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Abstract

The last 40 yearsasseensignificant developmerih electrical componerdnd systentechnologiesHowever,

advances with semiconductor technolog@est optimizations, and die argarinkinghave made el&®nics more

sensitive to excess electrical strags electromagnetic disturbancksthis dissertation worlone of thesstress
scenarioss gudied dectrostatic discharge(ESD)risksin the electronics assembly processviranment In the

assemblyprocess single electrical components, circuit boards, and diffeseritasemblies are assembled
together tested, and programméal completdully functional electricalproducs.

A noncontrolled electronicassemblyenvironmentproducesunpredictable ESD riskand causeyield losses
Therefore, it is necessary to protect electronics against ESD during handling and manufactusirig. Thi
accomplished with the aid of atectrostatic protected arg@&PA) and an ESD control program plan, white
typically built according to IEC61346-1-2007 and ANSI S20.20014 standardsThese two standardiefine
how to design, establish, implement, and maintain the program with administrative and techniieahesu
Here a 100 Vhuman body modéHBM) limit is currently used as the base for building ERAd ESD control
prograns. However,current ESD control programs are not always abfgrévent ESD damages in EPA. On top
of actual ESD events, there can #ectromagnetic interference(EMI) initiated product and equipment
disturbances imvell-built EPAs

In this research workhe main focuss on additionalESD control methods that go beyond the specifications and
requirements ahelEC613405-1 and ANSI/ESD S2.20 standardd.he objective is to optimize ESD protection
methods based on real ESD risk scenarios found during PCB assembly, testing, handling, andstimririialy
assembly to achieve closezercfailure level.At the same timghe objective is to optimize ESEbntrotrelated
costs in the process area.

Based on the researdhe focusof the additionaESD andEMI control methodshould be with final assembly
programmingand testing process phases where about 90% obserwed &aild disturbance cases have occurred
Therefore, m an improved ESD control prograiEMI control, controlling product part and cable chamg are

added into the program, together with groundings and other basic controlled EPA ertisarging of prodct

parts should be monitored with potentidischarge current and charge meters, and that data should be used
together with process analysis to dettknown ESD risk scenarioghe sensitivity of subassemblies should be
tested for exampleby usinga charged board evefCBE), field collapsesvent(FCE), andcable discharge event
(CDE) methods thasimulaterealworld ESD scenarios found in the process aré& gives more accurate data

for risk assessments than eectricalcomponenspecific HBM orcharged device modéCDM) qualification

data.

The proposed additional control methods were implemented in morgQienge electronics assembly facilities
resultingin a significant reduction ireSDrelated failuresand disturbanceelated process yield challenges
Therefore, as a future workyrodict and process specific ESD and EN$k should be emphasized BESD-
controtrelatedtrainings,standards, standard practices, and technical reports.






Acknowledgments

This research work was carried out at the Department of Electronics and Communications Engireragacg
University of Technology, during the years 20%816. The research was not funded by external foundations,
institutes, or companies. However, the research was supportisk BYOKIA Corporation and Microsoft by
sharing information and technical resources.

I would like to thank my supervisor Prof. Leena Ukka and my advisor thkeeadof the Department of
Electronics and Communications Engineering Lauri Sydanheimbaaipere University of Technology for
granting me the opportunity to conduct my research studies aeplagtment| greatly appreciate their glance,
proposalsand instructions during the research period.

My sincerest appreciation goes to my previous colleagues at NOKIA Corporation and Microsofiallgspeat

to thank my good friendslr. Toni ViheridkoskiMr. JariPekka LeskinenMr. Tuorras Reinvuo, and Mrs. Terttu
Peltoniemiwho all worked in the global technology tearand R&Dat NOKIA Networks and NOKIA Mobile
Phones busineasmits for the valuable discussions and their significaupport to my research wotkere the
electrostaticsdboratories of NOKIA Networks and Cascade Metrology gave significant support for the research.

| alsowould like to thankESD coordinators in different electronics assembly facilitiesbi&ng patient to
implementnew control methodand supporting witldifferent process related challenges during the years, Here
| would especially thank Mr. Kari Fresenius, Mr. Minsu Mr. Kim, Mr. Fan Tengyu, Mr. Jander Guinmisiraes
Matti Uusiméki,Mr. Keimy Liu, Mr. Mauricio Gomez, Mr. Alejandro Olmeda, Mr, Steven SBanXu, Mrs.
Krisztina Kaufmann, and Mr. Jimingu for their significant input to the research togicom Microsoft | would

like to mention myclosecolleagues Mr. Rami Koskinen, MFero Knuuttila, Mr.Marko Luukkainen, Mr. Petri
KeskiOpas, Mr. Jaikrik Lilja, Mr. Tuomas Marttila, Mr. Timo Y#Pietila, Mr. llkkaJarvinenand Mr. Joonas
Jakonerfor their valualle comments and introductida system leveRF/EMC/ESDdesign challenges

| amespeciallygrateful to the members of Finnish ESD association STAHA. We have had valuable meetings anc
lectures during the last 11 years about the wonders of electrodiieghe key persons were my previous team
members at VTT Technical Research Institute afdfidand Dr. Jeremy Smallwoasho all introduced me into

the magic world of electrostatics more than 15 years lagdso was an honor to ha®h.D. Raimo Sepponen

from Aalto University as an opponent, aRtiD. David Pommerenke frordniversity of Missoui-Rolla, and

PhD. Matti Murtomaa from University of Turku as examiners of this theésisn grateful for their constructive
commentscriticizing, and the effort and time they spent on my thesis.

Finally, | would like to express my deepest gratitude yofamily, to my closest friends, and to my love Taru.
She has always supported me during my neweling studies, travelling around the world, aadnwhenl spread
out my laboratory toys all around our house. In additiaappreciate my children TiindJoora, Sami, and Aada
for understandinghat”father has just at the moment iamportant research ongoirigs so well said many times
in our favoritechildren’smovie “Heinahattu ja Vilttitossyi, except that myesearchexcuses not potatoebut
something more invisible.



List of abbreviations and definitions

AHE
CBE
CDE
CDM
DFMEA
DUT
FA
FCE
FICBM
EMC
EMI
EPA
EPS
ESDS
EUT
HBM
HMM
HV
IC
LGA
LLP
MFR
MM
OEM
PCE
PWB
pprT
RF
RLC
SCF
SMD
SMT
TLP
USB

automated handling equipm
charged board eve

cable discharge eve
charger~device mode
designfailuremode anceffect analysis
device under te

final assembl

field collapse evel

field induced charge board ev
electromagnetic compatibili
electromagnetic interferen
electrostatic protected al
external power supg
electrostatic discharge sensitive de
equipment under te

human body mod

human metal mod

high voltagt

integrated circu

land grid arra

lead less packa
manufacturing failure ra
machine mod:

original equipment manufactu
printedcircuit boart

printed wiring boar

parts per milliol

radio frequenc

resistanc /inductanc /capacitanc
silicon controlled rectifie
surface mount devi

surface mount technolo
transmission line pul

universalserial bu



List of original publications

Tamminen P., Viheridkoski T., Sydanheimo L., Ukkonen‘ESD qualification data used as the basis for
building electrositic discharge protected argagolume 77, Journal of Electrostatics (2015), pp. 117731.

Tamminen P., Ukkonen L., Syddanheimq tCorrelation of componerttuman body model and charged
device modetualification levels with electrical failures in electronics asserhiMplume 79,Journal of
Electrostaticg2015, pp.38-44.

Tamminen P., Viheriéoski T., “Product Specific ESD Risk Analysi®aper 3B.2, EOS/ESD Symposium
2011.

Tamminen P., Viheridkoski T., Ukkonen L, Sydanheimo*ESD and Disturbance CasesHlectrostatic
Protected Areg% Paper 5B.2, EOS/ESD Symposium 2015.

Tamminen, P.\Viherigkoski T, “Characterization of ESD risks in an assembly process by using
componerevel CDM withstand voltagé EOS/ESD Symposiun29th, Page(s): 3B-3 - 3B.3-10, 2007.

Tamminen P.Viheriakoski T., Reinvuo T., Sydéanheimo L., Ukkonen“Eield Colapse ESD Everit
Paper 2B.2EOS/ESD Symposiun2014

Related Publications

Vi.

Vii.

Viii.

Xi.

Xii.

Paasi J., Tamminen P., Kalliohaka T., Kojo H., Tappura K., “ESD control tools for surface mount
technology and final assembly lines,” EOS/ESD Symposium, EOS-24, 2002.

Paasi, J., Tamminen P., Salmela H., Leskinen J.-P., Viheriakoski T., “ESD control in automated
placement process,” EOS/ESD Symposium, 27th, Page(s): 1 — 9, 2005.

Reinvuo T., Tarvainen T., Viheriakoski T., Tamminen P., “Electrostatic discharge measurement and
simulation of a charged power amplifier board,” Microwave Conference, 2009. EuMC 2009, Page(s):
292 — 294,

Reinvuo T., Tamminen P., “Measurements and Simulations in Product Specific Risk Analysis,” Paper
2B.2, EOS/ESD Symposium, 2011.

Viheridakoski T., Peltoniemi T., Tamminen P., “Low Level Human Body Model,” Paper 4A.3, EOS/ESD
Symposium 2012.

Viheridkoski T., Tamminen P., Laajaniemi M., Kérja E., Hillberg J., “Uncertainties in Surface Resistivity
Measurements of Electrostatic Dissipative Materials,” Paper 2B.2, EOS/ESD Symposium, 2013.

Tamminen P., et al., “ESD Sensitivity of 01005 Chip Resistors and Capacitors,” Paper 9A.2, EOS/ESD
Symposium, 2014.

Smallwood J., Tamminen P., Viheridkoski T., “Optimizing investment in ESD control,” Paper 1B.1,
EOS/ESD Symposium, 2014.

Dunnihoo J., Tamminen P., Viheriakoski T., “Near field EMC scanning method based on an E-field
collapse method,” International Symposium for Testing and Failure Analysis (ISTFA), USA, 2015.

Viheridkoski T., Tamminen P., Peltoniemi T., “Comparison of Electric Charge Measurements,” Paper
6B.3, EOS/ESD Factory Symposium 2015 and EOS/ESD Symposium, 2015.

Tamminen P., Ukkonen L., Sydanheimo L., “The effect of USB ground cable and product dynamic
capacitance on the ESD stress level with IEC61000-4-2 qualification,” Paper 7B.2, EOS/ESD
Symposium, 2015.

Viheridkoski T., Kohtamé&ki J., Peltoniemi T., Tamminen P., “Benchmarking of Factory Level ESD
Control,” Paper 6B.1, EOS/ESD Symposium, 2015.



Author’s Contribution

This thesis includesvo papers published in international peeviewed journals and four papers published in
international peereviewed conferences. It also contains material from supplementary publications and some new
unpublished result3.he work presented here is the résidiiteamwork and analysis done during the 1&sgears

at VTT, NOKIA, Microsoft, andrampere University of Technology

For all the original publications, the author has beetiitstewriter by completinga major part of thegpublication
andcarryingat least halfof the data analysis, measuremeatsd simulationsWith the publicationgc], [d], [€],

and [f, the measurements and analysis were made togetherMwitil. Viheridkoski. With the related
publications the author habeen the main contributar participatedn the analysis and paper writipgocess
together with theo-authors.The role of authors Prof. L. Ukkonen and Prof. L. Sydanheimo has been advisory.



Table of contents

1

2
3

4

1100 18 ox 1 o] o NPT 1
O A = 7= Tod (o | (o101 o AT O PP PPPPPTTR 1
N Y o) 117 11 0] o A TP PSSUPPUPPPPN 2
1.3 ODJECHVES AQNU SCOPE....cuttuiiiie ettt e e ettt e e e e e et e e e e e e et e e e e sttt n s e e e e e e e eennbnan s 3
1.4 SHUCLUIE OF The TRESIS. ... ittt e e e et e e e et eaeeeeeennes 3

EleCtroniCS ASSEMDIY PrOCESSES. ... ...ttt ettt e e et s e e e e e e e eennaes 5

Electrostatic DISCharge EVENL........ oo e e e 8
3.1  Discharge Current WaVETOIMIS. .........u ettt e e et e e e e e e e e e e e e 8
3.2  Electrical Component Failures DUue to ESD...........coooviiiiiiiiiiiii e 10

ESD Protection Techniques With EIECIIONICS.........covuuuiiiiiiiii e e e e e aaens 13
N R O T ol o1 o N o o1 (=Tt 1[0 o PSPPSRI 13
4.2  Human Body Model and Charged Device Model Qualification................cccoovvvvuuviiinnnneeeniennnnns 14

4.2.1  Correlation of HBM Tests and Real Life EVENLS............ooiiiiiiiiiiiiiiiiii e 16

4.2.2 CDM Withstand Voltage Correlation with Real Life CDM Events...........ccccccceeiiiieeeieennns 17
4.3  System Level ProteCtion DESIQNIS........ccuviiiuiiiiiiieeee ettt e e e e e e e eeeeens 18
4.4  SysteraLevel ESD QUAlIfICATION...........coiiiiiiiiiiiie e eeees 20
4.5  Subassemb.evel ESD SENSIIIVITY..........uiiiieeiiiiiiiiiies et e e e e e e e eeneaennns 21

4.5.1 Charged Board Event TeSt Method...........coouiiiiiiiiiiieiiiiii e 22

4.5.2  Field Collapse Event TeSt MEethOM...........ouuuiiiiiiiiiiieiii e 23

4.5.3 Charged Cable DiSCharge EVENE TESLS.......ccciiiiiiiiiiiiiae et eeeeeees 25
4.6 A Comparison of Different DISCharge EVEINLS..........cooveiiiiiiiiiiiiiee e 25

ESD Risks in EICtroniCS ASSEMDIY..........uuuiiiii e 26
5.1  ElecCtrostatiC Prote@CIEA AIBa...........i ittt e e n e e e e e e eeeee 26
5.2  Observed Electrical Failures and Disturbance Cases in Electrostatic Protected Areas.......... 29

5.2.1  SOUICE OF FAIIUIES.....ceeiiiiiiie ettt e ettt e e e e e e e e et e e e e e e eennnes 29

5.2.2  Type Of FAIlUre BEVENIS.... ..ottt e e e e 30

5.2.3  FailiNG COMPONEINES. ....uuuiiiieeiiiiieiiie ettt e e e e e e e et e e e e e e e e eeerba s 31
5.3  Correlation of Component HBM and CDM Quialification Levels with Electrical Failures........ 31

5.3.1  SOUICE OF tNE DALA......ccieiiiiiiiie ettt ettt e e et et e e e e eenees 32

5.3.2  FAUrE ANAIYSIS. ... ittt a e e e eana 32

5.3.3 ESD Control Program Audit Results Versus Electrical Failures.............cccoooevveviiiinennnnn. 34
5.4  SUrface MOUNE ASSEMIDIY.......uuuiiii ettt e et e et e et a e e e e e e e eeenene 35
5.5 FINAI ASSEIMDIY . ... e e 40
5.6  Testing and Programming..........c.uuuuuiiiieeiireeiiiiiineeeeeeeeeeiiiiinns e eeeeeessssnnnnseeeeeeeessnsnnnnneeeee s 42
D7 REWOIK ettt ettt e e e e rra s 45



6 Advanced ESD anBMI Control in Electronics ASSEMDIY.........ccooviiiiiiiiiiiieei e 46

6.1 Phases 0f the RIiSK ANGIYSIS..........uiiiiiiiiiiiiii et e e e e e e e eeesd 46
6.2  Analyzing the Target PrOCESSES........ccuuiiiiiiiiii e ettt ettt e e e et e e e e e eeeenne 47
6.3  Measurements in the Manufacturing ProCeSS ArBa..........cccuuuuuiiiiiinieeeieiieiiiis e 49
6.4  Subassembly ESD Sensitivity Tests and Simulations.............ccoovevviiiiiieiiiiin e 51
6.5 Corrective ACtiONS IN the PrOCESS ALB@........uuiiiieeiiiiiiiiiie ettt e e e e e e e eeeenes 54
N 1= ex 1 1= Lo L= 55
S T @0 o (U] o 56

Vii



1 Introduction

Electronics manufacturing consists of multiple parallel processé¢argéitedto produce electronicomponent
and systems efficiently and with high qualityn this dissertation workone of these processes studied

electrostatic discharg€ESD) control, with the écuson optimization ofsubassembly ansystemlevel ESD
protectionmethodsn electrongsassemblyThe background for the work wasadebetweer2001 2005 at VTT,

2005&012atNOKIA Corporationoperatios and supplier networlduring 2015 at Microsofiandsince 2012t

the Tampere University ofechnology. TIs research work includes cooperation without 20largesize

manufacturing facilities around the warlhich produce awide range oflectronicsfrom handheldconsumer
productsto largesizeindustrial electronicsHere an important role was with the NOK global ESD protection
team consisting of ESD coordinators, techniaall laboratory servicder electrostatic and ESD.

To guide the reader into thapic of the thesisa short introduction to theSD, ESD contrgland ESD sensitivity
of electronicsshall be given

1.1 Background

The need folESD control was established after@% whensolid-state electronics started to replace relay and
tube technologies, and companies found that siiem germaniurbased transistorand diodes suddenly
electricallyfailed during handling and processing. These new semicondadsoisuffered more from electrical
disturbances caused by fast transient electric events conducting or radiating electromagnetithimlses a

new kind of challenge— even electrostatics and visible sparking between metal electrodes had been known anc
studied extensively already several hundreds of y&aasicelectricity-related risksalsohad been controlled in

other industries and military already the raige to pevent ignition of gun powders and other flammable
compounds. However, electronic components and systems had been robust so far, and tiny E&Bdspatrks
been formerly anything tavorry too muchabout

Throughout thel960s-1980s most electrical compon&were still able to withstand ESfress measurdd
thousands of volt$l]. However, advances with semiconductor integration and introductionetdl oxide
semconductor(MOS) technologieduring 190s changedntegrated circuis (IC) more sensitive telectrical
overstresgEOS) and increasdtie need to test and qualify componeatginst ESDn a more systematic way.
Therewasalso a need to measure and corgpefficiency of different oithip ESD protection structures inside
the semiconductor devices. This information was used to estimate the required ESD control lawgls dur
component manufacturingnd also to inform system manufacturers how to hagldigtionic components in a
safe way.For this purposecompanies used internal test methods mainly basddioan body modéHBM)
discharge$2]. HBM dates back toineteentltentury and was originally developed to study ignition risks of gas
mixtures when a charged human discharges through a finger.

Most of the electronic componenat that timewere axial or radial throughole type until surface mount

technology(SMT) became more popular during 9®. Througkhole components werstill assembled and
soldered partially manualiytherefore, HBM ESD scenarios were logically behihd first commonly used

componerfevel ESDteststandard MILSTD-883 Method 3015.)publishedin 198Q which is the predecessor
of the currenjoint JEDEC/ESDAstandard J®01-2014[3][4].

It was also knownthat HBM was not able toepresentall different real life ESD scenariaduring single
component handlingrherefore, dditional component leveést standards were creaté machine modgMM)
simulates discharges from a charged equipment through the component into the electrical grchisngie’device
model (CDM) is basedon a scenario where an IC slides in a plastioying tube, gets a static chardey
triboelectrification anddischarges inta grounded metal surfagéhenit comesout from the tubeln this casg
the source of the chargetlse devicdtself. Currently, HBM and CDM are the main ESD qualification methods
used with IC componenfd] A7][9]. MM testresuls overlap with HBMtherefore, JEDEC published a statement
to discontinue these of machine modefor device ESD qualificatiofB8][10].



The developm@ of onchip protection structures and systematic ESD safe handling procedures gave significant
improvement to EO&SD-relatedrisks betweerthe 1980s and 1990s. The HBM withstand voltage of ICs was
generally more than 2 kv HBM and CDM voltages more @ V. However, since the mitb90s, component
clock rateshaveexceededsHz, the oxide thicknesdecreased close tbnanometerand semiconductomwafer
processes moved to sub 100 nm line widths. This prevergddom desigring efficient EOS/ESDon-chip
protection structures insid€ packages, and the safety margin between ESD safe handling psaretshe
sensitivity of ICs started to decreadd][ One moreimitation for the protectiordesignscame from the area
required for ESD protection versus the silicon area for active circuit funcfléresefore, generic eahip
immunity levels have decreased down towld00 V AL kV from 2 kV HBMwithin the lasR0years. In addition,

the decreasing gate oxide thickness has dropped CDM withstandegadtiagjlarly, andcurrently, ICsaround
100 V HBM and 250 V CDM are commiyrusedin the industry

During 1970s A 980s, dectronicindustryreported excess system and component failure levels during dry winter
periodsand based on failure analysi€OS and ESD were identifieds the main susped To improve
manufacturingield, companies started tieployESD preventive actiorindependenyl, asthere were nageneric
guidance or requirements availablehow to do thisWhen the starting poimdf the ESD preventioim facilities

was close to zerohe yield improvementand savingsafter protectiveactionswere sometimesmeasuredn
millions of USdollarsin a year[2][12]. This was alsdinked to thegrowth ofthe electronics industrywherea
significant amount ofndustrial and consumgiroductswere beingmade One of the first protection methods
taken inb usewere the grounding principles atite use of packaging materials with low charging @éredharge
shielding propertiesT his broughtpackaging materisdndpersonnel consumable and test equipment suppliers to
work with ESD controbnd standardizatioactivities. The early pioneer companiagd institutesvorking with

ESD protection methods and matertad$orel 980were to mentiorjusta few Charleswater Products INdSAF,
NASA, IBM, General Electric Corporaté&T&T Bell Laboratories WestinghouséElectric CorporationRCA
Corporation HewlettPackard;Texas Instrumenteand3M Company

When the knowledge of the ESD threads increabkedirst EOS/ESBymposiunwas arranged by the companies
and individuals interested BOSESD control and designethodsin 1979 in Denver, ColoradSA [13]. The
development of ESD control lead USAto a military standar®IL-STD1686- Electrostatic Discharge Control
Program-1980anda handbookMIL-HDBK-263 - Electrostatic Discharge Control Handbod®84 Thesewere
the first dcumentscommonly targetedto guide ESD controhnd arethe direct predecessors of the current
ANSI/ESD S20.28tandardfirst publishedin 1999[14]. In Europe CENELEC published a standar@ECC
00015/1in 1991, whichwas converted byhe International ElectrotechnicalCommission(IEC) to a standard
EN100015Protection of Electrostatic Sensitive Devicesrrentlyknown as astandardEC613405-1 [15].

Currently, IEC and ANSI/ES[re the two main standardization bodies providing information for the electronics
industry to measure and control ESD related risks. There are more than 200 different standdaad, tein
methods, technical reports, and guidelines providing toolshierBSD related process control and product
gualification. The focus of these documents is with the next three generic phBS#3 control

1. On-chip protection and qualificatiomethods
2. IC andprinted circuit board(PCB) manufacturing and handling
3. System asembly and qualification

1.2 Motivation

When creating the first ESD control programs tbe electronis industry, the author took the technical
requirements and the structure of the controcpss from the IEC6134B1-x and ANSI S20.24 standards
[14][15]. Both these standards use the HBM 100 V as a baseldoup anelectrostatic protected are@&PA)

and ESD control program3 he latest version of the ANSI/ESD S26Z014 has now also an additional 200 V
CDM and 35 V on isolated conductor target values. However, therequestionsas towhat to improve or
control more when more sensitive electrgmiouldbe handledand both the HBM and CDM thistand voltages
would decreaseThis pushedisto study moreabouthow HBM and CDM qualification methods are buwhd

how to use the withstand voltage informatiommprove ESD control methods in EPAs. There were also questions
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abouthow decreasing withstand voltages wodlfgict system designs and qualificatiand howto usesensitive
components in a system without major EMC/ESD design challenges and fielddailur

When going through the HBM and CDM qualification methods, it became more evident that IC quoadifiedi
given as the withstand voltage would be challenging to use to assess the effectiveness of ESD EB#tron
addition, thesysternlevel quaification information based othe IEC610004-2 standard had challenges to
represent the sensitivity of subassemblies handled in electronics asseéhblhgre vere also severahajor
ESD failure cases amew ESD risk scenarios found in modern automated electronics manufacitnicigwere

not fully covered by the control programs following the standards. This initiated research tgetksgtéo define
more exact target levels to estimate the real ESD risks in different production and handling steps. ®&ne mor
motivation was to optimize the control process so that cost of ESD protection would dacck#sat the EPA
would not limit the sensitivity of componenbr subassembliesed in productsThereby, the sensitivity of used
components would be defined by the system design phadeall later operations would be aligned based on the
tested ESD risk scenariosll these additional targets would be built @ptof an existing ESD control in an
electronics assembly facilities.

1.3 Objectives andScope

This thesis hag&s main focusontheadvancedSD control methods ielectronicsassembly operatiortbat go
beyond thespecifications andequirements ofEC613405-1 and ANSI/ESD S20.20 standard$ie objectiveis
to optimize ESD protection methods based on the real ESD risk scenarios foundPdiBirmgsemblytesting,
handling, and during systefimal assembly irEPA environment to achieve close to zé&dure level.

The scope of the researdtartsfrom automated surface mount assembly livdsere all the single ICare
assembledA printed wiring board(PWB) testing phasés the next, followed by a system assembly and final
testing. Product andproces-specific ESD control methods are presented together with the subassembly ESD
sensitivity analysisThereby, hese methodsare applied tcelectronics manufacturing operations where ESD
sensitive components and subassemblies are haidllednain researofuestions are

x Can we usehe IC level HBM and CDM qualification data to optimize ESD control in electronics
assembly?

x Canan on-chip, onboard and system level EMC/ESD protection desigmevent ESD failures in
electronics assembly processes?

X Wheredo most of the ESDailures occurand what is the type of failure eveiriselectronics assembly?

X What additional control methods shall be required on top of the current standard practices?

X How do weimplement these additional control methods?

1.4 Structure of the Thesis

This dissertation is based six publications, denoted][&f] and is also supported by the author’s publications
[i] Aii]. The scientific contribution of these publications arecused in the author’s contributisection
References are cilevith Arabic numbersThe structure of the thesis is illustratedrigurel.

Chapter 1 givesn introduction, background and motivation for the thesis. It will stityr explain the main
motivation to construand speciifESD protected areas and introduces cusstntdards to build up ESD control
programs.

Chapter 2 introduces the target environmasectronics assemblywhich includes procesphases from
componentplacemenup toafinal assembly and testing.

Chapter3 provides thaheoreticalbackground foelectrostatic discharge evergndexplains how the resulting
transientcurrentAroltage waveforms can alculatedn a time domaimwith basicmathematicamethods The
chapter will also discugbeelectrical corponent failures ESBvaveformscan produce, thus, giving information
to detectESD risk inanelectronics assembly.



Chapter4 goes througlprotectiontechniquesvith electronic deigins. Thesearebase on onchip designs inside
IC packages, ohoard protection components the PCRB, and systemlevel protectiondesignmethods In
addition, the chapter introduces componsubassemb)yandsystermlevel ESDqualificationand testingnethods
anddiscusses howhesecould be used to assessl worldrisks in electronics assembly environment.

Chapters discusseslifferent ESD risks in electronics assemigD and electronics disturbance risks found in
EPAsare analyzed to provide infoiation for the additional required control methods.

Chapter 6 presents thelditional control methods. Thi®cusis on the most severe process phaaad risk
scenarios in electronics assembly.

Finally, Chapters/ and 8 havéhe discussion and conclusiohntbe thesis.

Figurel. Structure and contents of the thesis



2 Electronics AssemblyProcesses

An electronics assembly environment can be built in different layout formats depending on tbEsoalection
and type of th@roducts under manufacturing. However, most of the process phases aresinvigen facilities
and to simplify the analysis, the assembly process is described here as a continuous line with cprowssted
phasesas shown irFigure2. A surface mount devid&MD) assemblyrocesdypically contains the following
phases: paste printing, component assenaolyyeyors, PCB bufferspldering, and testings shownn Figure

3. After the PWB assemblythere carbe several parallel and serfalal assembly(FA) phases, programming,
testing, and packaging phases shown inFigure 3 and Figure 5. An FA can alsoget completed P85,
subassemblies, and modules from other faciliiedonly part of the assembly and final testing will be completed
in one specifiqprocess area. In addition, it is common to run the FA process in separate parallel cells working
independently of each other. THi& format is more flexible, can produce sinauleously different products, and
can tolerate better production volume changes.

SMD operations areaowadayscompletely automatizegnd operators do ndéypically touch on single ICs or
PCBs. There is much more variation with FA processes where assgpabhtionscan be made manually, with
robots, or by combining manual and automatized process phases. Similarly, testing and programwaiyg ca
from amanual to fully automated proceséost contacts with electroniese maddy assembled subassemblies,
processequipment test connectorand tools used in the process area. All these processes need to be part of ar
EPA wherean ESD control program is runnin@herearealso typically more workers operating in FA, testing

and packaging areahan inthe SMD process. All they need to follow ESD protective precautions where
dissipative shoes and wrist traps are the main ESD protection methods by providing a ground gtatic for
charges.

Figure2. An exampldayout of a single elgronics assembly line with SMIBA, testing, and programming
processes.

Wave soldering, mnual solderingand press fitonnectorsare stillcommon processin electronics assembly.
Largesize electrical components, suchtasoughhole transformer joistand electrolyte capacitgrsannot be
soldered in a reflow process. In addition, rework phase may use manual soldering tools or acepgwifient
replacement equipment with an optical alignmentofali grid array (BGA), lead less packag@.LP), andland
grid array (LGA) components. However, it is not commntorhand solder ICs anymore agiaspacing is tyjgally
between 0.2ind 1.27 mm and BGA type of ICs have the johitklenunder the package.

Testing and programming phases vary largdgpendingon the type of the products. Electrical testimg
programming can be done with gied incircuit testers, via specific test interface connectors and via product
user interface connectors, suctuas/ersal serial bugUSB) ports. In addition, part of &ing andorogramming
can be made via radio links if the product has a functional software and a power supply aPadabiets with
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radio communication features require sophisticated RF testers for BluetoothLGEMYLAN, GPS, and other
possible connection protocoRroducts with a displagndother visuabr audialfunctionsmay requireadditional
inspection toolsfor examplefor cameras, microphone®uch screen arkkeyboard pressing tools, and magnetic
Sensors.

Different programming and testing phases edso be integrated it one process phase, thus, testargl
programming equipment can be complex systems with demanding software applaationbot manipulators

in place This equipmenis often process ahproduct specific with changeable tools, jiged adaptersSystem

level functional testing is stilommortly made manuallyasahuman can make different tests and inspection tasks
without hardware changes or demanding programming tasks.

The speed of thassembly operations can vary largely depending on the type of the products angéptocess
fast processsuch as in a component assembheassemblyperation can take Ieshan 0.1 s, whereagave or
reflow solderingproduct testingand programiimg can take from a few seconds apdns of minutes per product.

Mechanical and electrical components gypically kept in plastic packageson trays until assemblyas shown
in Figure4 andFigure5. These packagesn be made of static dissipatimedielectric materialdepending on
the type and ESD sensitivity of the parhe packages caaisohave moisture barrisland discharge shielding
properties.

Figure3. An SMD process area with several paradistemblylines.
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Figure4. A part of semiautomatic-A line with a flat belt conveyor.
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Figure5. An FA robot cell with pickup tooland automated materimading



3 Electrostatic Discharge Event

3.1 DischargeCurrent W aveforms

A destructive electrostatidischarge event in electronics manufacturing occurs in most cases between two
conductorswith different potential levelsESD occurs when the conductaapproacheach other andin
electrostatic fieldE-field) breakdown occurs through tdeelectricvolume In a normal air pressurthe E-field
breakdowntakes placeround 3 kV/mm depending on the shamel sizeof the objects, butf the potential
difference is belowhePaschen limjtthe discharge magccuronly when the objects comeadartontact with each
other [L7]. During the ESDevent charge carrierdlow between thawo objects and equalizes the potential
difference The amount omaximumchaige moving Quobie depends on theotentialViniia and capacitant@source
based orquation (1). When the objects are not groungie amount of charge moving depends on the voltage
difference and capacitance of the objects before the dischiigalso possible to get a dischangi¢h several
amperes peak curreinbm asurface of ainsulatorwith a highsurfacecharge desity. However, these discharges
less likely cause electrical failurewith nongrounded componentas the discharge current amplitudes are
typically at mA level, and therds alimited totalcharge transfeirom the dielectric surface §].

QMobiIe CSourc Initial (1)

BeforeanESD eventpotentialenergy is stored in the electrostatic field ofdiszhargesource capacitan€source
This field can befor examplebetweera charged metal object antéctricalground Thevoltageon the charged
object is not constant if the physigadsition of the object changegcausehe source capacitance depends on
size, shape, and distance of dimargedobject to the mvironment However, the charg@woie is aconstant—as
long asthere is no current leakage from the object. Therefore, theye¥iniia and charg&uwovie at the moment

of the ESD event defisghe amount of energy released during the discharge event basgdaton (2). The
charge of the object can alsof@arizedby an external electrostatic field. In that gdke potential of the object
depends on the density of the electrostatic field, shape of the object, and position of thetbgert the ground
referenceplaneand thesource of the electric field

1 5 5
= %3ﬁEé(~)Cﬁ§@UQEO'68%éééO%%éUQUOB )

Before the ESD eventhe initial voltage and charge values are gstaic, but when the dischargehannel

opens the quasistaticevent changes to an Rivent taking placaroundnanosecorglperiod Figure 6 showsa
simplified serialresistancedhductanced F D S D FRUWCP&grvdlent circuit for a discharge event. The source
resistanc®soucehasD KLJK ! 0 totBa@#hd capacitanc€sourceUp to the initial potential leval. When

the capacitor is fully chargethe switch closesand the capacitalischargewia aninductance. anda resistor

Rout. TheRout represents an ESD sensitive electronic device with an internal resistance burning the energy of th
dischargecurrent Therefore, the most interesting parameter to monitor in an ESD event is the i§)rflemting
throughthesensitive component.

Figure6. Discharge RLC circuit

In Figure6, the discharge starts when the switch cla@athe potential difference starts to equalize through the
RLC circuit. A two-pole RLC model current waveform can be expresséaeis-domain byusing a voltage step
pulse V(s)&/us as an input and using Laplatansforms[19]. Similarly, discharge current waveforms can be
modelled by using a step functiomthe RLC circuitwith an initial voltagevo. Based on Kirchhoff's voltage law

the sum of voltages across the resistor, inductamckcapacitance equals with the source voltage in a serial RLC
circuit. In a time domainthe currat equation can bexpressed as

8
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where .=R/2L and &=1/(LC)°".
For the underdampexlirrentstep responseve can write
EP= OA COEAP 1), 4

wherefi= ¥fi6, F LP.

The arbitrary constami and the phase shift can be solved from the initial boundary conditions. For a charged
object the initial voltage 8/, and the current flow is zerdhe square root has three different solutions depending
on the RLC values. The current waveform is underdampBekiL/C, overdamped iR?>4L/C, and critically
damped wheR?=4L/C [20].

Therefore, ér the underdampeazlirrentstep responseve can write

i(t) = éée?(%j sin( %), (5)

A= 55 FE
wherefi= 8+ F—.

For the ovedlamped current step response can write

Ep= éée?(%jsinh( X), (6)

iz gE p5
wherefi= 8= F4.

Finally, for the criticallydamped current step response can write
ii
Ep= L% ™

Equations(5), (6), and(7) represenideal step responses, pduring an ESD eventlischarge patiparameters
can vary Especially, the serial resistariReanvary due tochanges irthe sparkplasma channelnd an adiabatic
heating of objects along the current pathn addition, there can be sevepalrallelsource circuits taking part to
the same ESD evenfigure 7 shows example waveforms based on equatihsind (6), where thesum of
waveformsis a sum ofunderdamped and overdampE8D pulsesThe resulting sum wavefm is a typical
responsef a discharge event from a smellargedobject withparallelinductive and resistive paths, such as a

PCB with multiple traces, ICand power planedn this case WKHUH DUH ERWK DQ RYHUGDPS

XQGHUGDPSHG S D W K c2 fowwhitg theQ@um wavefet maludal)y, more than two sinusoidal
functionswith attenuation parameteran besummed togethdo getaneven more accurateaveform egmation.

In addition, n real lifg there is typically current and voltage signal reflectidns to anmpedancemismatch
betweerthe source circuit andevice under tegDUT). These reflections can playsignificant role with ESDS

failing thresholds amh need to be under control when electronics components and systems are qualified agains

ESD R0][21][26] A29].
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Figure7. Idealdischargevaveforms.

3.2 Electrical Component FailuresDueto ESD

ESD events can produce different damage for electronics depending dsethiene amplitude,oscillation
frequency,and length of the discharge current waveform. One way to describe the failure mechanisms wa:
presented bWunschBell and Dwyer, where the failure power and energy of semiconductor devices depends on
theamplitude andavidth of the pulseZ2][23]. In order to damage electronic devices with short pulses, the required
peak power or energy follows tlié#t relationship as shown irFigure8. In this adiabatic regigrthe heat has no

time to spread, and the damaggnaturas typically local. When the length of the pulse expandsitin-adiabatic

region, heat starts to spread to the close environmahtha required failure power and energy follows more the
1/log(t) or 1/t°® relationships Finally, with long pulsesan equilibrium state is reach@ubtedasC in Figures8).

A dielectric breakdown failure occurs when an electrostatic field exceeds a breakdown limitsaflateinThe
insulator can be a gas or a dielectric material, suchsigcan oxide(SiO2) or highk hafnium dioxidein a
WUDQVLVWRU JDWH 6L2 KDV WKH GLHOHFWULF EUHDNGRZQKDWH I
the dielectric thickness from below 1 nm up to a tens of nanometers, and the resulting breakdog/camle

as low as 0.5 voltf21][24]. However, a maximunguasistatic voltageor Efield rating of the oxide may not

apply to fast transient events if the charge of the event is not high enough to cause permagentSkaveiaal
cumulative pulses can still be able to destroy the dielectric and produce a conductive pathhiedietgttric,
thusproducing a leakage current [vii].

The required pulse length for eafeilure region depends on the size and type of the electronic device. Most on
board protection components are in the-adiabatic region due to the higher energy diggim capability, but
small size semiconductor designs can get failures alreadyawads thamanosecondbng currentpulsewidth

[23]. However, in reality ESD pulses are seldom rectangutdrape, and the powefenergy failurebehavior
model should be applied separately to different parts of the prds@xample, @urrentpulse with a very fast
rise time can trigger neadiabatic failuresevenif the total pise length is more than 100 rie.that casgthe
speed of current change aheinductance along the current path on a sensitive aiesilwfon inducs anexcess

potential difference based @guation & = .%gThe voltage & can exceed a dielectric breakdown strength on
the silicon and cause physical dama@g.[
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Figure8. WunschBell-Dwyer pulse lengtiversus powefenergy failure levels.

There are several methods to calculate ¢geireddischarge energy and powailure limits. The total energy of

a discharge can be calculated based on eqsd#pand(8). In case the energy powershould be caldated in

a certain part of the pulsequationg8) A11) can be used. The energy burns into heat in resistive loads along the
discharge path based on power equat{@fsand(11).

‘=ifah@ ©® 2= (ha O

)= (4= <2 @0

2= R=-&cos¢ (11)

In equationg8) A11), Q is the transferred chargé,is the initial discharge potential, is the source capacitance,

E is the transferred energh,is the power,ais thephase between curremhd voltageR is the resistance, and

is the current of the discharge wavefoffigure9 showstotal power and energy curves of the current wavesorm
shown inFigure?. The highest peak pow#sllows the peak current waveform, whereas the energy is an integral
of the total power curvén this casethe damageouldoccur eitherdue tothepeak power around 1 ns or due to
the total energy around 4 ns depending orctdmponent design.
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Figure9. Power and energgurves of an ESD event.

Component failure analysis cahowphysicaldamage signatusend reveal what kind of discharge waveforms
could be behind the damagjgnatureFigurel0showsanESD failure signatureith burnt and melted conductors
in a display drier IC due tcan excess energy. In this caske failurerequired more than 50J energy in the
silicon structure to fuseonductorsFigurell shows another failurdgnaturewhere a capacitor has a damaged
oxide layer §]. In this casetheESD evenin an assembly phases1.5 ns long having peak current more than
5 A, aninitial discharge source potenti@hsmore than 3 kVa totalcharge more than 4 nC, aadotal energy
content more than 6J.
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Figure10. An energybased failure signature in a display driver IC.

1a B x:x.@a., B o@pe ’ o
~
a /

Figurell A fused via in the top plate of the capacitor on a silioxide due to excess volie.

ESD type of failure signatures also can origin from system latch upnaapplication events. However, the
damage signature can be more extensive than found with ESD events.
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4 ESD Protection Techniqueswith Electronics

4.1 On-chip Protection

Electrical components have-ghip EOS/ESD protection structures integrated the chipor integrated insida
componenpackagesonsisting obne ormultiple silicon circuits Several differenbn-chip protectiondesignsare
availablesuch asserial rasistors parallel capacitorspark gapsP/N junctiondiodes,field devices RC-triggered
power clampsN-channel MOSFET,sandsilicon controlled rectifierd SCR)[1][25][30]{33]. The basic target
of the on-chip protection structureis to limit excessvoltage, current, poweandenergy of the transient pulse
through sensitive areas thecomponent. This is made mainly by shunting the palsesnt waveform ito the
power supplyop or groundVssnodes thus, the sensitive part of the circuitnis longeralong themain current
path of he pulse, as shown Figurel2.

AVdd
Chip 2
IC : 0
package |
Pulse in
ESD :
= /O Filter [ | Chipi /10
= Vss

Figure12 On-chip protection on a chip on the leftd inside a multichip IC package on the right side.

On-chip ESD protectiostructures are typically developed with the aid tthnsmission line puls@LP) method

The TLP was introduced b¥. J. Maloneyand N. Khurana ii1985 and there are now several different TLP
methods available providing controlled shape voliggerentpulses £6]. TLP produces detailed information of
astress evertty measuringurrentAoltagelV curvesvia and over a DUJTas shown irFigure13. However the

TPL is not currently used faofficial component qualification purposess it is not part of the qualification
standardsd7]. TLP can produce different length of pulses between tens of picoseconds up to microseconds. Ir
addition, it can produce varying current rise tirsestingfrom about10 ps with the aid oferyfastTLP (VFTLP)

up to tens of nanoseconds. The IV plot used to develop HBNhgm protection structures is commonly made
with 100 ns long rectangular transient pulsex thelV point (averagecurrent and voltagdés measuredn the
middle ofthe pulse as showrin Figure13. The 100 ns long pulse has been reported to correlate with the HBM
stress levels2g][29]. For CDM design purposea VFTLP can use shortdhana few nanosecond long pulses
with aroundthe 50 ps rise timeThis test method correlateith CDM qualificationrestts but is sensitive to test
setup arrangement3(].

A safe operatiomegionof anon-chip protection structure can be presented basedsbaded currerfoltage
region as shown irfFigurel13 [31]. Thelowervoltage boundar is the lowest voltage the I€anstill operate

and theupper limitC is the maximum allowettansientvoltage over the sensitive part of the IC to protect. The
on-chip protection turns on when the voltage increasel meets the triggering voltage pdntAfter triggering

the voltage drops to the clamping voltage p&nand the current increasesvard theF based on the dynamic
resistance of the protection structurle limit A defines the maximum current tpeotection structure tolerates
without damage when it ia conductive modeand the point F is often called thefailure point In addition, if

the dynamic resistance is too highe uppervoltagelimit C may define the maximum safe operation range for
theprotection Therefore, the erhip protection can have sevedakignedascadedoltage triggeringteps thus
better keeping thi/ points inside the boundaridsnally, the protection structure should turn off when the excess
current and voltagbkavepassed the device.
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Figurel3. TheTLP waveformson the left an IV plot on the right

Severalparameterdavesignificant contributiorto the efficiency of the owhip protectioranda total IC level
ESD robustnesgl][21][31] A34]. Here the following parameters play a significant role:

Triggering voltageV defines the voltage the protection device switch on
DynamicresistanceRon = (Up-Ua) / (Is-12) is the shunting resistance during the condugpimase
Turn on speedic explairs how long it takes to switch on the protection device
Inductanceof the shunting path definéise voltagebetweerthe protected 1/0 andod or Vss
Capacitancef the protection device mnoff stateeffects orthehigh-frequencyoperation of the 1/dine
BreakdownV point defines the maximumwoltage&urrentrating for the protectiostructure
Leakagecurrentof the protection devicaffectsthe power consumption

Durability of the protection structurdefinehow manystressulses it survive
ClampingvoltageVy is thesetvoltage levekfter the protection structure is switched on
Physical &e and cosbf theprotection structure

IC is solderedor not solderednthe PCB, whichaffects the current distribution

On-board protectiorcomponents are present or not

IC is in apoweron or poweroff state

I/O has arexternal decoupling capacit@resent or not

Width and thicknessf themetal wiresused on silicon

X X X X X X X X X X X X X X X

These operation parameters are contradictory, and it is always -ffrahel casespecific selectionwhich of
the parameters will be emphasiZéd]. For example, withigh-speed RF 1/Qgheinput capacitanceequirement
can prevent usef efficient protection designs, as the maximum allopadhsiticcapacitanceanbe evenbelow
0.1 pF.Ultralow cost components have other challengih onchip protection implementation due to the cost
penalty therefore, protectiostructurescan beleft out. This is related to thglicon area reservation of the -on
chip protection structures, anaithout theprotectionthe chip will be smallerand moréndividual components
can be prodeed from a single wafg¢B5]. The required arelar ESD protection on silicon variesdepending on
the used technologs and targeted robustndemm a few percent up to tens ércent of the total chip area

4.2 Human Body Model andCharged DeviceM odel Qualification

An onchip protection designs are typically qualified with HBM and CBtdndardg4] A7][9]. With a HBM
event, there are four different main current patkgle thelC: 1/O to 1/O, 1/0 toVss 1/O to Vpp, andVssto Vop
[3¢. An +%0 GLVFKDUJH VRXUFH FLUFXLW KDV D VHUL,bGt theHV LV
inductance can varg]. The discharge is given to one pin at the fiema another pin, or a group of pinsuged
for the current return patihe standard also defines the current waveform details with the pulse rise time, peak
current, decayDQG PD[LPXP ULQJLQJ FXUUHQW YDOX#M.IRU ERWK D VKRL

CDM sensitivity of IC devices can be testla exampleaccording to the standal®&0®@-2014 and the discharge
occurs through one 1/0 at the tirfi§. CDM discharge is fashaving the pulse rise time arous@A00 ps, the
peak current varying depding on thddUT, and the total length of the pulse is typically within a few nanoseconds
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[bl[€][37]. The source capacitance of the ESD event depends on the IC capamitémeénduction plataside
a CDM testerthus, thestress level depends on the type and size of the component @ankiaipe construction
of the CDM testef21][37]{39][42].

The measurecHBM or CDM withstand voltage rating of tH€ dependsfor example on the type of I/O
connection, used semiconductor technology, typkeebnchip protectionatargeted final product categodata
speed of the 1/0O, and the size of the component package. Therefane, li@ packagelifferent 1/Os may have
varying ED robustness, but the sensitivity of tlvholecomponent is reported based on the lowest test voltage
all I/0s can pass durirgHBM and CDMqualification.

HBM and CDM withstand voltages are independent of each other due to the different ESD failtwecsithieae
two methodgproduce The difference of thee twoeventss presenteth Figurel4, showingsimulatedHBM and
CDM current pulses with kV discharge potentialThe CDM event isover alreadyafter a few nanoseads,
whereas HBM current attenuates slowly during hundreds of nanosetbedsame currémvaveforms are shown
in Figure15 with the calculated power curvebhe peak power of the CDM event is ab@Qtimes higher than
with HBM with the same test voltagend the current rise time is faster. However, the to&lggncontent of the
HBM pulse is in this simulation 10 times higher than with the CDM due to the fixg@ltimes larger 100 pF
source capacitanda]. The generic IC HBM and CDM qualification represents dmlg failure regionsn the
WunschBell-Dwyer gaphas the time scale of CDM is close to 1arsd HBM events take more than 100 as
shown inFigurel5.

Failuresgenerated by CDMan be related to the exces$idtd through dielectrics, such as CMOS oxide layers,

or to theadiabaticpeak power of the pulsélere the dischargepeak currentwhich depends on the size and
construction of the IC packages typically the most dominatng parametef21][41][42]. Similar failure
mechanismgsas produced by the CDM testjdgve been found also in manufacturing fulfilling EPA requirements
[a][c][37][43]. On the other sid&;iBM typically generates failures due to the ramtiabaticheating effector the

failure occurs due to the excdsdield through dielectricsHBM is not alwaysuch asevere test method, as only

part of thepulse energpur,s LQ WKH '87 $00 WKH FXUUHQW LV IRUFHG WKURXJ
limits the voltage over DUT and limits the energy and power stress levels dependingignaimicresistance

of theDUT )RU H[DPSOH LI WKH '87 KDV UHVLVWDQFH GXULQJ
voltage is over the DUTand only 0.13 WZ %) of the power heats the devjap
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Figurel4. Typical HBM and CDM current wavefms for alargesize IC packageith 1 kV initial potential
during the first 20 ns.
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Figurel5. a) HBM current anghower;b) CDM current and power.

4.2.1 Correlation of HBM Tests and Real L ife Events

The HBM withstand voltage may not necessarily relate to the level of sensitivity of electricalnemgpin a
real life situation ][b]. The initial @rt of the HBM pulse will vary based on therialresistance anihductance,
and the pulse can create different ESD failures, depending on thentgpeed of the DUT ESD protection. The
real world HBM discharge can have a much faster rise tirap giva in the standardsand with over 1 kV
discharges, the rise time will vary beeve50 ps and a few nanosecopdp44][45]. Humidity and the geometry
of the physical discharge event also affect the realized HBM current waveform. One example afwioglde
HBM waveform is presented iRigure 16, using the analyses of Viheridkoski pnd Barth[28][44][45]. The
figurealso hasimulated standard HBM waveforms witho different inductance valuélsgin = 640 nH ad Lmax

= 4700 nH, which gives 2 and 10 ns pulse rise times for a shortHoaekver, in a component tester, the rise
time is slowed on purpose to meet the standard specification, and the rise time can be moréntlkearslower

than the reported real wd values[4].
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Figurel6. The 1 kVsimulatedHBM discharge currents with maximum (tr=10 ns) and minimum (tr=2 ns) rise
time based on the ANSI/ESDA/JEDEC-081-2011 standard. Measured 1 kV real life HBM discharge for
comparison.

The resistancef the real HBM eventiepends on the discharge voltagied only with over 2000 V potentials is
WKH UHVLVWDQFH FORVHerdloRe W thelvarydprarnetes is the sdistivity. The resuts
were presented in geferencepaper ¥]. The HBM tester setup and the real world dischargenpeters are
compared irFigurel?. Below 500 V, the human body resistance is significantly hidieen that of the staadd
values[v][46]. With 100 V level he real world discharge has a peak current of about 0,6uméhis about 100
times lower than a typical HBM stress with 100 V in a tester
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Figurel?. Left a) Resistance of the HBM in a standard tesugeind in a real world discharge event.
Right b) Peak currents in the standard test setup and in a real world discharge event.

Component ESDobustness against HBM discharge is reported by using the maximum discharge voltage the
DUT survived BJ[4]. Sometimesthe most sensitive pin combination data is available, but this data is not visible
on most component data sheets. In addition, not all pin combinations are tested in order to t@stirgagee

and prevent excessive ESD strel§$4]. What is also missing from the data sheets is the exact failure current, the
rise time of the pulse, and the failure type with its reported voltage level. The maximum sagyéistiarg®

(nC) can be calculated based on the known voltage and 1001z sapacitance, but that charge can be irrelevant
without the exact current and time)failure information[47][48]. The HBM current distribution along 1/0Os can

also have major differences in a qualification phase and after the IC is soldered on BaBIER. has more
detailed information ofypical HBM discharge paranters in a qualification phase.

Tablel. Shortcircuit HBM discharge parameters WRLC YD O XHV RI ,and 100QF-
Voltage Rise Time Peak Current Charge Energy Peak power Max dl/dt
[Vl [ns] [MA] [nC] [J] W] [A/ns]
50 2.8 33 5 0,13 1,6 0.05
100 2.8 65 10 0,5 6,4 0.1
200 2.8 130 20 2 26 0.2
400 2.8 260 40 8 103 0.4
800 2.8 520 80 32 410 0.8

In summary, écharge events in a component HBM qualification test and in the real world have major differences
therefore, it is challenging to use HBM withstand voltage information to estimate ESD riskecironics
assembly processes

4.2.2 CDM Withstand Voltage Correlation with RealLife CDM Events

The reported CDM withstand voltage alone is a pretty hazy valusettouestimate ESD risks a real process
[a][b][31][38] A43]. The voltage is the maximum level IC devices that survived in a tester, but the reported voltage
is not the same voltage level as thegdiin a CDM tester during the stress test. The voltage in a tester is adjusted
based on the CDM discharge peak current target during the tester calibration phase. DifferergrdBidsstlso
stress the device at different current levels with the sanogetegjvoltageHere one source of uncertainty comes
from the GLVN Lt gansBritself where the 3 di-off frequency responsmnattenuate the peak
current valueabove 1 GHZ39]. A resistance of the air sparktime dependent and is typicaliyound 25 , but

it has also a largeariation; thus, affecting the stress leaslshown irFigurel8. The varying air spark resistance

has been reported to be one of the main sources of uncertainty with CDM fEséinG device itself also causes

a lot of variation in the realized CDBAress level, as tlemnstruction andapacitance of the component in a tester
arenot taken into account when thdthstand voltage is reported.
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Figurel8. A calculatedCDM peak current anpulserise time with varying sparkesistances

There are alternative CDM test methods available, suchpagitivelycoupledTLP (CC-TLP), wafer-level CDM
(WCDM) and CDM2 methodsyhich have better repeatability than the FICDM methad.[With CC-TLP and

CDM2 methodsthe discharges are made with a direct contact on;Diis, there is no variation from the air

gap. In addition, these methods can produce similar fajlasesith the FICDM methodven the shape of the
discharge current pulse is not exactly the same. However, these methods are not yet commonly used f
component qualificatigras the methods are not part of the CDM test method standards.

Typical CDM discharge parametens a FICDM testing whichare based on the selected RLC paramesees

presented in White Paper2]l@ DQG FDOFXODWHG DOVR LQ 7DEOH ZLWK \
Table2. Calculated CDM discharge parameters with the follovikh@ Y D O X HV ,and 2 i+
Voltage Rise Time Peak Current Charge Energy Peak power Max dl/dt

[Vl [ps] [Al [nC] > -@ [W] [A/ns]

50 100 0.64 0.1 3 14 10

100 100 1.27 0.2 10 57 20

200 100 2.5 0.4 40 225 40

400 100 5 0.8 160 900 80

800 100 10 1.6 640 3600 160

With largesize ICs, the dynamic capacitance between the component and the field plate of the CDM tester ca
be larger than the capacitance between thefial® and the ground plane. Therefore, the peak discharge current
will not linearly increase with the stress voltage, and in a real world discharge case the dgpacitammce can

be even larger, thus, the CDM peak current is higher than in a test¢hevithme potential leve3§][39).

As a summary,hie CDM tester environment represents a typicaistcase discharge scenario, one not easily
found in real life scenariogt]|[50]. From this point of view, it is thus possible to estimate that an IC device
should survive a disange at least with the reported CDM voltage in EPA. However, in real life this relationship
has uncertainties and can lead to underestimation and overkill with ESD protection methods in EPA

[clviii [[31[37][41][43][49] A52].

4.3 SystemL evelProtection Designs

Electronic products have basically four levels of EMC/ESD protection. The first lelssem enclosure, which
is typically made of dielectric plastic or conductive metal. The second levehigiagapamongthe enclosure,
PCBs, angarts inside. The third level muild-up witha ground layers angh-board protection components on
the FCB, and the last level is the-@hip protection inside IC$HB].
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A basic design for thital systemlevel protection and designed main discharge current peghkown inFigure
19. The enclosure is typically the main protection method and can prevent most of the destructexee®ESD
Therefore, a well build enclosure régags no more ESD protectidior electronics inside. A conductivsolid
metallic enclosurés typically the mostobust against both EMC and E®Dt is more expensive than a plastic,
and most enclosures use mixed materials depending on the functionalitis@aldrequirementddowever,in
electronics assembly and testing phaseaslosure arenot alwayspresentandthe enclosures have seams, gaps,
connectorsand other holesvhich canleakdischage current or RF noise inside.

A plastic enclosure with mrme than 0.1 mm thickness can already protect the system from conductive discharges,
but whenan ESD spark hits the enclosure surfatteere can still be high-frequencycurrent flow due ta
capacitive couplingind secondary sparketween the ESD souread electronicinside[54][55]. This is relaed

to a low electromagnetidield shielding properties of dielectric plastic materidfore challenge comes from
secondary discharges asdams and holes on a plastic enclosane these may require ground rings or other
conductive layers to capture the ESfixk and to protect the syste®sJ[54][56].

As thesecond levelthe protectioncan be accomplished with a large enough air gap, but this depends on the type
of productand cannot be used as wédr examplewith smaltsize electronic systems. A generic rule is to predict
that heelectrostatic fieldreakdowrstrengthof anair is approximately &v/mm, and thereby a1 mmair gap

can isolate 3 k\ir dischargesHowever, the gap nestb befrom a fewmillimeters up to about 15 mrdeepto
prevent spark jumping when the system is qualified with 15 kV air discharges according to theOlE€210
Dischargechannels can also travel in narrow enclosure gapsalong the surface of a dielectric matdtiather
thanthe air brekdown field strength predic{$3].

Enclosure
Air ga
= vdd T PWB TVdd
‘e
Pulse in esp | Residualpulse | |C | Noise out
L= F ——-—r7 -
Filter /O line 4
J— Vss J—_ Vss
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| Main pulse “% 4 through the
i protected
Attenuation  Shunted area
onthe I/O line  pulse

Figure19. ESD protection with electronic products

At the third level, ao-board EMC/ESilters and discrete componerageusedto protect ICsyeduce EMCESD
coupling issuesand to maintain signal integritifigure20 shows10 genericexampleon-boardprotection circuits
used with product internal and exterfi@l connectiong32]. Parallel capacitors in the figuend the exact values
of the capacitorare optionabut commonly used to reduce EMC naiseiplingand emissions from RF systems
The protection desigrd, B, E, andH can be used to filter system level IEC610D2 pulses depending on the
selected componentBhe designg is for high voltage applications and for systems with high RF signal coupling.
DesignsA, C,D, andF have limited protection efficien@gainst ESbut can still attenuate the stress level. The
designG with a spark gap has a low input capacitaand can be used to protdigh-speedRF I/O lines.
However, spark gaps hatygpically significant residual stress leselue to theover 200 V triggering voltageand
cannot typically protectensitiveRF 1/0Os from direct IEC61008-2 dischargesThe componenX is a common
mode choke used to protect cable connections from external EMC/ESDTogsealsoare a high number of
differentapplicationspecific integrated parts (ASIEpmponents available for EMC and ESD filtering purposes
[32][53]. An ASIP may include active transistors, digdssils and discrete components in a single IC package.
These components are commonly used to prdi@cexample connector 1/Oswhich are accessible in a final
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system.In ultralow electronics ASIPs are less used protection technology due to rdiativigh cost in
comparisorwith protection designsasshown inFigure20.

The a-board and orthip protectiors may not be designed to tolerate other tresidualparts of IEC610004-2
pulses oistandardized HBM and CDM discharg€s-board filtersalsoare added im PCB layoutypically only

for specific 1/0 linegyoing to be stressed in a final systend will beassemblednly if required to get the system
through EMC immunity and emission qualification tefsiring systemdesignedoptimization roundsthese
filters maybe left outto decreasenaterial costs. Odoard protection components are neither typically available
in 1/0 lines transferring data between separate subassemblies if those are not going to binsiriasakslystem.
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Figure20. Generic orboard EMCQESD protection circuitsvhichareused to protect sensitive 1/Os.

During electronic assembly phassystemlevel EMC/ESDprotectiondesignsare typically mt fully functional.
When the enclosure is not in place, or is even partially missingQBeRdelectrical connections are accessible
and may be contacted with assembly totdster pogo pinandwith additional installed components. Thereby,
the only ESD protection available is from-board protection designs and component intesnahip protection
structures. However, emoard protection is typically available onlyspecificl/O lines and tracesnd those may
not be the same as contacted during the assemlagdition, n theassemblysingle ICsand modulesre placed
on the PCBand thee can bea direct contact between the PCB and IC without any external protektion.
summary,ESD stress events iectronicsassembly phase masary, and ESD risks are product and process
specific and require stepwise analysi$d[d][36][37][43][47] [55][56][59][60].

4.4 SystemLevelESD Qualification

In the European Uniona type approvalof a final electronicsystemincludesan EMC/ESD immunity test
according to the IEC&D0-4-2 standard16]. This test method is commonly used afi@mver the worldo qualify
electronic equipmentn addition, wen a specifid¢/O line of an electronic systeoan be accessed by the end
user, or the IC will be used in a harsh environment, the red@redsubassemblievel qualification waveform

can be set based otthe IEC 610004-2 specification, even this is not the official way to operate
[2][4][71[16][31[32[61][62][63]. This is supported by thenown challenges to use the IEC 618DQ standard

to test ICs §4] A68]. This standard is targeted only to test complete electrical systems, and there can be significan
variation with the stress levetm IC leve] depending on how the test setup has been arrahlmgaddition, the
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discharge wavierm has a relative large accepted variation with % peak current ant30 % currentat 30 and
60 ns pointsluring a calibration phag6].

During the qualificationthe equipment under te$EUT) is placedon a woodentest benclor on a flooringwith

a haorizontal ground reference planad a0.5 mm thick dielectric layeon tgp of the groundThe EUTis a
completefinal systemit canbe electrically floating or it can begrounded via powesaurce or data connection
cables Conductive areas of tHeUT aretestedwith negative and positiveontact dischargeypically up to 248
kV, and dielectric surfaces are tested with air dischagésally up to 845 kV. Higher stress levelsp to 30 kV
can be usedfor example with automotive, military and aviation electronicg0][61]. For examplea local
interconnect network(LIN) interface neesl to withstand directsystemlevel ESD currents and radidte
electromagnetic pulses up to-BB kV [61]. The DUT has to survive IEC 6108B2 tests without hard failures
and without disturbances depending on the sele@ddrmance criteria.

The IEC 610004-2 qualification produces radiated EMI and high conductive current ESD pulggs [
[66][69][70]. The sourcef anlEC 610004-2 currentwaveformcan be simulateby using equations (§7) with

two parallel RLC networkwith the following exampleparaneters Ry 870  L; 8800 nH, C; 8140 pF, and
R-880 L8 nH,C,80 pF[16][63][71][72]. The first RLC circuit produces an overdamped current pulse
with high energy content, and the second circuit forms the fast initial part of thegasisewn inFigure21. The

fast part of the pulse represents a discharge from a small metallic hand tool, and the follaveimguteties the
discharge from rest of tHeuman body through the todilowever, the exact RLC parameters and the waveform
vary between different pulggeneratorsthus,to more accuratelgimulatethe real life waveforms requiresto
include radiated electromagnetic pulsethimsimulation mebod This requiresisto use 3D simulation tools and
accurate modelling of the discharge environnjé8l[73][74].

System qualification tests producespéail datawhich arenot easy to transfdor ESD risk assessmerih an
electronics manufacturing environmeas the tests are made for complete systdmose a ground reference
plate In addition, ndividual subassemblies magt be tested with IEC pulsds that casgthe test result would
bea paséfail type with limiteddetails of the real stress level the subassemiltilgee For example, it is typically
not known how much current or voltage single 1/0s will see on the PCB dimergystem qualificationin
addition, connectorsr test padinside the system enclosuaee nottested during theysterlevel qualification.
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Figure21l. IEC 610004-2 current waveform with 8 kWith two-ohmcalibrationload.

4.5 Subassemblyl evel ESDSensitivity

There is noanagreeaduponmethod availablen how totest subassembhgvel ESD immunity. The IEC 61000
4-2 standard test method is valid only for completed systems, but a subasseroblas a PCB without an
enclosure, may not be designed to tolerate direct IEC stress waveforms. It would also be togeaxpeesign
and build subassemblieso survive againssystemIEC qualification test levelsHowever, theréhave been
additional test methoddeveloped such asa charge board even{CBE), cable discharge ever{CDE), and
modified CDM testershat simulae real world ESD scenarida][f][ix][31][75] A8Q]. A typical need for such a
test is during product handling and assemblyereit may be requiretb knowmorein detailwhatlevel of ESD
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pulsescan disturb or damage producihiese discharge events include cases wheharged componentable,
or product itelf is the source of discharge/ith the CBE, CDM, and CDEthe dischargeurrentwaveform is
device dependent and simulates a discharge scenario where the waveform is a step responsmiivfvwhercir
the chargedbjectis groundedThe main difference between tRBE/CDE and CDM is that CDM hd#xed
dischargesetupparameterswvhereasCBE/CDE canhaveall parameteras variable

4.5.1 Charged Board Event Test Method

CBE discharges can be made by charging a DUT to a selected gdadentithen dischargirig with a ground
contact The resulting discharge current is typically similaFigure7 waveformsif the contact is made with a
groundedwire. However, there caalsobe discharges betwa nongrounded subassembligderethe potential
level eqalizes and thesame total quasitatic chargeemainsin the objects after the event.

To measure the discharge current requireso add a current probalong the discharge pathlowever, this
changs the discharge scenario due do additional discharge path inductance and resistancaddition, a
capacitive coupling between the ngrounded objects changes the isatic potentialsvhen the objects
approach each otheknother way to conduct CBE tests with subassemblies is pessirigure22 andFigure

23[31]. In this casgthe DUT is charged with induction asimilar way ass used in dield-induced CDM tester.
The discharge can be made with a ground wire, but it is possible to discharge the DUT alsoottign
conductive subassembly and stitllculatemost of the discharge parameters by monitotimg quasktatic

potential levebf the induction plate.

Figure22. CBE equivalent circuit.

To electrostatic voltmeter

Ground plane

To oscilloscope ™

HV generator

Figure23. CBE test setup.

Figure23 shows that an electrostatic voltmeter measures the potential of the induction plate. In addition, th
capacitance of the induction plate d@measured with a capacitance meter or by @sunifmeter, charge meter

and guation(1). By usingtheinitial and residuavoltagedataandCinductioninformation thedischarge capacitance
Cespandthe capacitance of thpinted wiringboardCews, thetotal energy of the discharge, ahetotal movable
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charge can be calculated withuations(1), (2), (8) A11). A resonance frequency and the inductance of the
discharge circuitan be calculatednly if a current probe is usedongto the dischargeath.

C CInduction \/Initial CInduction ‘VResiduaI 8
ESD V ( )
Initial
CESD _§Clnduction CPWB . (9)
& inducon  Crws 2
Coue _§Clnduction Cesp , (10)
@Induction CESD i
s1 2
& Sfo i
L (11)

ESD

With equations(8) A11), Vinial is the quasistatic potential ofthe induction plate before ESDVresiqualis the
potential oftheinduction plate after ES[Tespis thecapacitance of the discharge cir¢c@ibws is thecapacitance
betweenthe circuit boardand induction plateCinqucion iS the capacitance betwedhe induction plate andhe
ground plang Quouie is the transferable charge of the discharge citchigsp is the calculated energy dhe
dischargéased on equation (ZndL is thecalculatednductancdrom a resonate frequentywhen applicable.

Simulationsby using equations (3} can be used to verify afide-tuneCBE stress leveld.he CBE waveforms
can be simulated quiteliably alsoby 3D simulators and SPICE tools. The biggest challenge asdorately
model all of the parameters. CST Microwave studio with finite integrationlation technique(FIT) in atime
domain and SPICE simulation methods are presented in several [fHpgfsv][ix][80]{82].

A subassembly can have a high number of conductive leads, test pads, and other electrical cotivatataom
be contacted during handling. However, typically only a few of these contact points will be toluched
assembly, testing and programming. fEffiere, it is typically only necessarily stressa few contact points based
onproduct and process speciiSD risk analysisMore detailed description of the CBEstprocedure is given
in Chapter6.

4.5.2 Field Collapse Event Test Method

There can also bmubassembly discharge scenarios where an ESDS is grounded and will be influentzst by a
changing electrostatic field. In addition, theébasembly or a system care poweredor there are several cables
connected into the system to monitor system functionality. In that C&&e discharges cannot be mads the
system cannot be charged with induction oubing contact charging methods.

To carry out CBE type ofesting for grounded devicea field collapse event-FCE) test method can be used
[fl[ix]. FCE bases on fastchanging electric fieldwhich drives current into a DUT by induction. CDM, FCE

and CBEarebase on the same initial setuprhere the DUT is placed on top of a known dielectric laysich

is on a conductive induction platgth a known capacitanc& he induction plate is electrically floating and is
charged up to a selected voltaghich creates an electrostatic field around the plate. This field is used to charge
the DUT. With theFCE methodthe dscharge everis initiatedby grounding the charged induction plate. The
DUT grounding point, or points, also are the DUT stress points similar to CBE or CDM, butvibesethods
havealways only one grounding poirthe groundcontactpoint.

The main benefits of the FCE method over CDM and CBE are that the DUT is continuously groundgthdurin
discharge, and an air spark is not along the DUT ground path. In addition, DUT canposvigran state, and it

is possible to measure DUT raaneters with high impedance current and voltage probes during ESD tests.
Discharge waveforms can also be adjusted by varying the test setup dimensions and by varyaihgithe disth
resistance, inductance, and capacitance (RLC) parameters.
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A simplified FCE test setup is presentedHigure25, and an equivalent circuit for the setup is showRigure
24. The currentrq: flowing through thanduction plate discharge wire is a sum of two n@irrents I; andl..
ITotis @ complex waveforpas therare three capacitances, two parasitic inductaaoewo dynamic resistances
affecting on the realizecurrent. The DUT discharge currdnis the mosinteresting parameter to monitor, and
it can bemeasured with a current transformer alarggound wire shown iRigure25. The total initial capacitance
of the test setup €70t = Cina + Cour. However, DUT has only the capacitar@s;r left when the discharge is
initiated by groundinghe induction plate with a charge stored in@g. Thereby, the total discharge energy of
the event calbe adjusted by selecting the potential level, size ofrithection plate, and the dielectric material
betweerthe DUT and the induction plate.

' 1
R Clri_ Cour
U __C - 1 LDUT
wire | R,
/ Rour
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Figure24. FCE equivalent circuit.
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Figure25. FCE test setup.

FCE discharge waveforms are more complex to maithl mathematial equationghan CDM or CBE events

as there are several nonlinear varyomgnponents in seria@nd parallel connectienHowever, FCE dicharge
scenarios can be simulated wal$PICE software tool by using an equivalent circagshown inFigure24. In

that casgthe switch is replaced with a volagource that gives a step voltage function. Simulated and measured
discharge current waveformanshow good correlatigras shown irFigure26 [f].
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Figure26. FCE measurement ai&PICEsimulation results
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The source capacitance of CBE is a serial capacitanCgi@ndCpur. In FCE the capacitanceS,q and Cpur

are in paralleltherefore, FCE has a higher DUT stress level with the same initial charging vbltagever, if
the DUT is grounded via several wires in a FCEgetip the ESD stresis shared between the connections. The
exact stress level depds on the PCB circuit design and the typecohnectionsised to ground eaddUT stress
point.

4.5.3 Charged Cable DischargeEvent Tests

Chargedsolated cables can produce similar discharge current waveforaigaasedwith TLP testersaand can
be approximated by a square pulse 0£3.6 A for each 1 kV charging volta¢27][81][83][84]. However, vith
very long cables measura@dtens ofmeters the pulse shape i longerrectangulambut more like a decaying
curveor a curve with multiple reflection84][85]. In addition, if the otheendof the cable is connected to ron
grounded equipmenthe wavefom is a combination of CDE and CBE pud$ei][81]. CDE hasypically ahigh
initial current peak which can produce similar failures as found with CDMEC 614004-2, and fast CBE
discharges. In addition, the total energy of the CDE depends on the length of théhemblby,with the same
initial potential level long chaged cables caproducemore energybased failures than short cablwith less
storedcharg€g 85].

Due to the shape of the CDaveform TLP testing can be used sonulate cable discharges. In addition, CDE
testing can be done by charging an isolated cable and discharging it via a shaithwéreurrent probento the
selected pin in ®UT connectorThis is a similar test method and setup as used with CBEgestin

4.6 A Comparison of Different Discharge Events

Discharge parameters for the five scenarios are preseniadbia 3with a 100 V initial charge leveHere the
main purpose of the Table 3 is to show differences between the ESDwlientke initial charge voltage is kept
constantThe parameters can vary significantly with higher initial charge levels.

CDM can damage electronics dueatbigh peak current, current rise tinad power levels, even when the total
transferred energy contes low. Humanmetal mode(HMM) eventssimulating IEC 6100@1-2 dischargebave

even higher charge transfer and peak current levels, whereas HBM events are the[@@ake$BE and CDE

can haveenerallysignificantly higher stress levels except with a current rise thieh is the fastest with CDM
events. CDM/CBE/CDE are also realistic ESD scenarios in, BRé due to high stress levelhesecan easily
damage electronicsln addition, real life HBM and CDM events have highly varying rise times, peak currents,
source capacitance, power, and energy content. Similarly, CBE/CDE/HMM events will vary depenttiag on
environmentthe voltage stress levalnd on he electrical parameters of the objects taking part in the ESD event.

Applying Table3, any safepotential limit isdifficult to give forany of these discharge scenar@s the product
itself and thecloseenvironment defines traresdevel thus, several discharge parametmerequired tadefine

the severity of an ESD event fullkn exact risk estimation would require product sensitivity tests with the real
world discharge waveforms found in the handling process and should be undantakeonirolled laboratory
environment. At any rate, product sensitivity analysis can still be carried out and used teeatsestdrprocess
ESD risks as presented in sevemlblicationg[c][ d][xii][12][43][47][50][56][59[75] AS86].

Table3. Exampledischarge parameters with a 100 V initial charge level.

100 V Rise Time Peak Current Charge Energy Peak power Max dl/dt
[ns] (Al [nC] > -@ (W] [A/ns]
HBM? 2.8 0.065 10 0,5 6,4 0.1
CDM? <0.1 1.27 0.2 0.01 57 <20
HMM3 0.1-3 <0.5 15 0.5 <20 <10
CBE* 0.1-3 <10 <10 <15 <500 <15
CDE* 0.1-3 <10 <10 <15 <500 <15

Note: ? from Table 1,2 from Table 2,2 based on IEG10004-2 test setuimulations ¥ with <40 nH serial
inductance
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5 ESD Risksin Electronics Assembly

5.1 Electrostatic Protected Area

A noncontrolled environment can produce unpredictable ESDingiectronics manufacturirgndcausehigh
yield losses Z][viii][xii]. Therefore, tiis necessarily to protect electroniggainstESD during handling adh
manufacturing even if there are orthip, onboard, and systemlevel protection designs in place. This is
accomplished witlthe aid of an electrostatic protected area and@%D control programlan, whichdefines how

to design, establish, implement, and maintain the program awdthinistrative and technical requirements

[14][15].

The control plan should include three main sectiatigining plan, a compliance verificatioplan and technical
requirements. In addition, there can be detailed informat@nexample about grounding methods, packages
and markings used in EPA.type and size of an EPA can vary largely from a single person working bench to a
200,000n7 size large manufacturing area with more tha/®a0 personsnd thousands of process equipment

The mainprotectionmethodsin EPA are

x All conductors inthe environmentincluding personnelshall be bonded celectrically connected and
attachedo a krown ground orcontrivedground

Avoid a discharge from any charged, conductive object

Avoid a discharge from any charged ESD sensitive device

Avoid a discharge from any conductive object with induwoathges

Use ESD protective packaging outside EPA wheresgarily

Train the personnel to understand toatrol principles

Carry out compliance verificaticlasksto monitor the EPA

Follow technical requiremengsgt for groundings and material properties
Neutralize chargeibolatedconductors before contactiigSDS

Mark clearly the boundaes of EPAs

X X X X X X X X X

In principle, these methods are clear to follow, butN&I/ESD and IEGtandardeandcomplementingechnical
reports do not define exact methods for the EPA establishment and ;coistesd, the program and EPw&ed

to be tailored based on the electrical products and type of the fathigycurrent standardecus mostly on
personnel groundings, EPA item groundings, efficiency of the ionizadiwth ESD safe packaging materials.
These items are similar in mdsPA, and therefore, easier to define in standard documents. In addiges, t
covers mostly the first two layeEEPA andequipmentpresented ifrigure27.

Standard documents do not have detditéarmation for example onhow to estimate ESD riskeglated to the
handling processesr how to measure product past cablechargingand dischaging during compliance
verification [a][b]. These aredrgely varying depending on the used processes and prqdactkare mainly
covered by the two top layeeguipmentandproductsof theFigure27. A detailed ESDrontrolprogram covering
all the three layersan have tens gfages'technical rules, compliance verification methoaisd guidelines the
local ESD responsible nezetb maintin and follow.
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Figure27. Three layers of an ESD control program

The three layers of theigure27 alsodependn each otheias t would be challenging to control ESD risks with
equipment or ESD risks with product part handlifithe close environment is not under control. Héne EPA
ground networkand reliable ground connections faabase stonér theESD control

Figure 28 presents an example grounding plan for gwgiipment grounding and the methods to ground
nonelectrical fixednstallationsvia additional EPA ground. These two grduretworks should be bonded together
only in a facility main earth baiOn top of these itemshere can be working surfaces, floorings, shoes, gloves,
jigs, adapters, trays, ionizers, tools, grippers, and many other materials in EPA that neelll tioefuddintrol
program technical ground resistance requiremé&srigortunately, there can be cost, durability, processterial
gualification methodsand logistic related limitations that forces to use noncompliant materials in EPA
breakingthe electricalground patHvi][87][88]. For example, ncESDS subassemblies are typically stored in
dielectric packageswhich are ckaper than electrostatic dissipatipackagesthus, these parts magceive
electrostatic charges via triboelectrification and induce potemtiadéschargeon ESDS items wheassembled
together Here the ground path cannot remove chargaxl additionhpreventive actions may be needéd.
common active protection method is to add ionizers to neutralize charged objects, but ionizer®oashov to
neutralize objects in fast assembly processes. In addition, ionizers add ESD related investmegsrand
periodic maintenance.

EPA o n
bonding Black wire: ‘
point (EBP) 1mm?2
/ j \j )
14?/ .
Grounding via
grenees Grounding flooring \
CO PE Grounding wa@oﬂn )
Green-yellow wire {Optiona‘w Black wire: = —--@
1.5-2.5 m M, <= ESD Floor Grounding

oE ot : Electrical Safety Grounding _ "~ W EPA Grounding 6-10 mm?
=  ——— Main Earth PR Main Earth
L2¢ , =0 rounding Bar (MEP)
3 Bar (MEF) Point (EGP)

‘ Green -Yellow wire ‘

Figure28. A basic EPA grounding schematic.

The ground network presented Riigure 28 has typically several deviations in a real world EPA. Anodized
aluminum is commonly used to construct process equipment. However, anodizecssasdgbreak electrical
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connectios. Working tables can be made of composite or wooden materials without electrical conductivity.
Therefore, a solid EPA ground network is challenging to implement and keep consistent.

ESD SP10.1 and ESDA Technical Repor0P4Agive some guidance for the ESD protatiiesign and testing of
automated handling equipmg®HE) [89]. The following principles of ESD prevention are equally important in
assembly processed[[i][ii][31][47][59].

x All conductors are equipotential bonded (and preferably grounded)

x All non-essential insulating materials are excluded

X Materials and equipment designed for use in the equipment have carefully controlled charge igeneratio
and dissipation properties

x Use dgsipative material to contact ESDS

X Where insulating materials are necessarily present, the charge on these is minimized by mehsges suc
ion neutralization.

Figure29 andFigure30 showexample drawings used to construct ESD safe AHE deFignslere the black

color indicates a conductor with less than Besistance téhe ground andthe solid gray color is a dissipative
material with 16 A0° U HV LV WHe @éuHd MbRable metal objects have tave less than 1 Mto the

ground.Basically, the same rules apply to any awdted equipmerttandlingeSDS.

Metallic conveyor rail. Clamp mechanism must have
May have thin coating. dissipative material in contact

/ with PWB.
PWB \

| Wheel grounded I

Dissipative belt material in contact
with PWB.

Figure29. An ESD safe conveyor design.

Body of
T the robot.
Dissipative
material in
contact with Nozzle
components.
Component

Figure30. An ESD safe component assembly statiom&itPCB clamp, center support, and placement head.

Electronic test equipment amuoductscan be sensitive transientelectromagnetic nee andgroundvoltage
bouncing in EPA9Q]. For example, switching cend offa reflow oven can disturb electrical systems connected
to the same power or ground network. These disturbance events difficbk to detect when thoseccur only

a few times in a day or hobut can still cause major yield losses in ERA [
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5.2 ObservedElectrical Failures and Disturbance Casem Electrostatic Protected
Areas

Electrostatic protected areas can effectively prevent ESD failures from charged operators, wwek bedc
tools. However, electrical disturbances and ESD events from other sources can still exidhint#lAs. These
failure casesvereanalyzed in the reference publicagdi][d], and similar cases have been reported in other

references]2)[31][36][43][47][58][59[77][86][90].

The main purpos#asto analyze the type and reason of the observed failures and produce information to further
improve ESD control programs aetéctromagnetic compatibilityelated risk prevention.

The failurecasesverecollected fronelectronics assentpenvironmenin different companiebetween 2005 and
2015[d]. All the cases occurred in EPAs mostly meeting both ANSI and IEC standatideregntsand the
analysis basedon 42 individual failuresThe datawere collected from manufacturing sites located in Europe,
Asia, and South America and included botiginal equipment manufacturé®EM) facilities and subcontracting
company factoried-or thesdailure cass, all the background and technical details are available for accurate case
classification.

The distribution of failure cases and failure sources represents mainly electronics assemblgspiotess
industrial, commercialand medical electronics asarhe companiesvere mostly medium or large size.
Therefore, iferent failure distribution data may be foyntbr example in smaltscale manufacturing,
semiconductor, automotive or aviation electronics manufacturing processes, where the type of ESDS
constructionand handling of ESDS can vafyomponenassembly phases have been fully automatized and most
of the mechanical assembly operations were done manually, but fully automated processes araaleiied

5.2.1 Source ofFailures

The failurecases are analyzed by using three categories; source, eveantypietim. The first category explains
possible sources for failures based on the following items: stéititds, ESD, EMIexternal power supplePS),

and ahigh voltage(HV) source. Tk observed failure sources with the percentage information of the total are
presented ifrigure31.

The krgest failure group iRigure31is ESD, which has been categorized when a direct ESD between the victim
device and another object has caused the failure evdigidEs the sourcefor example whenan electrostatic

force causeafailure. HV is selected when the voltage alone is the source of a failure. HV and EMI are categorized
as the source when, for example, HV cable sparking generates EMI, puldebe radiated RF noise disturb
equipment opetéon. An interesting observatiois that thereareno major failure cases found whexeharged
human has been the source of the failure. This show&H¥a$ built based on current standards can effectively
preventthese kinds of failures

EMI and problera with power sources represent together abo2% the observeéhilure and disturbance
cases Static Efields and HV sources represent less than 15 % of the cases. This analysis suggests that a typic
ESD control program may only partially coveifield and ESD event detection, whereas HV sources and EMI
detection can be easily overlooked.
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Figure31. Observed failure sources
5.2.2 Type of Failure Events

The second category shows a statistical distribution of failure eventligged on the commonly used models
HBM, CDM, MM, CDE, Latch Up(LU), and CBE.These events involve electrical contact with charge transfer
occurring. In addition, two additional event tyme® usedased orelectrostatic attractiof(ESA) and failures
dueto radiated RF noise marked with EMI. The type and share of faleesarepresented ifrigure32.

CBE is the most comnmofailure event typshownin Figure32. This is not surprisingas subassemblies, PCBs

and mechanical components are the most common parts handled in electronics assembly processtsEMI eve
represent abowine third of all the events leading to failures. This is consistent with several testing phaady typi
required during electronics assembly, programimémgl qualificationThe rest of the events represent each less
than 6% of the total. However, HBM;DM, MM, LU, CDE, and ESA together cover about 20 % of all the failure
events. Therefore, it is important to evaluate these event types when optimizing EPA control.

NS

e
6 %/

EHBM [EHCDM H#CBE [MCDE
OMM NESA HEMI &LU

Figure32. Event typs leading tdailures.

A high number ohutomated IC assembly operations has produced only very few CDM related failures. The data
source used in this study includes billions of assembled components with less than 200 V CDNhatiag.
number of CDM failures shows the low risk of ESD damagihe surface mount assembly processes used in
most electronics assembly operatiamg supports the results presented in Chdptenn these processggs
arekeptsafelyinside tape and reel packages until the IC is picked up by a nozzle for assembly
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5.2.3 Failing Components

The third category is the type of failimgmponenin EPA based on the first and second category. However, it is
not always as straightforwatd define a single victim for a failure. For example, RF noise can couple via a cable
and through sever#Cs on aPCB before it reaches the J@vhich may finally produce the failure. Therefore, a
specific IC has been selected to be the main victim ohgmvailure analysisasproven the failure to exist inside

the IC. In othercasesthe victim is selected based on the module where the failure was observed.

Figure33 shows thatin about 50 % of the failure casese specific IC in the product was found to be the main
victim. The failure was due to a physical defect or a major electrical disturbanteylead product failure. In
addition, electrical testers and equipment have failed in about 20 % of the cases. This is anetatato the
amount of EMI events and number of testing phases occurring in the EPAs

B Tester/Equipmnt. [ Sensor
Display IC
@ System

Figure33. Failing components.

Displays and other electrical sensors have failed in about 20 % of the cases. Many of the slsteioal have

a display or sensors integrated, and these can be susceptible to both ESD and electrical disiudotm&sMl.

In electronic assemblyhese components are still open and accessible for proceskiog increase ESD and
EMI risks. Displaysalsocontain large dielectric plastic or glass surfaces that can be easily cargegmple

by peeling off a temporary pratigon film. These surface charges may trigger ESD or ESA events leading to
product failuresThe system failure group has been selected wheefailure has been a complex combination of
mechanics and electronj@nd it has been challenging to definerayi failing component.

5.3 Correlation of Component HBM and CDM Qualification L evelswith Electrical
Failures

100 V HBM limit is currently useas the base for building an EPA and ESD control program according to the
IEC613405-1-2007 and ANSI S20.20014 standardsa]. ANSI/ESD S20.22014 offersan addional 200 V
CDM limit and maximum 35 V limit for floating conductorddowever,HBM and CDM qualification standards
state that these should be used only to compare electronic component ESD robustness betwedesugjfiaran

In addition, he sensitiviy of thesubasembly is not the same as the sensitivitysioigle IC devices, as the IC
device level information is valid only when the device is not soldered or glued on the systemCroard.
subasembly or system levethe ESD stress event can be vdifferent, and sometimes the standard EPA
environment can have major overkill with the protection principkds]. Basically, an EPA should be able to
prevent ESDevents leading to electrical failures, but ESD fasducan still exist in EPAas discussed in Chapter
5.2 In addition, electrical components with a [beiBM andCDM withstand voltagevould be expected toave,

in principle, more electrical failures than more robust components. Here, the coverage and cesspbétan
ESD control program should also affect thanufacturing failure ratéMFR) [b].
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The component HBM and CDM withstand voltages have been compared with ESD risks, field failuyateels
systemlevel ESD immunity in several publicationsciuding white papers from the Industry Council on ESD
target levels 1][31][32][43][55][91]{93]. The White Paper | compared systlawvel field failure ratesvith the

single component HBM ithstand voltagesl]. The data consisted of field failure returns for 21 billion devices
with the HBM sensitivity of more than 500 V and shows no correlation leetwtee HBM sensitivity and field
returns. A similar study was carried out for the CDM withstand voltage data in the White P&igr Thjs
document presents gtdtics for 9.5 billion components and shows no correlation between field returns and the
CDM sensitivity when the CDM withstand voltage is betw&@® V and 2 kv Some publications indicate higher
field returns when the CDM sensitivity is less than 50B1][92]. There is lespublishednformation available

on how the HBM and CDM withstand voltage correlates wigiVIFR.

HBM and CDM withstand voltage informaticare compared vih electrical failue levels in an electronics
assemblyn the reference publicatiob]

5.3.1 Source of theData

An IC is reported to have an electrical failure when a tester has radasgpecific component parameter to be
out of the accepted range and when a component replacement in a rework has restored systetityu@ttiena
failure types such as mechanical defease not part of the statistiddowever, therarealways faiures that are
difficult to classify and the exact reason for failures Base uncertainties.ult failure analysiss typically done

by component suppliers only when a significant number of similar failuressanalectronics manufacturing or
the component has a higjuality requirement.

The MFR data is based on 47 different products with a total manufacturing volume of about 1%0umito
between 2007 and 2015. The products were manufactured in 14 fadilitingan automated surfaesount
assembly, manual and roHmised final assembly, testing, programming and final packaging oper&ahsf

the data bases on the same informasarsed inChapter5.2 Thefacilities are located in Europe, Asia, and South
and Central America. A total amount of different ICs handled during this period was about 6 iliiornthese
products, all ICs were used during a pred@éa phase to analyze MFR and ESD sensitivity data. Finally, 37 ICs
were selected for detailed analysis based on the ESD sensitivity, availability of ESD sensitivapdaeliability

of the electrical failure reports. Most IC components with therddyzcts had the ESD sensitivity equal to or
more than 2 kv HBM and 500 V CDM.

Out of the 37 components, 13 were used in several products during the same period. In addjicduahe

could have one to six similar components on each PCB; thus, theeste&gicomponent courfor the 37 ICSs

about 1.5 billion. Fifteen components out of 37 have the ESD sensitivity less than 500V HBM andBROV

The most sensitive components have the HBM withstand voltage 100 V, and six components have CDNM
sensitivity eual or less than 250 V. These most sensitive components are RF devices directly connected t
antennas with an operation frequency between 700 MHz and 6 GHz.

5.3.2 Failure Analysis

Component HBM and CDM withstand voltages are compared with average electhicakfaiFigure34 where
letters represent different IC components. The figure shows that most components have eldonecedlizés
below 50parts permillion (ppm), and only five out of 37 components have over fppthvalues. The highest
ppmvalues are with componengsandr, where the failure symptom is nBSDrelated, as the damages were
related tosoftware problems in teser. In addition, the failure rat&ith components, t, anda is not related to
ESD damages but to other EOS events leading to thermal damages.

Based on the collected monthly level statistics from all ICs and the 3ghi&gn inFigure 34, there is no
correlation between the electrical failure data and component HBM or CDM withstand voltages.eB68Dth
sensitive and ESD robust components can have low orgpighievels depending on the cas¢owever, the
challenge with longerm failure data is that EOS events leading to electrical failures may not occur with a steady
rate or at a rate that makes the failure level visible. This is also the case with rarsfmmteriod ESD failure
events, viiich may not be visible in the monthly data.
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Figure34. Component HBM and CDM withstand voltages and repateglageslectrical failures

The same IC on a PCB can have varying electrical failure levels in different produstss. §ifown irFigure35,
where the monthlppmlevel and the HBM and CDM withstand levels are preseioteti3 components identified

by letters. Columns with a samétéx show thgoppmlevels for each product. Thmpmlevel can vary between
different products, even those that are produced on the same manufacturing line with the saam tools
equipment. Here, the difference comes from varying PCB layouts, differenanieshused with the system,
maturity of the assembly processes, and also from different testing methods and software ugedetthepe
system. Once again, the electrical failures showrignre35 are mostly not related to ESD events but include
other EOS failures originating from latch up, test software, and component electrical failuressysiein or
componenpackagdevel design issues. With these 13 components, there is no correlati@besitical failures

and ESD withstand voltageseven the total manufacturing volume of products was counted in tens of millions.
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Figure35. Component HBMand CDM withstand voltages and reported electrical failures between different
products.
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Similar to the longterm datathe weekly or daily electrical failure dasdowno correlation with the component
HBM or CDM sensitivity dataas the reported ESD defsacases occurred both with ESD sensitive and ESD
robust ICs. However, a majority of the found ESD events took place during the dry season whiidml&gs %
relative humidity in EPA(].

A sudden increase in the electrical failure rate may be a signal of a possible ESD issue. In theditieekly or

daily level quality data are able to prove the effect of corrective actions made on ESD roetiticrds. This is

shown inFigure36, whereEMI disturbancs due to ESDeventsincreasedhe electrical failure level from close

to zero ppm up to about 85 pm.An arrow shove the time when corrective actiomgere started. However, in

the defect caseseveral corrective actions were required, such as changing dielectric packages to dissipative an
purchasing new ionizers, which took several weeks to implement and to be effectiv

Failure Rate [ppm]
8888888888

0 —_—
wk10 wk1l wk12 wk13 wk14 wk1l5 wkl6 wk17
Week

Figure36. Weekly MFR data due to an electromagnetic disturbance

5.3.3 ESD Control Program Audit Results VersusElectrical Failures

ESD audits were made for the same facilities between 2007 and 2015 from where the coehgairieat failure
information was collecteith Chaptet5.3, and theauditresults are presentedrigure37[b]. The control programs
were audited against ANSI/ESD S20.20 and IEC61%20standard requiremés with additional requirements

for the control of product specific ESD risks. All the audited facilities had a minimum of a [&Bicdhtrol
program established, which included, for example, floorings with beldw i€sistivity, electrostaticonductie
shoes, equipment groundings, wrist traps for the operators, dissipative plastic trays with mostrieiSIhgESD
control program documentation. However, there were major differences with the level of controtolatiom,

ESD responsible competencengmiance verification methods, and additional product specific control methods.
These facilities had different process equipment and different products under manufacturing,t koittheos
facilities had the same 37 components in use.
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Figure37. Facility ESD control program audit results.

Thereis no correlation between the ESD control progranmdit scoregnd electrical failure rates. Instead, about
half of the ESD sensitive components had actually higher electrical failule Iaviacilitiesa andc than in
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facilities with less than 60 % audit score. This is mostly explainddduye35 data, showing that the IC specific
ppmlevel varies between different produetsd facilities Still, most of the audited facilities had a major ESD
defect or system disturbance cases leading to major financial losses during the data collemtfiohhsze events
occurred in highand lowranked facilities, but there were not enough failure events to use it for additional
statistical analysis. Most ESD failures occurred with 1/Os in multifunctional large processorsnamd kCs
having multiple connections to other componesihassmblies and user interface connectorbese defects are
included in the kectricalfailures andlisturbancecases shown i@hapter5.2

5.4 Surface M ount Assembly

The mainfocus with ESD control in electrical component assembly has been with CDM risks. HBM risk level is
low, assingle IC devices are not handled manually due to automated assembly phasigbtion, ICs are
typically not touched by the operators due to ameéased contamination risk, arfidr example, in the rework
phase, operators use vacuum pgigktools or tweezers to handle single components. Therefore, component
placement process is the only phase during the electronics assembly where a single $Gtmibke surface, a
resistive solder paste. These processes are typically kept well under control, and very few CBIIUESD

have been presented in publications when compared to the huge amount of IC components actuallyl assem
[d]. Thereforea CDM dischargdrom a single IC is a more realistic scenario in a wafer manufacturing.emaick
processing and tape and reel packaging where wafers and single ICs are handled by severaépsocess st

The rest of the manufacturing phases in an electronics assemblingoate or less only assembled PCBs and
subassmblies thus, CDM events similar to the CDM tester environmentd#fieult to reproduceHowever,

there are publications reporting similar electrical component damages as found in a CDM qualificatio
[3[36][37][43][49[50][58][ 78]. This can be explained with fast discharges having similar peak current and
pulse rise time characteristics as found with CDM. These discharge waveforms can be mtsdine@DE,

CBE orhigh-voltageHMM type of events.

Automatedsurfacemount assembly lindsave had few major ESD failure cases despite of the found static charges
on PWBs and ICsLargesize PCBs, such as computer motherboards, typically do not charge more than tens of
volts, as those require steady support toalsich will ground the board ding assemblySmallersize isolated

PWBs in a larger panel, such as mobile phone boards, have commonly static voltages up to hundheds of v
during handling, but the stored charge is typically only from a few up to 20 nC due to the shaliealsize

Still, charged PCBs can typically be found in multiboard pamdisre single PCBs in the middle of the panel are

not contacted by the procesguipments often as the PCBs at the side area.

CDM discharge risks in an assemphlyasearestudied in publiatiors [€][i][ii][31][50][93]. In this procesyphase

single ICs and PCBs are handled with conveyors, grippers, clampsnvaczzles, and component feeders. ICs
are typically kept in @losed ESD safesel and tape or tulackagauntil those are pked for assembly. However,

ICs typically have a dielectric plastienetallic,or ceramicencapsulationand therearetriboelectic charges in
components after pieldp. Figure38 shows an example nozzle and component package potential levels measured
in a Fuji CP6 placement equipment when corgnts have been picked and kept by the vacuum ngegklghis
equipment is able to piakp and assemblE) IC components in a secorithe electrostatiquasistaticpotential

level can be hundreds of volts depending oretbetrical properties atomponeniencapsulation and ESD safe
tapepackage material¢iere even a dissipative material cannot prevent static chargsthe ICencapsulation
hasdielectric materials.
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Figure38. Electrostatic potential of nozzles (low peaks) andCl2omponents (high peaks) during a pahd
place sequence.

Most publications measuring discharge currents during placement phase have usepimtpagpntaciCs prior

to assembly othe PCB In addition,theIC has been charged with a high voltage squtues, the PCB and IC
have had a fixed potential when the discharge event odoutss casethe assembly scenario is not exactly the
sameas found in the real life.

When two charged conductive objeat®vecloser to each other, the potentil the objects changalue toa
changeof the capacitance. Objects aagpacitivecoupled tothe groundC, andC;, and each otheC; based on

Figure 39. The potential difference between the approaching objects is now a product of the charges an
capacitances. If the capacitive coupling is strong just befalischarge, the potential difference between the
objects may be low, and a destructive discharge may not dddamphenomena can be simulated with equations
(12) A16). Here Cessis the capacitance of the ESD sourapacitanceandCrcsis the capacince of the floating

PCB. The IC package and leads have different height affecting the capacitive coupling betweemthe @B

as shown irFigure40. This is simulated with the capacitar@ge In the equationst is assumed that the IC has

an initial static charg®.

Figure39. An equivalent circuit for @omponent assembly

Figure40. IC assembly scenario
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Equations(12) A16) were used to calculaifields and theCDM discharge potential levels for LGA, PLCC44
and DIL8 components shown kigure4l These represent different CDM scengras the length of the pins
despsvaries from 0.3 to 6.36 mm. Detailed analysis are presented in the reference pubktation [

s smeamd [ GA

PLCC44

G q,

Figure4l X-ray image of the LGA, PLCC44nd DIL8 packages.

The realized CDM discharge voltageowm is the potential difference between ¥ews andV_gsps A CDM air
discharge can occur wherdistance betweethe ESDS and BB is more than a few micrometers.Paschen
curve predicts a minimum gap breakdown potential of 82Q a gap of several micrometers and atmospheric
conditions. Withsubmicrometegaps,the Paschen curve will not applgnd an air breakdown may still occur
[17][94]. In addition, sharp objectsan decrease the imimum gap breakdown potential due to a higher
electrostatic field densityl'herefore, it is challenging to predict exactly at whdieltl density the air spark will
occur between the IC and PCB.

Two cases are simulateglacement of a component on a ground€BRnd placement of a component on a
floating RCB. The LGA componenhas an initial static charg@=380 pC and capacitanc&€;=0.36 pF. The
potentialof the ICV_gspsis decreasinglose t010V, according td=igure42, when the LGA moves closer to the
surface otthe PCB due totheincreasing capacitandgsp. At the same time, the electrostatic field between the
objects increases and is ab@00kV/m with a distance of 05 mm. The potentiatlifferenceVcom between the
PCB and_GA, however, is then only abo@0 V and is less than required to launch an air discharge. Therefore,
severe CDM type of air discharges cannot occur with the simulated Inifiapotential and 380 pEharge level.
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Figure42. LGA package placed on a groundedd?C

On asimulatedfloating PCBcase the FCB has an initial capacitané®=10 pF to the ground reference planes
According toFigure43, potentials of both the LGA anddB will approach the same valdMepm =37V when the
distancedecreases. The electrostatic field between the LGA anddBesfays well below 300kV/m, and sgere
CDM type air discharges cannot occur with ithidal charge level.

The simulated and measured voltage drops are less with PLCC4 and DIL8 IC compdoertger, therare
more uncertainties related to the calculated potential afieldEvalues due tehe more complex shape of the
componentsWith the PLCC44 thé&/cpm is now about 120/ with a distance of 0.inm With the DIL§ the
potential Veom is about 0400V and theE-field is above 3000 kV/m at 0.2 mm distanteerefore,an air
discharge is expected to occur before component contacts thalRGEBomponents witla fewlong leals have
a higher CDM risk level when chargédore detailed analysis can be found in téferenced)].
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Figure43. LGA package placed on a floating BC

Measurementgials with the three components were used to verdficulated results. The LGA component was
charged via a contact up to 1450avid a parallel ground plate was moved to 0.2 mm distance from the component
joints (time: 40 sA60 sin Figure44). The potential of the component was then less than, 26 Wresented in
Figured4. The metal plate was raised, apdthepotential of tie component was close to the same as before plate
movements. This indicated that there weoeair discharges between the ground and LGA due to increase of
capacitances. This supports the calculation results sholkigune42.
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Figure44. Potential of LGA package.

Similar results were obtained by placing a charged LGA directly on the surface of the grountinglatdial
1500V potentialof the LGA decreased close td/Owithout any clear fast drop of voltages and EMI sigihae
to ESD eventvas not detected. Therefore, the CDM discharge at the moment of contact is well b®low 20

When components approach a flat grounded surface, thefd@ipM potential is more than 3 with the LGA,
more than 8%46 with the PLCC44and about 406 with the DIL8. The drop of CDM voltage between charged
component and electrically floating PWB follows closely the same as if component would approawhdadgr
surface.Therefore, CDM risks depends on the type of the compgramikageandflat shapemicro-BGA and
LGA type of ICs have the lowest CDM risk due tdhigh-capacitive couplingln addition, measuring the
component charge or potential values befbeeassembly may not specify real ESD siskassembly, but the
charge value is more stable parameter for ESD risks assessment.

One more ESD risk type in an SMD line is the groundinghafrgedPWBs through ESD sensitive 1Gor
example, the conveyor iRigure 45 hasgreencolor dielectric type of beltsouching PWBswhichis able to
tribocharge PCBs during handlingo limit charging conveyors must have belts made of static dissipative
materiaj as presented iRigure29. There is typicallanincreased risk level &BE type of dischargesthePCB

or the equipment hagatic charge This can occyrfor examplewhen a conveyor system has a clamp or center
support to hold PC8during handling. In a reflow ovethe support is made of metal to withstand over D0
temperaturesas shown irFigure45. Actually, the reflow process is a good ionizer due to the high temperature,
but the PCB is not yet neutralized at the entramea Here the RVB need to havea designed safe contact area
wheremetalto-PWB connections are allowed or ionizations must be used to neutralize charged PCBs.

Figure45. An entrance of a reflow oven withnaetallic center support.
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After the reflow single PCBs are separated from a large pétietoutersjaser equipmentlie cutters, and dicing
saw methodsThere is a risk of ESD ithecase electrical signal traces are routed via the cut@retop of ESD
risks an electrostatiattraction phenomenaran causadditionalchallenges irBMD assemblyFigure46 shows
an example case where lightweight ceramic capacitors are sticking on a topapevaftethetape peeling. In
this casethe top tape should be changed to dissipative material todimaitging of the plastic tapdn ESD
control program ithe SMD areacan detect and prevent these failures with proper material control.

Figure46. Component piclup failures due to an electrostatic attraction.

5.5 Final Assembly

Chapter5.2 has statistical information of the fouetkctrical failures and disturbandeselectrical assemblyd].
From these failurecases around 80 % occurrediifinal assembly phase, 20 % duriagubassmbly or product
testing and programming, and the rest 10 ®$MD assemblyhaseThis shows thafinal assembly phases are
the most challenging processto control fronanESD risks point of view in electronics assembly

SMD processes are mostly similar with all electrical prodibets;A is always tailored based on product design
There can be severdifferent versions of the final product where mastthe changes are madsy varying
mechanical parts and software. A typical variation is made with product enclosures having difbrent
markings based on the target customer, estfaassemblies providing adtional functionality, and different
external connections required by the custorfikese are assembled manually, by robots, and with a combination
of manual assembly and automated tolanual handling is the most challenging to contasiepeatabilityof
assembly activities depends on the person making the work.

Even the FA is built according to the EPA requiremehntsvever therearestill typically threemajor sources of
electrostatic fields and charges; dielectric packaging materials used tcastbtensportmechanical and
electrical components, dielectric components attached sutiasembly, and charged cable assemhlies

All electronic systems include dielectric materials that zoeivetriboelectric charges when contacted. For
example,PCBs have a dielectric base mateyiahd a dielectric solder resist covers most of the B@iace In
addition, the outer surface of most ICs is made of dielectric pléssarface of éplays is made ofplastic or
glassand the display is typically ceved with a temporary dielectric protection foil during FA phaEksrefore,
display components camrceivehigh triboelectric charges during handling. One more challenge is a discharge
from a charged cable assempR1][83][84]. Electric cables are coveredth dielectric plastis, which charges

and induces voltages on inner conductdtseseand additional examplESD risksin FA are described in the
reference puirations ] and[d].

A chargedsubasembly increasesisk of ESD eventsin this casgthe assembly can be both a mechanical or
electronic part. Therefore, it is not enough to focus onighamging of electrical componenisFA. For example,
when a charged display is connected &ifPCB, the discharge can occur through some of the contact I/0s in a
connector.These connectortypically do not havea designed ground pin that would contact astfivhen the
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connection is madehus,some of the ESD eventsinoccur between sensitive I/Os.discharge from a simple
small meal part can also cause damadesr example, the metal part can be an antenna structure in a plastic part
with kilovolts level of potential and a few na@oulombs chargéc]. This charge can discharge via the
subassmblies when the plastic part with the antenna is connected with the eleciffbmicischarge waveforms

can be similar to CDM and CBHs the source capacitance caratsmall metal object, there is only air spark
resistance along the current pathd the serial inductance comes from the construction of the assefohblizesrs

can be placed to process to neutralize charges, but this can be a too slow method aaclost®xand there may

not be space available to locate ionization in an efficient way. Therefore, some amount of istsittkest in

FA phasesand ESD risk need to be assessed based on the measured charge levels.

Figure47andFigure48 presents the basic risk analyzing methods to detect ESD risksphds&sPotential and
charge measurements shibew much groductpartor anadapteihas static chargeshe charge value is the only
stable physical electrostatic quantity that can keasured with a measurement tedgthout changing the
measured value when thesasurement probe approaches the target. However, there are uncertainties with the
charge measurement, such as the leakage cumtgnt) need to be under controd][95]. In addition, ESD events

can be detecteor measureevith EMI detectorg2][96] A101]. Here the EMI measurement tool can be a simple
radio withan LEDand voice alarm or a more complex system with antennas and an oscilloscope.

Figure48. ESDSelectrostatic/oltage measurement

Depending on the product desjgimere can be just a few or even tens of different additional parts to be assembled
in FA phasesDielectric packages aommonlyused inthe FA as those are about two three timesmore
affordablethan dissipativpackagesAll the dielectric packagdsave static charges on the surface and can induce
potentials on noigrounded conductorsfinenced bythe electrostatic fielddn exampld=A environment is shown

in Figure49 where one single assembly station has four trays for mechanical and electrical parts.
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Basically, ESDS components are stored in ESD safe packages until assembled. However, therergyeschall
with the quality of dissipative materigl8][vi][xii][88][102-{104]. One example is shown Figure50, where a
tray has more than 1 kV surface potential even it is purchasadissipative materiabnd the tray has a ground
path via the dissipative green table mat. The challenge with alatesirelated to the unreliable qualification
methodswith dissipative nosilat materials and long supplier networks providing sinplackages with varying
quality [2][103. Therefore, additional procesmpliance verificationmethodsand extra precautions are
typically required in FA tdully preventESD risks.

One additional challenge with dissipative packaging materialghsthe triboelectric behavior of materials. It is
possible that a dissipative material wilbochargesubasemblies with dielectric materials more than a dielectric
material L04. The level of tribochargingan dependn minor differences with material properties. For example,
therewas acasewherea productwith a black plastic cover had major ESD failures in FA,thatsameproduct
with a white cover madef the same bag@asticmaterial never failed. In this cggbe black plastic charged on
dissipative trag whereas thevhite did not The charged cover induced a potentiaktlomPCB, and the product
had a discharge when it was conneatiti a tester equipmenia pogo pins

Figure50. A charged tray with a dissipatiy@ackagematrial mark.

5.6 Testing andProgramming

Electrical testers and programming equipment typicadikea physica electricalcontactwith DUTs. The contact
can becreatedvia pogo pins in an Heircuit tester, via specific test interface connectors angnaductuser
interface connectors, such as USB ports. In additimtonnectios can bea combination of electrical and radio
communicatiormethodsdepending on the DUT and process requirements.
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Testing equipment cameasure component or system operafiarametersHowever, depending on the type of
the product and speed of the manufactytting test coverage can vary. For example, a basic current consumption
measurement can be challenging to implement in a fast manufacturing process if the nrelocimplex
softwareoperations with fluctuating power consumption. Therefore, the meaparathetergan have a high
uncertainty and alarmand failure limits need to be set wid® avoid excessfalse alarmsThis can prevent
detecion of electrical failurs, such as smdkakage currestcaused by EOS or ESD evej8$][105.

Both the electrical testers and programming equipment can produce electrical fajukdls Based orthe
collected defect and disturbance statistadsout 20% of thefailure cases irelectronics manufacturing have
occurred with DUT testing and programmirdj. [T estingequipmenicanconnect an external power source with
the DUT, and wrongsetup parameters or switchingn the power in a wrong order may cause laiph
overvoltage, and other EOS damages. In addition, if the DUT has a static charge when the etsutgctibn
is made the first metalto-metal connection point will have an ESD BwveA common discharge point is the
electrical connection point where ground, power, and signal pins locate. In mosthwergeis dow-failure risk
level if the discharge occurs between the electrical grounds or power signals of trentesting eqgipment.
However, a discharge between 1/0s can damage or disturb the DUT or testing equiesatdischarges can
have significantly higher stress levels than component level HBM or CDM qualificasitsfic][xi]. Someof the
discharges can occur via-board tests pads that do not have additional EMC/ESD proteadhose are not
accessible when the system is assembled. Therefotec#istres level can exceed IEC61042 qualification
levelsbuilt for a complete system.

Testing and programming equipment are typically tailoredonse based on the DUT construction. Therefore,
electrical connectiabetween the DUT and equipment may not usielded cables or connectors where the
electrical groundmakes thdirst contact therefore,the exact EMC immunity and emission level ofhiouse
designed systems can be unknown. In additiomesof the DUTs need to be connectedthe poweled state
whichincreassrisks of EOS type of failure everasid software disturbances due to EMI

Figure51 shows an example failure case where a CBE event disturbed opefdlierpmgramming statiorc].

An EMI pulse was detected when products were placed manuallytbe poogramming station. Products had
dielectric plastic coverswvhich receivedriboelectric charges during handling. Ttlearged covers induced an
electrostatic potential on conductive parts of the electromizsthis charge was discharged into the ground when
products were placed into the adapter. EMd coupled into a nonshielded clock signal cabled an exarnip
distortion, asshown inFigure52, was measured withn oscilloscope. The raising edge of the clock pulse was
lost and data transmission stopp&imilar EMI events causethore than 10% testingyield losses in the
manufacturing area before the case was solved by improving shielding of the data cables.
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Figure51. A discharge event in a product programming phase
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Figure52. An EMI pulse and a distorted clock signal.

A charged jig as shown irFigure53, can produce similar ESD and EMI everds if the product itself would
have a chaje In this casgthere is a discharge between thedurct and the jig. The test jigged to have dielectric
materials to isolate electrical connections, but latygrgeddielectric surfaces can induegootential on DUT.

These cases were fixed by chamggimajor par of the dielectric materials to a static dissipati8enilar ESD

scenarios due to charged jigs and adapters have caused major yield losses in electronics assiagband
programming.

Figure53. A chargedest jig with over 1 kV surface potential.

ESD events can also initiate latoh and other EOS failure events by disturbing the operation of equipment.
Figure54 showsan example case where a programming equipment started to suffer electrical failut®Bo a
control card inside an industrial computd}. When a worker pluggedW@SB cable inta charged produca CBE

ESD went through the cable into the compug@mly one specific USB card model showed failures. In a short
period of timetens of cards broke, but the products under programming were still fully funclibisatlischarge

was relatiely weak, but initiated a latelp phenomena in the USB card that led to damage to USB control
circuits. The USB card hadn unknown EMC/ESD desigrand the primary corrective action was to improve
EMC/ESD filtering with the data connémh. The case was completely resolved by addingwecost snagop
ferrite cores along the USB cable.
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Figure54. Latchup failure triggered by an ESD event.

5.7 Rework

Reworkoperations argypically done on a workbenghuch aghatshown inFigure55. The workbench can have
varying measurement equipment and toolsdtentify and change faddd components. Most of theID risks can
be prevente with basic EPA ruledoy usinglow-charging materialsand groundingall the conductive and
dissipative itemsHowever, a rework phase hasatcess electrical signals and test pamishe PCBduring a
system operation to analyze where a failure may locate. In addition, soldering and heatingdbedsli@ctly
on ESD sensitive components when failed components are changed. There @edlstiveiigs and adapters
to hold PCBs and asserigd during the rework.

ESD failures have occurred in the rework phéareexampledue to a leakage current in a soldering equipment
and due to charged products discharging into the test equipment or into conldactit@ol.

Figure55. An example rework station.
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6 AdvancedESD and EMI Control in Electronics Assembly

Based on analysis, current ESD control programs are not always pbdeéot ESD damagesamEPA. On top
of actual ESD events, there can idlinitiated product and equipment disturbanceth#EPA. Therefore, mst

of the additional control methods should focus ondml testingorocess phases where ab80t% observed
failure and disturbance cases have occu@édhese event<CDM, CBE, and CDE discharge events coaéout

60 % andequipment or produdtisturbance cases about 3(d}

In animproved E® control progranEMI detection,a product pariand cableharge controhreadded into the
program, together with groundings and otbasic controlled EPA items. The progracan bebased on the
existing ESD control methods wherein the main parameters to monitor are the groundings, matengtilitpn
staticE-fields, and surface potentials. Charging of product parts should be monititihggotential, discharge
current and charge meters, and that data should be used together with process analysisaib kietevn ESD

risk scenariosi.e., HBM, CDM, HMM, CBE, and CDE Once again, these values cannot be directly compared
with the IC kvel HBM or CDM qualification data. Instead, alarm and corrective action thresholds should be basec
on foundeESD andEMI disturbance eventndset based on the real product and equipment immunity tests. These
advanced control methods can produce sigmificast savings with optimized investments and process control
methodd viii ][ xii][106].

Measuing and contrding dynamic ESD and EMI events requradditional nonstandarzkd tailored
measurement tools and methods and also broader personnel training and competencehé@mérelpthere are
fewer items to monitor on theynamicelectrical events level, when compared, for exampté, EPA groundings
and material verificationg:his is shown ifFigure56 where the control prograend typical controlled parameters
are presented with three lay¢a.

Figure56. Three layers of controlleitems andbarameterin an advanced ESD control program

Taking the varying discharge environment into account can be a major benefit with product levslgisls. A
drawback of this principle is the fact thEbductspecific ESD risks and sensitivity is valid only in the specified
process and needs to be amadyseparately each time the process or product will chaxbasic assumption for
the detailed risk analysis is that the process is in an EPA ybeexamplepernnel and equipment groundings
exists.

6.1 Phases of theRisk Analysis

Process and product risks are analyzed step by stefioass [a][c]:

1. Analyze target processes to find possible ESD/EMC risks.
o Definethe process critical path wieeESD gensitive assemblies are handled
o List all those phases where CDM, CDE, or CBE types of scenarios are possible. List all EMC
noise sensitive process phases.
o Define a risk map withisk-analyzing methods.
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2. Select thehigh-risk processes for further aralysis.
0 Analyzedischarge contact parameters (métametal contacts) and dynamic capacitance of a
charged objealluring a discharge event.
0 Measure Hield, EMI, charge, and potential levels in eagected phase.
0 Measure discharge environment parameteapacitance of the ESDS, capacitance of other
objects coming in contact with ESD&)d resistance of ground patBstimate discharge peak
currents with sample measurements.

3. Build discharge test setups based on the measured discharge environmpatameters.

0 A test bench is built by using metal plates and dielectric or dissipate sheetcf4bé also
possible to use real product specific adapters or jigs in a test bench, but often those items cannc
be removed from the process.

0 Use simulationsind calculations to verify the stress level.

4. Stressone to three DUTswith selectedpotentials and charge levelsn the chosen contact points.

0 The discharge must be made in a similar way@sirsin the real world process. The best
accuracy can be reaaha/hen discharges are made with the real contact item such as a wire, a
mechanical payor another ESDS. The discharge can also be made with a ground wire having
choserRLC parameterso measure discharge current with a current clamp

o For EMI sensitivityanalysis collectlong-term operation data and record the strength of pulses.

0 It is not necessary to stress BIUTs up to a failure level, as testing can be stopped when the
stress level exceeds the maximum levels found in the process area.

5. Specify groduct part ESD sensitivity:

0 Usethedischarge waveform information quasistatic parameterthatthe test bench provides.
For example,a field induced charge board ent (FICBE) [c][31] and FCEmethod provide
capacitance, potential, charge and energy informadiod optionallya current waveforndata
A TLP provides an IV data plot, pulse rise tiraed energy content information.

o Define the corrective actiomndalarmlimits based on the potentiahdcharge valug Use the
discharge current information when availalefine imits for the maximum allowed EMI
pulses.

o Definethegeneric warning and safe process limitsdzhon the results.

6. Report the alarm and warning limits to process responsible. In addition, inform R&D if the product
sensitivity is found to be athigh-risk level.
0 Specify in which process phase(s) the limits are valid.

7. Follow the handling processes.
o0 ESDresponsible shathonitorprocessebased orthealarm and warningmits.
o Corrective actionaremadebased on the measurement results and procesgyitd

6.2 Analyzing the Target Processes

To define the process phases with the highest risk can be challenging. H&@&eisks in electronics assembly
operationgan beanalyzed withdesign failure modes and effects analyBiEMEA) methodgb].

ESDriskscan be analyzed with stochastic processes, which involve a sequence of random variables and the tin
series with the variablgd07][10§. ESD events leading to damages in these phases can be dependent, partially
dependent, or irependent of each other. For example, a product assembly may get triboelectric charges in :
process phase where the device is picked up from a tray. In the next process phase, the deteiceiwith a
conductive metal object, thus discharging the gband possibly causing damage. Here, the process phases work
independently, but both are required to realize the ESD event. Mitigating the ESD risk can he eitmer i
process phase, but the best result would be obtained by preventing both the @matglisgharging event.

The total failure probability of an assembly line or a sydeenan be expressed as
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Pi=g (F1, F,...R), an
where functiorg() describes the relationship of each eveit07].
Each event in the process can be expressed by its parametéré, X, ... %), (18

where xn define affective parameters for each function. These parameaidnave a certain variatio and
uncertainty; thus, the eveft is not constant. When all the affected parametgrare known, thd= can be
calculated. In addition, it also may be possible to estimate the events directly by using btidisticallected
from the process. A pduct of the events will give the total failure probabikty

Figure 57 show typical functions and parameters estimating the probabilian ESD failure evertvased on
equations (I) and (18 for an automated electroniEg\ line, asshown inFigure2. In addition, the realized risk
level can be estimated with an additional function, including the failure severity or consequtreéifires.

The functions can be explainedgth time domain probability expression information, as shown in the example
data set irmmable4. In this examplethe step number 6 is a final assembly phase where a chiabyetdiisplay is
connected with a PCHhis step haan increasedsk level to damage either the display driver IC or the display
itself due to a CBE discharge. The display flex connector, unedpotentia] and charge values can be seen in
Figure58. Here the flex connector is a pusin type where the first electrical contact can occur through any of
thel/Os.

In addition, step number four has a small change for discharges in a PCB testing pt@a$¥CB has static
charges. These two steps would npeaductESD sensitivityanalysis to clarify if the product can fail during
handling and preventive aanscanbe decided based on the sensitiwitiprmation and found charge levels in
the process.

Probability of

Risk Level
o | . T
g 1
= 1
- F1 F2 F3 Fa F5 F6
e 1
c Charge X Contact >< Design >< Environment X Repeatability >< Severity
= I
- 1
. *Manual 1
« Amount of «Spark ga *Sensitivity of *Dynamic — " *Product type
2 eh fo . gtp the 1/0 capacitance Automated | (consumer/
b Iy [rf ] parametiers £ *External of the ESDS rocess | industrial/
qg, D;stt;bu:on ?: SISta:ceto protection and .zontm"e d 1 medical/ ...)
© g | ?c afrge I :cin ac *ESDS layout contacting environment I «Cost of
| . .
E t:ea:ll‘t;/roe c’nf t:t; ance * Accessibility object eNiumiberof : product
g contact *Shielding *Humidity actions made | 1 «Cost of
and speed : a5 rework
fi |
of the ::?r::pea i | +Quality
rocess 1 demands
P * Stability .

Figure57. Functions and parameters affecting on the ESD probability and realized risk level

Table4. An example calculation of ESD failkel probabilityfor the ten stepbasedon Figure2 layout andrigure
57 functions.

1 2 3 4 5 6 7 8 9 10
Charge 0% 0% 0% 5% 40 % 20 % 10 % 5% 0% 0%
Contact 0% 0% 100 % 100 % 0% 100 % 0% 0% 100 % 0%
Design 0% 0% 50 % 50 % 100 % 100 % 100 % 0% 0% 0%
Environment 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 % 100 %
Repeatability 100 % 100 % 90 % 90 % 60 % 70 % 100 % 80 % 100 % 50 %
Defect Probability 0% 0% 0% 2% 0% 14 % 0% 0% 0% 0%
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NANOCOULOMB METER

Figure58. A display flex connection phase in process step number 6 with a higher ESD risK evedisplay
assemblyhasa static charge atbout 100 V an@0 nC

6.3 Measuremensin the Manufacturing Process Area

Electrostatic field, potential, charge, and EMI pulse control in electronics assembly required tadasurement
methodsThese methodsogether with a discharge current measurenmeve been found to be essential methods
in providinginformation for ESD risk calculationgherefore, sme measuremenk@mplesand methods shall be

discussed2][31][47][59][100][101][ 109 A117.

Potential measurements can be made with electrostatic field meters, high impesgacevoltmeters, and with
noncontact voltmeters. Charge measurements can be made with a laboratory electnamatefdCoulomb
meter, or by integrating the charge from a measured discharge current data. EMI pulses canedenditect
portable radio receivers (EMI detectors) or by usamgennas and an oscilloscopgd. Discharge current
measurement is the most challenging control metaedESD waveforms require typically more than 1 GHz
bandwidth tools with a high current capability for accurate event capturing.

Electrostatic pantial measurement in a process area can be madeattighyoperatechandheldvoltage meters,
such as with TREK520 and Infinitron 821 Hid by using Eield metersas shown irFigure59. Thesdoolscan
measure DUT voltages with reasonable accuracy in adieltonmentThe accuracy of the reading depends on
the size, shape, and material of the object to measure. In adttigogiectrostatifield from the chargd object

is typically not uniformand the shape and distance of the measurement taaffeatthe measured voltage value
[102. A contactvoltmeter is typically the only tool giving more repetitive results for small metal opgeasth as
with single ICH93]. This tool has been designetith alow-capacitive coupling betwadhe target and the probe
tip.

It is challenging to measuexactsurface potential values from a dielectigject. Howeverthe surface potential
of an insulator is typically not as validparameter for ESD risk assessmenti ssthe Efield from thecharged
surface whichcaninducepotentialon nongrounded conductors. Therefore, a field meter is typically a better tool
to estimate ESD risks from charged dielectrassit can measut@estrength of the HEield (V/m) at the position

of ESDS.This gives more accurate information for ESD risks assessments than measurifglthat2.5 cm

(1 in)) distancerom the charged surface.
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Figure59. Surface potential measurements in the FA proaess.The Trek520 onheleft andmiddle. An
electrostatic fieldneasuremertn theright side

Charge measurementss shown irFigure60, with a handheldCoulomb meter and a contact praye,in most
casesanaccurate enough method to confpobduct assemblghargedx][95]. With this methoda conductive
part of the DUT is contaed with a tip of the probe. Etcontact will discharge charges of the DUT and inform
directly a total charge of the objeétowever, this methodannot be used if the measurement setupshelsa
highcurrent leakagthat the measured valignot stablevithin a few seconds perioth that casemore acarate
results can bebtainedwith a measurement method where the charge is integrateddrndischargecurrent
waveform within micreor nanoseconds peripd[110[115[116[117]. Thismeasurememnnethod will also take
into account a dynamic capacitance of the objbcts, the measured charge value has less uncertaloge®
thesmallleakageand can better represeherealdynamic discharge scenar®ased on the potential and charge
measurementhe capacitance of the charged algecan be calculated by usinguation(1).

Figure60. Product charge measurement withaandheldcharge meteand a contact probe

Electromagnetic pulses can be measured with an oscilloscope and amtel@bectedvith radio receiversas
shown inFigure61. In addition,thetype of the discharge and discharge location can be measitinezhlibrated
multiple antennagc][d][96A00. However, there are typicallgon-ESD related EMI sources ielectronics
asserbly, and distinguishinga real ESD event from other disturbances can require additional analybkis wi
potential and charge metetdere small portable EMI detectors can helpto locate the process phases where
EMI pulses originate. This is shown on thight side inFigure61, wherea Sanki EMI locator is used tdetect
possible ESD events beside an assembly jigatiarged surfacd.o link the source of an EMI to an ESD event
typically requires several repetitive pulse captutese a video recording has been found to be an effective
method.
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Figure6l. EMI detectionwith an oscilloscope, TEM antea,loop antennaand EMI locator

It is challenging to specify any specific control limits for maximum allowed EMI signal amplitad&3A[101].

It is possible to use calibrated antennas wikmown frequency response to meadthMl signals but theexact

EMC immunity of process equipment is typically unknown. Therefore, one dptiorcollect history data of the
measured EMI pulses and equipment disturbance cases and set alarm limits based on this inflortietion.
casethe EMI measurement methadd measurement distancesst be specified in detalDne example alarm

limit found applicable in several facilities based on aimple 30 cm loop antennaonnected to 0 Ohm
oscilloscopanput. When the antenna placed close to EM@oisesensitive equipmenthe maximuncoupled
peakvoltagemuststaybelow0.5 V. A loop antena works still well below 500 MHz wheyrégypically, a major

part of the EMI pulse energy is locatédwideband TEM antenna can capture RF noise with higher accuracy and
can be used to set the maximum amplitude for detected EMI signals.

6.4 Subasembly ESD Sendivity Testsand Smulations

Target ofproductspecific ESD risk analysis to obtainpracticalinformation for handling, manufacturingnd

R&D purposesThe risk level depends on the sensitivity of the prodwetschcan behe maximum stress level
produck can withstand in thevorstcase environment. The sensitivity can be validated also in a fixed discharge
environmentjn asimilar way as with component level HBM and CDM validation. Another option is to specify
the sensitivity as a maximum stréseel the product can withstand in a real discharge event fouhdhandling

and processing environment. Thestcase option is more efficieras products argpically not stressed in EPA

with the worst level stress. Thgorstcase scenario would msiblikely lead to werkill with ESD control
precautions

An extended control process needs to define practical and realistic warning and alarm levels sBmdESD
disturbance risk scenarios. For that aspect, the following procedure is proposed foerilaeagrit

a. Define the exact warning and alarm limits only for specific ESD risk scenarios wherein normal ESD
prevention activities would be challenging or expensoveleploy. This limits the amount of product
testing required.

b. Define generic warning and alarm limits for all ESDS parts used in the process based on sttkas tests
simulate the real process environment.

c. Use a measured questatic charge and potentizalues with compliance verification measurements to
control the CDM, CBE, and CDE risks.

d. Define criteria for maximum radiated and conducted EMI noise close to EMC sensitive egocess

Thesubassmbly stress testsan beconducted with theestmethods pesented in th€hapterd.5. Thestress tests

can follow the sequence Bigure62, where the target is to find a levelwhichthe DUT fails or the stress level
exceeds the typical maximum level observed in the process [ghas& recommended that at least thsemrilar
DUTs will be tested to clarifpartto-part sensitivity variation. In most casésere are only a few contact points
with metalto-metal contacin an assemnlig process. This limits the number of tests required. However, some
electrical connectors may have tens of I/Os that require parallel testing, such as dhigureiis.
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Figure62. Product ESD sensitivity analysis.

Figure63 shows an example stress test setup where the ESD sensitivity of the process step number @rdiscusse
theChapter6.2is tested by usintherealproductassembliealready shown ifrigure58. TheCBEfield induction

test benchis constructed witldielectric shets and metal plateso that the environment is similar to the real
process assembly phas¢ere the display flex connector is discharged into the PCB via a 20 mm long wire with

a CT6 current probe. The figua¢éso showshe resulting current and the intated charge waveforms with a 300

V precharge. With this levethe maximum measured and calculated stress parametéssiare2.7 A, Qrotal =

12 nC,andEmax = 1.8 J. The assemblies survive this stress level evfeenthe charge and potential levels
exceeds the values found in the real process environment. Based on théheeputicess phase is saded no
additional ESD protective actions will be required for digplayassembly phase.

N

Figure63. ESD stress tests by usifigld-induced charge# calculated charge and theeasuredlischarge
currentwaveform between the PCB and flex conneet@on the right side.

Simulation tools can be used to verdfgdfine-tunethe measurestress parameters. In addition, simulations can
provide additional parameters for R&D purposes of the DUT stress &éi/][ix]. Figure64 shows example
CBE test setups used in a CST Microwave Studio and SPICE simulation environment. Both methcetictan pr
the discharge current waveforms when tharenment and circuit parameters are knaowdetail This is shown

in Figure65 where a complex simulatéedCE current waveform has a good correlation with the measUT
stress level in a test bench.
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