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Abstract

CDM has become the primargalworld ESD event metric describing ESD chargamd rapid
discharge events in automated handlimganufacturing and assembly of IC deviceslts
importance has dramatically increasmaer the years as package feature sizepacitanceand

pin count have scaled upwaild years pastarbitrary CDM protection level$iad been specified

as IC qualification goalsvith little background information available on acfoedlistic CDM

event levels anthe protectionmethodsavailablein manufactumg controlsanddevice design for

the safe production of IC components. The rapid advancement of IC technology scaling, coupled
with the increased demand foigh-speedcircuit performancemade itincreasinglydifficult to
guaranteea customers p e ¢ i f ivatsd ChiVbsPegificationand as this update will discuss,
even 250 volts can create challenglds the same time, the required static control methods
available for production area CDM protection at each process step have not been fukdoutli
Therefore a realistic CDM specification target must be defined in terms of available and
commonly practiced CDM control methods and must reflect current ESD design constraints
Additionally, as technology scaling continugsyy high-speed 1/Os are being introduced which
demand the need for lower CDM target levels in order to achieve the needed I/O performance.
This is the scope of thlatestupdate toNhite Pape®.

By balancing improved statieSD controlsspecific to CDM, andimited ESD design capability

in todayodos |l eading technol ogi es, we voltewitlto mmend
consideration for lower CDM target levels in unique cases whayhigh-speed 1/O performance

is neededThese target levels@a realistic and safe CDM level for manufacturing and handling
todayds product s umathodyor hdvamced CDW Edhtrot techniques as
needed based on the target level

At the same timewe show that the current trend of silicon technology scaling will continue to
place further restrictions on achievable CDM levels.,Itherefore necessary thahe Industry
Councilpresers a realistic CDM roadmap for consideration by the industryingpforward to7

nm technologies and beyagridcluding 2.5D and 3D technologies
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About the Industry Council on ESD Target Levels

The Council was initiated in 2006 after several major U.S., European, and Asian semiconductor
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requirements on IC products for safe handling and mounting in ESD protected areas while
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Mission Statement

The mission of the Industry Council on ESD Target Levels is to review the ESD robustness
requirements of modern IC produdtsallow safe handling and mounting in an ESD protected
area. While accommodating both the capability of the manufacturing sitethamwnstraints

posed by the downscaled process technologies on practical protection designs, the Council will
provide a consolidated recommendation for the future ESD target levels. The Council Members
and Associates will promote these recommended ti@eddoptionas company goals. Being an
independent institution, the Council will present the results and supportive data to all interested
standardization bodies.

Preface

This document was written with the intent to provide information for qualggroezations in both
semiconductor companies and their customers to assess and make decisions on safe ESD CDM
level requirements. We will show through this document why a more realédfirgtion of the

ESD CDM target levels for components is not only e8akbut is also urgent. The document is
organized in different chaptergith additional information in th@ppendiceto give as many
technical details as possible to support the purpose given in the abW¥edmgin the paper with

an Executive Summargnd chaptefappendixhighlights followed byfrequentlyaskedquestions

(FAQ) so that the reader can readily find critical information without having to scan through the
whole documentAdditionally, these FA® are intended to avoid any misconceptions that
commonly occur while interpreting the data and the conclusieresn. Allcomponerdevel ESD

testing specified within this document adheres to the methods defined in the appropriate
ANSI/ESDA/JEDECor JEITA specifications.

Disclaimers

The Industry Council on ESD Target Levels is not affiliated with any starmdaiah body and is
not a working group sponsored by JEDEC, ESDA, JEITA, IEC, or AEC.

This document was compiled bgcognizedESD experts from numerous semiconductor supplier
companies and contract manufacturers. The data represents CDM and fieldiriédlumation
collected from a large variety and volume of IC progdubd specific components are identified.

The readers should not construe this information as evidence for unrelated field failures resulting
from electrical overstress events systemlevel ESD incidents. The document only refers to
componerdevel ESD recommendations which should have no impacsystemlevel ESD
requirements.

The Industry Councilwhile providing these recommendatiodees not assume any liability or
obligations for partiessho do not follow proper ESD control measures
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Glossary of Terms

AEC
BGA
CBE
CBM
CCD
CC-TLP
CDM
CMOS
CPM
DC
DDR
DIP
DPM
DRAM
DSP
DUT
EMC
EMI
EOS
EPA
ESD
ESDA

ESDS
ESVM

FA

FAR

FAQ

FCDM (FICDM)
FIM
FinFET
FWHM
GND

GPIO

GSA

HBM

HDMI
HSS(HSSL)
IC

ICT

P

/0

IEC
JEDEC
JEITA
LGA
LICCDM

Automotive Electronics Council

ball grid array

charged board event

charged board model

charged coupled device
capacitivelycoupledtransmissiorine pulse
chargeddevice model

complementary metadxide semiconductor
charge plate monitor

direct current

double data rate

duatin-line package

defects per million

dynamicrandomaccess memory

digital signal processor

device under test
electromagneticompatibility
electromagnetic interference

electrical overstress

ESD protected area

electrostatic discharge

Electrostatic Discharge Assodi@t; ESD AssociationEOS/ESD
Association

electrostatic discharge sensitive
electrostatic voltmeter

failure analysis

failure analysis report

frequently asked question

field-induced charged device model
field-inducedmodel

Fin field-effect transstor

full width at halfmaximum
ground,negative voltage supply

general purpose 1/0

Global Semiconductor Alliance

human body model

high-definition multimedia interface
high-speed serial link

integrated circuit

in-circuit test

intellectual property

input/output

International Electrotechnical Commission
JEDEC Solid State Technology Association
Japan Electronics and Information Technology Indusisociation
land grid array

low-impedance contact charged device model

Industry Council on ESD Target Levels 6



LNA
LV
MCM
MIPI
MM
MV
NFET
NMOS
NPN
PAM
PCB
PCTA
PFET
PMOS
QFP
RC
RLC (LRC)
RLDRAM
RF
SATA
SBLK
SCR
SDM
SERDES
SMT
SoC
TIVA
TLP
TQFP
USB
ULSI
VDD
Vds
VE-TLP
VSS
WCDM
WSP
ZIF

low noise amplifier

low voltage

multichip module

mobile industry processor interface
machine model

medium voltage

N-type field-effect transstor
N-channel metabxide-semiconductor
negativepositivenegative(transistoy
pulseamplitude modulation

printed circuit board

process capability and transition anadysi
P-type field-effect transistor
P-channel metabxide-semiconductor
quad flat pack

resistorcapacitor network
resistorinductorcapacitor network
reducel latency DRAM

radio frequency

serial advanceteéchnology attachment
silicide blocked

silicon-controlled rectifier

socketed device model
serializer/deserializer transceiver that converts parallel data to seaal dat
surface mount technology
systemon-chip

thermally induced voltage alteration
transmission line pulse

thin quad flat pack

universal serial bus

ultra-largescale integration

positive voltage supply

drain/source voltage

very fast transmission line pulse
negativevoltage supply

waferlevel chargeedevice model
waferscale package

zero insertion force

ESD Design Window: The ESD protection design space for meeting a specific ESD target level
while maintaining the required 1/O performance parameterh(as leakage, capacitance, noise,
etc.) at each subsequent technology node.

ESD robustness:hke capability of a device to withstand the required EBgBcification tests and

still be fully functional.

lto: The current point where a transisémters its second breakdown region under ESD pulse
conditions and it is irreversibly damaged

Node:Within a circuit, a point of interconnection between two or more components.
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Executive Summary

It is well understood in the IC industry tithe chargeddevicemodel (CDM) is the ESD model
thatbest describegalworld componemievel ESD events during IC manufacturing and handling.
See Chapter 1 for details contrast to HBM, where basic ESD control measuresanufacturing
ensure a safe and realistic specification level (080 oltsHBM as reported in White Paper |
[1]), CDM protectionrequires these basic ESD contrads well asadditional ESDcontrok such
asmanagingagainsthecharging of insulators, at specific process steps, to ensure safe and realistic
levels for all product designiselow 200 volts Some of these additional process assessment
techniques that may need to be involved ataildel out ina recently released standard practice
from the ESDA entitlediProtection of Electrostatic Discharge Susceptible IténiBrocess
Assessment TechniqueANSI/ESD SP17.1As IC applications have moved towards utiigh-
speed I/O interface$> 200 (o/s) over the last decadehis CDM threat has been further
exacerbated in terms of qualification levels to achieve design performance. Thisveasthe
need foradvanced condl methodgo be implemented for safe manufacturingtie production
area. Combined with these new developments the sensitivity and accuracy for CDMhiaating
becomemorecritical than ever. Thisipdateto White Paper 2 addresses the current requingsne
for CDM presenting a holistic view dhe CDM roadmap including both standard and advanced
high-speed products.

Some important aspects of the CDM challenge must be understood:

IC Design / Development Constraints Constraints fromsilicon technology scaling, 1@igh-
speectircuit design requirements, and larger IC package size tegadspacting ESD protection
capability,see ChapteP for details.These constraintsan inhibitthe ESD design miebdology
requiredto meet thecustomerspecified 50 or 250volt CDM levek. This isespeciallytrue for

very highspeed higiperformance pin design types, which have limitations in CDM discharge
peak currentAs a result, practical designs are restricted-taperesof peak CDM current,
which translates to @DM target level ofLl25-400 volts for many advanced technology products
(depending on pHtount) In the same vein, ultrhigh-speed desigrs 200 Gb/sn the sub10 nm
technologiegan beconstrained by even tighter CDM peak currents inréinge of2 to 3 amgres

for nonRF1/0.

Evolution of Perceived CDMReguirements 500 voltscanno longer be routinely met for the

reasons discussed above, often leading to delays in qualification antbimaeket. The more

important focus should be that the designs can no longer supporptiegsris levels and that

with the available CDM control methods there is no need for higher CDM levei®0 volts)

that make the desigmearlyimpossibleto meetcircuit performanceln addition, even if only a

small portion of the IC products are dewg to be in the market withhigh-speednterface, these
high-speed interfacesow require consideration for even lower CDM targets compared to most
products without these interfacéss t i mat es from t he ESD Associ ati
do show an expected increase in the number of prothattare predicted to have CDM ldse

below 125 volts by 2025 as shown in Figure 1.

Industry Council on ESD Target Levels 8
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Figure 1:ForwardLooking Charged Device Model Sensitivity Distribution Groups

Improved state-of-the-art CDM ESD control methods in practice in the industry tod®asic
controls allow safe handling for devices with CDM pass voltage levels as I@@0asltsand

with process assessment techniques as discus&&dthpter 3and further in ANSESD SP17.1
enabling lower levelsThis work has revealed several important findings that need to be
considered.

A. Field return data from 11 billion IC devices show that customer returns can occur for
products with CDM pass levels from@@oltsto 20 volts, meaning control of CDM
at production sites is more important than a specific performance target Seeel.
Chapterd.

B. Field failures also can occur when proper CDM control is not establishealgdari
product rampup (pre-qualification), meaning that production failures must be addressed
by correcting the CDM control methods at critical process steps rather than requiring the
designs to pass at higher voltages thaaachievableoy design.See Chapter.3

C. CDM control measures are available throughout the industry to meet safe manufacturing
and handling of products 200 voltsor above, meaning that products designed for CDM
levels at 2B volts or 50 volts can beequally safe and reliabl€rocess assessment
techniques as discussed@mapter 3and further in ANSI/ESD SP17danbe used to
address even lower CDM target levels.

D. Thus any product with a CDM pasg level of 2% voltsor higher can be handled safely
and reliably in a facility with basic CDM control measures. This level of protection
should result in minimal impact on design and IC circuit performance requirements and
make them compatiblith currenttechnology trendsSee Chapter 5.

E. As future IC technologies are enabled, there should be a continuous improvement of
CDM control with even more advanced methods coming into practice.

F. Recently,a standard practice document ANSSD SP17.13] wasdeveloped by the
ESD Associationintroducing advanced process assessment tpobsivaluable for
assessing risks below 200V and which can be utifiaedealing withCDM at or below
125 volts.See Chapter.3

Industry Council on ESD Target Levels 9



RecommendedCDM Levels. Based on this extensive styadysafe and practical CDM pasg
level of 29 voltsis recommended as outlined in Table | below. ProductsaxitbM targetlevel
lower than 28 volts should implement additional procesgecific measures for CDM control,
especially during product ramyp. For products in this category, proceseecifictechniquesas
described in ANSI/ESD SP17.dre mandatory.

Table I: Recommended CDM Classification Based on Factory CDM Control

CDM classification level| ESD Control Requirements
(tested acc. to

ANSI/ESDA/JEDEC
JS-002)
Vcom, 200V A Basic ESDcontrol methodswith thegrounding of

metallic machine parts and control of insulators

according to standards likeNSI/ESD S20.20 IEC

613405-1, or JEDECJESD625

Vcom < 200V A Basic ESD control methodswith thegrounding of
metallic machine part@nd control of insulators

A Process specific measurds reduce the charging of ti
deviceOR to avoid a hard discharge (high resistive
material in contact with the device leads)

A Charging/discharging measurements at critical
process stepfollowing ANSI/ESD SP17.1

Updated Roadmap for continued silicon technology scalingwWith morerecent developments
requiring ultrahigh-speed interface designs in technologies of Hihm, the CDM Roadmap has
been revised as shown in FigweThis was driven by targets for 5 nm SoCs and beyond for
operations @ 56 GHz (Nyquist) or 224 Gb/s PAM4. As designs are now limitdffoof ESD
loading capacitancea target level of 125 volts has become necessary (as indicated by the red bar
in the figure) for this ultra-high-speed interface Package sizes for large ICs, such as
microprocessors, at these performance lewdistate the CDM peak discharge current. To
recognize this constraint, the Industry Council is also recommending that the metxpisag
current of associate?24 (b/s PAM4 high-speed IP blocks be 2.5 aerps Advancedprocess
assessment techniquas specified in ANSI/ESD SP17can enabla path to safe manufacturing

at these lower target level&t the same timepwer performane I/Ossuch asstandard GPIO
interfacesshould still be targeted at 250 volts leveraging basic control methods as described in
ANSI/ESD S20.2(Q4], IEC 613465-1 [5], andJEDECJESD625[6] this will help minimize the
manufacturing risks on products that may have a-pgtormancd/O. This is explicitly shown

in the figure at the 7 to 5 nm node with the greenab@50 volts in the figure for standar®s,

and the red bar at 125 volts for uttiegh-speed224 Go/s PAMA41/O interfaces.The choice of
qualification thus depends on tH@® applications.

Industry Council on ESD Target Levels 10



Transition to CDM levels between 250 V and 125 volts can occur
on any node from 16 nm to 7nm depending on I/O performance

a1
o
Q
<

g Target for Minimum Target for

S all other 10 Ultra High-Speed

— Interfaces: 250V Interfaces: 125V

% — x /250\/ ANSI/ESD S20.20

o | 20V B 200V [ IEC 613461 &
JEDEC JESD625

125V 125V Assessment

techniques in
ANSI/ESD SP17.1

65nm 45nm  32nm 28nm  22nm 16nm 7nm 5nm  <5nm =P Tech. Node

SERDES 112 Gb/s
|
224 Gb/s

Figure 2 Technology scaling effects on practical Chdwels and the associated CDM control requirements

As 1/0 performance levelincreaseabove 56 ®/s PAM4, a reduction inthe maximum peak
currentdesign target will be needéor CDM due to reductions in the ESD design window based

on technologypackage ige, and 1/0O performanc@his means that even 250 volts may not be
achievableandstill meet performance requirementtowever, are should be taken on the design

side to ensure that if a target level of 250 volts cannot beasatfunction of th&SD window,
package size, amuerformance reasonas discussed i@hapter 2that the achievable target level

is maximizedo reduce manufacturing riskBhe designed target level for the prodonctst also be

in line with the nanufacturing capabilitySimply reducing the target level directly to 125 volts
may not be prudent for the manufacturing capabilitghould be noted that as CDM target levels
drop below 200 volts, datas shown inChapter 4is limited, and proper manufacturing ESD
controls may not have been implemented @are shouldlsobe taken to ensure that proper ESD
controls are in place and that the proper process assessments have been made in the manufacturing
flow as perANSI/ESD SP17.%Tor whatever CDM target level is aeviable This will ensure the
manufacturing environment can manage the risks with component target levels moving towards
125 volts.

3D IC CDM Targets: As described itheGSAroadmapT] for 3D ICs,in 2.5D and 3D packaging
processeswith die stackingsome micrebumpsare not connected to tle&ternalpackage ball, but
can experience ESD exposure during a few process steps of the manufacturing prabess.
packaging technologieshe number ofmicro-bumps can rangéom hundreds up to tens of
thousands, a CDNargetlpeak rangefrom 100 milliamgsto 1 amgereis discussedor qualification.
Careful consideration of ESzontrok in a few critical process steps will guarantde safe
handlingof these micredoumps in manufacturin@ he qualificatiorcan bedone by assessing these
internal bumps with very fast TLR/E-TLP) or waferlevel CGTLP equipment.

External/Internal High-Speed I0s: Externally exposed higkspeed 1/Os require extra ESD
control precautions irthe handling, manufacturing, assembly, testing, and system installation
phasesAt the same time, internal I/O are not immune to ESD ri&kpendix Aexplainshowthe

Industry Council on ESD Target Levels 11



risk of CDM events is limitedwitapr oduct 6s i nternal | / @rintedit can
circuit board PCB) and system assembly if ESD control precautions are not fully implemented

while external 1/0O have exprecautions that nyaneed to be taken to ensure these 1/O areisafe
realworld environments

CDM OQualification of Interface IP: Determinng whetheran IP, when integratednto the
product, I's expected to pass tahbestfprithe endsert 6 s c |
This is because the standard CDM qualification of an IP interface to a voltage class is not practical

as products are glifzed for a given package type or package size. For this purpose, a qualification
methodfor IP based on a CDM peak currentegualification parameter is suggested as guidance

in Appendix B

Test Methods for Sensitive CIM Targets: As the CDMtargetlevels are reduced to below 250
volts, proper test methods and accuracy of the test will become cr@malAppendix CVarious
techniques arbeinginvestigaedto improve thepresentair discharge test method for its fidelity.
At the samdime, there isamuch more serious effort to introduce contbased testers for better
reliability at lower CDM test voltagedt is likely a standaravill be developed allowing for both
air discharge and contalbased testers to be used alternativElyrrently,a method for contact
based CDM testing callddw-impedance contact CDMasbeen released as a standard practice
[8]. These critical developmentseaconcurrently taking place as CDM targeé&ow 250 volts
and as low a§25 volts are recommended.

Final Word s: This revision of White Paper 2 addressieecritical need for CDM targets for ultra
high-speed/O interfacesperating atlata rates 200 Gb/sand establiststhat a safe level of 125
volts CDM can be recommendedt very highspeed I/O interfacelata rates> 56 Gb/s a
combination offactors includingthe ESD design window for the technology, package aizé
I/O performancean drive aeduction in thalesigredpeak currentarget meaning 250 volts may
not be achievabldutdesign efforts should focus on maximizing the achievaéék currentevel

to minimize manufacturing risk.Various process ssessmentechniques(as described in
ANSI/ESD SP17.1)are necessary to address the added risks in mamufgdielow 200 voltsit

is important toemphasize again that all products with standarder perbrmancel/Os should
still target250volts with manufacturing usingnown basiccontrol methods such aescribed in
ANSI/ESD S2020, IEC 613405-1, and JEDECJESD625. Betterlpeak control for accuracyat
lower voltages inthe CDM standardtest methods to validate the€®M targetlevelsis in
progress. Although not previously considered for any packaged product, interface IP qualification
needgo be addresseahd this can be achieved by using a recommended standpsdhkaurrent

as the target. Finally, it is also recognized that expbigdspeed interfacd®s in a system need
special ESD protection requirementgether they are considered external to the system .or not
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Chapter Summary

Chapter 1History of charged device model since the initial 1974 publication is reviewed and
major developments, mostly concernid®M testers, araoted chronologicallyNo significant
changedave been madgnce the 2010 release, minor updaéesl realignment only.

Chapter 2: This chapter outlines the protection design limitations associated with silicon
technology scaling and the demand liagh-speedcircuit performanceThese protection design
limitations become more pronounced with the trend for larger area, high pin count packages. With
these constraints in view, the chapter points out the realistic CDM target levels that can be achieved
in design tday. These limits are recommended for two different applications: genéal |
applications versus higépeed application$Significant changebave been mad® this chapter

since the 2010 release, many figunase beempdatedvith recent trendand Section ®.added.

Chapter3: Thechapter describes two similar methods to analyze an assamsiaipr CDM risk

and explains how to use these methods in actual production lines with examples. The field
problems prsented also show that if such a CDM risk analysis is not performed, even devices
considered CDM robust may fail during assembly or testing since the board can get charged and
discharges with a higher discharge current than a single device at the sage leokh A risk
analysis performed following the described methodologies enables the manufacturer to handle
even very CDM sensitive deviceignificant changesave beemade sincéhe2010 release with

the overall chapter updated to introdutechniquesdiscussed in ANSI/ESD SP17dhd new
examples added

Chapter 4 The field return data of 11 billion shipped parts consolidated from numerous IC
manufacturers are analyzed. The device types range from discretes to ULSi@ystamparts.
Primarily field returns from the board manufacturers andersiomers have beaonsidered.
There is a weak dependence on the combined EOS and ESD failure return ttaeC@i
gualification level. In a data subset of 1.5 billion paittss demonstrated th&OSrelated fails
(notCDM-related fails) are dominating the failure stts. Typical examples confirm th@DM-

related returns are usually caused by problembe rampup phase of a manufacturing process.
Minor yet critical danges in the ESD control of the manufacturing process solve these problems
immediately as showmiChapter 3No significant changdsave been madence the 2010 release,
minor updatesand realignment only.

Chapter 5:This chapter presents a total perspective on CDM control techniques available for
production areasma based on thisecommends a realistic yet safe categorization of target levels
thatare linked to the required degree of CDM control methods. Considering all aspects from design
capability to field reliability and combined with the currently practic&MCcontrol methodsit

is proposed that a CDM level of 250lts is a safe qualification level for theastmajority of
integrated circuits in manufacture today. ICs with ditigh-speed interface ping 200 Gb/s)

require a qualification level of 12%olts due to design constraints. As the electronics industry
progresses to even higher performance products and technologies it is expected that the proportion
of products requiring CDM levelbelow 250volts will increase.Consequently, continuously
improved and monitored CDM control at the production areas must become a routine practice.
Significant changemadesince the 2010 release, updatargd addingnany sectionssawell as

outlook and roadmap to alignwithtgd® s t ec hn ol o egpeedtl®sends f or hi gl
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Appendix Summary

Appendix A:Thisappendixdiscusges how to classifligh-speed/Os as internal or external based

on the accessibility during various processing and handling phases. This helps to estimate what
type of 1/Os have a higher probability to be exposed to ESD stress during processing, installation,
and useThis is a new appendix introduced with this release of the white paper.

Appendix B This appendix addresses how the specific nature of CDM demands a dedicated
methodology to assess the CDM robustness bicsuuits like interface IR and describes a
proposal for an appropriate CDM qualification method for theseliPorder to enable a valid
assessment of the CDM robustness that holds equally for both test chip and product, the CDM
discharge peak currerst proposedisa measure of the CDM robustness, instead of the voltage.
This is a new appendix introduced with this release of the white paper.

Appendix C: This appendix describes existing CDM ESD test methods and standards and
summaizes the differences between them. The challenges of air discharge testing are discussed,
especially for low voltage testing. New test methods, which show great promise for extending
reliable CDM testing to lower stress levels, are introdu@éds is a gynificant rewrite of the
appendix since the 2010 release to align with the state of CDM test standards today.

AppendixD: Simple circuit models can explain the major featurehafgeddevicemodel (CDM)
nonsocketed ESD testers as specifiethe ANSI/ESDA/JEDEC J802-2018 CDM standardA

simple lumped series LRC model is estimated, and it explains features observable2upHiz 1
Thisincludesall major trends for peak currefibeax), which is plotted in the plane of effective L

and C for a given value of spark resistance R. Extensions of this basic circuit model to a distributed
one explain many reported hidglequency CDM effectdNo significant changes have been made
since the 2010 redesse, minor updateand realignment only.

AppendixE: A comparison between the CDM events in the real world and those in the tester world
is presentedhlong with descriptions adome typical cased.his appendixshows that the peak
CDM discharge current from a high capacitance device in the real world is typiotdly high as

that in the tester world except on a power pin (bNe)significant changes have been made since
the 2010 release, minor updatasd ealignment only.

AppendixF: It is shown that no correlation of CDM to any other stress types (e.g. HBM, EOS
andCBE) can be expected. Therefp@DM cannot be replaced by, nor replaces, any of the other
stress types. Consegpnily, areduction in CDM target levels should not lead toa lower
performance for other stress typl® significant changes have been made since the 2010 release,
minor updatesand realignment only.

Appendix G This appendixoutlines charged board events (CBRat result in damage to IC
devices placed on printed circuit boar@ke various chardgdischarge mechanisms are described
Charged board events are higher energy counterparts to CDM for IC components, but different IC
failure mechanisms resuwithichdo not correlate to other ESD event methddsterature review

is given along with techniques to evaluateEC@&h systemsReconmendations to reduce CBE
impact include improved ESD control and circuit board design/implementation guid®ioes.
significant changes have been made since the 2010 release, minor, grdhtealignment only.
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Appendix H Areviewoft he current CDM goals for |1 Cds from
and the impacts that the current goals have on the manufacturer and end customer. The costs to the
manufacturer of the current CDM target levels are highlighted in terdesafn revision and time

to market delay; the benefits of a new target level are similarly highlighttexlappendix was the

previous Chapter 4 in the 2010 release (moved to Appendix H in this revision of the white paper)

and has been updated with an updaoadmap and minor updates since the 2010 release.
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Frequently Asked Questions

FAO on CDM OQualification

Q1: Customers did not specify CDM levels befadny are they asking for it now?

Answer:As the importance of HBM diminishes (even for units shipped below specification levels)
as demonstrated by a lack of field returns, customers are focusing n@ibdvbbased field failure
signaures, which are distinct from HBM.

Q2: If CDM methodology and levels are modified would there be more fallout for EOS at the
component or System Level?

Answer: CDM and EOS failures are completely different in total energy and time duration
Effective CDM protection does not guarantee EOS protedd@$ protection must be provided

at the system level. There is no correlation between component CDM failures and system EOS
failures. The fallout rate due to EOS would not change as a result of modifying CDM methodology
and levels.

Q3: As products with v CDM values have an increased risk for problems at introduction,
shouldn't we aim for larger CDM levels?

Answer:Whereatarget levelbf 250 voltscan be achieved in designthout degrading electrical
performance or incurring additional product cost, this level of CEiduld continue to be
implementedHowever,Chapter Zlearly shows that for several applicati@vwen 29 volts may

not be feasible.Chapter 3shows that solving the problems by CDM control measuresuish
more efficient than increasing the CDM robustness level at the cost of functional performance.

Q4: How is it determined that CDM lels lower than 50 voltsare safe?

Answer: It has been proven that e\#f® volt CDM can safely be manufactured if appropriate
CDM control measures are taken (§d®apter 3. The assessment of ESD cahtmeasures and
the field return data show that devices witld 2bltsare equallyassafeas500-volt CDM parts in
typical modern manufacturing sites.

Q5: When and where do classic CDMIteeshappen?

Answer: The classic CDM failure mechanism is a dittie breakdown failure signature
happening mainly in the rarmyp phase of a new product in the testa fora senconductor
manufacturer. Thigsan also happen in PCB assembly lines or system assembly lines especially
when new process steps are introduced

Q6: If the specifications are meant for all pins on a package, would it not make more sense to
require higher levels for the corner pins?

Answer: With the automated pick and place tools today, any of thegihd makefirst contact.
All of the pinsneed to be considered, the corner pins should not be treated any differently.
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Q7: The council made a case about lowering HBM levels. Will CDM levels follow automatically?

Answer: It has been shown that the HBM and CDM fail levels are largely uratedellhis is
demonstrated id\ppendix F, Section F.ZThis is mainly due to the completely different plogs$i
discharge mechanisms and failure modewéen the twanodels.

Q8 Should CDM qualification levels beniform for different fO interface®

Answer: Naturally one would assume that the CDM target would be independéhirgétfaces

However, forhigh-speedapplicationsabove 56 Gb/s target levels below 250 volthay be
neessarydepending orthe padkagesize 1/0O performanceand technologyut not necessarily
steppingdirectly to 125 volts as discussed in this docume8imply reducing the target level

directly to 125 volts may not be prudent for the manufacturing capabilitg. <bauld be taken to

ensure that proper ESD controls are in place and that the proper process assessments have been
made in the manufacturing flow as per ANSI/ESD SP17.1 for whatever CDM target level is
achievable.However, lower performance l/@terfaces than mentioned above should still be
targeting 250 volts to minimize manufacturing risks.

Q9: Are theCDMtarget levels for all interfaces with a data ratbove 56 Gb/s lowered?
Answer: The lowering athe CDM targetlevels is driven by thaeed of explding thehigh-speed
performance per lane. Any interface where the spgesdlaneexceeds 56 Gb/s can appy

redwction below 250 voltsHow far below 250 voltshe target level needs to goa function of
how farthe performance is pushedoale 56 Gb/s See Chapter.2

FAQ on CDM Control

Q10: If the production areas have basic controls for ESD would these methods also provide the
necessary protection for CDM?

Answer:If basic ESD controls agefined in ANSI/ESD S20.20 or equivalent are ygedduction

areas should be able to handle CDM target levels of 250ivtilis has been proven out over the

past 10+ years since the release of this white paper in 28G8rgets levels are reducedeudls

below 200 volts CDM, care should be taken to minimize the number of pins being remtiese

lower levels as more advanced process assessment techniques such as those called out in
ANSI/ESD SP17.Inay need to be employed to assess the risk ipriiauction area. Not every
production area is ready to handle target lelelsw 200 voltsoday.

Q11: Many products that have been shippe@BM levelsof 250 voltor even 25volts seem to
be safe. Is it fair to say that CDM is well controlled with the basic methods or do they need special
care for the 25-250volt range?

Answer: Basic ESD controlsincluding the control of insulators aritifields, as called out in
ANSI/ESD S20.20, IEC 6134581, and JEDEC JESD625hould be able to hand@50-volt
sensitive deviced-ollowing the above cordls and usingassessmenéechniquess called out in
ANSI/ESD SP17.1 can enable manufactutmghanage devices with stivity levels even in the
125volt range.
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Q12: What are the main weak points for CDM ESD control in manufacturing?

Answer:In contrast to controls for HBMESD contols for CDM rely on controlling the charge
on insulators and controlling thigscharge tdéhe conductors of thmanufacturedievicesChapter
3 gives more detailed information.

Q13: Defining a maximum current level asCDM target seems to be a good solution for the
challenges withthe design of CDM ESD protection and alagood way to overcome the issues
with variations in stress between different CDM testers and different CDMdesttindards.
However, how does a current level the CDM target translate into a sensitivity level that is
meaningful for the manufacturing environment?

Answer:While peak current makes sense from a degi@sgnpoint of view,theindustry views
sensilvity in terms of voltage. The experience both in the ESD control field and the qualification
of devices is based on voltage values of the Hdstiagding standards. Changing this to current
would confuse both the end customer and contract manufacturetsaii$iation from the voltage
level to current stays with the ESD protection designer. Knowing the product portfolio and typical
packagesan estimate of the required withstand peak current can be madéh(spter 2.

FAOQ on CDM Requirements

Q14: Although your target level recommendations seem to be valid from your analysis and the
collected data, our customers are not yet confident that our striactors have the measures to
match the new requirements. Howwle proceed?

Answer: By simply staying at the old levels, we will not address the design chaliehigbsare
discussed irChapter 2 Additionally, the Industry Council believethat customerdemands for
improvedl/O performance will only increase in the future, putting even moresstreshe ability
to achieve the curre@DM target levels. Efforts tinprove CDM protectioim our manufacturing
facilities mustcontinue to be a focus area if we are to be pezlfar these future challengeAs
discussed irChapter 3 basic CDM protection measures are implemented whemtégrmational
standardsre followed The issue is thahanyarenot aware of thissthey do not perceive dse
measures as CDM protection measures. In addition to these basic CDM protection measures,
ananalysis of your production lines with the methods as describeéchapter 3should be
completed. This is especially true ohg the introduction of new process steps dadng the
producton rampup phaseas it has been found that CDM failugsoccur for productsvith even
higherCDM passindevels.

Q15: Chapter 1covers highlights of CDM from the US and Europe but does not mention the Far
East Weren't there some significant developments in Japan in the same time frame?

Answer: Yes, there were significant developmeantsl the authoritativeusnmary is giveras part

of this White PapefThe essentials are as follows:

1. Thefirst CDM paper in Japan was presemtigtieElectronics and Communication Conference
with the title "Proposal of Charged Package Method", which infledrElAJ Test Method
IC121, Technical notes in 1988elated EOS/ESD Symposium presentations from Japan were
given in 1986, 1990, and 1992.
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2. The EIAJ Semiconductor Reliability Stdmmmittee began standardizing CDM test methods
in 1990; the Tentative CDM TeMethod, EDX470201 was established in 1994.

3. The JEDEC Semiconductor Reliability Sabmmittee (succeeding EIAJ Semiconductor
Reliability Subcommittee) adopted EIAJ ED4701/3Q0(JEITA Standard) in April 2006,
aligning approximately withJEDEC JESD22C101D. The committee is now examining
differences among the CDM specs and is looking for further improvements.

Q16: Withtheroadmap shown for CDMvill there be a corresponding roadmap for HBM?

Answer: HBM levels are not package dependeanhd sufficiem ESD controls exist in
manufacturing to achieve 8@olts HBM today, so a roadmap for further reducing HBM levels is
less necessary. This is explainecCimapter 2Also, witht o d anpd@ra packages witligh pin
counts the HBM pin combinatiorstress scenarim the real worlds lessmeaningful. Therefore
CDM trends will be the most important and will dominate the achievable ESD levels.

FAQ on CDM Design

Q17: Why is the technology scaling such a severe issue for CDM ddsigig?only related to

gate oxide breakdown voltage | imits, shoul dno
process more robust, since otherwise the transistors might get dardaged routine signal
applications?

Answer: The gate oxide scaling continues for improved transistor performance. But it is about to
reach a limit of tunneling effects and consequentig actual transistors are not easily damaged
under normal circuit perating voltage conditions, which also scale. However, CDM stress does
not scale and gets worse for larger devieesl, thebreakdown voltage conditidctharge trapping
effects continue to take place at lower voltagBsis results in major challenges f@DM
protection design.

Q18: Why are designs facing such severe restrictions for CDM as opposed to HBM? Do you not
use the same protection concepts?

Answer: While HBM designs also face restrictions as described in White Paper 1, the impact on
CDM is much harsher because of the relatively higher current levels involved in this stress test at
levels close to spec targets. As a resa@ltondary stage protection is needed for additional voltage
drops But this secondary stage resultaidrastic reductin in the highspeed circuit performance

and therefore CDM design is a bigger challenge. The details are preseGtexbier 2

Q19: If the design is such a critical issue for CDM performance is there an effeet/edagh more
advanced protection concepts?

Answer: What we learned is that no matter which design is impleméehe&fiindamental nature
of the capacitive loadingand its impact on circuit speedoes not cange much. Some might
claim that they have more sophisticated design but eventualhe physics of the limitations
would take over.
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Q20: Would the technology shrinks and the package size increases ever come to a saturation point
such that a minimum CDRargetwould level off?

Answer: They cold and most likely wouldThat is why we project a minimum CDM level d 5
volts could always be designed but this would depend on the eventual trends for circuit speed
performance.

Q21: What are the driving factors behind reducing CDM levels fromv2i@ for high-speed
|10s?

Answer:Several factors amriving the CDM reduction. First, the increasing packagedixeng

increased CDM peak currentBechnology scaling, which drives reductions in the ESD design
window (as discussed Dhapter 2, and finally,high speed/RF frequencies are increasing rapidly
requiring lower ESD device capacitance valu#esis noted though, this need for a reduction to a

target level below 250 volts appliesuery high-speed 10> 56 Gb/s) Lower performance 10

such as generglurpose IQmusts t i | | be designed for 250 volts
yet ready fo all pins to bebelow 200volts.

FAQ on CDM FAR

Q22: You claim inChapter 4thata CDM testing level 0#1000 volt cannot reliably be tested.
Why do you include 2000volt numbers in the analysis 8ppendix P

Answer: First of all someproduct datasheets stated @00volt performance. This is because the
product sustained®00volt discharge Appendix Fdetails that sucltress is not always more
severe than stress atlower level. SecondlyChapter 4clearly shows that at those levels no
dependence on the CDM level is observed. This supports the earlier remark.

Q23: Why did you choose to remove products with more than 100 fails?

Answer:The analysis of the FARs revealed that the statigtgzedomnated in all voltage classes

by just a few designs showing EOS failure signatures. Therefore, these outliers have been removed
to show that without them there is a relatively equal distribution across all classes with a failure
rate below IDPM.

Q24: Isthe connection betwednereturn rate and failure rate known for the studied population?
Often, the customer does not return all failures and/or does not divulge the actual failure rates

Answer:Failure rate and return rate might not be equivalent in general. Typitalpumber of
fails that get returned to the IC supplier is very highr futomotive applications, while for
consumer ICs custometisere maynot beas much interest inlarifying each fail. However, as
alsofound in WhitePaper 1, the statistics of batbnsumer and automotive parts follow the same
trend.
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FAQ on CDM Test Methods

Q25. For CDM, is there a difference in the waveforms for inputs versus supply pins? Does this
have an impact on qualification?

Answer: The CDM waveform is dominated by the capacitance between the device under test and
the field plate. The total charge in teress current is determined by this capacitance and is
independent of the type of pin being stressed. Some diffevanttee waveform will occur due to
differences in the impedance between inputs and supply pins. Comparisons of pulse shapes
between grouth, power and input pins on specific examples show that input pins have a slightly
lower peak current and a slightly wider pulse width. The amount of peak reduction will vary from
design to design. This difference in peak current and pulse width is antern in qualification.
Realworld CDM everts will be modified by the impedance of the stressed pin in the same way as
in the CDM test.

Q26: How will the CDM tester variations be addressed?

Answer: The standards bodies are always reviewing the stantiandsprovethem. The data
presented in this white paper will provide these organizations with considerable data to aid them

in improving the standards. Howey#re standards bodies are encouraggudoeed with caution.

The industry has considerable experience with
a degree of confidence in the meaning of a particular pass or failure level. It is likely that any
change in the standards to reduceatayns will also produce a discontinuity in the measured

CDM robustness levels. The standards bodies will therefore proceed with improvements
cautiously.

Q27: Will the Industry Council address tis¢andards andester variations in the future?

Answer:No. As stated previously, the Industry Council is not a standards body. We have set the
recommended target levels based on the existing standards. Standard bodies have the responsibility
to define physically consistent and practical standards. Test equipmeadors have the
responsibility to produce testers that comply with the standards. Our conclusions in this document
do not change any of these responsibilities.

Q28 Our Company is just starting CDM testing/hich CDM standard should we use for
qualification and why?

Answer: This question has become much easier in the last few years. ThéE&DSN/IJEDEC
JS002 CDM test standard has replaced the separate JEDEC arndl EBB test methods.
Additionally, the Automotive Electronics Council (AEC) nawesANSI/ESDA/JEDEC J$02

as the base document for both its CDM standards, AB000011 RevD for integrated circuits

and AEC- Q101005 - REV-A for discrete componentANSI/ESDA/JEDEC JS002 has
therefore become the default CDM test method for mostlyzts other than automotive. For
automotive producithe AEC documents hawemeadditional requirements, but the CDM tester

is identical. Products sold in Japan may require the use of the JEITA CDM test method, EIAJ ED
4701/3002 Test Method 305. It iBnportant to remember that all of these standards address the
same failure issues.

Industry Council on ESD Target Levels 24



Q29: If our company has a 58@lt CDM part withthe ANSI/ESDA/JEDEQS002test method,
what does this mean for the JEITA method?

Answer: A 5@ volt CDM partusing ANSIESDA/JEDEC J®02 will likely pass at a higher
voltage with the JEITA test due to the lower currents in the JEITA standard for the same voltage.
It is not possible to strictly scale the passing voltage between the two test methods.

Q30: Why are therewo different CDM standards® there a customer perceptionadliffering
performance of one model over anoth&vRich features of the CDM environment require three
different standards?

Answer: The existence ovb CDM standardsANSI/ESDA/JEDECIS002 and JEITAs largely

due tothe differentorganizational structures and history and not due to an effort to model a
different physical mechanisnSome people indegareferone standard over another. It may be
due to a preference fone calibration method over another or a preference over how one standard
explains the measurement procedure. Often it is due to famili@ihey..se of a particular test
method for an extenddume will bring a level of confidence in the results. A chatwya different

test method will require a rebuilding of confidence.

Q3.1 f the 1 C device fails CDM due to charge/ra
be included in a CDM metric?

Answer: Charge is certainly an important quantity inGbegv test method. The CDM test method,
however, is built on the assumption that different integrated circuits will charge to similar voltages
if handled in the same way, without regard to the size of the integrated circuit. The amount of
charge needed te®ach a particular voltage will scale with the capacitance of the circuit to its
surroundings. If the capacitance of the device to the field plateisn, it is then straightforward

to calculate the charge on the device. This charge will relate to #hefsilae current pulse and
therefore has a bearing on the protection design required for a particular size device.

FAQO on Charged Board Events and EOS

Q32: Arechargedboard events (CBE) related to CDM and hence the IC pins should be designed
to CBE?

Answer:The CBE discharge mechanism is conceptually related to CDM for a single component.
However,the board level aspect of CBE (much greater capacitance of supply/ground planes and
reduced inductance of the supply/ground path) makes the CBE failures much more severe in
comparison with CDM. They are easily mistaken for EOS. Component IC pin ESD jomtect
cannot be designed to protect against CBE, which can be quite large and can vary considerably
from application to application. Additionalystemlevel EOS protection must be provided. See

Appendix G

Q33: If CDM methodology and levels are modified would there be more fallout for EOS at the
component or System Level?

Answer: CDM and EOS failures are completely different in total energy and time duration
Effective CDM protection does not guarantee EOS protedi@$% protection must be provided
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at the system levelhere is no correlation between component CDM failures and system EOS
damagePlease refer tdppendix F.landAppendix F.1.3or details. The fallout rate due to EOS
would notchange as a result of modifying CDM methodology and levels.

Q34: Can CDM replace or be replaced by any of the other ESD standards?

Answer: No. The energyime durationand nature of the discharge are so different that CDM is
complementary to the othstandardsAppendix Faddresses this question.

Q35: | often hear that the IEC610082 pulse is a superpositn of a CDM and aHBM pulse.
Can IEC610004-2 ESD testing replace CDM and HBM testing?

Answer: No. Looking at théwo peaks in a IEC 610004-2 pulse the time duration is indeed
comparable to a CDM and HBM pulse. Howeu#e required levels and discharge nature are
completely different. This is because CDM is intendedctonponerdevel testing and the IEC
610004-2 standards intended fosystemlevel testing. Seé\ppendix F Sectiong=.1 andF.1.2.

for details.

FAO on CDM Phenomena

Q36: How does CDM discharge occur in the real world or the factory?

Answer: CDM discharge occurs when the voltage difference between a charged deaimdtaerd

metal body exceeds the breakh voltage of the smahir gap between them. If the voltage
difference is high, discharge begins at a wider gap distance and spark resistance is higher. If the
voltage difference is lowethe discharge does not occur until the gap distance becomes small
enough and spark resistance is lower. Sggendix Efor more detail.

Q37: Why and how is the device statically charged?

Answer:E-Field charging and tribd@arging are the main methods of dewbarging.Changes in

the electric field around a device change the potential of the device without changing the net charge
on the device. The change in potential makes the device vulnerable to a rapid current pulse or
CDM event when it contacts a conductor at a different poteffitilocharging occurs if a device
slidesacrosghe surface odnother object. Other examples of tribocharging are picking up a device
from a tray or carrier tape and peeling a cover shegtparfrom a tray or reel. Ség@pendix E,

Section E.1.2

Q38: Does CDM stress in the real world depend on the device package?

Answer: CDM stress in the real world is changed by the device package and many other conditions
such as relative humidity, temperature, contact surface, and contact speed. The package is the
major part that defines the capacitance of the charged deviteearmpacitance of the discharging
object, as well as affecting the inductance and resistance of the discharge path. The package type
also decides the handling method in the manufacturing environment that is most likely to cause
charging and dischargindfects. More details are given Appendix E
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Q39: What arethemajor differences betweeaal-world CDM and tester world CDM?

Answer: The purpose dhetester world CDM is to give the most stable aepeatable charging

and discharging of the device because it is a qualification tool. The tester keeps parameters such
as charging voltage, device charging capacitance, contact speed, device discharging capacitance
and discharging resistance as repeatableossible. Discharging inductance should be reasonably
low to meet the requirements of the test standarcedhworld CDM events, on the other hand,

most of these parameters cannot be easily controlled. The only thing one can do is to eliminate
operaions that charge or discharge a device or reduce the charge on a device. In the real world,
device capacitance at charging and discharging is typically very different (capacitance at charging
<< capacitance at discharging). More details are givéppendix E

Q40: How do | use the analysis 8ippendix Dto calculate the noviamiliar plots oflpeak VS.
package size dpeak vs.effective capacitance?

Answer:Start with the simple-8apacitor model i\ppendix D.1 Package dimensions, plus probe
lengths, dielectric properties, and other features of the CDM machine are sufficient to calculate
the three capacitances and sdive network to give the effective capacitarGs. This can be set

up on a spreadsheet with the variables easily contraNddrger package size will make for a
larger G and G but will subtract from &g. Fringing fields always enten, but their eféct can be
estimated easily enougNotice that as package size grows, thew@ll grow sub linearlydue to

the limiting effect of Gy, which depends on field plate, upper ground plate, and declines with
package size as noted above.

Once you have adfor the package, the inductance valugahd Ly can be estimated from Table
D-I for the simple Zpole model (i.e., forget£and G) and thdpeak expression(s) can be used to
calculatelpeak. Again, this is easily captured in a spreadsh&aesistaice, R, of 25y for the
ANSI/ESDA/JEDECIS002CDM machine sparkts well in most comparison® measured data.
In most cases R€FL/C), so you will use the inverse tangent expressiowjerdamped.e.
Equation9). Remembering the relation betwepackage size andefcfor a particular package
design and presumed inductance values, you can nowmpky vS. package size orefcas
measured byhecharge in the CDM pulsdt is evident from Figur®7 in Appendix Dthatlpeak
goes up as & goes up, although the increassiub lineay as expected.

Q41: Can the analysis oippendix Dalso be used to find the effect of package tracetheog
peak current?

Answer: Yes This is only a little more subtle thdeeak vs. package size orefc Once G is
determined for a particular package, package trace length affects the inductance, as the package
trace behaves like a neadkiorted transmission line of a particular léngtableD-I in Appendix

D gives an approximation othe inductance, 4, of package traces of various lengtfisese
inductances are added to thevialues in Tabld®-| for the test head, giving a total inductance for

the smple 2pole model Again, for that modelwe must overlook distributed capacitangea@d

Cq, but that can be done if you're looking for a simple waveform and a siagle Figure D7

again is helpful, and it is clear thatak goes down as total inductance goes up, with trace length
being some fraction of that total inductance.
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Chapter 1: CDM Background and History

Tim Maloney, Intel Corporation (retired)

Since the 1970ghe dargeddevice model (CDM) has been associated witile mechanical
handling of integrated circuits (ICs) and is cited as a reasahddailure of those ICsMuch of

the early work was done at Bell Laboratories [1,Sme of this very useful early work at Bell

used a simple vacuum relay to switch stored charge from a component to a nearby ground plane
This was simple but effective and all owed ma
willingness to talk and write about it) to improve their semicondwtgorponentsBell continued

its work on CDM in the late 1980s and early 1990s in their development of a machine [3,4] that
evolved into the commercial testers of todiaythe pastthese CDM testers were usually built to

be in agreement with CDM test stands by the ESD Association and JEDEC [5,6], first released

in the mid1990s. Today the testers are built to meet the joint JEDEC/ESDA CDM standard,
ANSI/ESDA/JEDEC J$022018 [7]. We will call these CDM testers +8DM or nonsocketed

CDM testers.

Comporents become charged during handling because of tribo&tattan or because of being
dischargedvhile in the presencef an electric fieldTriboelectric charging results from frictional

contact by dissimilar materials, while-fleld induction takes plee near a surface (e.g.,
nonconductive plastic) that is already charg@dM ESD stress results when a component under

such influence connects #goconductivesurface (e.g., a pin touching grounded metal in a socket)

at a different potentiaFor either tle triboelectric or the Hield charging, the effective component

area figures heavily in the total amount of CDM chaFge triboelectricitythecharge is expected

to be proportional to the interfacial contact area with the other surface, whildi@brBE s , sGaus s 6
Law (normal Efield proportional to surface charge per unit area) indicates that charge goes as
component area.

The Bell Labs CDM tester [3,4] for semiconductor componentenasocketedCDM tester, was
developed in order tduplicate real CDM events as closely as possililese machines were set

up so that the CDM stress depends on the semiconductor package being used, the charge scales
with package area, and so.die standards adopted by ESDA and JEDEC [5,6,7] allowd fie
induced CDM test system, so called because it uses a field plate to induce a high potential on the
component, although charge does not flow onto the component until the dischargEigues3.

is a sketch of the .EDM tester from several Bell publittans that was reproduced in thieginal

JEDEC CDM specThis method is equivalent to the direct charging CDM method, whereby a
single pin (usually a substrate pin) charges the device with respect to a ground plane located under
the dielectric, and the QD dischargas appliedwith the discharge prob&he ESDA CDM spec

[5] allowed for both directchargingand fieldinducedtest methodswith several commercial
versions of the tester allamg for both kinds of CDM testingrhe joint JEDEC/ESDA standard
ANSI/ESDA/JEDEC JS002 only supports field inductiorfigure4 shows a CDM waveform as
sketched irthe originalCDM standards document, in this ca#DEC.See Appendix C for more

details onCDM testing.
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Figure3: Sketch onsCDM charge device model test system by Bell Labs and incorporated in JEDEC CDM
specification.
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Figure4: CDM waveform from n€CDM standard document. Td is about 1 nanosecond.

Industry Council on ESD Target Levels 29



Since the early 1990s, tlsecketeddevice model (SDM) has been a convenient way to exploit
automated ESD testing equipment for CHiké testing of components, using sockets and relays
The history of the first full decade of SDM testingaisll-reviewed in a 2001 article], which
followed shortly aftethe ESD Association technical report on SOl YWaveforms and parasitics
associated with SDM were found to be very different frorCB#M, although both had the fast

pulse character of CDM and were useful in discerning product weaknesses toBUDke
advances in process technology of the 1990s, along with much testing of components, made it
clear that SDM and R€DM could not be unified into one standa#d.of August 2017, the ESDA
withdrew both the SDM standard practice and technical reports.

A brief history of CDM developments is as follows]:

A 1974: Model was first proposed by Speaknéafi Hu man body model S
concernts emi conductor user so.

1980: Bossardetddl " ESD damage from triboelectricall
potentially damaging model were given in this paper.

1985 and 1986: British Telecom workers made experimental investigations fodlthe
inducedESD model.

1985 and 1986: With the rapid introduction of automated handl&M has become a

major ESD failue mode.

1986: Japanese reported the first automated CDM testing sy@tekuda et al, OKI
Electronics)

1987: Siemens Group reported susceptibility of 256K DRAMs to the CDM testing versus
realworld situations.

1987: Avery (RCA) reported design techniqéi®sCDM protection.

1988: Maloney (Intel) reported more extensive design guidelines to avoid CDM failures.
1989: AT&T reporedafield-inducedcharged device model simulator.

1995PresentCDM failures became an important issue for IC devigitls the shmking

of gate oxidethickness

ToPoToTe Po  Po Do Do Do

Much of this history was discussed in a review article about COj [1

In the initial stages of work on CDM and through the 1980s, the most common target voltage for
CDM performance was 150@lts. This was usually achievibwith the equipment used and was
achievable for the semiconductor devidesr relaybased methods, passing 15@lts tended to
compensate for the slow rise time and reduced peak currents of-aasky systentHowever, as

the testing hardwaradvanced, along with advances in semiconductor technology and our
knowledge of what the components really experienced, opinions about the voltage target changed
and lower voltage targets were accepildte ron-socketedCDM tester became better understood

in terms of its actual rise time, peak curreatsl waveform shapeblsers built up confidence in

its ability to reproduce factorlevel events 500 volts had become acceptable to most of the
industry as anonsockeed CDM voltage target for components thaould be handled under
Areasonabl ed st aAstudy ofcCOM stress in the factory and how it relates to
the ronsoketed CDM test voltage scale has revealed tB&@0-volt non-socketed CDM
performance should usually meet those expectatommfortably [1]. As will be discussed later

in thiswhite paper, advances in integrated circuit technology, the demand for higher performance
devices, larger package sizasad advances in ESD control in factories call for further lowering
the requiredevel of CDM robustness.
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Chapter 2. CDM Challenges to IC Component ESD Design

Charvaka Duvvury, iT2 Technologies
James W. Miller, Freescale Semiconductor
Robert Gauthier, GlobalFoundries

21 Introduction

Over the pasivo decads, chargeddevicemodel ESD testing has increasingly become an industry
requirement fothe qualification of IC components. Unfortunately, over this same time interval,
three trends have combined to greatly complicate the tasks@fnileg effective orchip CDM
ESD protection circuits.

1. The pin count and size range of IC components has grown significantly. This is a serious issue
because the peak current produced during CDM testing at a givehange voltage is a
sensitive functin ofthedie and especially package size. The net result is that the upper range
of CDM currents seen on products is increasing rapidly. Large increases in ESD layout area
on the die are required to protect fragile circuits at these higher currentsnéncasesthe
required ESD layout area becomes prohibitively large.

2. Advancements in IC process technologies with smaller and more fragile active devices as well
as thinner and more resistive interconnects have degraded the ESD robustness of circuitry to
be protected. This makes it more difficult to protect the component at a given CDM current
level.

3. Mixed-signal ICs withhigh-speeddigital, RF analogand other performanegensitive pins
are becoming much more prevalent. Strict electrical performancetiongaon these pins
limit options for ESD protection. This often makes it impossible to meet typical CDM ESD
gualification criteria.

Taken together, these trends have led to greatly increased challenges for the desitipdE 8D
protection. As a result, many products fail or are marginal to CDM qualification sarfg250

volts or500volts. This is a fundamental problem that will only get worse as these trends continue.
This chapter is an attempt to summarize the CDM challetmeé€ component ESD design
presented by these continuing treritlalso reflects the two stages this document has gone through.
In the first releasan 201Q the challenges of desimg to aCDM targetof 500 voltswerediscussed

and a new target levébr all pinsof 250volts was proposeavhile demonstratinghat 250 volts
complies with ESD control methods already in place in 2010. This paved the way for the high
performance and low power designs whiclvéhdeen created in advanced CMOS HHi
technologies since then. The proposed target of &i& CDM has been adopted by an
overwhelming majority of the industry today. Therrent release bthis document i2021
presented heréncludes the novel challenge wéry high-speed interfaces whicarecurrently in
developmentanddue to performance reasqrannot complywith the requiremeistof a CDM

target levebf 250 volts
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22 The CDM Eventfromt he ESD Designer s Perspective

As described ilAppendixC, the CDM ESD test differs considerably from the HBM test, both in
terms of the tester configuration and the current waveforms produced. These waveforms are
compared in FigurB[1]. HBM is performed aa socketedevice under te¢DUT), with the stress

pulse delivered between one or more stressed and grounded pins via an external pulse source. The
resistorcapacitor (RC) network used indlsource producesrelatively long pulse widtf ~150

ns for HBM. For HBM, the peak ESD current at a givengirage voltage is more or less fixed,
independent of the DUT. In contrast, during tloe-socketed CDM testhecharge is distributed

over the entire DUT and flows through multiple paths to a single grounded pin. Important
consequences of this configuratiae #hat the resulting pulse width is very short (sl and that

the peak current produced can vary widely from DUT to DUT, dependitigeaiie and package

size. As can be seen in Fige,eCDM current amplitudes typically vary in a large range fref 1
amperesNote that, at thé amperesipper limit, the250volt CDM peak current exceeds that of a
1000volt HBM event by approximatel9X.

= 7.5 1 Model HBM CDM
‘é 6 T SR Qual Levels 1kV 250V
i is ] 250 VCDM Zgz:fihggx Pfjlse YVidth ~ 150 ns ~1ns
o - Rise Time 2-10ns 100-500 ps
S 3 Peak Current 0.67 A 1-6 A
S [Gieser] (modified)
£ 159 1000 V HBM
o —————

-1.5 - ! Time, t (ns)

0 20 40 60 80 100 120

Figure5: Comparison of current waveforms for CDM and HBM ESD events.

While component ESD stress levels arpidglly defined in terms of a stress voltage (1@00

volts HBM or 250 volts CDM), these voltage values are largely meaningless to the ESD designer.
Designers consider the ESD event in terms of the resulting current waveform. Elements in ESD
protection circuits and ESD conduction paths are sized based on a target peak stress current and
duration. In general, if the target peak current increases, the ESD eleameihnt®nduction paths

must beincreased inige accordingly.As will be shown bely, the ESD layout area on the IC
increases not linearly, but exponentially with increasing CDM peak current targets.

Another challengé¢hatis unique to CDM is the fact that the true peak current is not known until
each new packaged componertested. When designing, for example, ESD protection for an I/O

cell library which may be used in a wide range of products, the designer is forced to estimate peak
CDM currents based on the estimated capacitance of the largest expected die and package.
Accurate capacitance information is often not available, forcing the ESD designer to more or less
guess a CDM peak current target for the 1/O cell library. Marginal component CDM ESD
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performance is often a result of inaccurate capacitance estimates in thaie&§D phase of 1/0
cell library designFurthermore, if a given product design changes to a larger IC padkege,
expected thdbwer CDM performanceouldresult Further discussion on this and some proposals
are discussed in Appendix B.

2.3  DesignTechniques for CDM

In advanceccomplementary metadxide-semiconductor@MOS) technologies, circuitry which
connects directly tonputoutput (1/0O) pads are often most at risk of damage during a CDM ESD
event. In this section, two very common approatbpsotecting I/O circuitry are briefly described.
This will provide a framework for describing CDM ESD protection challenges in the following
sections.

2.3.1 Dual Diode ESD Protection

A schematic of a dual diode I/0O ESD protection strategy is shown in Fég@r6é]. The I/O pad
connects to receiver and driver circuitry which are powered by the Vddx and GND supply buses.
Both primary and secondary ESD protection elements are placedtéztpreceiver transistors
M1-M2 and driver transistors MBI4, which are typically the 1/0O devices at greatest risk during
ESD. Consider the case where the 1/0 pad is grounded during a negative CDM event. Most of the
positive current will follow a primarpath from the grounded 1/0O pad through fivevard-biased

D1 diode to the Vddx bus, then down the ESD power clamp to the GND bus, and then from the
GND bus metal grid throughout the rest of the IC and package. Note that it is important to minimize
the toal voltage drop betwedahe I/O pad and GND bus local to the stressed 1/0 pad during this
ESD event. Diode D1 and associated interconnects must be adequately sized. It is also important
to minimize parasitic Rvddx and Rgnd bus resistances since they #ulel timtal voltage drop

along this primary ESD current path. To better protect large banks of 1/O cells in an IC, it is
common for multiple power clamps to be distributed in parallel along the power buses.

le]
Pad
ESD
Power —L-CVddx
Ejddx Clamp
M3
R2
W Pre-Drive
M4
A
% GND RGND

Figure6: Dual diode 1/0 ESD protection strate
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In the ESD strategy of Figu® separate secondary ESD protection elements are utilized for the
receiver and driver circuitry. During the ESD event described above, a small fraction of the ESD
current will flow to Vddx via a secondary path througkistor R1 and diode D3. The benefit of

this secondary protection is that any IR drop across R1 will reduce the voltage stress seen across
the fragile gates of receiver transistors-M2, as compared to the case where R1 is not present.
R1 values fronl00-5000Y are common for protecting receiver circuits. To better protect driver
transistors M3Vi4, there is another secondary path to Vddx via resistor R2 and the draimeib N
parasitic diode of PMOS transistor M3. Note tteguse of R2 is shown as an option in Figére

This is because many applications suchigh-speedserial (HSS) links ofow noiseamplifiers

(LNA) do not typically permithe use of any series resistance between the driver and pad due to
performance consdints. Typical R2 values for digital applications can range fret®Y . This
resistance can have a significant impact on the effective CDM robustness of driver transistors M3
M4.

2.3.2 SCR-Based ESD Protection

A schematic of an SCRased ESD protectiortrategy is shown in Figuré [7-11]. Here the
primary ESD protection comprises a diode string triggered SCR clamp from the 1/0O pad to the
GND bus. Therefore, when the 1/O pad is grounded during a negative CDM event, most of the
positive current will flow fom the pad directly to the GND rail via the SCR clamp and then from

the GND bus metal grid throughout the IC and package. This direct clamp to GND is an advantage
of the SCRbased protection scheme over the pdadebasedapproach, especially in cases
where the GND bus resistance is significantly lower than Vddx bus resistam@cklition, SCRs

often have reduced capacitive loading for the same ESD protection level. On the other hand, diode
string triggered SCRs can have the disadvantage of higheageakuring normal operation
depending upon the maximum operating voltage required.

VddX  oyvdax
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o1l . .
Pad R1 L Ll .
M5 M2 :ﬁRecelver
ESDSCR ISBHOWOS | ESD
; - ~ GND Power ——CVddx
Vddx Clamp
A E: SBLK PMOS
: M3
! Pre-Drive
: | M4
------------------------ SBLK NMOS
= GND RGND

Figure7: Diodestring-triggeredSCRbased 1/0 ESD protection strategy.
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Note that, in the ESD strategy of Figufea different type of secondary protection is utilized to
protect the receiver transistors MA2, as compared to that shown in FigGrédere a fraction of

the ESD current will flow to GND via a secondary path through resistor R1 and clamp device M5.
Thisclamp is a silicide blocked (SBLK) NMOS transistor which is intended to trigger and conduct
as a lateral NPN bipolar during the ESD event. Blocking the silicide in the drain region adds local
ballast resistance to the NPN, helpergsureuniform current fbw across the device width during
bipolar conduction, thereby increasing the failure current As before, any IR drop across R1
during ESD will reduce the voltage stress seen across the gates of receiver transigditits M1
Note, the secondary ESD NFETshown for reference onlin this examplethesecondary device
could be replaaktby dual diodesforward-biased diode strings or another diode string triggered
SCR.

The output drivers M3/4 in Figurest and7 can also be configured with silicide bkieg in the
transistor drain regions. Added ballast resistance increases the failure dwjrenth(e drivers in

the event they trigger and conduct as lateral bipolar transistors duringds®Dthe added IR

drop across this silicide block resistaimereases the effective drain to source breakdown voltage
the transistors can tolaeabefore suffering permanent physical damage. This provides more
voltage margin to driver breakdown fdretintended primary ESD path through the SCR clamp.
Silicide blok ballast resistance is commonly used to harden output driver transistors against ESD,
typically increasing Vds breakdown voltage8 %olts, but at a cost in layout area and transistor
performanceand process casOther design options, in place of these that have been discussed
here will also eventually lead to the same limitations.

24  Technology Scaling Effects on CDM ESD Robustness

Advancements in process technologies over the 3fastears have brought about impressive
reductions in IC cost and gains in performandefortunately these advancements have come at
a cost in terms of degraded ESD robustness. Technology scaling hasgaraedhaller and more
fragile active devices as well as thinner and more resistive interconnects. For these tleasons
ESD protection design becomes more challenging with each new technology node [12].

24.1 Trends in ESD Robustness for NMOS Transistors

In Figure8the robustness of NMOS transistors across multiple advanced CMOS technology nodes
is compared. The maximum core Vdd supply voltage is shovenfasction of the technology

node scaling for both feature size transistor length and gate oxi#tedssc Also shown is the
simultaneous reduction of the gate oxide breakdown voltage (Vgs) and drain to source breakdown
voltage (Vds) under 1.2s pulse stress conditions. This data was gathered wgryafast
transmissiorine pulse (VFTLP) characterization tool which best mimics the true CDM pulse
event. All data was gathered abaseline, minimum design rule, fully silicided NMOS transistors.

The Vds breakdown data represents the minimum or wass value measured with varying DC

Vgs bias applied during stress.

The data in Figur@® clearly illustrates the reduction in NMOS transistor CBdbustness with

each new technology node. While both the Vgs and Vds breakdown data trend downward with

each new technology node, these NMOS desvare clearly more fragile undbedrain to source

stress. It turns out that PMOS transistors (not shown) exhibit similar trends but are slightly more

robust than their NMOS counterparts. Compare, for example, the robustness of NMOS transistors
at the 50 nm and 45 m technology nodes. A 250n NMOS receiver device, such as transistor
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M2 in Figure6, could survivel4 voltsVgs stress during CDM ESD, while the @ device would

fail at only 52 volts. Similarly, a 2500m NMOS driver device, such as trater M4 in Figureb,

could survive up t®.2 volts Vds stress during CDM ESD, while the At device would fail at

only 3.2volts.lt is clear that transistors become more fragile with each new technology node. This
Vds breakdown trendascontinuel as tke channel lengths continue to scale.

It turns out that protecting output drivers with Vds breakdown values of less thalts4s a
serious challenge for the CDM ESD designer. This is particularly true in applicttatio® not
permittheuse of secoraty protection or silicide block ballast resistance. Consider, for example,
an I/O circuit in a 90hm technology, with ESD protection as described in FigurBuring a
negative CDM stress event the NMOS driver M4 will fail if the local Vds voltage aitrigs$evice
exceeds3.8 volts (see FigureB). Assuming that the peak current produced by the CDM event
equals B amperesthen the ESD elements and interconnect resistances in the primary ESD path
must dissipate this current while limiting the total voltage drop seen across the NMOS driver M4
to less tharB.8 volts. Sizing the ESD elements and interconnects to achiiés®.5Y effective
impedance is extremely difficult.

Technology Scaling Trends
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Figure8: Trends of NMOS transistor breakdown voltages with technology scaling.

24.2 Trends in Interconnect ESD Robustness

Another critical technology parameter for CDM design is the maxirallowed current density
in the interconnect layershis trend is shown iRigure9 typically for acopper metal interconnect
Note that the actual failure current density is dependent on the particulathiediadss put this
trend is more of an illusttion of the constraintn the CDM domainthe current failure density is
actually3-5 times higher than in the HBM domakiowever, if the CDM discharge current level
requirements become relatively larger (for example, from large high pin count packagess
meetingatarget level of 50@olts)this could turn into the limiting factor for desigRor example,
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at the 65nm node, the current density limit of 0A&um requires a 20 um wide bus to carry 10
amperesof CDM current In addition to thdayout area, wider metal interconngtd the ESD

diodes increase the pad capacitance. This in turn may have a negative impact on the circuit speed
as will be discussed iBection2.5.3.
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Figure9: Typical trends foccopper nterconnect ESD robustness with technology scaling.

25  Examples of CDM Impact on Integrated Circuit ESD Design

25.1 Impact on ESD Layout Area

The ESD layout area on the die required to protect an IC component 508&wvalt CDM event

varies widely with product application and process technology. The target peak CDM current the
ESD network must safely dissipate is a primary factor affectingitayrea. As illustrated in Figure

5, peak CDM currents at 50lts typically range from about dmpere for the smallest die and
package sizes, to Hinpere®r greater, for the largest. The process technology, which defines the
efficiency of the ESD dewes and interconnects along with the fragility of the circuitry to be
protected, strongly influenceke layout area. Finally, applicatioriatdo not permithe use of

added secondary protection or silicide blocking to harden fragile input/output ivallitsee
significant increases ithe layout area. In general terms, a very large IC component in the most
advanced available process technology with driver/receiver circuits configured in the most fragile
manner requires the greatest ESD layout ardaedie.

The ESD layout area as a function of target peak CDM current is shown for two exampte 45

technology 1I/O library applications in Figud®. The two I/O libraries differ in the type of
transistor used in the driver and receiver circuitry. The Voltage (LV) I/O library, for use in
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Vdd=1.1V supply domains, utilizes the core (A8gstromTox) transistors available in the
technology. The medium voltage (MV) I/O library, for use in Vdd=lo#ts supply domains,
utilizes the I/0 (28AngstromTox) transistors.

The dualdiode and rail clamp ESD protection approach described in Figwaes used in both

the LV and MV 1/O libraries. Small ESD power clamps were distributed in parallel in each /O
cell of an I/O bank within a supply domain. The ESD power clamps in both I/O libraries were built
with the more robust I/O transistors. While@edary protection was utilized to harden the receiver
circuitry in both 1/O libraries, the application would not allow the option of placing either
secondary protection or silicide blocking to harden the output driver devices. Thareforeak

link for ESD in both the LV and MV 1/O cells was assumed to be the NMOS output driver M4 in
negative mode CDM events, and the PMOS output driver M3 in positive mode events. The
measured Vds breakdown values for the NMOS and PMOS driver devices in both the LV and MV
I/O libraries are shown in th@able in FigurelO. In order to provide a comfortable margin, the
ESD networks in both 1/O libraries were sized to protect both driver devices to targeteorer

than their measured breakdown voltages. Therefore, as shdahatable, the target stress limits
were set to 2.6%0Its/3.60 volts for the NMOS/PMOS drivers in the LV 1/O library and 3.50
volts/5.20volts for the NMOS/PMOS drivers in the MV I/O library.

< 12000
2
= 10000
8 LV MV
@) V) V)
= 8000 +{ LV I/O Cell MV 1/O Cell
S NMOS | vds 33 |43
& (meas)
= 6000
é /‘ vds 27 |35
Z 4000 (target)
] PMOS | vds 43 |59
< 2000 (meas)
-
E) vds 35 |47

0 | } (target)

0 2 4 6 8 10 12 14
Peak CDM Current (A)

Figure10: Example estimate of the ESD layout arealforcell in two different I/O applications. ESD layout area is
plotted versus peak CDM current. The layout area is calculated for two different NMOS and PMOS output driver
protection targets.

As shown in Figuré0, the size of the ESD elements in bothltieand MV 1/O cells is a sensitive
function of the target peak CDM ESD current the ESD network must safely dissipate. The area
value includes the area for the ESD diodes and power clamp in each 1/O cell. Note that, for both
curves, the ESD layout area ieases exponentially with peak CDM current. In fact, for the LV

I/O cell, the increasing slope of the curve suggests that CDM current targets abovesaoperes

are not realistic since, beyond this ESD current ceiling, huge increases in layout aseaiszd

to achieve a small incremental increase in CDM curteistimportant to note that the exponential
nature of the ESD layout area vs. CDM current target curve is common to all process technologies
and all ESD protection schemes. Howetlee actal ESD current ceiling will vary considerably
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from product to product, depending on process technology, circuit application, and ESD protection
scheme.

It is obvious from the drastic differences between the two curves in Figuteat the Vds
protectiontarget for the output drivers M8l4 has a major impact on the ESD layout area required

at a given CDM current. While @mperesCDM protection can be achieved for the MV 1/O cell

with about 200@n? of ESD layout area, the LV 1/O cell requires almost 12,0@0to meet the

same protection level. This is a 6X increase. It should be pointed out that the layout area for full
I/O cells (excluding ESD) in advanced CMOS technology products typically ranges from 2000
un? to 8000un?. Therefore, depending on the CDdrrent target and the 1/O application, the
ESD layout area may grow to dominate the overall I/O cell layout area. This is an issue of particular
concern for IC components in large packages.

25.2 Impact of the ESD Design Window on CDM

It has beenwell¢sa bl i shed through various studies tha
shrinking withthe advancement of silicon scaling technologies [23 shown in Figurdl, the

window is essentially defined as the space between the IC operating voltage (Vabpg &G6d
breakdown voltage (VbdAlthough the operating voltages have been slowly reducing (flattened

out in the 0.91.2voltsrange), the breakdown voltages have been degrading at a much faster rate
giving rise to the reduction in the window. The limitatiof the breakdown voltage could come

from either oxide breakdown voltage under ESD conditions (for input buffers) and/or from the
avalanchgunction breakdown voltage (for output buffel§)hi s i s i ndi cated as t
Constr ai n tlk ©On the otheFhamy ufor scaled technologies the metal interconnects are
getting thinnerleading to more resistive baesfor ESD design application$hus designing to a

given ESD current level the voltages at the I/O pads build up to the criticatbreakalues at

even | ower current | evels. This mEgull.Thisestr i c
design window reduction applies to any typ&Ofprotection strategy even though some advanced
designs might give a slight advantafeverteless, the overall reduction makes it difficult to

design for any high HBM or CDM level$his is further elaborated in Figui2.
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Figurell: ESD Design Window Definition
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