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Nickel Degradation

ANickel barrier issue:

L Resistance rise due to nickel break -down
L Solder is in excellent condition
L Issue is most prevalent when nickel is at cathode side

L Observed in ENEPIG and ENIG samples
(different suppliers)

Component = ENEPIG

SAC305
9.0kA/cm?
~140 C

3days

+53% Resistance

025 | HV HFW mag O WD det — T
(ARE;d 1PM  20.00kVv 829um 5000x 10.0mm CBS Axia ChemiSEM
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Nickel Degradation

AReported in literature:

L Observed under high current and temperature

A Short test duration Annealing Current stressing
A Both sides of same joint show some effect? (without current stressing) Uavg = 8 X 10° A/cm?)

A Electron flow direction appeared to matter

L Looks like it may also be present after non -EM
Janneal i ngj

A 1300 hours @ 150 C
|

i

My interpretations

Electromigration-Induced Remarkable Intermetallic Compound (IMC) Formation

in Micro Joints and its Prevention

PetTzu Lee, Chengyu Lee, WanrZhen Hsieh, ChiTsung Chen, Chergn Ho
Department of Chemical Engineering & Materials Science, Yuan Ze Univeesity)gli District, Taoyuan City 320,

Taiwan, R.O.CJournal of Materials Research and Technology 2023; 24 -38809
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Nickel Degradation

Aln this example, the
bottom pad nickel is ~1537C; 72hrs; 8kA/cm 2
clearly degraded

r

Wi 788 S s A
Ni;SnP (- “NisB,

AThis surprised me given
my early findings that

‘ : ~ Sn—
showed electron flow £ ~vo-d/ -
from solder t_o nickel did ~ NiSn,—» /\ /'(
not seem to induce - :

* NiS

nickel consumption

L Joint shown is very hot
(NiSn IMCs likely to form)

L Joints shown af eEIect?‘or%id?aﬁ?Jr{-lr{du}ced Remarkable Intermetallic Compound (IMC) Formation

n4

and probably have less in Micro Joints and its Prevention
electron flow uniformity PeiTzu Lee, Chengu Lee, WanZhen Hsieh, ChifTsung Chen, CherBn Ho

Department of Chemical Engineering & Materials Science, Yuan Ze Univeesity)gli District, Taoyuan City 320,
Compared o my samples Taiwan, R.O.CJournal of Materials Research and Technology 2023; 24 -3889
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Nickel Degradation

Al reviewed many hundreds of
|l mages from-MeREAAs Low

EM projects and found this L29 solder joint on ENIG PCB
singular image of possible Nickel 6kA/cm? ; ~125 C; ~72hours
degradation

L These samples only survived a
few days beduwtrje, Jdsbaur n
| did not put much thought
Into this at the time

Acc.Y Spot Magn Det WD '—' 10 pm

Q;EI.DD kv 5.0 2200x BSE 9.1

AREA
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Nickel Degradation

Al can confirm that this joint
experienced electron flow
3 downj

L This contradicts my previous
narrative from October meeting

AQuestion: where/when does the e-
nickel issue begin?
L Upon plating?
L Upon solder ball attach?
L Upon reflow to PCB?
L During 3danneal i ngt
L During EM stressing?

Acc.Y  Spot Magn Det WD p———— 10pum

'.'_'_",:’5.|-:||:| kv 5.0 2200x BSE 9.1

(AREA
© 2026 Universal Instruments



Nickel Degradation

Al re-examined several samples
which contained significant nickel
damage after EM stress testing

AExamined joints that were not
exposed to current (but
experienced elevated
environmental temperature)

AObserved nickel issue

L indicating that electron flow
was not necessary

L Some instances were quite bad
(see image)

- '
Le

% 3/13/2026 | det WD mag O | HV tilt b———10um—
L

2:50:19PM | CBS | 9.1 mm 12000 x @ 20.00kv @ 0.0° Axia ChemiSEM
ENIG Component
70 C for 60 days

AREA
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Nickel Degradation

ENIG Component

A o e e 70 C for 60 days
Soldered (SAC305) (no Current)
APads that were not soldered stil!l Co
In the nickel layer, but nothing that would have led me to suspect a
problem

(AREA
© 2026 Universal Instruments



Nickel Degradation

Al was able to find examples of
nickel degradation when
examining BGA devices that
were assembled to PCBs but
never tested (room temperature
storage) 3 |
L Selectively looking at samples from me PEEN P el O gl 0

material sets where severe nickel s g e R
degradation was observed after EM

¢ | HV HFW mag O | WD det | spot | curr F——10 pm——
30.00kV | 63.8um | 6500 x 10.5mm | CBS | 3.5 0.18 nA Axia ChemiSEM

ENIG finish
Cyclomax Solder
Room Temperature ~100 days
No Current

AREA
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Test Vehicle Concept

ACurrent fl ows across multiple solder |

AVoltage can be measured at all stressed locations (EMTV2025) or at select
locations (DTV2022)

ASolder mask defined pads and large, thick traces minimize current crowding and
copper trace Joule heating

AREA
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Test Vehicle Concept: V = I*R
TEMPERATURE DETERMINATION EM TEST METHOD

@ Oven SP < Joint T

Oven SP=Joint T

Low current; minimal Joule heating High current; significant Joule heating is possible
Externally driven temperature; environmental temper
~uniform joint temperatures non-uniform heating joint-to-joint

(AREA
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Test Vehicle Concept

A Resistance ranking does not equal temperature ranking once EM testing has begun

AR vs. T relationship is valid at start of test, it falls apart as testing progresses

Resistance vs. Temperatue

Sample 1 (16 joints) n Solder Joint Temperature @ 18A & 42°C Oven —-J1
0.00065 — 140 ——)2
s ——]3
- 138 ? —]J4
——J4 * L J L] ®
0.0006 ——J5
—-J5 136 °
£ -y S 134 s ! )
£ 0.00055 s g ! J8 ——)J8
g i %; 132 3 ——J9
‘@ 0.0005 awsil g— 130 ——J10
s ks ° | —-—J11
. 128 —-—J12
0.00045 _— 126 —-J13
14 o 114
0.0004 ——J15 124 ——]J15
40 60 80 100 120 140 o )16 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 —~-J16
Temperature (C) Joint ID

Seealso: Rol e of Cryst al | og-6eGrdniortEleCiromigratidn &dilures im Lead-Freb Solder Joint: An Overview
@?EA Muhammad Nasir Bashir et al. Coatings 2022, 12(11), 1752; https://doi.org/10.3390/coatings12111752
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October 2025 Recap (SAC305)

A9.5kA/lcm2 @ ~150 C : samples demonstrated fast resistance increase
resulting in joint melting and  definitive failure in less than 24 hours

L Some joints may have been as hot as 180 C at start of test
L Copper pad consumption and nickel layer break -down were observed
A9KA/cm2 @ ~140 C : samples survived less than 3 days (+50% resistance)
L Some joints may have been as hot as 160 C
L Significant copper pad dissolution observed, but only +5% resistance change
L Nickel layer degradation resulted in >50% resistance increase
A8KA/cm?2 @ ~135 C : samples survived 38 days (~5% resistance increase)

L Some joints as hot as 145 C __ BGA=ENEPIG
L Significant copper pad degradation observed -
L Nickel break -down was not observed

ADecision: +5% is reasonable failure criteria

(AREA
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October 2025 Recap (SAC305)

A7.5kAlcm2 @ ~150 C : samples survived 10 to 15 days (~5% resistance increase)
L Nickel issue drove most failures

A7.0kA/lcm?2 @ ~135 C : samples survive 8 to 25 days (~5% resistance increase)
L Nickel issue appeared at day 8

L Copper degradation drove most failures

A5.0kA/lcm2 @ 125 C: 43 to >100 days (~5% resistance increase)
L Joints may be upto ~138 C

Temperature vs. Days to Failure
L Nickel issue at 43 days ( ) - < >
L Copper degradation at 53 days (

135
) o

= 130

e(C)

ANickel issue occurs at relatively

low temperature / current densities
L IS THIS A VALID STATEMENT?

Temperat

e UP

DOWN
120

115

0 20 40 60 80 100 120

Days to Failure

L What are realistic temperatures /current densities?
@A
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October 2025 Feedback:

AResponses to J3What are realist:i
| evel ?j
L3 We de s i ghpedkaertair@ydever above 115 C. j
L 1.7 kA/cm 2 with joint temperatures up to 125 °C.
L 1.45 kA/cm? and around 115 -120 C temperature.
L 3.5kA/cm 2 with joint temperatures ~85 C; up to ~100 C.
L 9kA/cm 2 with joint temperature of ~110C.

Al did not get feedback on duty cycle / peak usage rate
L Previous feedback forLow -Temp sol ders i1 ncluded

(AREA
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SAC305 Electromigration (older data)

L 3 populations were evaluated @ +5% Loop Voltage
5.0kA/cm 2 with target solder joint o peRdl IR
temperature of 125 C . A -
A ENEPIG PCB / ENEPIG BGA o j = nees
A ENEPIG PCB / Copper BGA - Vo TERN: ] T
A Copper PCB / Copper BGA . oA i1
- o / LI
L Failure criteria: Loop voltage increase . | ik
of 5% 3 f
A Individual joint performance is i ! K
unknown; one joint or multiple joints . | T
may be contributing to voltage rise Days
L Results are conservative 5 0kA/cm?2

AJoint temperatures are
mostly unknown

(AREA
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SAC305 Electromigration (older data)

ACOpp_er PCB / Cop_per_ BGA iS Copper PCB: 28 days @ 7kA/cm?
the simplest combination 16
L Joints with electron flow 14 o
from component to PCB 12

© CuBGA"DOWN"

(1 .e. 3Downy )
rise in voltage change

A Possibly implies that joints have a
temperature gradient with

component side hotter than board 4 < U >
side | -

11 O W .f a S t.e r

b A CuBGA"UP
8 .

Voltage Changeso)

2 ¥ PO -
. ! y Y——
L There is a trend with O R e .
respect 1o Starting 120 130 140 150 160 170 180
temperature fOI’ eaCh Start Temperature (C)

electron flow direction, but
there are outliers

(AREA
© 2026 Universal Instruments




SAC305 Electromigration (older data)

ACopper PCB / ENIG BGA:

Copper PCB: 18 days @ 7kA/cm?

L Example is messy; first joint to 10
+10% is electron flopw 3IDOWN} ; but
Jcol dj 8 ® ENIGBGA"DOWN"

A ENIGBGA"UP"

Voltage Change (%)
O B N W A~ OO N
> @
L
E g
&
4%
o
°:
> :
@
h
q

120 130 140 150 160 170 180
Start Temperature (C)

AREA
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SAC305 Electromigration (older data)

ACopper PCB / ENEPIG BGA: Copper PCB: 10days @7KA/?
LEl ectron fl ow 3BOWN} shows
faster voltage rise 0 5
LEl ectron f1l| ow UP} s hows
temperature dependency ° © ENEPIGBGA DOWAY
A Much faster rise than 6 A ENEPIG BGA "UP"

A
Copper/Copper combination? © °

A O
LEl ectron fl ow DOWNj e does  a
not show temperature 2 6‘4?‘; R

dependency . A

Quoltage Change (%

120 130 140 150 160 170 180
Temperature

AREA
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SAC305 Electromigration

L New samples were
constructed and subjected to
EM stress while monitoring 6
joints per sample (plus the
loop)

Joint Temperature

Copper PCB - Copper Component

125
120

115

_

Sample 3

L Target temperature was
lowered to 115 C

A Range was 100 to 120 C for
Cu/Cu population

110
Sample 2

Sample 1

105

100 !

Sample4

Temperature (C)

95

L Current Density = 5kA/cm 2 %0
5.68A = 5.00kA/cm?

(AREA
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SAC305 Electromigration

L First solder joint failure . Copper PCB - Copper Component
(+5%) was detected at
day 39 ’
AOnly 7.5% of joints are 6
iIndividually monitored 5

A Neighboring joints can
Impact results z no means
to determine this impact

Voltage (%Change)
w

5.68A = 5.00kA/cm?
AREA

© 2026 Universal Instruments



SAC305 Electromigration

AWG need to Consider 5 Copper PCB - Copper Component
electron flow direction

L For Copper / Copper

~l

combination, electron flow °
JDOWN}y were more ki kely to
demonstrate early voltage rise T
(Confirming earlier results) 5"
=2 3 .
T e-fl ow I s
oT1]
22
O
>
1
) e-fl ow 1 s

0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75
Days

5.68A = 5.00kA/cm?
AREA
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Cu PCB/ CuBGA @ 5.0kA/cn¥

AThe joint shows significant
damage at the component pad
Interface (copper pad).

AThe actual Jsol der j
excellent condition.

Al will argue that this is effectively a
failure as mechanical integrity iIs
clearly compromised.

L | also believe that thermal cycle | +5% Voltage
reliability is severely compromised \ 39 Days

Al will note that this joint looks 110 C

similar to previously tested
samples that demonstrated much

HV HFW magd = WD det | spot | curr vac mode ——100 ym——

Iarger VOltage ) inCreaseS 2000kv 518pm 800x 104mm CBS 50  12nA Low vacuum Axia ChemiSEM
5.68A = 5.00kA/cm?

(AREA
© 2026 Universal Instruments 23



Cu PCB/ CuBGA @ 5.0kA/cn¥

AJoints with electron flow
from PCB to component
show less damage with
some degree of PCB pad
degradation but no voiding
at the interface.

39 Days
110.C

HV HFW mago | WD det spot | curr vac mode F——-100 pm——
20.00kV | 518 uym | 800x | 99mm CBS | 7.0 17nA | Low vacuum Axia ChemiSEM

AREA 5.68A = 5.00kA/cm?

© 2026 Universal Instruments



Cu PCB/ CuBGA @ 5.0kA/cn¥

Alnterestingly, we observed
Jparabol i cgifwbehavi or
continue testing beyond ~6% Copper / Copper

. Relatively low temperature and
reduced current level may not
resul t I n datwhaernn
previously observed under
harsher test conditions

Voltage (% Change)
= = = [ 8 = LA )] =~ [#.2] o

4 0 20 40 60 80 100 120
Days

5.68A = 5.00kA/cm?
e- 103 C

AREA
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Cu PCB/ CuBGA @ 5.0kA/cn¥

APad interface is
nearly non -existent
at +8.3%

APCB side
Intermetallic Is
relatively thin in
Cross-section; it Is »
probably thicker , 112 Days
elsewhere 103 C

8.3% Voltage Change

HV
12.10 kV

AREA

© 2026 Universal Instruments

e_

vac mode
Low vacuum

5.68A = 5.00kA/cm?

Axia ChemiSEM

26



Cu PCB/ CuBGA @ 5.0kA/cn¥

A+4.4%

APCB side shows pad
degradation, but is quite
well intact

AWhat caused resistance
Increase”?
L CuSnthickness
L Vacancies at PCB pad 112 Days

100 C

HV HFW magd WD det | spot | curr vac mode F——100 um ——
12.10kV | 518um A 800x 93 mm CBS 4.0 0.26 nA | Low vacuum Axia ChemiSEM

AREA

© 2026 Universal Instruments 27



Cu PCB / ENEPIG BGA @ 5.0kA/cm

Copper PCB - ENEPIG Component
0.004500

ACopper PCB / ENEPIG BGA o a2 W 2,
combination —
L The voltage & temperature of one | oo
solder joint stands out: §
L Samples run about 5 “C hotter than — o —
Copper / Copper e —

0.002500

A 105 to 125 C range

0.002000
0 10 20 30 40 50 60 70 80 90 100
Days

Joint Temperature
Copper PCB / ANEPIG Component
130

125
120 -
115 . _
110

==
105

100

5.68A = 5.00kA/cm?

Temperature (C)

95

AREA ”
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BGA @ 5.0kA/cm

Copper PCB - ENEPIG Component

AThe first joint to reach+5% . oo B e
| I A -

Cu PCB / ENEPIG

was electron flow from
component to PCB
0.004000
‘___0.003500
=
ESD I /
=SS e — - _.___.__._j_ﬂﬂ
_ ;_i%;
0.002500 —
0.002000
0 10 20 30 40 50 60 70 80 a0 100
Days

AREA
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Cu PCB / ENEPIG BGA @ 5.0kA/cm

AThe first sample (i.e. joint) to
reach +5% did so around day
96 Copper PCB - ENEPIG Component
L Start temperature was 118 C.

L This joint experienced electron
flow from component to PCB.

L 2.5x more days to +5% than first
copper / copper

_ 0 10 20 30 40 50 60 70 80 90
118 C Davs

5.68A = 5.00kA/cm?
le-

= O =N W sy N

Voltage (% change)

AREA
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Cu PCB / ENEPIG BGA @ 5.0kA/cm

, Nickel Side *
AThereAs a | ot g 45
joint, but the primary

concern is the ENEPIG nickel
layer (BGA pad)

+5.8% Voltage Change
100 Days
11 8:€

- ™ ¢ o
"l\ ‘-*"K‘. g % .
-

v HV HFW mag O WD det spot | curr Cu Side
1210kV  51.8um 8000x 10.0mm CBS 4.5 0.51 nA

HV HFW mago | WD det spot | curr vac mode - ——100 um——
12.10kV | 592 um | 700 x 100 mm | CBS | 45 0.51nA | Lowvacuum | Axia ChemiSEM

@?EA
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Cu PCB / ENIG BGA @ 5.0kA/cn%

AThree joints have high starting value
L In hindsight, maybe this is an indicator of the nickel issue

0.0040 0.0040

0.0035 0.0035

0.0020 0.0020

0.0015 0.0015
0 20 40 60 80 100 120 0 20 40 60 80 100 120

AREA
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Cu PCB / ENIG BGA @ 5.0kA/cn%

ACu / ENIG sample to reach
+5% di d so at
upt4) sol der | o

+5.2% Voltage Change

112 Days
106 C

o RN : 2 &

C% \% HFW magd | WD det | spot | curr vac mode F——100 pm ——{
[ ]

13.94kV | 518 uym | 800 x | 9.8 mm | CBS | 4.0 0.27 nA | Low vacuum Axia ChemiSEM
© 2026 Universal Instruments 33
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Cu PCB / ENIG BGA @ 5.0kA/cn%

Algnoring the shape of the left joint, these joints are unusual in that we see voids
near the nickel side that look similarto  dewetting / hot tearing

_Nickel Side Nickel Side

+3.8% Voltage Change
112 Days
105 C

+4.4% Voltage Change
112 Days
108 C

HV HFW mago | WD det spot | curr vac mode ——100 um—
12.10kV  518um 800x 99mm CBS 4.0 0.26 nA  Low vacuum Axia ChemiSEM

AREA

% HV HFW magd WD det spot | curr vac mode f——100 um———
£l

12.10kVv  518um 800x 93 mm @ CBS 4.0 0.26 nA | Low vacuum Axia ChemiSEM

© 2026 Universal Instruments
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Cu PCB / ENIG BGA @ 5.5kA/cn%

AFirst Cu / ENIG sample to NlicbaReTE
reach +5% did so at an R A
Jel ectron upit s O T I

AThis joint was believed to be
one of the hotter joints In

test f

+5.7% Voltage Change

Cu Side
HV HFW mago = WD det spot | curr vac mode ——100 um——
20.00kV | 638 um | 650 x 10.8 mm | CBS | 5.0 1.2nA | Lowvacuum Axia ChemiSEM

AREA
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Cu PCB/ CuBGA @ 5.5kA/cn¥

ACu / Cu combination
showing significant
component side copper
degradation and copper
migration to PCB side

L What drives resistance
Increase? Vacancies at
component side?

AREA

4 Cu Side

+5.2% Voltage Change
30 Days
114 C

Cu Side

HV HFW mago | WD det spot | curr vac mode
14.99kV | 638 um | 650 x 10.8 mm A CBS 5.0 1.1nA | Low vacuum

© 2026 Universal Instruments

F——100 um——

Axia ChemiSEM
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Cu PCB / ENEPIG BGA @ 5.5kA/cm

% Nickel Side s
AMor e of t he s a

pad interface is seriously
compromised, yet measured
voltage change is just ~5%

+5.3% Voltage Change
38 Days

Cu Side

HV HFW mago = WD det spot | curr vac mode
15.07 kV | 638 um | 650 x 113 mm | CBS | 4.0 0.28 nA Low vacuum

AREA

© 2026 Universal Instruments

F——100 pm —]

Axia ChemiSEM




Cu PCB/ CuBGA @ 5.5kA/cn¥

F'° +1.6% Voltage Change N f.- +1.8% Voltage Change
| 48 Days r 48 Days
1236 . I A 126°C

curr vac mode ‘ curr vac mode 1
2.35kV | 638 um | 650 x 10.4mm | CBS 5.0 1.0nA | Low vacuum A 10.5mm @ CBS | 5.0 1.0nA | Low vacuum Axia ChemiSEM

ACyclomax shows copper degradation, but no discontinuity at less than +2%.

(AREA
© 2026 Universal Instruments




Cu PCB / ENIG BGA @ 5.5kA/cn%

% *+3.2% Voltage Change
2 48 Days

4
3
»

¢ ™
h ]
%3

-
3/13/2026 | det | WD mag O HV tilt T

Cu S|d e ? 2:5227PM  CBS A 9.1mm 15000 x 20.00kV @ 0.0° Axia ChemiSEM

HV HFW mago | WD det spot | curr vac mode ——100 ym——
20.00kV | 592 uym | 700 x 113 mm  CBS | 5.0 1.2nA | Low vacuum Axia ChemiSEM

ACyclomax shows nickel degradation (as expected at cathode) and some
discontinuity at +3%

(AREA
© 2026 Universal Instruments




Cu PCB / ENIG BGA @ 5.5kA/cn%

Nickel Side

+3.8% Voltage Change
48 Days

135 C

T

Cu Side

HV HFW magd | WD det spot | curr vac mode F——100 pm ——
1235kV | 592 ym | 700 x 104mm CBS | 5.0 1.0nA | Low vacuum Axia ChemiSEM

v 3/13/2026 | det WD mag O HV tilt I— 10 um 4{

3:05:55PM | CBS 89mm | 12000x 20.00kv 0.0° Axia ChemiSEM

AREA ACyclomax shows nickel degradation at anode (probably not alloy related)

© 2026 Universal Instruments



02 to 108 C Solder Joints:

AREA

© 2026 Universal Instruments



Cu PCB / ENEPIG BGA @ 5.0kA/cm

Voltage Change vs. Starting Temperature

A~2000 hours of EM stress @ 2000 Hours oo
plotted (Voltage Change vs. 5
Starting Joint Temperature) s

A3 UPj el ectron flsow: =
L Dip phases 2

L Rise phases
L No changes

Voltage Change (%)
=

, . ____,_!%'_m:‘n.'u_ _'!'_;fs‘i."!.;._.,____
A3 Downit el ectron af |l ow:
L ~No significant change 2 —~ n

-3
90 92 94 96 98 100 102 104 106 108 110

Starting Temperature (C)

(AREA
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Cu PCB / ENEPIG BGA @ 5.0kA/cm

Al got impatient with these

Voltage Change vs. Starting Temperature

samples @ 2000 Hours ©DOWN
mUP
ARemoved sample with +3% °
voltage and cross -sectioned 4 \
L +3% joint is on the J3hot sidej of m

the spectrum

L 3 additional joints from sample
are included in following slides

o]

N

Voltage Change (%)
=

° ® o%®
® WD o® e
0 - -2 om____l._'jii:"-".'-—-_
°
_1 /. .
m
2 - u =
u |

-3

S0 92 94 96 98 100 102 104 106 108 110

Starting Temperature (C)

© 2026 Universal Instruments
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Cu PCB / ENEPIG BGA @ 5.0kA/cm

ADip phase was ~35 days

ARise is ~linear day 40 to 80

Alnteresting Ag ,Sn platelet
effect

+3% Voltage Change
87 Days
105 C

Ag3Sn

AREA
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