IEC TR 63141:2020-04(en)

IEC TR 63141

Edition 1.0 2020-04

TECHNICAL
REPORT

S
N
™
N colour
(bo.) inside
<L
O
&
O
Damp heat, steady state (unsaturated pressuzé@d vapour with air)
A\
QO
®®
N
4\



https://iecnorm.com/api/?name=bbfe6e2d5c2eb5a88534eee19634543e

THIS PUBLICATION IS COPYRIGHT PROTECTED
Copyright © 2020 IEC, Geneva, Switzerland

All rights reserved. Unless otherwise specified, no part of this publication may be reproduced or utilized in any form
or by any means, electronic or mechanical, including photocopying and microfilm, without permission in writing from
either IEC or IEC's member National Committee in the country of the requester. If you have any questions about IEC
copyright or have an enquiry about obtaining additional rights to this publication, please contact the address below or

IEC Central Office

your local IEC member National Committee for further information.

Tel.: +41 22 919 02 11

3, rue de Varembé info@iec.ch
CH-1211 Geneva 20 www.iec.ch
Switzerland

About the IEC

The Intefnational Electrotechnical Commission (IEC) is the leading global organization that prepares and
Internatignal Standards for all electrical, electronic and related technologies.

About IHC publications

The techpical content of IEC publications is kept under constant review by the IEC. Please make sure that you
latest ed|tion, a corrigendum or an amendment might have been published.

IEC publjcations search - webstore.iec.ch/advsearchform
The advgnced search enables to find IEC publications by a
variety pf criteria (reference number, text, technical
committep,...). It also gives information on projects, replaced
and withdrawn publications.

IEC Just|Published - webstore.iec.ch/justpublished

Stay up {o date on all new IEC publications. Just Published
details a|l new publications released. Available online and
once a mpnth by email.

IEC Cusfomer Service Centre - webstore.iec.ch/csc

If you wigh to give us your feedback on this publication or
need further assistance, please contact the Customer Service
Centre: sples@iec.ch.

Electropedia - www.electropedia.org

ublishes

have the

The world's leading online“dictionary on electrotefhnology,

containing more than 22 00Q terminological entries

n English

and French, with equivalent terms in 16 additional Ignguages.
Also known as thednternational Electrotechnical Vpcabulary

(IEV) online.

IEC Glossary, - std.iec.ch/glossary

67 000 electrotechnical terminology entries in Enfglish and

Frenchsextracted from the Terms and Definitions

clause of

IEC publications issued since 2002. Some entries have been

collected from earlier publications of IEC TC 37, 7
CISPR.

f, 86 and



mailto:info@iec.ch
https://www.iec.ch/
https://webstore.iec.ch/advsearchform
https://webstore.iec.ch/justpublished
https://webstore.iec.ch/csc
mailto:sales@iec.ch
http://www.electropedia.org/
http://std.iec.ch/glossary
https://iecnorm.com/api/?name=bbfe6e2d5c2eb5a88534eee19634543e

IEC TR 63141

Edition 1.0 2020-04

TECHNICAL
REPORT

colour
inside
Damp heat, steady state (unsaturated pressurized vapour with air)
INTERNATIONAL
ELECTROTECHNICAL
COMMISSION
ICS 19.040 ISBN 978-2-8322-8090-4

Warning! Make sure that you obtained this publication from an authorized distributor.

® Registered trademark of the International Electrotechnical Commission


https://iecnorm.com/api/?name=bbfe6e2d5c2eb5a88534eee19634543e

-2- IEC TR 63141:2020 © IEC 2020

CONTENTS

O ] T I PP
INTRODUGCTION ..ottt et et e e e e e et e e e et e e e et e et e e e eenns
1 ST e o] o 1Y PPPR
2 NOIMAtIVE FEFEIENCES .. oeie i e
3 Terms and definitioNs ...
4 Overview of HAST and air-HAST ..o
4.1 Overview of HAST chamber ...
4:1 Stluutww Uf HAST L;:ICHIIIUGI ..........................................................................
4.1.2 Definition of humidity ........cooooiiii e O
4.2 Structure of air-HAST equipment ..........ooovviiiiiiiieeeee 0
4.2.1 GENEIAI .. e N e
4.9.2 Air concentration and relative humidity ..........cc.ccooiiii @ S,
5 Eyaluation of tin whisker growth from lead-free plating and solder-joints.................|......
5.1 Whisker of lead-free solder (comb-type substrate) .......... 8 N e
5.1.1 General .....coooiiiiii e a B
5.1.2 Summary of evaluation results of solder-joint whisker growth [3] [4] .......|......
5.1.3 Conclusion ..o S
5.2 Lead-free whisker of plating (mounting substrate) ............ccooooviiin e,
5.2.1 General .....coooiiiiii e e
5.p.2 Test method ..o O e |
5.2.3 Testresults....oooooiiiiiii
5.2.4 ObSErvations . ..o e |
5.2.5 CONCIUSION L.viii e e e

6  Applied case of JISSO using electrically-conductive adhesive and acceleration
tegt under humidity environments-for joining parts ..........ccccoooviiiiiiiiiiiiiieee e,
6.1 General. .o
6.2 Experiment method v ..o e
6.2.1 Testing material ... [
6.2.2 Test coNdIiONS ..o |
6.£2.3 Measurement and evaluation method ... e
6.3 TeSt FESUIS oo e
6.8.1 Experimental result...........cooiiii e [
6.8.2 Test result (1608R/paste A) ... e
6.4 Points of attention ... [
6.5 ST L0010 0= VPN
7  Applied air-HAST to c-Si PV modules evaluation tests ...
7.1 Background and objective ...
7.2 Photovoltaic module structure and deterioration factors ............cccocoviiiiiiiinnnnn.
7.3 TeSt MEINOAS ..o

7.3.1 Crystalline silicon photovoltaic module type-approval international

StANAAINd .o
7.3.2 ATT-HAST WOTK .
7.3.3 T eSSt SAMPIES e
7.3.4 Test CONAIIONS .. e
7.3.5 Measurement and analySiS ......c.oiuiiiiiii e
7.4 TS T SUIS e e
7.4.1 DH T S iNG e


https://iecnorm.com/api/?name=bbfe6e2d5c2eb5a88534eee19634543e

IEC TR 63141:2020 © IEC 2020 -3-

7.4.2 Saturated HAST ..o e 46
7.4.3 ATH A S T e e 47
7.4.4 External appearance COmMPariSON ......c.iuiiiiiei e 48
7.4.5 Use of dark |-V measurement to infer deterioration factors ............................ 50
7.4.6 Use of ion chromatography to quantify residual acetic acid ions .................... 50
7.5 D 1LY oAU E=3-] [0 o H PPN 51
7.5.1 Environment test method comparisons ... 51
7.5.2 Power-loss profiles by moisture permeation...............ccooiiiiiiiiii 52
7.5.3 Comparisons by ion chromatography acetic acid quantification...................... 52
7.6 CONCIUSTON e 53
8 SUMMAIY . N [ 54
=TT o] Lo Yo =T o1 Y/ PPRPRUPRI G A S0 R 55
Figure[1 — Two types of HAST equipment and their structures .................. N e 9
Figure |2 — Image of air vent proCess ........coooiiiiiiiiiiiie e e | 11
Figure |3 — Saturated test ... ... I 11
Figured — Unsaturated test........oooiiiii e S 12
Figure |5 — Structure of two-vessel type air-HAST chamber ...%..0...coooiiiiiii e, 13
Figure |6 — Structure of one-vessel type air-HAST chambef/...........coooviiiiiiiiiiiiieeeen e, 14
Figure |7 — Example of test vehicle with comb pattern.{). .Y ... 15
Figure |8 — Process flow for sample build....... ... .S | 16
Figure |9 — Temperature/relative humidity profiles’of HAST and air-HAST...................... | 17
Figure 10 — Whisker generation situation in air<HAST ...........cooiiiiiiiiiie e, 19
Figure 11 — Mapping of the cross-section.at the solder fillet in HAST ... feeenes 20
Figure 12 — Mapping of the cross-section at the solder fillet in air-HAST ... ], 20
Figure 13 — Arrhenius plot of the bromine-based flux ...........ccccceiiiiiiiiiii e, 22
Figure 14 — Reciprocal of relative humidity of whisker generation on solder...................|...... 22
Figure [15 — Humidity properties of whisker generation on solder (pt.2) ......ccocoveeieiiiiennenn 23
Figure 16 — Evaluated. sample. ... | 25
Figure 17 — Whiskerformation (Substrate: Cu) ........coooiiiiiii e, 27
Figure 18 — Crass-section inspection results with electron-imaging (Substrate: Cu) .......|...... 28
Figure 19 — Elements analysis ......ccoviuiiiiiiii e | 29
Figure 20"~ -Substrate for conductive resistance measurement and example of
compohent Mounting e 30
Figure 21 — Humidity test conductive resistance monitor test status....................con. 31
Figure 22 — Example of the conductive resistance value change..............c.ccooiiiiiiiiinnenns 32
Figure 23 — Weibull plot of temperature acceleration (under fixed humidity conditions) ......... 32
Figure 24 — Arrhenius plot (fixed humidity) ..o 33
Figure 25 — Weibull plot of humidity acceleration (under fixed temperature conditions) ......... 34
Figure 26 — Arrhenius plot (fixed temperature) ..........coouiiiiiiii i, 35
Figure 27 — Eyring plot of all conditions ... ..o 35
Figure 28 — Comparison of paste (120 °C/85 % RH Air-HAST) ..o 36
Figure 29 — Cross-section analysis of 1608R after a humidity test (SEM image) ................... 37

Figure 30 — Magnified image of cross-section analysis of 1608R after a humidity test
(ST =1T T g E=To =) PPN 37


https://iecnorm.com/api/?name=bbfe6e2d5c2eb5a88534eee19634543e

-4 - IEC TR 63141:2020 © IEC 2020

Figure 31 — Cross-section analysis of 1608R after a humidity test (SEM image) and

examples of componential analysis by EDX ... 38
Figure 32 — Structure of c-Si PV module ... 40
Figure 33 — Qualification test sequence in IEC 61215-1 [23] ..ceiiiiiiiiiiii e 41
Figure 34 — Appearance Of MOAUIES.........cuiiiiiiii e 42
Figure 35 — EL images after DHT ... e 45
Figure 36 — Degradation profiles with DHT ... 46
Figure 37 — EL images of HAST 105 °C/100 % RH....ooviiiii e 46
Figure 38 — EL images after HAST 120 OC/100 % RH .......uvvviiiiiiieiiiiiieeiiieiieeieeeeeeeeeeeee 47
Figure |39 — Degradation profiles with HAST ... e 47
Figure 40 — EL images after air-HAST ... 48
Figure 41 — Degradation profiles with air-HAST ..o B 48
Figure 42 — Appearance of modules after each test ..........ccoooee N 49
Figure 43 — Dark -V oo S 50
Figure 44 — Residue of acetate ion and retention of Py5y after eachitest .....................|...... 51
Table 1 — Test conditions .........oooiiiiiiii S e 15
Table 2 — Influence of fluxes and circumstances to whiskef,.growth ............................. ] 18
Table 3 — Whisker generation in HAST ... e M 18
Table 4 — Whisker generation in air-HAST ... s L 19
Table % — Comparison of coefficients for Equations (5), (6) and (7) ........ccccvevveeveieeneennnonnen. 24
Table § — Details of evaluated samples.......... e | 26
Table T — Lead frames composition....... i e | 26
Table § — Environmental test conditions ... ..o 26
Table 9 — Electrically-conductive adhesives ...........ccoooiiiiiiiiiiieeeeeeeeeee |, 30
Table 10 — Testing material.... (o e e e 31
Table 11 — Test CoNAitioN St .. e | 36
Table 12 — Example of failure modes of PV module via materials.......................o e 40
Table 13 — Specifications of materials used in PV module............cc.coooiiiiiiiiiinieeen e, 42
Table 14 — Test CONAITIONS ... e | 43
Table 15 — Test-Cconditions and partial pressures ... 43



https://iecnorm.com/api/?name=bbfe6e2d5c2eb5a88534eee19634543e

IEC TR 63141:2020 © IEC 2020 -5-

INTERNATIONAL ELECTROTECHNICAL COMMISSION

DAMP HEAT, STEADY STATE
(UNSATURATED PRESSURIZED VAPOUR WITH AIR)

FOREWORD

1) The International Electrotechnical Commission (IEC) is a worldwide organization for standardization comprising

2)

3)

4)

5)

6)
7)

8)

all

inter
this

Tech|
Publ
in th
gove|
with
agre

The
cons
inter

IEC

Com
Publ
misirn
In o
tran

betw
the |

IEC
asse
servi

Allu

No i
mem
othe
expe|
Publ

Atter
indis

ational co-operation on all questions concerning standardization in the electrical and electronic\f|
end and in addition to other activities, IEC publishes International Standards, Technical .Specif
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IEC TR 63141, which is a Technical Report, has been prepared by IEC technical committee
104: Environmental conditions, classification and methods of test.

The text of this Technical Report is based on the following documents:

Draft TR Report on voting
104/834/DTR 104/853A/RVDTR

Full information on the voting for the approval of this Technical Report can be found in the
report on voting indicated in the above table.

This document has been drafted in accordance with the ISO/IEC Directives, Part 2.
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The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under "http://webstore.iec.ch" in the data related to
the specific document. At this date, the document will be

e reconfirmed,

e withdrawn,

e replaced by a revised edition, or

e amended.

that |[it contains colours which are considered to be useful for the lcorrect
understanding of its contents. Users should therefore print this document using a
colour printer.

IMPORTANT - The 'colour inside' logo on the cover page of this publication ind}cates
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INTRODUCTION

Highly accelerated stress test (HAST), is a high temperature (100 °C or more), high humidity
steady test of unsaturated pressurized steam of 85 % RH, and is the original test method that
was developed for the evaluation of corrosion of packaged semiconductor wiring. This test

method, often referred to as HAST,

is applied to primarily non-hermetically sealed small

electronic components, and has been standardized as a standard test method for evaluating,
in an accelerated manner, the resistance to the deteriorative effect of high temperature and
high humidity (IEC 60068-2-66). The equipment used for this test method is a chamber, filled
with unsaturated water vapour, called a HAST chamber.

Howeve

the en
air-HA

Examples of the application of air-HAST are whiskers evaluation of lead-free

deteriofation life evaluation of conductive paste, and deterioration life evatuation of sol
and ar¢ given in this document in order to provide an understanding of airrHAST with t
in futune, to standardize air-HAST.

The International Electrotechnical Commission (IEC) draws attention to the fact th

claime

whiskef evaluation given in Clause5.
IEC takes no position concerning the evidence, validity/and scope of this patent right.

The holder of this patent right has assured the |IEC that he/she is willing to negotiate li

under
world.

Information may be obtained from:

ES
3-5

Osaka,530-8550
Japan

Attenti

subject

ISO (w

most u

oF- n |'Fr\ eV nl r\{ loR +no+ nnnA I»nno nnnnlnrn{ ioR nnnnn{- hA nh{-n nArl A Hnn I» a
T & T oo C ot T ToT—oc—0o©o

|ronment bemg mcorporated into the HAST chamber This test method is referre
BT.

i that compliance with this document may involve the“use of a patent con

easonable and non-discriminatory termssand conditions with applicants through
n this respect, the statement of the holder of this patent right is registered wi

PEC CORP.

L6, Tenjinbashi,Kita-ku

bn is drawn to the possibility that some of the elements of this document may

b t0, date information concerning patents.

ir from
d to as

solder,
ar cells
e aim,

At it is

Cerning

cences
put the
h IEC.

be the

of patent rights other than those identified above. IEC shall not be held responslible for
identifying any or alksuch patent rights.

ww.iso.0rg/patents) and IEC (http://patents.iec.ch) maintain on-line data bases of
patentg relevant to their standards. Users are encouraged to consult the data bases

for the
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DAMP HEAT, STEADY STATE
(UNSATURATED PRESSURIZED VAPOUR WITH AIR)

1 Scope

This document describes a new test method to control the volume of air injected into a
conventional HAST chamber filled with water vapour. This document provides an overview of
the conventional HAST chamber, an overview of the air-HAST equipment where air is
incorpgrated into the HAST chamber, an example of an air-HAST test apparatus, and
applicdtion examples of air-HAST.

2 Nagrmative references

There are no normative references in this document.

3 Terms and definitions
For thg purposes of this document, the following terms and definitions apply.

ISO and IEC maintain terminological databases for “use in standardization at the following
addrespes:

e |E( Electropedia: available at http://www.ele€tropedia.org/

e |SQ Online browsing platform: availablesat http://www.iso.org/obp

3.1
galvanlic corrosion
corrosipn damage induced when two dissimilar materials are coupled in a corrosive ele¢trolyte

3.2
Kirkendall effect
motion| of the boundary Jlayer between two metals that occurs as a consequence]of the
differepce in diffusion‘rates of the metal atoms

3.3
whiskegr
metalli¢ pratrusion which grows up naturally during storage or in use

3.4

HAST

highly accelerated stress test

original test method developed to evaluate the corrosion of the semiconductor wiring at a high
temperature of 100 °C or more

3.5
air-HAST
HAST test method with the addition of further air partial pressure in a HAST chamber
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4 Overview of HAST and air-HAST

4.1 Overview of HAST chamber
4.1.1 Structure of HAST chamber

HAST is an evaluation test at a high-temperature and high-humidity unsaturated pressurized
steam atmosphere environment of more than 100 °C. The test apparatus is roughly divided
into a one-vessel type and a two-vessel type, as shown in Figure 1.

1
O 2 4
T y oo
e
£
5
“Tal I'O 12
o 5
|
I lml . ! 2
HET T
! 8 9 13
1"
IEC E
a) One-vessel type b) Two-vessel type
Key
1 pressure gauge
2 pressure vessel
2 t¢mperature sensor for moisture
4 shfety valve
5 dpor
6 working space
7 heater for humidifying water
8 humidifying water
9 t¢mperature sensor for.humidifying water
10 ajr-exhaust valve
11 fan
12 heater for maisture fan for air
13 magnetic coupling
14 ptessure vessel 2

Figure 1 — Two types of HAST equipment and their structures

The configuration of the one-vessel type and the configuration of the two-vessel type are
explained as follows.

a) Configuration of the one-vessel type (See Figure 1 a))

This type of chamber is called a one-vessel type because it has only one pressure vessel.
The inner cylinder provided inside the pressure vessel is divided into a steam generator
for supplying humidifying water vapour and a working space to set the sample. A fan for
generating a flow of steam from the steam generator to the working space is provided in
the back of the inner cylinder. Heaters are arranged outside of this fan and in the steam
generator. Steam flow rate of this system is suppressed to about the flow rate of natural
convection.

b) Configuration of the two-vessel type (See Figure 1 b))
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This type of chamber is called a two-vessel type because it is composed of two different
pressure vessels: the test chamber which sets the sample and the steam generation chamber
which supplies humidifying water vapour. Heaters are respectively located in the test chamber
and the steam generation chamber. Water vapour is fed by boiling water vapour pressure to
the test chamber from the steam generation chamber holding the humidifying water, the
amount that was the condensed water goes back into the steam generation chamber. There is
an inner cylinder in the test chamber, and a heater is provided on the outside of this inner
cylinder. Heat from the heater is transmitted to the inner cylinder, keeping the temperature of
the entire working space at a constant level. This system is also referred to as a natural
convection because it does not require a fan for the circulation of water vapour.

4.1.2 Definition of humidity

HAST |is carried out in a closed vessel which is isolated from the atmosphere’|of the
atmosgheric pressure (pressure vessel), under the assumption that air is absent”from the
filled water vapour atmosphere. Therefore during the start of HAST, steps jto.€liminate air
(Figurg 2 air vent process) are always taken. The humidifying water is heated and bdiled by
the heater, the exhaust valve is opened and the test vessel is filled with1.00 % water [vapour
until all air is discharged. Then the exhaust valve is closed to perform\hé€ating until the test
temperjature in the vessel is reached again. The difference between/the saturated t¢st and
unsaturated test in the working space in the chamber is then _recorded. The state|of the
saturated test is shown in Figure 3. The state of the unsaturated/test is shown in Figure 4.
The aiff vent process is executed in both the saturated test and\unsaturated test, the chamber
needs to be filled with 100 % water vapour without air.

In saturation conditions, the working space is kept at@ constant temperature by water vapour
generated from the humidifying water because thé\heating source is only humidifyjng the
water heater.

Ty
Ty:

$ the humidification water temperature;

$ the test space temperature.

In this fase the vessel temperature is(%y = T5.

In the tase of the unsaturated.test, a heater for heating the working space is installeq in the
chamber. In the apparatus, water vapour generated from the humidifying water enters the
working space, it is re-heated by the heater to a higher temperature than the water vapour in
the sufroundings. When~the temperature in the vessel is controlled to Ty < T,, the working
space Js an unsaturatéd-vapour atmosphere. At this stage, the relative humidity (RH) of the
working space is determined by the following equation:

where

Ll /0/\

H: is theretativetromidity; RHA%6);

P,: is the saturated water vapour pressure in the humidification water temperature 7, (MPa);
P,: is the saturated water vapour pressure in the test space temperature 7, (MPa).

At this stage the vessel pressure, Py, is the test pressure because it is determined by the
temperature of the humidification water (7).
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Key
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General
case of air-HAST, it is necessary to leave.the air into a traditional HAST

ary to accurately control the amount of air. Using a conventional HAST cha
the air-HAST environment contains air,'the following two methods are used:
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Key
1 presgure gauge 2 door 3 working space
4 presgure vessel 2 5 humidifying water 6 heater for humidifying wafer
7 solenoid valve for drain 8 heater for water vapour 9 wet bulb pan
10 cloth|wick 11 sensor for humidifying water 12 sensor for water vapour
13 safety valve 14  pressure vessel~] 15 pressure sensor
16 presgure regulator 17 inlet 18 flow controller
19 check valve 20 solenoidwalve
Figure 5 — Structurelof two-vessel type air-HAST chamber
A onejvessel air-HAST chamber (Figure 6) is used for whiskers, electrically-conflucting
adhesiyes and photovoltaic modules reliability tests. A one-vessel air-HAST chamber|is of a
less ﬁ-TmpIex constitution \providing reproducible and compatible test results. At fifst, the
specimlen is set in the vessel at room temperature, the door is closed, the test is stdrted to
create |heat and humidity. This way there is no pressure damage by a sudden chgnge in
pressufe and no cendénsation on the specimen. In addition, a forced steam of water-vapour is
normally generated by means of a fan installed in the chamber to create air veloc|ty and
accurajely detect humidity by a dry and wet bulb.
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Key

1 door 2
4 humifdifying water 5
7 humififying heater 8

10 chanjber temperature sensor 11

13 innef cylinder 14

specimen

humidifying water temperature/sensor
air circulating fan motor
heater

pressure vessel

Figure 6 — Structure of one-vessel type air-HAST chamber

4.2.2 Air concentration and relative humidity

Initially] the intention was to determine the exact concentration of oxygen using an
concerftration meter. However; since the inside of the HAST equipment reaches

IEC

3 cloth wick
6 wet bulb temperature s¢g
9 magnetic coupling

12 air circulating fan

nsor

bxygen
a high

pressufe up to 1 atm or more, a commercial oxygen concentration meter operating in quch an

environment was not available.

Therefpre, the amaunt of air is calculated based on the gauge pressure. Moreover, sin
difficul{ to measure the correct relative humidity directly in an air-HAST chamber,
humidify is controlled by the temperature in the same way as for a conventional

chamber.

ce it is
elative
HAST

5 Evaluation of tin whisker growth from lead-free plating and solder-joints

5.1 Whisker of lead-free solder (comb-type substrate)

51.1 General

Lead-free manufacturing of electronic products has now reached its implementation stage and
around 2 000, the focus was moved to finding a solution to suppress tin whisker growth.
Related studies are still on-going.
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Clause 5 describes the results of the studies, and how the whiskers generated from the
corrosion of solder joints or plated surface are accelerated by high-temperature and high-
humidity conditions; conventional HAST with temperatures exceeding 100 °C does not give
the expected further acceleration and good acceleration is achieved only with air-HAST with
additional air partial pressure [1] to [11]1.

5.1.2 Summary of evaluation results of solder-joint whisker growth [3] [4]
5.1.2.1 Test method

Figure 7 shows examples of the test vehicles with comb pattern conductors. The conductor
width and the conductor spacing in Figure 7 a) are both 0,318 mm. In Figure 7 b) the
condu ; : pmitted
to preconditioning as described in Figure 8 with Sn-3Ag-0,5Cu solder. The coated flux|on the
comb pattern substrate consists of a mass fraction of 75 % of IPA (isopropyl al¢ohol] and a
mass fraction of 25 % of WW (water white) rosin with the addition of a varied amepunt of
diethylamine hydrobromide as an activator. Environmental test conditions are\given in Table 1
and F|gure 9 shows pressure, temperature and humidity profiles for “both the| HAST
(Figurg 9 a)) and air-HAST test chambers (Figure 9 b)).

© o ©

I

® 6 ¢

IEC

a) Large pitch (comb pattern 1) b) Small pitch (comb pattern 2)

Figure 7 — Example of test vehicle with comb pattern

Table 1 — Test conditions

Test type Test condition
55 °C/85 % RH
High_temperature/high humidity 75 °C/85 % RH
85 °C/85 % RH

110 °C/85 % RH
(Air partial pressure 0 kPa)

110 °C/85 % RH
(Air partial pressure 130 kPa)?

HAST

Air-HAST

2  Theoretical value.

1 Numbers in square brackets refer to the bibliography.
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Uniform flux processing is considered

|

(1) Pre plating flux ==  (2) Pre plating

> (3) Washing

IPA washing + ultrasonic wave
U' washing (15 min)

Comb substrate Substrate
| — ] — (4) Temporary substrate manufacture for reflow
\/ ﬂ \\. \—x. ‘\\ Fixed to temporary substrate
Face of pattern
) —_—
Spray fluxer Flow soldering (5) Preflux c e
machine ULt AL
n The fluxes with 4 type activators are sprayed
The flfix without Bathtemp.7250 °C ~
activalor is sprayed on Dipping time: 5 s (6) Reflow ' Al
comb [ype substrate /\‘.‘\\ 4
Peak: 230 °C L //, ! x. 2o0°C

Manufcture condition of sample /”‘/ t‘i\ = '\\

- So|der: Sn-3Ag-0,5Cu (M705) =2 L 0:\ FAE

* Prg plating flux: WW rosin-25 wt% IPA-75 wt% [ARD)

* Flyx for reflow: WW rosin-23 wt% IPA-75 wt% )-LO 100 °C

with four types of activators ;Q“
* Supstrate: JIS Il type comb substrate Cu-OSP = N\
:"/-“”)
NV
IEC

HAST (wet and dry bulb controlled) conditions are:

Total pressure: 0,121 8 MPa abs, 0,03 MPa G.

Air-HABT conditions are:

Total pressure: 0,251 8 MPa abs, 0,1t5-MPa G.

Figure 8 — Process flow for-sample build
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b) Air-HAST temperature/relative humidity profiles
NOTE 1| Both absolute'pressure (abs) and gauge pressure (G) are shown.
NOTE 2| Totalpressure of air-HAST is set at 0,251 8 MPa, as the sum of partial pressure of air (0,130 MPa) and
water vapour (0,121 8 MPa).
NOTE 3| _Gauge pressure = Absolute pressure — 0,101 3 MPa (atmospheric pressure).

Figure 9 — Temperature/relative humidity profiles of HAST and air-HAST

5.1.2.2 Test results

The results of the temperature-humidity tests are shown in Table 2. Growth of whiskers was
observed in early stages with a bromine-based flux. The acceleration by temperature was also
observed from the test with varied temperatures. Air-HAST equipment with a single test
chamber as shown in Figure 6 was used for an acceleration property study. Although
conventional HAST in the region of 110 °C/85 % RH for test vehicles with a bromine-based
flux exhibited no whisker growth as shown in Table 3, air-HAST - with added air partial
pressure — exhibited whisker growth from an early stage as shown in Table 4 [3] [4].
Examples of such whiskers are shown in Figure 10.
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Table 2 - Influence of fluxes and circumstances to whisker growth

Activator Diethyl amine HBr salt
Content wt % 0,1 2 2 2 4
Temperature (°C) 85 85 70 55 85
Humidity (% RH) 85 85 85 85 85
500 h None 40 pm - - 45 ym
1000 h None 67 um None None 44 pym
1500 h None 91 um None None 63 um
2 000h None 83 uym 16 ym None 87 uym
3000h - 102 um 35 um None -
4000 h - 125 uym 86 um None -
5000 h - 153 uym 64 ym None =
7000 h - 160 um 110 um 20 uym -
10 000 h - 208 pm 112 pm 17 uym -

Table 3 — Whisker generation in HAST

Flux Solder Pattern HAST (110 °C /85 % RH)

composition

200 h 300 h 400 h 500 h

Flux none Sn-3Ag-0,5Cu Large None None None None

Small None None None None

Bromine Large None None None None
system flux

Small None None None None



https://iecnorm.com/api/?name=bbfe6e2d5c2eb5a88534eee19634543e

IEC TR 63141:2020 © IEC 2020

- 19—

Table 4 — Whisker generation in air-HAST

No. Flux Solder Pattern Air-HAST (110 °C 85 % RH)
composition
50 h 100 h 150 h 200 h 300 h 400 h
1 Flux Sn-3Ag- Large None None None None None None
None 0,5Cu
(A)
2 Small None None None None None None
(B)
3 Bromine Large None None 38 um 15 uym 28 p <b|46 um
system WQ‘(L'
flux (A) ‘q/
'\’
4 Small None 30 ym 37um 36 um N b63 um D0 um
®) o
S
<&
No. Test Air-HAST (110 °C /85 % RH),. N
Vehicle 50 h 100 h 150 h 200 300 h 400 h
&
Large
3 None None 38 uym 1Qjm 28 ym 46 ym
(A) &
Small
4 None 30 pm 37 pm Q 36 pm 53 ym 90 ym
(B) N\

10.0kV 23.3mm x500 BSE3D 30Pa 100ur;

10.0k / 23.6mm x500 25=3D 30Pa

IEC

Figure 10 — Whisker generation situation in air-HAST

Ohno et al reported that the whisker growth is accelerated by localized solder corrosion
enhanced by the residue of bromine-based activator [5].
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a) Reflected electron image b) Elementary analysis

Test conditions:
110 °C/85 % RH 200 h
Solder: $n-3Ag-0,5Cu

Flux: Br¢gmine system flux

Figure 11 — Mapping of the cross-sectionsat the solder fillet in HAST

Q. — 10 um @ = 10w  — 10 um

15,0 kV x 1 500

IEC
IEC

a) Reflected electron image b) Elementary analysis

Test conditions:
110 °C/85 % RH 200 h
Solder: Sn-3Ag-0,5Cu

Flux: Bromine system flux

Figure 12 — Mapping of the cross-section at the solder fillet in air-HAST
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Cross-section observation of samples from these HAST and air-HAST tests are shown in
Figure 11 and Figure 12. Figure 11 shows no corrosion in the solder layer, even after 200 h of
HAST exposure with no apparent whisker growth, while in Figure 12, showing the result of the
air-HAST test, oxygen penetration into the solder layer was observed. These results
correspond to whisker growth [3].

5.1.2.3 Effect of oxygen on solder whisker generation [3]

The previous results indicate that, in addition to humidity, the presence of oxygen is
necessary for the generation of whisker. Electrochemical reactions of tin, with the effect of
oxygen included, were derived as follows. Tin transfers to oxide by way of hydroxide as these
formulae indicate.

Sn = Sn2* + 2e~ (1)

0, + 2H,0 + 46~ = 40H- 2)

Sn2* + 20H" = Sn(OH), (3)
Sn(OH), + 20H" = SnO, + 2H50 + 2e" (4)

Tests fo evaluate electrochemical migration (ECM) was also conducted, and ECM was
observed without any air partial pressure, thus indicating its mechanism is different fr¢m that
of whislker generation [7].

5.1.2.4 Acceleration property from \varied humidity test [3]
5.1.2.4{1 General

Whiskdgr generation evaluation-was conducted on test boards with comb-pattern conductors,
with Sn-3Ag-0,5Cu solder and '@ mass fraction of 2 % flux with a bromine-based activatpr. The
environmental test conditiens were based on standard conditions of 85 °C/85 P RH.
Temperatures ranging from 55 °C to 110 °C (typical air-HAST conditions) with a cpnstant
humidity of 85 % RH ‘were used. Humidity ranging from 65 % RH to 85 % RH with a cpnstant
temperpture of 85.%2€ was applied. The time needed for whisker growth of approx|mately
20 ym was defined-as time-to-whisker L (hours) and used throughout the study.

5.1.2.4.2 Time-to-whisker versus temperature with constant humidity

The resuhs—ef-the—test-with-a—constantrelativehumidityof 85-5%RH-and—ariedtempetratures
are shown in Figure 13. The figure shows good linearity on an Arrhenius plot (relationship
between reciprocal of absolute temperature and time-to-whisker on a logarithmic scale). Air-
HAST was employed at a temperature of 110 °C. Good linearity was obtained over a wide
range of test temperatures. Activation energy E, was calculated from the slope of this plot as

0,84 eV.
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Figure 13 — Arrhenius plot of the‘bromine-based flux

5.1.2.5 Discussion on lifetime characteristic formulae
Variou$ formulae were proposed for lifetime characteristics. The Arrhenius plot, among|others,

is widdly known for temperature changes;,using the reciprocal of absolute temperatufe, and
exhibited good linearity as shown in Figure 13.

10 000

1000 —_ — f — — —

Whisker occurrer|c€ time of the length of 0,02 mm (h)

100 >
0,011 0,012 0,013 0,014 0,015 0,016

1/RH
IEC

Conditions:
Solder: Sn-3Ag-0,5Cu
Temperature: 85 °C

Figure 14 — Reciprocal of relative humidity of whisker generation on solder
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Figure 15 — Humidity properties-of whisker generation on solder (pt.2)
When [the relative humidity is changed at a constant temperature of 85 °C, the ordinate

repres¢nts the logarithm of the timé-until whisker generation, and the abscissa represents the

reciprocal of the relative humidity.ds shown in Figure 14.

The vertical axis in Figure 15 a) and Figure 15 b) is the time required for the whisker le

reach (0,002 mm. Figure 15 a) is a linear scale of relative humidity on the horizontal ax

Figure| 15 b) is a (display showing relative humidity logarithmically. The straig
approxjmation gives\a‘good agreement and is expressed as Equation (5).

An Arrhenius plot with temperature, related to the effects of humidity change, has ng
established so far. Therefore for the presentation of relative humidity on the abscissa
are four.proposals:

a) as reciprocal,
b) on a linear scale,

c) on a logarithmic scale [8],

d) humidity characteristics utilizing the relationship of vapour pressure of water and absolute

temperature.

Results of the solder-joint whisker growth test are used for curve fitting, using proposa

Is a) to

c) above. Relative humidity in a) and b) are indicated as exponential for the purpose of
combination of temperature characteristics to an Arrhenius plot. The results are shown below

as Equations (5) to (7).

L1 = A1eXp(Ea/kT+ Bl % RH)

(5)
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Ly = Ayexp(E kT - C - % RH) (6)

Ly = Ay - (% RH)™exp(E/kT) (7)

Here, E, (activation energy) is 0,84 eV as shown in 5.1.2.4.2 and k is a Boltzmann constant. B
is obtained from the linear approximation of Figure 14 which is a logarithm plot of the time-to-
whisker L with respect to the reciprocal of relative humidity. Similarly, C is obtained from

Figure

15 a) which is the plot with the relative humidity as the horizontal axis, and m is

obtained from the plot with the logarithm of relative humidity as the horizontal axis. The
obtained coefficients B, C and m are shown in Table 5. In the same table, results of other
studies on various degradation phenomena are cited from literature. The results of these

three
(coeffig
as a 1

in R?
ient of determination, 0 = R2 < 1). Model (5) is slightly better. This model i§)th¢ same
nodel used for whiskers on plated tin (iNEMI) [1]. The values of the|coeffjcients,

however, are close to those for the increase in contact resistance of conductors or E[CM [9]

[11]. T
condud
of cond
to rela
value 4
changs
factor

usage

5.1.3

nis was attributed to the difference in corrosion progress speed, since solder-jojint and
tive adhesive had a far thicker layer of plating. Furthermore, thej;conductor res|stance
uctive adhesive has approximately the same value as that of/coefficient B, in felation
ive humidity, but has much smaller activation energy E,, of\approximately the¢ same
s for whiskers from plated tin. These models can be usged for the calculation ¢f L for
s in temperature and humidity, thus making it possiblé(to calculate the acceleration
bf acceleration test conditions of temperature and humidity, compared to the| actual
conditions [12].

Conclusion

The stddies conducted on the effect of different types of flux on, and acceleration methpds for,

the gra
the foll

wth of whiskers generated on tin-free solder-joint of Sn-3Ag-0,5Cu solder havg led to
bwing conclusions.

Table 5 — Comparison of coefficients for Equations (5), (6) and (7)

E, (eV) B (% RH) C (% RH)™! m Referende
(1)  Tjn whisker on solder-joint 0,84 2,98 x 102 5,5 x 1072 4,06
IEC TR 63[41
RP 0,996 0,94 0,97 0,96
(2) Tjn whisker on plating iINEMI[1
3| pm thick 0,31 - 3,1 x 1072 - (R2=0,94)
1P pm thick 0,28 - 1,7 x 1072 - (R?2=0,7p)
(3) CJonductiveradhesive
Contact resistance 0,78 6,05 x 102 - ESPEC [P]
0,8 3,00 x 102 5,7 x10723 4,02 SCAS [10]
Conductor resistance 0,38 2,35 x 102 - - RCJ [11]
(4) ECM 0,75 2,95 x 102 52 x 10722 4.0" T. L.Welsher [12]
NOTE R?is the coefficient of determination.
a8 Estimated from figures in literature.

1) Non-uniform oxidation corrosion develops on solder-joints, when they are kept in high-
temperature and high-humidity conditions, and becomes a major cause of the generation
of whiskers.

2) Flux with a bromine-based activator is a cause of solder corrosion. With other types of flux
it takes 5 to 10 times longer to generate whiskers.
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3)

4)

5)

5.2

5.2.1 General

Using flux containing a bromine-based activator and Sn-3Ag-0,5Cu solder, good linearity
was obtained on an Arrhenius plot within the temperature range of 55 °C to 110 °C (with
constant humidity of 85 % RH). The calculated activation energy E, was 0,84 eV. Air-
HAST was used for the 110 °C test, since HAST was found to suppress the growth of
whiskers and has no acceleration effect.

Good correlation and good fitting of models was obtained when the relative humidity was
assigned to the abscissa axis, compared to assigning reciprocal or logarithm of relative
humidity.

Activation energy E, and coefficients of humidity response of whiskers from solder-joints
were compared to other degradation phenomena. These values were found to be larger,
compared to whisker growth from tin plating, and similar to contact resistance changes

b t =i tH b H P~ lod: A OO0
e vOTUITT CUTTUULLIVE AaUTTCoTve daifu T pratitty, dimtu L UIvl.

| ead-free whisker of plating (mounting substrate)

Creatirlg lead-free electronic devices leads to risks of short circuit failures caused by whiskers
formed| from semiconductor lead frames. Since few studies exist on ‘whisker formgtion in
semicgnductor packaging substrates, causes and mechanisms of the.phenomenon have not
been fpompletely explained. This document analyses how different plating materials,
substrgtes and environmental test conditions create different{whisker formation congitions,

and prgvides an experimental analysis of their formation causes*[13] [16].

5.2.2 Test method

5.2.2.1 Sample evaluation

The sgmples used were QFP-mounted substrates. Table 6 lists their details and tHey are
shown [on Figure 16. Table 7 describes the |ead frame composition. Two substrate tyges (Cu
and F¢-Ni) and four plating types (Sn, Nij-Rd-Au [shortened here to ‘Pd’], Sn-Cu and|Sn-Bi)

were uged. Fe-Ni substrate samples with\the Pd plating were not used.

IEC

Figure 16 — Evaluated sample
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Table 6 — Details of evaluated samples

Tested package QFP (176 pins)
Board material FR-4
Solder paste Sn-3Ag-0,5Cu

Reflow peak temperature 240 °C

2 of each

Sample quantity (Cu substrate / Sn
only x 4)

5.2.2.2

Enviropmental test conditions are given'in Table 8. A temperature cycling test (with a

Table 7 — Lead frames composition

Substrate Plating Average plating thickness
Sn
Sn-Cu 10 ym
Sn-Bi
Cu
Ni 1,17 pym
Ni-Pd-Au Pd 0,03 um
Au flash
Sn
Fe-Ni Sn-Cu 10 um
Sn-Bi

Test method

15-min
HAST)

al and

holding time), high-temperature/highshumidity test and highly accelerated stress test
were performed. It was also investigated whether the presence of oxygen affected Wwhisker
formatipon by conducting an air-HAST test, with air remaining in the chamber. The spmples
were removed after arbitrary “test times, and the leads were observed under optid
scanning electron microscapes. After observation, the same samples were put back ipto the
test chamber.
Table 8 — Environmental test conditions
Test name Conditions
Temperature cycling -40 °C/85 °C 15 min each
High-TFemperatarerighhrumidity 55-2EH85-9RH
High Temperature/High humidity 85 °C/85 % RH
HAST 110 °C/85 % RH
(air pressure 0 kPa)
Air-HAST 110 °C/85 % RH (_Air pressure 130 kPa
theoretical value)
5.2.3 Test results
5.2.31 General

Figure

17 shows the whiskers’ morphology.
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Test conditions Pd Sn Sn-Bi

Temperature cycling

test Partial observation Partial observation
(-40 °C/85 °C) and undetected and undetected
3 000 cyc ,“‘\‘,‘ il

Nodule 20 um

High temperature/

high humidity test

(55 °C/85 % RH)
3000h

Partial observation
and undetected

Highl temperature/
high{ humidity test
(85C/85 % RH)

1000 h
Needle-shaped Needle-shaped
20 pym 40 ym
HAST ) ) ) )
(110°c/85 % RH) Partial observation Partial observation P )
200 h and undetected and undetected
Air-HAST
(110]°C/85 % RH) Partial observation
AJr pressure and undetected 3
130 kPa 3 :
200h Needle-shaped Needle-shaped Needle-shaped

25 ym 80 um 30 ym

IEC
Figure 17 — Whisker formation (Substrate: Cu)

5.2.3.2 Differences due to test conditions

As shqwn in Figure 17, the emperature cycling tests formed needle-shaped and modular
whiskefs. The whiskers formed under high-temperature/high-humidity tests and aif-HAST
tests wlere mostly needle-shaped, but some were nodular.

Whiskgrs did not form-after 3 000 h of high-temperature/high-humidity test at 55 °C/85|% RH,
but a sfmall number;of whiskers formed after 200 h of air-HAST testing. No whisker folmation

after 200 h of\HAST testing was found. The whisker formation in the air-HAYT test
enviroriment.may have been aided by the presence of oxygen.

5.2.4 Observations

The formation of whiskers may be attributable to the following causes [17]:

a) formation of intermetallic compounds;
b) formation of oxides due to corrosion; and
c) repeated compression and expansion.

Whisker formation may be caused by complex interactions among causes a) to c). In this
experiment, these complex factors were accelerated by the test environment, and each factor
was emphasized by the environmental test conditions. On Cu substrates in a high-
temperature environment for example, growth occurs at the solder/intermetallic compound
interface. As shown in the cross-section observation of Figure 18, it was confirmed that
intermetallic compounds grow relative to the initial phase during temperature cycling and at
high temperature during high-temperature/high-humidity testing. It was conjectured that the
main components of the generated intermetallic compounds are Cu3Sn and CugSng.
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Volumetric expansion is thought to generate a compressive stress since CugSng has a greater

volume than Cu.

Test conditions

Start

Temperature cycling
[test (-40 °C/85 °C)
3000 cyc

High temperature/

high humidity test

(55 °C/85 % RH)
3000 h

High temperature/

high humidity test

(85 °C/85 % RH)
1000 h

HAST
(110 °C/85 % RH)
Air pressure 0 kPa
200 h

NS

Air-HAS @
(110 °C/8 )
Air press 0 kPa

Lead extremity

18pm

Lead shoulder portion

IEC

Figure 18 — Cross-section inspection results with electron-imaging (Substrate: Cu)

Surface oxidation of Sn due to corrosion was also confirmed. Almost no initial-phase surface
oxidation was observed. After air-HAST and high-temperature/high-humidity testing, surface

observations showed blackening of

lead ends and shoulder parts. Cross-sectional

observations showed that plating and solder were not uniform on each lead, and some
samples showed significant oxidation in the vicinity of exposed substrate as shown in (f) and

() of Figure 18.

The oxygen present during air-HAST testing favoured oxide generation from corrosion more

than in samples subjected to high-temperature/high-humidity testing at 55 °C/85 % RH.
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Figure 19 — Elements analysis

er, the high-temperature environment of air-HAST “festing also encourag

ions. An example is illustrated in Figure 19. The lead extremities of the ai
s showed significant generation of Cu and Sn alloy layers and Sn oxides betwé
and substrate. Since SnO, has a greater voltme than Sn, cases in which Sn
oxidized into SnO, are thought to be the result of compressive stress genera
tric expansion [13].

Conclusion

r formation was found in the soldering of the tested QFP lead plating regard
type and even if the plating did-hot contain Sn.

b environmental conditions are linked to whisker formation. Whisker formation is

bd the
vhisker
-HAST
en the
in the
ted by

less of

greatly

d by the generation of intermetallic compounds at high temperatures, by the genjeration

bs from corrosion_atthigh humidity, and by repeated compression and expansion
ature cycles.

5T testing(at*110 °C/85 % RH) has the potential to accelerate whisker formatio
b greater\effect on the generation of intermetallic compounds and the generg
from_coerrosion than high-temperature/high-humidity testing (at 55 °C/85 % RH).

Substrate."differences during a temperature cycling test affect whisker formatic

during

h since
tion of

n. Cu

substrates may form whiskers due to the generation of intermetallic compounds, and Fe-Ni
substrates may form whiskers due to repeated compression and expansion.

In a future report, the mechanisms will be thoroughly explained by continuing environmental

testing

and carrying out further analysis of the whiskers' formation sites.

6 Applied case of JISSO using electrically-conductive adhesive and
acceleration test under humidity environments for joining parts

NOTE "JISSO" is the integration of materials, electronic components, modularization, and assembly to realize
some function (or specification). As there is no equivalent English expression, the Japanese term "JISSO" is used

worldwid

e.
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6.1 General

The purpose of this study is to demonstrate that it is possible to estimate the lifetime of
conductive adhesive in humidity testing. In order to reduce the causes of failure modes, types
of components are restricted to a chip resistor.

Because the evaluation of conductive adhesive of the product level by high reliability in typical
humidity testing is time-consuming, a way to accelerate evaluation further and reduce the time
was investigated.

HAST is usually used in conditions of more than 100 °C of acceleration area, but it does not
follow the Arrhenius law to evaluation for joining because there is a small quantity of oxygen.

It was perified that air-HAST, when there is oxygen, follows the Arrhenius law as~well|as the
humidity test at temperatures lower than 100 °C and can be applied up to 120 °C [11] tq [18].

6.2 Experiment method
6.2.1 Testing material

Condugtive adhesives used in the test are a silver epoxy standard conductive adhesive
(compgnents of which are disclosed) as shown in Table 9<and a commercially ayailable
electridally conductive adhesive.

Table 9 — Electrically-conductive adhesives

Type of electrically-conductive adhesives Symbol

In the gpoxy resin of a resin combination system (the norfmal composition to make the
phenomenon easy to understand for evaluation). It includes a metallic filler such as silver of

a mass|fraction of 70 % to 80 %, and additionally it improves the viscosity of material such XA-55p4A
as pasfle which contains a reaction diluent and curing agent.
A resin|combination system (marketed product) A

The mounted component was(the chip resistor (1608R) which was one of the general surface
mount [components from the .point of easy analysis. An example of mounted compohent is
shown|in Figure 20.

1608R/XA-SSS4A
IEC

Figure 20 — Substrate for conductive resistance measurement and
example of component mounting

6.2.2 Test conditions

Test conditions are shown in Table 10. Air-HAST conditions (120 °C/85 % RH + air) were
introduced, in addition to the usual humidity conditions because it took a long time to evaluate.
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Table 10 — Testing material

Electrode composition
Component/Figure Type
Base-material Undercoat Outermost layer
Chip resistor 1608R Ag Ni Sn

Degradation of the inside of the components and the only conductive adhesive deterioration is
small. Resistance change caused by the reaction of the resin component of the conductive
adhesive and the electrode plating components of the bonding interface due to the influence
of moisture was focused. The conductive resistance was measured in continuity as shown in
Figure [ZT7in each test environmental test condition.

IEC

Air-HAST is shown on the far right photograph.

Figure 21 — Humidity test conductive resistance monitor test status

6.2.3 Measurement and evaluation method
The procedure for the evaluation methodiis as follows:

a) corjductive resistance continuolis monitor in each environment state;
b) datp analysis of conductiveresistance value;

c) Wejbull statistical analysis- of conductive resistance value;

d) lifelestimation;

e) crogs-section analysis (EDX,SEM);

f) considerationof*deterioration factor.

6.3 Test results

6.3.1 Experimental result

After confirming that the conductive resistance value continuously rose as shown in Figure 22,
time when conductive resistance value was doubled compared to the initial value was picked
out as a failure time.
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Figure 22 — Example of the conductive resistance value change

Weibur:'I statistical analysis was performed based on{getting the failure time excgpt the
abnornpal value and the outlier and the Weibull parameter B, life was calculated.
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~ temperature comparison (1608R/XA-5554A) b
g T T T X ] L ‘ ‘ 2 E
P . _ ! ! Y p=
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< 90 | | R )
2 ; )1 : | | i 2
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Figure 23 — Weibull plot of temperature acceleration (under fixed humidity conditions)

B, life, which was obtained from the graph in Figure 23 with different temperature and
humidity constants, was plotted according to the Arrhenius model shown in Equation (8).
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L:A~exp(£j:>InL:£+lnA (8)
kT kT

where

E, is the activation energy;

T is the absolute temperature;

k is the Boltzmann constant.

As a result, Figure 24 was obtained and the activation energy E, was calculated as 0,61 eV.

Arrhenius plot B, |

100

In life time (H)

1 »

2,5 2,6 2,7 2,8 1000/T
Temperature (°C)

T T T T 1
120 110 85
IEC

Figure 24 — Arrhenius plot (fixed humidity)

As showntin Figure 24, experiments were made with air-HAST with air and with convgntional
HAST with water-vapour aimosphere, at a temperature range above 100 °C.

In this way, in an acceleration test with corrosion, air-HAST has been first substantiated to be
able to obtain good linearity by Arrhenius plot in temperatures above 100 °C:

E B
Looexp| —2 |-exp| — 9
o0 p{kT} p[RH} (9)
where

E,: is the activation energy;
T: is the absolute temperature;

k: is the Boltzmann constant;
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B: is a constant;
RH: is the relative humidity.

InL = £+i +b (10)
kT RH

Formula (9) has been known as a relational expression of the lifetime when changing the
relative humidity at a temperature of 85 °C. The plot, which is based on Formula (9) as a
representative value of B,y from the Weibull plot in Figure 25, is shown in Figure 26.

9 A Conductive resistance test temperature constant A @
g humidity comparison (1608R/XA-5554A) L
g —_rr 2 =
2 N <
© ' 1 110 |} | i =X,
o 99 — =ttt e e R G
E 085 °C/85 % RH P P 2
Ko 0O85°C/75% RH | L T o
@ 90— 1| As5°C/e5% RH AN 2
5 T A, 8
] ' ! 1" ' ' [0)
§ 70 [ttt —tAF 11t =
3 AR fripro g
i | il 1S
50 : S
| | [ | (&)
| } { P i
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i i R
| | P
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| | 1-2
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2 , L
5 1 1 t Tty -3
{ i | ! |
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Figurp 25 — Weibull plot of humidity acceleration (under fixed temperature conditions)
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Figure 26 — Arrhenius plot (fixed temperature)
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Figure 27 — Eyring plot of all conditions
The value 407(RH)"! as the constant B of Formula (9) from a slope is shown on Figure 26.

Additionally, Formula (10) (Eyring model) that combines temperature and humidity is known.
In accordance with this formula, Figure 27 can be obtained by plotting the data taken in
[£,/kT + B/RH] on the horizontal axis. A good linearity was also obtained in this case.

Since the result of each test condition was on the straight line in the Eyring plot as shown in
Figure 27, air-HAST conditions were confirmed to exhibit the same acceleration as in normal
humidity test conditions of less than 100 °C.
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Then, the activation energy (E£,) is the oxidation energy of the interface of the electrically-
conductive adhesive and electrode, its acceleration factor is the relation to the concentration
of water and temperature in the neighborhood of the interface.

6.3.2 Test result (1608R/paste A)

Among the electrically-conductive adhesive under test as shown in Table 11, the test result of
paste A was described.

Table 11 — Test conditions

Humidification method |  Test environmental condition | Test time/method of measurement

(85 °C/85 % RH),

U 2000 h

sual temperature/

temperature conditions (85 °C/75 % RH), .Condugtiv.e resistance ‘measurgment
(85 °C/65 % RH) in continuity
(110 °C/85 % RH), 100 h to 300 h

Air HAST condition ° o Conductiveyresistance measurement
(120 °C/85 % RH) in continuity

Since paste A is a good commercial product resistant to temperature and humidity, no ¢hange
was observed under the normal temperature and humidity/conditions.

;\3 A Conductive resistance test{paste comparison A @
g 120 °C/85 % RH(Air-HAST) 1608R L
g SHH R IR 7T 2 ©
% Li T <
S 99T oxAs5sA [T ENTTA H
5 0O Paste A ! 1 4 %
K] o
2 5
E=TE 707 [ S N S5 S— ©
E Y—
g 0¢
=] ©
© E
£
13
| -2
L
2 | 7 st s S 2028 8 & S— —— - 25 =1 4 >
1 10 100 1000
Test time (h)

IEC
Figure 28 — Comparison of paste (120 °C/85 % RH Air-HAST)

As shown in Figure 28, the only change was confirmed in most severe conditions (120 °C/85 %
RH air-HAST). From the B4, life of the Weibull statistical analysis result, the lifetime of
paste A is 63 times longer than that of the XA-5554A. Therefore, it was confirmed that paste A
offers better resistance properties to temperature and humidity.
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XA-5554A 85 °C/85 % RH 1434 h XA-5554A 120 °C/85 % RH 148 h

Paste: A85 °C/85 % RH 1434 h Paste: A 120 °C/85 % RH 599 h

gure 29 — Cross-section analysis of 1608R after a humidity test (SEM image¢)

-n

The cross-sectional SEM photographs ofs1608R before and after the test are |shown
in Figure 29. In the case of XA-5554A6ome voids were confirmed in joint interfage after
testing| but were not confirmed in the initial state. In the case of paste A, there werg more
voids dquring curing than in the initialstate, but the test results are considered to haye little

influenge.

WOTOW K

IEC

a) 85°C/85 % RH® 1434 h x 10 000 b) 120 °C/85 % RH@) 781 h x 10 000

Figure 30 — Magnified image of cross-section analysis of 1608R
after a humidity test (SEM image)

As shown in Figure 30, using more magnification, cracks between the copper foil and resin
interface were not observed in a short duration test, but voids were observed in the copper

interface in a long duration test.
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Moreover, because the same configuration is shown in either test condition from component
analysis results by EDX as shown in Figure 31, it is believed that the degradation mode is the
same. Because a degradation mode is identical, change in resistance plotted by each test
condition in Figure 27 shows that the application of the Eyring model is reasonable.

IEC

-

gure 31 — Cross-section analysis of 1608R after a humidity test (SEM image)
and examples of componential analysis by EDX

Interfagial cracks are observed in the final extraction. In the short duration test cracks pre not
observed in the interface between a copper foil and resin. Because'it is a high acceleration
test, dliring the resistance value change, the voids are observed in the Sn layer as sHown in
Figure|31. Therefore, it is considered that voids are related t0 galvanic corrosion gnd the
Kirkendall effect.

6.4 Points of attention

Air-HABT equipment is a remodeled conventionalN\HAST equipment in order to condyct air-
HAST {esting. It was performed in the surface finishing field as the way to make acceleration
metalli¢ oxidation corrosion originally.

Air-HABT environment is a high pressure environment compared to the conventional HAST
environment, in terms of the amount, of poured air. Therefore, for such a component bonding,
it is necessary to sufficiently consider not to corrode until the unintended statg. It is
considéred that a test duration af!more than 100 h is inappropriate.

6.5 ummary

The International Stafidard on electrically-conductive adhesive, ISO 16525 (all partg), was
published in 2014, A humidity test in the environmental testing method is specified in|Part 7.
Although test conditions are specified as the quality criteria, it is important to evaluatp short
duration tests_foryhew product development.

The result-of an air-HAST is confirmed to show the same degradation as in the humidity test
with te ° i

The Arrhenius model and Eyring model are applied for various conditions and the results of
the various conditions are arranged in a straight line shape as shown in Figure 27. Therefore
air-HAST can be used for the moisture resistance accelerated evaluation of the metal junction.
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7 Applied air-HAST to c-Si PV modules evaluation tests

71 Background and objective

The situation surrounding photovoltaic power generation has been rapidly changing in Japan
and overseas, marked by market growth and the rapid rise of Asian emerging countries as
production bases. In these circumstances, the start of Japan’s feed-in tariff scheme in July
2012 has seen a rush of so-called ‘megasolar’ construction projects around the country. But
reducing the cost of solar generation still remains a pressing problem. Several issues should
be tackled to lower costs, improving photovoltaic module efficiency and lowering production
costs, along with improving reliability and increasing device life.

Despit& these pressing needs, however, technology to evaluate the life of crystalline

photov
deman
IEC 61

done nmainly for the purpose of screening tests. Tests with extended test times are th

carried

The ef

investigated, as part of a research topic examining the development of new accelerat

method
accele

investigation of accelerated testing for extended high-temperature/humidity testing ar

temper

7.2

Figure
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The su

surrounded by filler material. A frame is added to complete the module. Table 12

examp

pbltaic modules (‘photovoltaic modules’) has not been developed yet, and [thq
s for methods of evaluating long-term reliability. The environment testing U
P15-1 for crystalline silicon modules is design qualification and type, approval,

out to ensure long-term reliability, leaving the issue of long test times.

fect of temperature and humidity on the deterioration of photovoltaic module

s for shortening test times, etc. by means of aecelerated testing and
ated testing that combine major deterioration factors. This report prese

ature/humidity testing [22].

Photovoltaic module structure and deterioration factors

32 shows the structure of a photovoltaicsmodule. A photovoltaic cell is created
Hdes on the surface where N-typeland p-type semiconductors are joined.
rd conditions of solar radiation intensity of 1 000 W/m?2, air mass coefficient of
mperature of 25 °C, the DC pewer generation capacity of a single cell of
x 10 cm in size is at 0,5 V and-8 A. So to obtain the power output required for
tions, it is necessary to in¢rease the voltage by connecting multiple cells in
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Figure 32 — Structure of ¢c-Si BV module
Table 12 — Example of failure modes)of PV module via materials
Interconnector broken J-box'\failure Bypass diode failure
Encapsulant: delamination, browning, loss of elastic, lower chemical bond
Solder bond failure Glass broken Hot spot
Ground fault Corrosion Joint failure

Structural failure Cell broken/Cell crack Electric arc
7.3 Test methods
7.31 Crystalline silicon photovoltaic module type-approval international standard
IEC 61R15-1 [23] specifies the requirements for design qualification verification and type
approvpl fer\terrestrially installed photovoltaic modules suitable for long-term opjeration
outdoofsdn'typical weather conditions.

The objective of the series of tests performed in accordance with IEC 61215-1 is to determine
the module’s electrical and temperature characteristics and (as much as possible within time
and cost constraints) to verify that the module can withstand long-term exposure to typical
weather conditions [23]. The tests are intended to serve as screening tests designed to
eliminate initial failures. Figure 33 shows the test sequence. For the damp heat test (DHT:
85 °C/85 % RH), IEC 60068-2-67 specifies a test time of 1 000 h, and actual test times of over
2 000 h have been suggested. For this research, the DHT was extended up to 4 000 h.
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Figure 33 — Qualification test sequence in IEC 64215-1 [23]

Air-HAST work

highly-accelerated temperature and humidity stress test, is also called in IEC 6(

with residual air left in the HAST chamber [4]. The air-containing HAST is refq
-HAST". Moreover, air-HAST was used for whisker evaluations of le
nductor package solder mounting in 2010 [14].

b research of this document, HAST and air-HAST were conducted to inve
r the previous findings on these methods can be applied to accelerated teg
bltaic modules. The HAST andair-HAST conditions used are given below.

Test samples

34 shows the PMaumodule (single-cell module of 18 cm x 18 cm) used for
13 shows the component configuration. All the components were constructg
rcial products.Single-cell polycrystalline silicon was used, and the same gla
were used throughout. Deterioration due to moisture permeation was categoriz
rocesses:

ksheet moisture penetration (moisture reaching the sealant),

b) sedlant” moisture penetration (sealant moisture penetration/diffusion speed p

068-2-
bn was
rred to
hd-free

stigate
ting of

esting.
d with
5s and
ed into

rior to

moi

sture reaching the cell),

c) progressive cell corrosion (corrosion progress speed/corrosion mode after moisture has
reached the cell).
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Figure 34 — Appearance of modules

Table 13 — Specifications of materials used in PV module

Material Specification Supplier?
Cell Multicrystalline Si cell Q Cells
(156 mm x 156 mm)
Glass Semi-tempered glass AGC
Encapsulant EVA (Fast cure) SANVIC
Interconnector A-SPS (Leaded,“Ag) Hitachi Cable
Back sheet TPT/Al Non-disclosure
a8 This information is given for the comVenience of users of this document and
does not constitute an endorsement by IEC of the companies named.

Samplegs with different back surfacé structures were created to investigate whether the

progre

To invgstigate deterioratioh\process a), backsheets with a PVF/PET/PVF (TPT) comp

which i
having
surface

To invéstigate.deterioration process b), backsheet-free modules in which the backshg
mitted, from the rear surface were created.

been o

on a comparison.

bs of deterioration is different for each process type.

Dsition,

s a standard module structure (intact module), were created. Modules with backsheets
a PET/AI/PET (composition were created to prevent moisture permeation from tHe back

et had

To inv

Stigate deterioration process C), backsheeEVA-TTee modules in which the ba
and EVA (ethylene vinyl acetate) normally used on the back surface had been omitted, were
created.

ksheet

None of the modules, which were created to investigate deterioration processes, had the four-
sided frame made of aluminum or another metal that is present in commercial photovoltaic
modules.

7.3.4

Test conditions

The PV modules were exposed to DHT conditions, 85 °C/85 % RH in an ESPEC PL-2KP
chamber and were exposed to conditions over 100 °C and high humidity in an ESPEC EHS-
211 HAST chamber. The test conditions are summarized in Table 14.
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The DH test conditions in IEC 61215-1 is 85 °C for temperature, 85 % RH for humidity,
1 000 h for the testing time. In these test conditions, the testing time is extended to 4 000 h.
The typical HAST humidity condition is 85 % RH with unsaturated vapour.

In Table 14, the conditions with saturated 100 % humidity and over 100 °C temperature are
named "saturated HAST". The PV modules were exposed to 105 °C/100 % RH and
120 °C/100 % RH for "saturated HAST" conditions and 110 °C/85 % RH for HAST conditions.

Table 15 shows test conditions with the ratios of air-pressure to water-vapour pressure. The
ratios of air-pressure to water-vapour pressure in DHT conditions are half-and-half whereas
the HAST test condition is 100 % water-vapour pressure. So air-HAST is developed with

water-

apour pressure and air-pressure in HAST temperature and humidity In air-HAST, the

test conditions are 110 °C/85 % RH with air-pressure, 0,128 MPa (in theoretical valye) and

air-pregsure to water-vapour pressure
accelerated test containing air with oxygen to corrode and oxidize photovoltaic moduled.

The specimens for each test time for air-HAST conditions are tested- Separately.
and during the defined exposure periods, the characteristics ©f-these PV nlodules

starting

is half-and-half. Air HAST

is evaluated

for an

Before

were frequently evaluated to measure the current-voltage measurement-(I-V measuremgnt), to
observe visual inspection and electroluminescence (EL) images. The ‘ends of the ele¢trodes
of all modules are opened under environmental tests.

Table 14 — Test conditions
Test condition Temperature/ humidity Test time
Damp heat test 85 °C/85% RH 4 000 h
HAST 105 2C/100 % RH 1000 h
110 °C/85 % RH 800 h
120 °C/100 % RH 400 h
Air-HAST 110 °C/85 % RH 800 h

Table 15— Test conditions and partial pressures

Temperature Humidity Water vapour Total pressure Partial prgssure
(7€) (% RH) et (MPa abs.) of aif
(MPa abs.) (MPa abs.)
Ropm 25 60 0,001 6 0,101 3 0,099(7
temperature

DH 85 85 0,049 5 0,101 0 0,051(8
HABE 105 100 ﬂ"l')nQ {1’1')05) a)
110 85 0,121 6 0,121 6 0
120 100 0,198 5 0,198 5 0

Air-HAST 110 85 0,121 6 0,249 8 0,128 2
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7.3.5 Measurement and analysis
7.3.5.1 I-V measurement

-V measurement is a method of measuring current while varying the bias voltage, then
plotting the data obtained to create an I-V curve. The current when the voltage is 0 V is called
the short current (I5.). The voltage when no current is flowing in the photovoltaic cell is called
the open-circuit voltage (U,.). To extract the maximum power from the photovoltaic cell, it
should be operated at the point at which the product of the voltage and current is the

maximum. This point is called the maximum power (P, ,,)-

7.3.5.2 EL measurement

EL mgasurement is a measurement method in which a bias current is applied to a
photovpltaic module in the forward direction to generate a phenomenon(“known as
electrojuminescence (EL) from the PN junctions. This electroluminescence is- detected and
imaged to enable visualization of problems such as cell cracks and finger electrode wire
breaks| which are difficult to see in optical images. Dark |-V measurements.are invaluable in
examirling the diode properties (series resistance, parallel resistance,~saturation purrent
under backward voltage).

7.3.5.3 Dark I-V measurement

In the |dark, photovoltaic cells act as large flat diodes. Their diode characteristic gan be
evaluated directly by applying a reverse bias in the dark_and measuring the |-V characieristic.
This mleasurement is known as dark |-V measurement. By measuring the diode breakdown
characgeristic and internal resistance values, it is possible to see the changes in the| series
and parallel resistance components.

7.3.5.4 lon chromatography

lon chfomatography is an analysis method that separates and quantifies ions by using
differemces in ion adsorption rates relative to an ion exchange resin. It can be used to gnalyse
the concentrations of various ions in\liquid samples at sensitivities as high as a few pgrts per
billion.

7.4 Testresults
7.4.1 DHT testing

Figure |35 compares\typical EL images of DHT test samples in the test time ranging from 0 h
to 4 090 h undef¢the conditions of 85 °C/85 % RH. Figure 36 shows the change of the P
value df eachssample, expressed as a ratio of the initial value.

max

As the|test-time increased, each sample’s P, value decreased relative to its initiall value.

The rates by which P fraddecreasedafter a testtimeof - 3-000were Toughty the—same for

max
all the sample types, under 10 %( except the Al-BS one sample).

Starting at the 3 500 h-mark, P,,, dropped drastically for the intact module samples and
aluminum backsheet samples. At the 4 000 h-mark, the decrease in P, relative to the initial
value was 57 % for the intact module samples, and 15 % to 20 % for the aluminum backsheet
samples.

The EL image for the intact module and AI-BS_3 shown in Figure 35 indicates that the
sample’s brightness had become unbalanced, and as shown in Figure 36, its P, value had
decreased by 50 %. It can be deduced that these results are caused by interconnector
breakage and decreasing output during measurement.
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The P, value of the backsheet-free samples, on the other hand, dropped moderately. It

decreased by 7 % after a test time of 4 000 h, which was about the same as the decrease
after 3 000 h.

The intact module samples showed the appearance of small dark areas at cell edges in the
EL images for test times of up to 3 000 h, but were almost unchanged. Starting at the 3 500 h-
mark, the dark areas in the EL images of the intact module samples started growing from the
cell edges to the cell interior, and they had grown close to the cell centre by the 4 000 h-mark.

The EL images of the aluminum backsheet samples showed dark areas appearing from the
cell edges starting at the 3 500 h-mark, but they had not progressed from the cell edges even
by the_4_000 h-mark The bhacksheet-free and backsheet/FVVA-free samples showed the

appearfance of some dark areas along interconnectors, but were almost unchanged.
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Figure 35 — EL images after DHT
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Saturated HAST

37 shows the EL images of saturated HAST.samples at conditions of 105 °C/10(
test time of 1 000 h. Figure 38 compares the EL images of HAST sam

of the samples, each expressed as-a‘ratio of the initial value.

e intact module samples were)subjected to test conditions of 105 °C/100 %
h. The P, ax
d by a moderate changetoward the 1 000 h-mark.

images of these.samples showed dark areas between finger electrodes. Ung
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s, and 17 %.for the backsheet/EVA-free samples. The EL images of the intact
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Figure 37 — EL images of HAST 105 °C/100 % RH
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