analog) functions into one package. This realizes a much higher packing density
and lowers the power consumption due to shorter interconnects (Figure 2).

There are various types of heterogeneous integration schemes in use [Wu2021]. This includes wafer-on-
wafer (WoW) and chip-on-wafer (CoW) process variants as shown in Figures 3 and 4. The stacking
schemes entail 2.5D and 3D stacking. Silicon, glass, and organic interposers are applied in 2.5D
technologies. In addition, the organic interposer technology allows one to choose between a chip first or a
chip last configuration in various implementations (Figure 5 and Figure 6) where a silicon interposer
represents a more traditional lateral die communication in the metal routing in silicon and a redistribution
layer (RDL) interposer has the lateral die communications routed in the RDL. The metal connections
between the dies are implemented as pbumps based on traditional solder bump technology or hybrid
bonding with Cu-Cu connections. The 3D wafer stack can be found either as front-to-front or front-to-back
configurations as shown in Figure 7. The different process variants create different exposure of D2D
interfaces to ESD and have to be assessed individually. This requires detailed knowledge of the process and
its effect on ESD. A general description of assessment methods is given in ANSI/ESD SP17.1. The aspects
of a specific analysis of the D2D relevant process steps are discussed in Clause 6.

Die gap 40~70um

Interpos
Substrate

Flip-Chip package

CoWoSs®

NOTE This reduces the wiring length between the chiplets and enables a higher integration density.

Figure 2 — 2.5D Chiplet Integration on an Interposer
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4.1 Introduction to Heterogeneous Integration (cont’d)

Chip Stacking (3D) Advanced Packaging (2.5 D)

RDL Interconnect
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(Chip First)

Si Interposer

m wafer o Wafer
CoWoS® — ROL Interposer

(Chip Last)

= CoWoS-L LS| + RDL Interposer

- /I J

InFO: Integrated Fan-Out
CoWoS: Chip on Wafer on Substrate

RDL: Redistribution Layer
Si: Local Si Intercennect

SolC: System on Integrated Chips

Figure 3 — Various Types of 3D and 2.5D Integration Schemes
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NOTE Two wafers are loaded into the bonding tool. Both wafers undergo a plasma treatment to activate the dielectric.
One wafer is flipped without touching the front side. All dies are collectively bonded in a single bonding step.

Figure 4 — Schematic of the Wafer-to-Wafer Hybrid Bonding Process
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Figure 5 — Cross Section of Various 2.5D Integration Schemes w/o Interposer
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4.1 Introduction to Heterogeneous Integration (cont’d)

Chip last

Group name CoWoS® Logic +HBM
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NOTE RDL = redistribution layer, HBM = high bandwidth memory

Figure 6 — Various Interposer Technologies
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Figure 7 — Hybrid Bonding a) Front-to-Front b) Front-to-Back
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4.2 Roadmap of pbumping and Hybrid Bonding

The number of D2D interfaces is predicted to increase exponentially in the coming years. Thousands and
even millions of D2D interconnect may be found in heterogeneous integration systems soon. It is expected
that the interconnect pitch will drop below 10 pm in the next 2-3 years, making direct probing for TLP
evaluations nearly impossible. Research and development work has shown a hybrid bond pitch of less than
1 um as shown in Figure 8.

Vertical Interconnects : MCP Landscape

Transition from Solder Based Interconnects to Cu-Cu interconnects needed with shrinking
Bump Pitch*

Linear Interconnect Density, Areal Interconnect Density,
i.e. Wires (10)/mm/Layer i.e. Bumps (10)/mm’

100 Bump Pitch (um)

0 10 20 30 40 50

*Li et al. “Scaling Solder Micro-Bump Interconnect Down to 10 um Pitch for Advanced 3D IC Packages” ECTC 2021

mMO¥ intel

:::::

Figure 8 — Multi-Chip Package Landscape

4.3 Impact of ESD Protection Design of D2D Interfaces on Power, Performance, Area, and Cost

A typical dual diode protection concept in a fin field-effect transistor (FINFET) technology has a footprint
of 0.05 - 0.1 um?mA and a capacitive load due to ESD protection of ~0.1 fF/mA. For example, a CDM
target level of 35 V results in typical CDM peak currents of 150 mA - 300 mA depending on the size of the
die. For a million D2D interfaces, the ESD-related area amounts to 8 mm? - 30 mm? of chip area. The
capacitive load of 15 - 30 nF leads to excessive power consumption. This needs to be accounted for in the
specification of a CDM target level.
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5 Industry Survey on ESD Targets of Die-to-Die Interfaces

51 Set-up of Survey

The industry survey was designed by the working group focused on D2D interfaces for the Industry Council
on ESD Target Levels. The survey was launched at the beginning of June 2022. The information presented
here in this document results from the industry feedback collected after the survey ended in November
2022.

The survey addresses the need for specific CDM targets for D2D interfaces and dedicated ESD control
measures for the heterogeneous integration process. In total, 30 questions were asked, either single-choice,
multiple-choice, or text-based. The questionnaire could be completed leaving any number of questions
unanswered. Answers left blank were ignored for the analysis. All questions for the survey are shown in
Annex A and results are shown in Annex B.

Some of the answers given in text form have been paraphrased, and/or similar ones combined for the data
presented in Clause 5.3 and Annex B.

5.2 Analytics of Participation

57 responses were received from the survey, spanning the Americas, East Asia, and Europe [Q02]. The
responses came from a wide range of industries including silicon foundries, integrated device manufacturers
(IDM), design houses, IP vendors, outsourced semiconductor assembly and test facilities (OSATS), contract
manufacturers, and electronic systems manufacturers [Q01, QO03].

5.3 Trends and Conclusions

This clause will discuss the results of the survey starting with ESD design targets followed by ESD control
standards for D2D processes.

5.3.1 ESD Design Targets for D2D Interfaces

o 51% of all respondents apply lower CDM targets for D2D than for external balls, while 25% don’t
apply lower targets for D2D interfaces. 24% indicated that it doesn’t apply to them [Q04]. A majority
of those who don’t apply a D2D process in their workflow are e.g., system manufacturers, failure
analysis (FA) labs, or distributors.

In some cases, different experts from the same company provided both the answer of reduced and non-
reduced targets. This might depend on the types of products or designs they are addressing.

This means that 2/3 of the respondents who are exposed to the challenge of D2D interface design or
processing, apply lowered targets. 1/3 of the respondents don’t. It is suspected that their products only
contain a low number of D2D interfaces, and the impact of the area does not affect the SoC design
critically.

o 32% of all respondents apply different CDM targets for D2D depending on whether it is a 2.5D or 3D
process [Q05]. A clear trend towards this practice is observed for foundries whereas the responses vary
for the other sectors.
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5.3.1 ESD Design Targets for D2D Interfaces (cont’d)

e 56% of all respondents see a need to lower the targets to satisfy the power, performance, and area
requirements for future products [Q08]. Considering that 28% answered that the question doesn’t apply
to them, this means that 78% of the respondents that are exposed to the challenge of D2D interface
design are looking into lowering the targets to meet critical product key performance indicators.

o 79% of all respondents see a need for an industry alignment on target levels [Q09]. As compared to
previous questions, only a small group of 9% selected “n/a”, indicating that even the companies not
directly dealing with D2D interface designs and processes are in favor of an industry alignment.

e The currently applied target levels are widely spread and vary from 3 V to >70 V or 10 mA to >300 mA,
respectively [Q11, Q12, Q13]. Possible explanations for the wide range of targets are:

o correlation to the 2.5D and 3D hybrid bonding type of heterogeneous integration technology [Q05]
as well as differing number and density of 2.5D and 3D interconnects for different product designs,

o missing standards in the industry [Q09, Q10] and missing knowledge of manufacturing capabilities
and limitations [Q21 — Q24, Q29, Q30],

o limited experience with actual D2D fail limits, i.e., product/high-volume manufacturing (HVM)
fails or design of experiments (DOES) in production as can be seen from the responses to questions
[Q17 - Q24],

o different robustness levels of technology nodes,

o different needs and pain points for different types of designs; different customer requests [Q12,

Q13].

e A similar diversity is found for the implementation of ESD protection (diodes, local clamps, self-
protection, or a combination thereof) [Q14, Q15], as well as the verification (simulation, static layout
verification, silicon-data based, ...) of the D2D ESD protection [Q06, Q07].

e 48% of all respondents are detailing a timeline for products with reduced D2D targets going into volume
production. Out of these, 44% report this taking place as early as 2022, and another 41% by 2024 [Q16].

Based on these responses, it can be concluded that dedicated D2D targets are relevant for design and
standardization and are highly desired with 74% of respondents asking for a robustness target specified in
current [Q25]. The product roadmap schedules illustrate the urgency of an alignment in the industry.
However, the variety of currently applied targets and approaches presents a challenge for design and
manufacturing to align on common metrics for success.

5.3.2 ESD Control Standards for D2D Processes

o 88% of all respondents see the need for ESD control standards [Q10], representing the broadest
agreement to any question in this survey.

e 24% of respondents who answer the question stated that they have encountered ESD fails on D2D
interfaces [Q17] with some of them having experienced them in more than one place. Of all detected
fails, 73% of them were detected in HVM testing, 20% at the customer, and in one case (6%) at system
level testing [Q18]. 38% of the observed failures could not be root caused while 23% occurred during
testing and 15% during die stacking [Q19].
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