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Tin Whisker: an Introduction

« Tin Whisker- electrically conductive crystalline structure wf that over time may grow

outward from tin-rich surfaces

* Whiskers are formed through addition of atomsathiase, not the tip
— Lengths vary from few micrometers to millimeters
— Thicknesses range typically 0.5-10um
— Whisker densities may range from just a fe
whiskers to thousands per component
— Whisker Growth may take hours, days, ory
* Long range diffusion responsible for tin
transfer to site of whisker growth

» Types of Failures induced by Whiskers:
— Electrical short circuit
* Permanentif Current < Melting Current
* Intermittentif Current > Melting Current
— Metal Vapor Arc

* Applications with high levels of currentanc...
voltage may cause whisker vaporizing into*
conductive plasma of metal ions

* Plasma forms an arc capable of sustaining
hundreds of amps

 Lead (Pb) has been demonstrated as whisker natigat
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Problem Statement

e Lack of understanding in error produced by exgstin
whisker length measurement technigue

« Lack of data relating environmental stress tastat
whisker growth
— Need to compare growth in short environmentast&stong-
term exposure
« Lack of quantified data to be used In reliability
assessments of tin finishes
— Whisker density (#/area)
— Whisker lengths
— Whisker growth angles
— Whisker thicknesses

calce Center for Advanced Life Cycle Engineering 3 University Qf Maryland
Copyright © 2009 CALCE



Standards for Assessing Whisker Growth
Standard IEC60068-82-2 JESD22-A121A1) | ET-7410
Issue Date 2007/5 2008/7 2005/12

Preconditioning

Lead Forming

Soldering simulation Reflow

Lead Forming

Lead Forming

Ambient Storage

30°C, 60%RH
25°C, 55%RH
4000 hrs

30°C, 60%RH

30°C, 60%RH
4000 hrs

Elevated Temperature

55°C, 85%RH

55°C, 85%RH

55°C, 85%RH

Humidity Storage 2000 hrs 60°C, 87%RH (*) | 2000 hrs
Temperature Cycling Min: -55°C or -40°Q Min: -55°C or -40°C| -40°C to 85°C
Max: 85°C or 125°C | Max: 85 (+10/-0) °C| 1000 cycles

1000 or 2000 Cycles

1000 or 2000 Cycles

A4

Acceptance Criteria

50um

(1) JESD22-A121A does not prescribe duration dtes Acceptance criteria. JESD201 should be usethét
(*) Earlier version JESD22-A121, published May 2005
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Factors Affecting Whisker Growth

Component manufacturer«———  User
S ————————=— o o afiee f Ao ot | Gt A ] o T T e

Electroplating process! (Characteristics of deposit, |Storage and operational co
Thickness ICurrent/voltage |
ib,#g&tm%ss/ Grain size Temperature
(carbon/hydrogen /orientation/shape (Steady state and cycling
content) .
Alloying element— :
ICurrent density | . Corrosion
Surface oxidation [— Humidity
Plating bath temperature . . —
|IntermetaII|c Formation Contamination
Solution type (e.g., Annealing (e.g., Cl, SO)
alkaline, acid sulfate) (Temperature, duration) | Pressure Tin
Whisker
Material (composition, Forming } ile) — Formation
Material é) P bending leads Re-flow (Profile)
: Conformal coating (material,
Under-layer (existence Soriomea o eSS Ty
material, thickness) : application metho
. - Handling -
Grain orientation - Solder di
(e.g., Fastening (alloy, area of ICéoverage
Screws)
Cleanness, roughnes;
of substrate
———————— [T~~~ m T T T T T T T T T T T T T
ILrSubstrate | | External stress, | Assembly processes component
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Brief Whisker Literature Summary

o ~450 papers addressing parasitic tin whisker digmublished over a period
of 63 years that whisker problem has been known

« Of them, 25% utilize temperature cycling and/@valted temperature
humidity tests

 None address long-term comparisons between emagotal tests and
ambient conditions

Publications in Tin Whisker Research Over the Years
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20044
2005
2006
2007
2008
2009
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Practicality Issue in Measurements

 Some whiskers exhibit complicated geometries

 Geometry of sample may not allow much degreeaddom, if need to rotate
the specimens for better view

* Nevertheless, any modeling of whisker length rezpia statistically significant
number of whiskers to be measured

WD | Mag|Pressure
15.6 mm| 150x

HV WD | Mag Pressure|Spot Sig Tilt X: 10.7 mm 100.0um
20.0 kV/16.0 mm|815x  --- 3.0 SE|0.1 ° Y:5.1 mm
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Whisker Length Definition

JESD22-A12{May 2005) JESD201(March 2006)

The distance between the finish surfacgESD22-A121AJuly 2008)
and the tip of the whisker that would IEC 60068-2-87May 2007)

exist if the whisker were straight and _ _ _

perpendicular to the surface The straight line distance from the
point of emergence of the whisker to
the most distant point on the whisker

s A+B+C=whisker length |

T = Radlus of Sphere=whisker length

Gwdanceprowded by JESD22-A121 in measuremehttgae: “...the system
must have a stage that is able to move in threermBrons and rotate, such that
whisker can be positioned perpendicular to the wmigwlirection for measurement”
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Recommended Length Measurement

A more accurate measurement can be made by ustngriages offset
by a known tilt

View 2 View 1
4 A

Axis along L. is the tilt axis

L .4 = projection of whisker length on axis
perpendicular to tilt axis in Plane 1
L .. = projection of whisker length on axis
perpendicular to tilt axis in Plane 2
= tilt angle between Plane 1 and Plane 2
= angle between l;and L 4in Plane 1

L, +L% - 2L L_co
Lab:\/ cd ce — cd —ce Sq+(|—cd tanb)z
SN~ g
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Whisker Length Measurement Errors

Observation

 If measuring whisker length from a single imac Dirccton
% Error = (1-c0s)*100%
 Measuring whisker lengths by tilting and aligni

with field of view in SEM:
— 7 participants
— 3 whiskers e
— 20% = 11% error it growt
— 1.5 - 3hrs used up to measure 3 whiskers

 Measuring whisker lengths by two-images method:
— 15 participants
— 15 whiskers
— 7% 3% error
— Images capture and measurements in under 10min

whisker
-
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Evaluation of Environmental Tests

Questions:

* Do the environmental tests predict what whiskewmgh would
exist, if this tin plating was stored in ambienhddions for several
years?

* If comparing between whisker growth during envimantal test
and whisker growth during the same amount of tipensin
ambient, Is it correct to expect

— either no growth anywhere (equivalent to non-wéisig tin)

— or a far more prominent growth during environmeagosure
as compared to ambient storage

University of Maryland
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Experimental Description

Experiment 1

Experiment 2

Experiment 3

Plating Commercial Sn.| Commercial Sn | Experimental Sn
Half specimens | electrolytes, platedelectrolytes, plateg
with Ni underlayer in lab in lab
Substrate Cu (Olin-194, Cu- Cu (C11000, Brass 260 (Cu-
2.4Fe-0.03P- 99.99% Cu) 30Zn)
0.1Zn)
Environmental | 2.5yrs in ambient, 1000 TC 1000 TC + 2 yrs of
Exposure + 1000 TC +2 | 3000hrs of ETH ambient

months of ETH, +
2 yrs in ambient

12 months of ETH
+ 1 yr of ambient

Control Exposure

5 yrs in ambien

t

150 days in
ambient

TC: Temperature Cycling

ETH: Elevated Temperature Humidity

calce Center for Advanced Life Cycle Engineering
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Experiment 1: Results

average = STD

Storage Condition

Measured Parameters

Ni underlayer

No Ni underlayer

2 years in Ambient

2.5 years in Ambient No whiskers
Temp Cycling (TC) Density (#/mm) 1907 + 1524 3216 + 955
1000 cycles Avg Length (um) 12 +7 12+ 6
2 Max Length (um) 51 31
C—:U; Elevated Temp Density (#/mm) 1864 + 1481 2987 = 1000
S Humidity (ETH)
= Avg Length (um 19+ 18 12 +7
© 60°C/87%RH g Length (um)
1500 hrs Max Length (um) 256 39
Additional No change since Elevated Temp Humidity

Ambient-stored control samples grew no whiskers dung the 5-year test time
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Back Up

Experiment 1: Results in Graphs

Lognormal cumulative probability distribution plfatr whisker lengths at different exposure times
Note: Control ambient-stored specimens producegiraath

Sn-plated Cu

56,00 Sn-plated Cu with Ni Undelrayer
o _
3 -
= &=
E =
3 50.00 € 50.00 After 500 temp cycles
o ° A
o o
After 500 temp cycles p=2.1316, 6=0.4903, p=0.9594
& -
=2.1128, 5=0.5406, p=0.9798
" o P AE_er 1000 temp cycles
After 1000 temp cycles
b . Py i 1=2.3769, 6=0.4781, p=0.9783
5 00 L=2.3224, 5=0.5428, p=0.9955 5 00
After 2 morths of ETH ; After 2 months in ETH
' —- Fy |-
100 B p=2.6018, 5=0.8106, p=0.9776 1.00 1=2.3363, 6=0.5445, p=0.986
2 0.50 : i
0.50 :!ar —
A& / 10
0.10 ; 0.10 = ; ;
1.00 10.00 100.00 1000.00 1.00 10.00 100.00 1000.00
Length {pm) Length (pm)
14 University of Maryland
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““ Experiment 1:Whisker Density and Length vs
Plating Thickness

* Thickness measured using X-Ray Fluorescence (XRF)

e For the 12 samples (6 with Ni, 6 without Ni undg®er) used in
environmental testing, tin plating thickness varfieohn 4.5 to 9.5um

* Ni underlayer thickness ranged from 1.2 to 1.5um

* Analysis of data indicates that both whisker dgnand lengths are

related to tin thickness
10000 -

?)

L4
+ +
% & -
*
*

1000 /

100

r =0.72

10

Whisker Density (# whiskers/mm

4 5 6 7 8
Tin Thickness (um)

9

10

100

—
Lo

Average Whisker Length (um)

=&

5 6 7 g 9 10
Tin Thickness (1m)
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Back Up

Experiment 1: Whisker Growth Angle

« Growth angle measured between whisker and axmaldo surface

* No preferential growth angle seems to exist, bhiskers are less prone to
grow close to the surface — same shown by Hiltyfid Bang[2]

\ 25.0-
A\ 20.0- —

15.0

% occurrence

10.0 1

MERARIET

0-10 11-20 21-30 31-40 41-50 51-60 61-70 71-80 81-90

HV WD  Mag PressureSpotSig Tilt . z ‘ Angle groups
30.0 kV11.8 mm1286x - 3.0 SE0.0 °

Note: Although not explicitly evident from this wqrwhisker growth angle CAN change during its grioweriod
See for examples

[1] R.D. Hilty, N. Corman, “Tin Whisker Rebdity Assessment by Monte Carlo SimulatiodRC/JEDEC Lead Free Symposium,
San Jose, CA, April 2005
[2] T. Fang, M. Osterman, S. Mathew, M. Recfiin Whisker Risk Assessment”, Circuit WorldpV 32 No 3, pp. 25-29, 2006
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Experiment 2. Results
Mean Density | Mean Length Maximum
Exposure + STD + STD Observed
(whisker/mm2) (Um) Length (um)
Temp Cycling (1000 12+ 9 10 + 4 33
cycles)
Elevated Temp
Humidity (3000 hrs) 19+1 11+4 34
Ambient at 44 days
(same as end of TC) 32+ 16 Lax7 38
Ambient at 150 days
(same as end of ETH) 4116 17+10 49

Whisker growth in ambient exceeding (although nofdr) that
produced in any of environmental storage conditions

University of Maryland
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Back Up

Experiment 2: Results in Graphs

Lognormal cumulative probability distribution plfatr whisker lengths after end of exposure and
corresponding control in ambient

99.90 99.90
A
iy
1000 temp cycles i i /
R o e 3000hrs temp
\\ o
I humidity
\\
- ™ ? H \
4 days in ambient S
> =z
= =
g j
a o
50.00 50.00 At end of 3000 hours of ETH
_._
At end of 1000 temperature cycles Bind 2wl mi=0300, pell i (e
o Arrbient at 149 days
W1=2.2493, 51=0.3647, p=0.9722 e
Arnbiertt at 44 days 12=2.7158, 62=0.5364, p=0.9963
-
1000 '» 10.00
: W2=2.5347, 62=04534, p=09930
5.00 e‘if 5.00 7
Fin't : :
P 140 davs in-amb t
| N W U LAY I 111l CATTITNJITO
100 * A/ 1.00
1.00 10.00 100.00 1.00 10.00 100.00
Length (pm) Length (pm)
18 University of Maryland
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Experiment 3: Results

average + STD

. Whisker . Maximum
Exposure Inspection density AT whisker length
Interval (#/mm2) length (um) observed (um)
Pre-test No whiskers
500 cycles No whiskers
TC 1000 cycles No whiskers
1 year after TC No whiskers
2 years after TG 24 + 12 125 + 181 4143
Pre-test No whiskers
5 months 246 + 41 18 £ 18 161
ETH 9 months 285 £ 135 31+ 28 194
12 months 281 + 147 31 +26 194
1 year after ETH 281 + 147 31 +26 194

calce Center for Advanced Life Cycle Engineering
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Experiment 3: Length Results

Whisker lengths fit to Lognormal distribution

99 .90 99 a0 E I I
o
@
a
o @
o o
Jr 3
¥ » ,
of
rl J
il
= >
© 50,00 £ s0.00
2 £
o o ETH - & months
| -
pl=24611, 51=0.8964, p=09830
ETH - 8 months
10.00 — 10.00 A
- H2=3.0320, 2=0 8409, p=09833
500 2 years after TC T 500 ®
: = -3 o =
.. p=40235, c=0.9550, p=0.9386 Bl b ETH 12 months
b 1T o ﬂ same as 1 year after ETH
1.00 o nay 1.00 — =
0.50 = 0.50 ;zf n3=30835 ©3=07893 p=09872
I I I 1 INEE
» i O T
1000 100 00 1000 00 10000 00 1.00 10.00 100.00 1000.00
Length {um) Length (pm)
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Summary of Environmental Exposure Results

Do the environmental tests predict the ambientagf@mgrowth?
No. As currently implemented, they cannot be cifieedictive

As compared to ambient storage, whisker growthndueinvironmental tests:

— Over-predicted the growth (experiment 1)

* Whisker growth during environmental storage whitegrowth occurred
before or after. Also, Ni underlayer was ineffectingoreventing whisker

growth
« Control ambient specimens saw no whisker growtbutihout 5-year period

— Had little distinction (experiment 2)

* End of temperature cycling and elevated tempesdtumidity tests show
almost the same (but slightly less) whisker groaglcompared to ambient

storage of same duration
« EXxpecting whiskers on ambient-stored specimemg®hdnue grow over time
— Under-predicted the growth (experiment 3)
* No growth during temperature cycling or for 1 yé&alowing
» Abundant growth after 2 years post-cycling (use@mbient control)

» Whiskers grew during elevated temperature humighfyosure, but no growth
seen throughout 1 year of post-exposure ambieragaobut severely shorter
in length than that seen on ambient

calce Center for Advanced Life Cycle Engineering 21 University Qf Maryland
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Sequential Environmental Exposure

Questions:
Does sequencing different environmental exposur@dyzce more
prominent whisker results, than any of the expasaeparately?

Would it be preferred to utilize sequences of esrumental
exposures to assess a Sn plating for whisker growth?

calce Center for Advanced Life Cycle Engineering 22 University Qf Maryland
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Experiment 1 Summary

Experiment 1 has demonstrated that sequencingetetye cycling

and elevated temperature humidity may result igéorwhisker
growth, although without much addition to whiskendity

Sn-plated Cu with Ni Un_derlayer Sn-plated Cu

Wil
Tr

=
8 5000
o
=
a
After 500 temp cycles
&
p=2.1128, =0 5406, p=0.9798
10.00 After 1000 temp ciycles
-
500 p=2.3224, o=0.5428, p=0.9955
:F
£ After 2 morths of ETH
3ot -
1.00 3 u=2.6015, c=0.8108, p=0 9776
050 ] T
=
oLl
0.10 ;
1.00 10.00 100.00 1000.00
Length (pm)
University of Maryland
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Experiment 2: Multiple Sequences of Environmental

Exposures

A total of 6 tests designed
— Each is a combination of JEDEC

— TC: Temperature Cycling -55°C/+85C, 10 min dwells.

Inspections conducted every 500 cycles
— TH: Temperature Humidity 55°C/85%RH.
Inspections conducted every 1000 hours

21 samples total

— 3 Samples for each of 6 conditions

— 3 Control samples to be left in ambig

Sample description:
— 25mm x 25mm X 0.8mm
— Cu substrate
— 4-7 um electroplated Sn

— Sn surface grains 2-5 pm in diamets

Loading Conditions

Center for Advanced Life Cycle Engineering
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Experiment 2: Results

. Maximum
Mean Density + Mean Observed | # whiskers
Exposure STD Length + Lenath measured
(whisker/mm?) | STD (um) J
(Lm)
TC 138 10+4 33 53
ETH 13+12 114 34 74
TC-ETH 24 + 24 114 30 97
ETH-TC 12 +£12 12+ 4 24 81
TC-ETH-TC 513 17+ 12 39 23
ETH-TC -ETH 11+12 11+4 21 62
Ambient 180 days 42 + 18 18 +10 61 240

Little distinguishable difference between any of tk exposures and ambient

Center for Advanced Life Cycle Engineering
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Back Up

Experiment 2: Correlation Between Sequential Tests
« ANOVA analysis of whisker density and length bedwe
different sequential tests
First number: density. Second number: length
1 = identical. O= different

TC TH TC-TH TH-TC |[TC-TH-TC [TH-TC-TH
TC- end of test 11 11 11 00 11
TH- end of test 01 11 00 11
TC-TH- end of test 01 00 01
TH-TC- end of test 00 11
TC-TH-TC-end of test 10
TH-TC-TH- end of test
Ambient 44 days 00
Ambient 149 days 00
Ambient 168 days 00
Ambient 180 days 00 01 00

University of Maryland
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Whisker Thickness and Correlation to Length

Questions:
 What are the variations in whisker thicknesses?

« If a correlation exists between whisker thicknassd whisker
length, can the diameters of whiskers be measursohae point
before they reach their growth saturation, andrege the
maximum length it would grow to?

* Is it possible that the amount of Sn supplied heahisker
growing on a single surface is somewhat the same?

Center for Advanced Life Cycle Engineering 27 University of Maryland
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Whisker Thicknesses

» Whisker thicknesses historically cited as sub-omdio about 10pum
* Thickness is an important factor in

— Fusing current. 2/LZT0 4 T 24LZT, 1
| COS = COS

meltvacuum — Ro Tmelt Tmelt

— Conformal coating penetration — calculating buakliorce
2 3 4
- o CELCE (d)

2 2
200nm thick (kL) 32 L 70um thick

T

amb

University of Maryland
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Description of Specimens Used for Thickness and
Length Data Gathering

e Setl

— Gathered from specimens used in Experiment 1215y
ambient + 1000TC + 2 months ETH)

— Whisker growth in this case considered as ‘indulogd
environmental exposure

e Set?2

— Gathered from Sn-plated Brass specimen storeahioest
environment for ~11 years

— Whisker growth has not completely saturated yet

University of Maryland
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Set 2 for Whisker thicknesses: Growth Not Saturated

Comparing tin whisker growth on specimen at 9.5yrd 11 yrs of ambient
exposure
9.5yrs 11yrs

=0

University of Maryland
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Whisker Thicknesses Distributions

Whisker thicknesses closely followed lognormalmhsitions for
both sets

Set 1 Set 2

University of Maryland
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Whisker Lengths Distributions

Whisker lengths closely followed lognormal distriioms for both
sets

Set 1 Set 2

University of Maryland
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Growth Correlation: Set 1

« NO CORRELATION found (correlation coefficient -@)0between whisker length
and thickness, from data collected at the endentdaht
» Attempts made to see if correlation would existlata is separated into subgroups,
NO CORRELATION found in any of the cases
* Underlayer separation (presence of Ni or none)
» Separating by finish thickness
 Correlation within individual specimens
 Correlation for whisker with length:thickness ratiof 4:1 or greater

100.00 ‘

r =-0.06

10.00

Diameter (um)

1000.00

Length (um)

University of Maryland
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Growth Correlation: Set 2

No correlation found between whisker length andkifess after
11 years of ambient storage

This indicates that
— it is not possible to predict ultimate whiskerddmbased on whisker
thickness
— the amount of Sn incoming to each whisker is notesa

100
.+ m=-014
. 0“ M
£ 107 * o y oty
K4
= ¢ 0’:" {E’ :’}:0‘
n * M P o< JK 3 .
A ST
S . 0’0" . 00980 ”’:.’ A Q :
= » LR A A APEE N
= . ®e N ¢ -
1 T T e o * @ |
* e, o ¢
1 10 100 1000 10000
0.1

Length (um)
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Volume of Sn in Whiskers

Although material has went into Sn whiskers, noletgmn of Sn is observed on the

surface

To evaluate how much Sn has been used up in makiwiskers in comparison to
total volume of Sn within a given area, 1000 ardaknuy each were simulated with
whiskers modeled through parameters described betrathered from Set 2 data)

Results indicate that median % of Sn available iwith
1mn? area used up in whiskers is 0.24%
This agrees with lack of visual depletion of Sn

mean STD
Density (Normal): 35 12
whiskers/mm
Length 286 446
(Lognormal): pm
Thickness 4 3.04

(lognormal): pm

Center for Advanced Life Cycle Engineering
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Tin Oxide Shells

Taking a look at possible useful application ofwinisker oxides as
gas sensors

University of Maryland
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Whisker Melting

« Sn-plated Brass heated to 280°C (kept for 20min)
 Whiskers melted leaving behind “shells”

 No change in surrounding surface, suggestingShagxpunged into
plating

Center for Advanced Life Cycle Engineering 37 University of Maryland
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Melting Whiskers: Sn Beading

 Sn-plated Brass heated to 260°C for 15min. WhigkB00um) drained of Sn
 Some beaded-up Sn in the “shell”, while rest of‘8teell” is empty
» This confirms Sn draining down the length of whist@the plated surface

"
/

Y

Y

Y
///

Y
Y

Y

University of Maryland
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Potential Benefit

Metal oxides quasi-one-dimensional structuresoérterest for gas sensing
technology

Upon surface reaction with gas, a semiconductdaihexide is transforming

to create a conductive channel with significantha#ler resistance as
compared to semiconductor

Current-Voltage characteristic measured for a kdrishat has been expunged
of all metal — results are similar to what has b&®own for tin-oxide
nanowires [1]

[1] A. Kolmakov, Y. Zhang, G. Cheng, M. MoskovitRetection of CO and O2 Using Tin Oxide Nanowire Sans”, Advanced
materials Vol 15 _No 12 June 2003

University of Maryland
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Conclusions

University of Maryland
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Conclusions

* As currently implemented, environmental exposuhneswer
tests may under-predict, over-predict, or haveldtstinction
from whisker growth in ambient

— In addition, Ni underlayer does not act as a whisk#igator
— Use of sequential environmental exposure doeaidoh whisker
growth acceleration

* Whisker thicknesses follow lognormal distribution

— No correlation exists between whisker length danckhesses
— Volume of tin used up in whiskers is only a frantof available tin in
the area, where long-range diffusion may act

* Preliminary results on oxide shells left behinavdyisker
melting showed similar characteristics to tin-oxmdowires

— They have a potential for becoming a new way dfintacarbon
monoxide gas sensors

Center for Advanced Life Cycle Engineering 41 University of Maryland
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Contributions and Future Work

Presented a reliable method for whisker lengthsuesament
First to document whisker thickness (diameterrdistion

Contributed whisker parameter data
— Whisker length, density, thickness, and growthedgstributions

Demonstrated that existing environmental standaresot
reliable in predicting long-term whisker growth

— Sequential environmental tests can not be usesistently to increase
whisker growth

— Work in identifying what parameters contribute sntw whisker growth
while going through environmental exposures is irequ
Identified lack of relation between whisker lergjtmnd
thicknesses
— Whisker thicknesses demonstrated to follow lograbmirstribution
Tin-oxide shells left behind by melting tin outtbe whisker,
have the potential to serve as gas sensors

— Further research needed to verify their gas seihgit
— Need of practical implementation in manufactuisagh gas sensors

University of Maryland
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