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Tin whisker growth mechanism and mitigation for
lead-free electronics

Preface

Tin whisker growth has remained a serious problem in electronics for many decades. The problem
has been avoided temporary by alloying Pb into Sn without understanding the whisker growth and
elimination mechanisms. With the movement of banning Pb usage in electronics like RoHS directive,
and also with increasing demand for electronics miniaturization, the incorrigible whisker problem is
coming back to the field of contemporary electronics packaging. Although many efforts were made
for understanding tin whiskers, their growth-mechanisms and mitigation methods have not been

clarified yet.

The present doctoral thesis aims to provide metallurgical approach to understand the whisker growth

mechanism on electroplated tin surfaces, and propose a further mitigation method.

At first, a small amount of Pb addition is approached to understand whisker-growth mechanism. The
pure Sn and Sn-xPb (1 < x < 10 wt. %) electroplating have been investigated under ambient
temperature. No whisker has been observed on all Sn-xPb samples. The mitigation mechanism by
such a trace amount of Pb is not caused by the grain texture control, but is due to the less inter-

metallic composite (IMC) growth.

Furthermore, a special and high reliability electronics application such as a satellite in a space, the
vacuum whisker has been studied by thermal cycling with comparing air whisker. The effect of
plating thickness also investigated for understanding of stress relaxation mechanism. The grain
structure of whisker root, particularly grain boundary cracks oxidized in air, determines the stress
concentration to drive the whisker growth. Cracking caused by oxidation was rarely observed in
vacuum hence causes thin and straight whiskers even from thick plating. These investigations indicate

that the stress concentration at whisker root rolls the whisker growth shape and density.

Finally, this thesis establishes the Sn whisker mitigation by least Bi addition. The four different
environment tests were performed for verifying of Sn whisker elimination. The results confirmed that
adding Bi into Sn refines the grain size of the as-plated films, and alter the columnar structure to
equiaxed grains which is excellent for reliving of compressive stress. The refined and equiaxed grains
alter the growth pattern of IMC to uniform on the interface between Cu substrate and the plating layer.
These microstructure improvements by Bi addition effectively release the internal stress of Sn plating,

and hence mitigate whisker growth on the electro-plated surface under various extreme environments.
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Chapter 1

Introduction

1.1Sn whisker failure in electronics

Sn whisker was firstly reported in 1951 by Compton et al [1]. Sn whiskers mainly grow by
compressive stress from internal or / and external stress. Sn whisker formation has been
remained one of the most serious problems in electronic devices for more than six decades as
they cause short circuits and device malfunctions. This old problem has once solved by
alloying Pb with Sn electroplating, but is coming back nowadays because of the RoHS
(Restriction of Hazardous Substances) directive banning Pb in electronics packaging. Electro
or electro-less plating has been also developed without lead following the recent movement
for lead-free packaging of electronics devices [2-3]. Lead-free plating of pure Sn, Sn-Bi, Sn-
Ag and Sn-Cu have replaced the conventional Sn-Pb electro plating. However, such lead-free
plating faces a risk of Sn whisker growth. Sn whiskers that can grow up to a few millimeters
often cause a short circuit failure in electronic components. Fig. 1 shows a representative long
tin whisker on Sn plating surface of 42 alloy lead-frame. Due to the miniaturization trend of
electronic devices, a few ten micrometers length of whisker is enough to make a short circuit
in fine-pitch packaging [3-5]. In particular, the electronics for aerospace have to be faced
extreme situations without maintenance. For instance, the satellite needs high reliability to
accomplish the given mission for a long time. Recently, the whisker failures have been
reported in auto vehicles and satellites by National Aeronautics and Space Administration
(NASA) [6-7]. The main reason for the tin whisker growth is driven by compressive stress
from internal or external stress under various environments. The tin whisker growth
mechanism by internal or external mechanical stress has been reported frequently during the
past decades. These reports have focused on: (i) the expansion of intermetallic compound
(IMC) volume, (ii) Sn grain growth at room temperature by recrystallization or by grain
migration, (iii) thermal stress caused by thermal expansion mismatch between the plated
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layers and substrates, (iv) oxidation on plating surface accelerated by high temperature and

humidity [8-9].

SEI 5.0kV X500

Fig. 1 Whiskers on tin surface after 500 thermal cycling under vacuum condition.
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1.2 Causes of whisker growth

1.2.1 Room temperature

The main driving source of tin whisker is compressive stress from internal / external stress.
The tin whisker growth mechanisms have been widely reported through various
investigations. The intermetallic compound (IMC) between the electro plated layer and
copper substrate has grown even under room temperature. In particular, the IMC growth
concentrates along the grain boundaries. Thus, compressive stress has increased as growth of
IMC on the boundaries. Whisker grows for reliving the accumulated stress by IMC growth

called room temperature whisker (see Fig.2) [10-16].

(a) As plating

Cu substrate Cu substrate

Fig. 2 Schematic of whisker growth under room temperature [10].
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1.2.2 Oxidation and corrosion

Oxidation and corrosion of the metal induces a volume expansion into Sn plating layer during
high humidity storage, and whiskers grow to relieve the accumulated compressive stresses

from the volume expansion [8-9]. The whisker growth by oxidation displays in Fig. 3.
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Wihiske

ndedayer/IMC

(a)

(b)

Fig.3 (a) The mechanism schematic of whisker growth with corrosion/oxidation. (b)
Optical micrograph of cross section of lead after prolonged exposure to 60 C/93% RH.

Black spots are corroded. Note part of the whisker emanating from the top [8].
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1.2.3 Mechanically induced stress

The stress induced by directional load or pressure from the external pressure. For instance,
the connectors used in electronics are easily getting a mechanical stress. These mechanical
stresses also increase compressive stress in the internal grain also, on the surface of electro
plated layer. The stress reliving comes from the whisker growth on the surface as similar
manners with the above whisker growth under room temperature and by the oxidation.
Mechanically induced whiskers show higher growth rate than that of the whiskers induced by
IMC [17-22]. Y. Mizuguchi et al. have observed mechanically induced whiskers over 200 um
length just a few days (see Fig. 4.). The recrystallization and/or grain growth makes volume
expansion of Sn grains when the surface induced by the application of mechanical stress.
These volume expansion result whisker growth to reliving accumulated stresses. In addition,
the Sn whisker growth by the mechanical stress is deeply related with the grain orientation.
Mechanical inducing make twined grains and large grains, and Sn whiskers grow mainly a

twined grain as shown in Fig.5 [22].
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No whiskers

60 pm

/Whiskers| \

\

Fig. 4. Mechanically induced connector samples: (a) as plated of Sn, and (b)

mechanical stress had been indented for 3 days [22].
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(a) (b) (c)
Columnar structure Structural change Release excess strain
Whisker
[]%>Mechanical stress @@ Larger grain  — Random grain boundary
@8 Twinned grain == Twin boundary

Fig. 5. Schematics of whisker growth by mechanical stress [22].
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1.2.4 Thermo-mechanical stress driven by thermal cycling

Thermal stress is one of the main causes of Sn whisker growth. Thermal cycling is a
typical factor of thermal stress by inducing a thermo-mechanical stress to plating layer. The
difference in coefficient of thermal expansions (CTEs) between plating layer and substrate
causes compressive and tensile stress to plating layer repeatedly during thermal cycling. Fig.
6 indicates the schematic of thermal stress progress during thermal cycling. Thermal cycling
whisker have been widely reported because electronic components frequently are suffered
that environment [23-24]. In the air, thermal cycling induces boundary cracking on the electro
plating surface with progress of the surface oxidation. The repeatedly compressive and tensile
stress accelerates the grain boundary cracking on plating layer with whisker growth to relax
the accumulated the compressive stress. In case of vacuum, though, the same stress relaxation
has been arises, the characteristic of whisker growth is different with that of in air. Thick and
bended type of whisker mainly have been observed in air, but thin and straight like a filament
type of whisker mainly have been observed in vacuum. These variations come from the

existence of oxidation during thermal cycling [23, 25].
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“ Sn Temperature 1

[ Compression

Sn Temperature |
[ Tensile

Fig. 6 The schematic of induced thermal stress during thermal cycling.
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1.2.5 Electro migration

Electro migration (EM) drives metal whisker by current stress and/or electrical potential
[26-27]. Fig.7 shows whisker and hillock growth on the Sn-Bi solder induced by electro
migration. The molten Sn-Bi solder during EM overflows and spread on the top surface of the
Cu substrate. And then, the overflowed solder film makes IMC (CugSns), which causes the
whisker and hillock growth for relieving compressive stress [27]. Q.S. ZHU et al. suggest a
model of stress generation by EM (see Fig. 8). They also, show the tin hillock induced by EM
as shown in Fig. 9. These Sn hillocks indicated in Fig. 9 can explain by the schematic
diagram in Fig.10, explaining hillocks induced by the compressive stress from CugSns
segregation. Furthermore, as increasing EM time, the hillocks have grown larger [26]. As
mentioned above, the compressive stress from IMC growth drives the Sn whiskers. It is
basically similar driving source of Sn whisker i.e. the compressive stress during EM and

room temperature storage.

13
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Over-flowed

solder

Fig. 7. Whisker growth on solder joints after 48 h of current stressing: (a) formation of
whiskers and hillocks on the overflowed solder film, (b) morphology of the whiskers, (c)

morphology of two twisting whiskers, and (d) morphology of the hillocks [27].
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Electron flow

Compression stress

_\-\-\\I L.
~ -

Tension stress

—

o

Stress gradient

<«

Fig. 8 Schematic diagram of stress generation at a trigeminal grain boundary by

electromigration [26].

Fig.9 Sn hillocks induced by electro migration [26].
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Fig.10 Schematic diagram of Sn hillock growth under in-plane compressive stress from

Cu6Sn5 segregation [26].
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1.2.6 Summary of Causes of whisker growth

Metallic whisker growth has grown by variable driving source. In particular, tin whisker is
prone to grow on electroplating surface and Sn-based solder by various environments. The
IMC growth drives the compressive stress on plating layer and solders by volume expansion,
hence, the whiskers grow to relive the accumulated compressive stress under room
temperature and or EM process. The oxidation induces similarly volume expansion in and on
Sn and grain boundaries. These volume expansions result a compressive stress to grow tin
whisker for reliving the stress. Thermal stress by inducing thermal cycling is one of important
driving source of Sn whisker growth. Thermal cycling makes mismatch of CTEs between the
plating layer and substrate. Tensile and compressive stress is forced on plated surface

repeatedly during thermal cycling. The accumulated stress is relaxed by whisker growth.

The causes of whisker growth are based on a compressive stress in all cases. In particular, it
is prone to generate compressive stress on lead-free electroplating and solder alloys under
various environments. Therefore, to relaxing compressive stress is a key understanding for

whisker mitigation under various conditions.
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1.3Previous research on whisker mitigation

Many researches about whisker growth model have been reported for a few decades as
explained in chapter 1.2. On the base of the models, many efforts of whisker mitigation have
been also researched. The compressive stress in plating layer has been a major cause of Sn
whisker growth. Furthermore, in Sn electro plating, IMC growth is prone to follow the grain
boundaries. The concentration on grain boundary growth disturbs the mobility of Sn grain
boundary. Therefore, the Sn whisker has been grown to relieve the accumulated compressive
stress. The IMC growth control is one of the effective methods to relaxing compressive stress
on the Sn plating layer and solders. Annealing by heat treatment at 150 °C for longer than 30
min is typical for reduce whiskers at ambient storage. The heat treatment creates a uniform
IMC layer at the interface between Sn plating and Cu substrate, and the uniform IMC layer
hampers further IMC growth particularly along the Sn grain boundaries because of the
decreased Cu diffusion rate [11-12, 14]. This heat treatment also, called “post-bake” in

literature [28-29].

Film thickness (electro plating thickness) is also deeply related to the relaxation on
compressive stress. Thickening the plating layer relaxes the compressive stress in tin plating
to reduce the whisker density [30]. As increasing the film thickness (Fig. 11 a to c), the grain
sizes are also increased as shown in Fig.11 d to f. Overall in the Fig.11, The thicker plating
layer has more IMC volume with large grain. The compressive stress is lowest in 5.8 pum (see
Fig.11 I), causing a minimum whisker density. The thickening plating layer effect is apparent

in their reports for whisker suppression.
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Fig.11 Simultaneous measurements of the evolution of IMC volume (g—i), in
plan stress in Sn layer (j—I), and whisker density (m-o0) are shown for three

different Sn layer thickness [30].
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Alloying with a various lead-free metal also challenges on whisker mitigation for a decade.
Representatively, alloying Bi with Sn has been examined in the literature, where the
columnar grains of the films were changed to equiaxed grains [31]. In their reports, the
measured stress of 7.5 um Sn films with 2.5-10 wt.% Bi content under thermal cycling has
shown a relaxation similar to that in the Sn-Pb plating. Pure Sn, Sn-Pb and Sn-Bi have been
compared by stress in plating layer during thermal cycling. Fig.12 and Fig.13 shows each
results of stress comparing of pure Sn Sn-Pb and Sn-Bi with composition respectively.
Comparing the Fig.12 (b) and Fig.13 (f), a similar stress development can be confirmed on
the Sn-Pb and Sn-10Bi plating layer. Even the stress development of Sn-2.5Bi plating is
lower than that of pure Sn (compare Fig.12 (a) and Fig.13 (b)). It is note that the compressive

stress can be relieved by Bi alloying on Sn film with whisker suppression.
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Fig.12 The stress comparison of (a) 7.5 pm Sn layer and (b) 7.5 pm Sn-Pb

alloy layer Stress as to time variation: cross section view of (¢) Sn and (d)

Sn-Pb [31].
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1.4 Objective and motivation of this thesis

Electronic devices are now being developed without lead since the restriction of hazardous
substances (ROHS) directive for electronic equipment a decade ago. Hence, electroplating for
electro-packaging is also being developed to be lead free. Sn-Pb alloys are superior materials
for electro-packaging having properties such as good soldering ability, good wettability, a low
meting point for soldering and especially a good tolerability of tin whisker generation under
various environments. A challenge for lead-free electro-devices is the risk of failure from the
growth of metal whiskers. Tin whiskers can grow up to a few millimeters during operation
and can cause a short circuit failure in electronic components. For example, a whisker less
than 100 pm in length can create a short circuit in fine pitch systems following the
miniaturization trend of electronic devices. Thus, many approaches for mitigating tin whisker
formation have been proposed using various methods. The various metallurgical
investigations have been also reported to understand the growth mechanism of Sn whisker for
their mitigations. Even though many approaches and reports about whisker growth
mechanism and mitigation, the mechanisms are not sufficient for conclusive understands of

Sn whiskers and the fundamental mitigation for long term whisker growth are not clear.

Consequently, in this thesis, the fundamental mechanism of Sn whisker growth has been
proposed by understanding of Sn-Pb alloying. No whiskers have been confirmed on Sn-Pb
plating under ambient temperature storage. Therefore, the understanding of whisker
suppression effect in Sn-Pb alloying rolls inversely, a key comprehension of whisker growth

mechanism.

Whisker problem in the vacuum environment has been nearly studied though many whisker

failures have been reported about space applications during their operation in the vacuum
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such as satellite. So, in this thesis, the vacuum whisker is compared with air whisker by their
characterizations under thermal cycling. The different plating thickness also, compared by
thermal cycling test. The different thermal stress by induced thermal cycling has been
investigated for the understanding whisker growth mechanism in the vacuum and air

environments.

Finally, this research suggests whisker mitigation for various environments by a small
amount of Bi addition. The alloying effect on whisker suppression has already been proposed
in the literature, this thesis concludes that the minimum requirement of Bi addition necessary
for whisker mitigation can be less than or equal to 0.5 wt. %. This mechanism of whisker
mitigation would help the further investigation on metal whisker suppressions in particular, in

the fields of lead-free applications.
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Abstract

In this chapter, long term surface evolution of matte tin electroplating has been investigated
under room temperature to understand the tin whisker mitigation by a trace amount of lead
addition. No whisker growth has been observed on all the Sn-xPb samples (1 < x <10 wt.%),
while at least 3 wt.% of Pb addition is required to alter the columnar grain structure of pure
Sn plating to equiaxed grains. The mitigation mechanism by such a trace amount of Pb is not
caused by the grain texture control, but is due to the less inter-metallic composite (IMC)
growth; the segregated Pb at the columnar grain boundaries disrupts the IMC growth, and
releases Sn grain boundary migrations to relax the internal stress. This mechanism of stress
relaxation and whisker growth suppression suggests that lead-free Sn plating without whisker
growth can be realized by co-plating Sn with a Pb-like metal element that precipitates at the

grain boundary to interfere with the IMC growth.
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2.1 Introduction

Electro or electro-less plating has been developed without lead following the recent
movement for lead-free packaging of electronics devices. Lead-free plating of pure Sn, Sn-
Bi, Sn-Ag and Sn-Cu have replaced the conventional Sn-Pb electro plating. However, such
lead-free plating faces a risk of tin whisker growth. Tin whiskers that can grow up to a few
millimeters often cause a short circuit failure in electronic components. Due to the
miniaturization trend of electronic devices, a few ten micrometers length of whisker is
enough to make a short circuit in fine-pitch packaging [1-4]. The tin whisker growth
mechanism by internal or external mechanical stress has been reported frequently during the
past decades. These reports have focused on: (i) the expansion of intermetallic compound
(IMC) volume, (ii) Sn grain growth at room temperature by recrystallization or by grain
migration, (iii) thermal stress caused by thermal expansion mismatch between plating and
substrate, and (iv) oxidation on plating surface accelerated by high temperature and humidity
[5-6]. To prevent tin whisker failure in electronic devices, various methods of whisker
mitigation have been proposed. For example, annealing by heat treatment at 150 °C for
longer than 30 minutes is typical for reduce whiskers at ambient storage. The heat treatment
creates a uniform IMC layer at the interface between Sn plating and Cu substrate, and the
uniform IMC layer hampers further IMC growth particularly along the Sn grain boundaries
because of the decreased Cu diffusion rate [7-9]. Thickening the plating layer relaxes the
compressive stress in tin plating to reduce the whisker density [10]. Recently, the stress
relaxation mechanism of Sn-Pb alloying has been reported; the addition of lead in matte tin
forms the equiaxed grain structure to reduce the residual stress of electroplating process, and
is effective on Sn whisker incubation [11, 12]. And also, Sn-Pb plating eliminates Sn whisker

by changing IMC growth [13]. However, the lead contents of examined in their reports were
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5 wt. % to 40 wt. %, and the similar grain structure alternation from columnar to equiaxed
was found in both the cases. Thus the necessary amount of Pb has been yet unknown, and the
detailed role of Pb element in the Sn grain structure as well.

In this chapter, the role of small amount of Pb addition in matt tin plating has been explored
in connection with whisker growth observations for one-year long storage under room
temperature. Evolutions of the grain microstructure, surface texture, and IMC growths have
frequently been observed during the storage experiment, and compared with various Pb
concentrations of Sn-xPb co-electroplating where 0 < x < 10 wt. %. The typical texture of
electroplated pure Sn displays a vertical columnar structure that is prone to generate tin
whiskers, while whisker mitigation has been confirmed in all the Pb added Sn plating
specimens. However, our thin electro plating of Sn-xPb (x < 3 wt. %) displays a columnar
grain structure similar to that of pure Sn, instead of the equiaxed grains that relieve
compressive stress more effectively than the columnar grains [7] This means whisker
suppression mechanism can be different when only 1 wt. % of lead is added in tin. The
present experimental research aims to clarify the unidentified mechanism of tin whisker

mitigation, seeking for further possibility to Pb-free whisker mitigation methods.
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2.2 Experimental procedure

Matte Sn-xPb (x = 1, 2, 3, 4, 5, 10 wt. %) were electroplated on a copper lead-frame for
quad flat packaging (corresponding to CDA number C19400) sheets, using an electric current
density of 5 A/cm2. The electroplating process was carried out in a 3 liter of 1 pH solution
bath at 45 °C for 3 minutes and 10 seconds. After the electroplating, all the samples were
cleaned with distilled water, and then dried for 20 seconds with a dry machine gun. Fig. 1
shows a typical electroplated lead-frame specimen. The plating thickness was about 5 pum for
all the samples. These samples were stored at room temperature (25 + 2 °C) for one year, and
the growth behavior of Sn whiskers and surface changes were continuously observed by
scanning electron microscopy (SEM, JSM-5510S, JEOL, Japan) during the test period.

The microstructure and crystal grain size of the coatings were determined by SEM
observation on the surfaces, and on the cross-sections of the coatings (FE-SEM 2100, JEOL,
Japan). Focused ion beam (FIB) microscope (Hitachi FB-2100, Japan) was utilized to
fabricate cross-section samples of the coatings, whiskers, and hillocks, as well as FIB
imaging. The distributions of Sn and Pb grains were determined at 1 pm depth from the
topmost surface with using FIB. Cross section polisher (SM-09010, JEOL, Japan) of Ar ion
etching was also used for cross-section sample preparations, and energy dispersive X-ray
(EDX) analysis was performed. Finally, the Sn-xPb plating layer was removed with using the
etchant composed of hydrochloric acid (3 %) and nitric acid (5 %) in ethanol (92 %), and
then the surface distributions of remaining IMCs were observed with field emission-scanning

electron microscope (FE-SEM).
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Fig. 1. Sn-Pb electro plating on copper lead frame sheet for quad flat package.

36



Chapter2

Least lead addition to mitigate tin whisker for ambient storage

2.3 Results and discussion

2.3.1 Tin whisker generation at room temperature

The surface images of as-plated matte Sn and Sn-xPb are presented in Fig. 2. All the fresh
samples show flat surfaces without any whiskers or cracks. The morphologies of the topmost
surfaces appear differently according to the amount of Pb addition. With increasing Pb
content in Sn, the size of surface grains decreases. The small amount of Pb addition thus

results in Sn grain refinement.
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Fig. 2. Surface morphologies of the Sn-xPb electro plating after as plated.
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FIB images presented in Fig.3 display the Pb distributions under 1 pm from the top surface.
The segregated Pb increases with increasing Pb content. Moreover, the average size of Sn
grains is decreased with increasing Pb content as well. In particular, the grain sizes of Sn-
1%Pb are smaller than those of the pure matte Sn as seen in Fig. 3 (a) and (b). This means
that the grain refinement effect starts at only 1 wt. % of Pb addtion. The Pb grains are mainly
located on Sn grain boundaries regardless of Pb content. Because of the negligible solubility
of Pb in Sn at room temperature both the size and number of segregated Pb grains increases
with increasing Pb content from 1 wt. % to 10 wt. %, being consistent with the report in the

literature [7].
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(d) Sn-3%Pb

(b) Sn-1%Pb

Fig. 3. Comparison with grain size and lead distribution of Sn-xPb by FIB surface

etching with gallium.
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Fig. 4 shows the morphologies of all the plated samples after 24 hours on room temperature
storage. Short tin whiskers have been confirmed only on the pure tin surface (see Fig.4a),
while no morphological change on the plating with lead addition (Fig. 4b-4f). This indicates
that only one day is enough to generate whiskers on pure Sn even under the room temperature
to relieve the residual stress accumulated in the electroplating process. The surface images
after the one year storage are presented in Fig. 5. These SEM images indicate that Sn
whiskers can grow exclusively on the pure tin electroplated surface whereas hillocks are
observed instead of whiskers on the Sn-xPb plating surface irrespective of the lead content.
The average density of Sn whiskers is about 2.28 counts/1000 um? on pure Sn coating, while
that of hillocks is less or equal to unity on all the Sn-xPb samples (see Fig. 6). The maximum
length and width among all the observed tin whiskers on the pure tin surface are about 52 pm
and 5.8 um, respectively. The hillocks found on Sn-xPb plating surface have a witdth of 10.8
um at maximum. Our frequent SEM observations have revealed that the continuous hillock
growth is obvious during the first 10 days, but then gradually slows down to reach the
saturation until the last observation after one year storage. All the lead added plating surfaces
exhibit little change of surface and hillock morphology after the active growth found in the
early days. This contrasts the unremitting whisker growth on pure Sn until the end of the
storage tests. These observations lead us to the two possible explanations; (i) hillocks release
the stress faster than tin whiskers; (ii) the stress accumulation continues for longer duration in
pure Sn than lead added plating. It is not obvious to identify the reason directly from these
surface observations. In any case, it is noteworthy that only 1 wt. % of lead addition

drastically changes the stress relaxation mode from whisker growth to hillock creation.
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Fig. 4. The morphologies of electroplated Sn and Sn-xPb after 24 hour on room

temperature storage test.
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Fig. 5. The morphologies of electroplated Sn and Sn-xPb after 1 year on room

temperature storage test.
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Fig. 6. Count of whiskers and hillocks on the each surface of Sn and Sn-xPb after 1

year.

To investigate the source of internal compressive stress, cross-sectional observations have
achieved by SEM. Fig. 7 shows the cross-sectional texture change during the long period
storage tests: (a)-(d) as prepared, and (e)-(h) after one year at room temperature. At the
beginning, pure Sn indicates a typical columnar structure in Fig. 7 (a). Both the structures of
Sn-1Pb (b) and Sn-3Pb (c) appear to keep nearly columnar structure, but include some small
Pb grains. In contrust, Sn-10Pb (d) exhibits a typical equiaxed grains including large Pb
grains. More numbers of Sn grain boundaries becomes parallel to the substrate with
increasing Pb content from 1 to 10 wt. %, since Pb co-deposition significantly reduces

crystallographic texture orientation in Sn by preventing the columnar growth [7, 11]. All the
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Sn grains found in Sn and Sn-xPb samples have bulked up after one year without alternating
the initial grain structures.

The IMCs at interface between Sn and Cu substrate continuously grow in all the samples
during the one year at room temperature as shown in Fig. 7 (e-h). In the case of pure Sn
plating, IMCs grow along Sn grain boundaries. Particularly large IMC growth can be
observed at the boundaries of the root grain under the stemmed tin whisker (see Fig. 7e).
Such a large IMC contributes to the increase of the compressive stress around the root Sn
grain, and hence the whisker needs to grow at the surface to release the accumulated stress. In
contrast, the volume of IMCs after one year in Pb added plating are smaller than that of
pure Sn plating at Sn/Cu interface and at Sn grain boundaries. Moreover, the IMC growth in
the Pb added Sn samples uniformly grew over the entire interface area during the one year of
storage. These cross-section FIB observations in Fig. 7 reveal that tin whisker growth found

only on pure Sn plating surface is due to the concentrated IMCs along the grain boundaries.

2 Cu substrate |\ a

Fig. 7. Cross sectional views of Sn and Sn-xPb (a) as state (b) after 1 year.
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EDX results in Fig. 8 show the distributions of IMCs in pure Sn plating (a) and Sn-10Pb (b)
on Cu substrate after one year. The determined composition is CugSns. The IMC growth
patterns appear different in pure Sn and in Sn-10Pb samples. The IMCs of pure Sn grew to
concentrate in grain boundaries which are consistent with the FIB cross-section analysis in
Fig. 7, and the uniform growth pattern in Sn-10Pb as well. The IMC growth is faster and

larger in pure Sn under room temperature than that in Sn-10Pb.

(b) Sn — 10 wt.% Pb
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Fig.8. EDX analyses of Sn and Sn-10Pb after 1 year room temperature storage.
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The back-scattered FE-SEM images in Fig. 9 display the final distributions of Sn grains,
grown IMC, and segregated Pb in both pure Sn and Sn-10Pb plating samples after one year
storage. The IMC growth along the Sn grain boundaries can be clearly seen in Fig. 9 (a).,
while the Pb grains in Sn-10Pb appear to disturb the IMC growth at the grain boundaries (see
Fig, 9 (b)). Consuming the diffused Cu atoms from the substrate, the IMC growth causes total
volume increase of the plating. Larger the IMC volume, higher the compressive stress.
Therefore, one can conclude that the compressive stress accumulated during the one year is
higher in pure tin than in Sn-10Pb. This compressive stress due to the IMC growth changes
the stress relaxation mode resulting in different surface morphologies such as whiskers or
hillocks. This also implies that whisker needs higher compressive stress than hillocks to grow

under the room temperature [5].
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IMC
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COMPO 50kV X5000 1gm WD 7.5mm

(b)10%Pb

Cu substrate

COMPO 50kV X5000 1gm WD 8.6mm

Fig. 9. IMC growth comparison of (a) Sn and (b) Sn-10Pb after 1 year room

temperature torage.
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The typical cross-sectional image of Sn hillock is presented in Fig. 10, observed on the Sn-
1Pb sample surface after one year storage. The magnified image in Fig. 10 (b) displays that
the Pb grain segregated at the Sn grain boundary blocks the IMC growth, particularly at the
root of the hillock. W.J. Boettinger et al. proposed that such hillocks form due to the active
mobility of more than one grains [7]. The considerably short IMC growth frees Sn grain
boundary migration, and allows the grain growth to form the hillock. This hillock formation
effectively releases the compressive stress without growing whiskers. It is noteworthy that
this mechanism can be observed only 1 wt. % lead addition. Our observation proposes

another whisker mitigation process without forming equiaxed grain structure.
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Hillock
(Sn)

Fig. 10. Cross sectional views of Sn-1Pb (a) and magnification of hillock (b) after 1 year.
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2.3.2 Intermetallic compound formation

The formation and growth of IMC formed under pure tin and Sn-1Pb plating after one year
room temperature storage test are investigated by tin etching as shown in Fig. 11. The results
of IMC dispersion also well supported the generation of whisker and hillock formation. In
case of pure tin plating (Fig. 11 (a)), the IMC has mainly grown along the Sn grain
boundaries, and forms a network structure covering the entire substrate surface. This network
disturbs the grain boundary migration that relaxes the residual stress. As explained cross
sectional analysis, therefore, the volume expansion from IMCs growth significantly
contributes a compressive stress to tin plating layer, and then tin whisker generates to release
the accumulated compressive stress. In the case of Sn-1Pb shown in Fig. 11 (b), the IMC
forms more irregularly, and the volume is smaller than the case of pure tin plating. The
different IMC growth is already reported by Jhang et al. [13]. They concluded that the lattice
diffusion of Cu into Sn grains is enhanced with increasing Pb content in the deposits.
However, the mechanism about higher lattice diffusion and hillock growth in the presence of
Pb has not been reported [13].

The mobility of grain boundary is increased in Sn-xPb due to the less IMC growth on grain
boundary. That is the main reason of hillock formation instead of whisker for releasing the
compressive stress under room temperature. It is noteworthy that a small amount addition of
just 1 wt. % lead in tin changed the formation and growth of IMC during the room
temperature storage. The ways of stress relaxation determined by the different IMC network

formation are thus related to the growth of whiskers and hillocks.
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Fig. 11. The IMC dispersion of Sn (a) and Sn-1Pb plating after one year room

temperature storage.
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2.3.3 The formation mechanisms of tin whisker and hillock

The continuous process of accumulating and relieving compress stress during the one year
storage are different in the pure tin plating and in that with 1 wt. % of lead addtion. Fig. 12
(a) illustrates the microstructure change in the pure Sn plating, from the initial as plated to the
final state after one year. The grains of pure Sn and the IMC have been grown following to
grain boundaries after one year. The grown IMC disturbs the mobility of Sn grain boundary.
Therefore, the compressive stress caused by the volume expansion of IMC and grain growth
of Sn can be relieved only by extrusion of Sn whiskers. That is a major cause of whisker
generation in pure Sn under room temperature.

On the contrast, as-plated Sn-1Pb and after one year of Sn-1Pb are shown in Fig. 12 (b). The
grain growth in Sn-1Pb is the same to that in pure Sn, but the IMCs growth are different. The
Pb segregated between Sn grains interrupts the IMCs growth following to Sn grain
boundaries. Thin IMC have uniformly formed on the interface. Therefore, the mobility of Sn
grain boundary is not interfered during the one year. The dotted lines in Fig. 12 (b-2) indicate
the grain boundary movement for one year. Hillock generation can effectively release the
accumulated stress from volume expansion of grain and IMC. The columnar grain structure
observed in Sn-1Pb is supposed to generate Sn whiskers in general, though 1 wt.% of lead
addition into 5 pm plating is enough to mitigate Sn whisker up to one year of room

temperature storage.
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Fig. 12. The formation mechanisms of Sn whisker and (a) and hillock (b) under room

temperature storage during one year.
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2.4 Conclusion

Tin whisker mitigation process by lead addition has been investigated by comparing with
pure matte Sn and Sn-xPb electro plating with 5 um thickness on Cu substrate. Tin whiskers
have been observed only on pure Sn surface, and no whisker but hillocks on the lead added
plating during the one year of room temperature storage test. In the tests, whisker growth is
efficiently suppressed by only 1 wt. % of lead addition without altering the columnar to
equiaxed grain structure. The whisker mitigation by such a small amount of lead addition is
due to the suppressed IMC growth at the Sn grain boundaries, and freed grain boundary
migration. Less obvious pinning of grain boundary migrations results in hillock growth that
enough to release the compressive stress in the plating. Our results of higher lead content of
10 wt. % agree with the report in the literature [7], though the required amount of lead for
whisker mitigation can be less or equal to 1 wt. %. The revealed mechanism of whisker
mitigation by the least amount of lead addition would indicate the required properties of
metal additives that can suppress whiskers like lead. Considering the low solubility of Pb in
Sn, we would suggest that Bi can be a replacement candidate of lead for tin whisker

mitigation.
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Vacuum whisker , Air whisker

Thermal cycling whisker in vacuum and air (Jung-Lae Jo, 2013)
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Abstract

In this chapter, whisker growths from matte tin electroplating have been observed during
thermal cycling up to 1000 cycles either in air or in vacuum. The density, length, and width
of thermal stress whiskers depend on the plating thickness of 2 um and 5 um in the present
study. Whiskers grown on the 2 pm plating are longer and thinner than those on 5 um plating.
In both cases, whiskers grow thinner and faster in vacuum than in air. These apparent
variations come from the grain sizes and the thermal stress distributions in the electroplating,
intrinsically different in 2 pm and 5 pum thick films. The grain structure of whisker root,
particularly grain boundary cracks oxidized in air, determines the stress concentration to
drive the whisker growth. Cracking caused by oxidation was rarely observed in vacuum
hence causes thin and strait whiskers even from thick plating. These results indicate that the
stress concentration at whisker root grain is essential for controlling whisker growth
morphology, and has a critical impact on various electronic applications. The present work
also, establishes the fundamental understanding of whisker growth mechanism in air and

vacuum.
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3.1 Introduction

The thermal stress in plating is caused by mismatching coefficients of thermal expansion
(CTE) between tin and substrate under varying temperature. Severe thermal cycling, i.e.
stress cycling of compression and tension, is often unavoidable in electronic applications [1-
5]. Typical and severe thermal conditions can be in auto vehicles and in satellites [6-7]. The
operation temperature in the former case easily exceeds the limit of Si-based semiconductors.
In the latter case, the electronic components permanently face to the thermal cycling in
vacuum, and have to survive for long period without any maintenance. Nevertheless the
reliability of electronic components is critical in both the cases, the severe thermal stress
cycles — with or without surface oxidation — lead to the risk of Sn whisker growth [8].

In this chapter, hence focuses on the tin whisker growth driven by thermal stress, tested with
severe thermal cycling in either air or in vacuum. Furthermore, two different thickness of Sn
plating are examined for stress variation. The film thickness effect on the whisker growth
from Sn films deposited on a Cu layer has been examined in the literature [9]. The study
concluded that thicker plating effectively relaxed the compressive stress, and was more
advantageous for reducing whisker density [9]. However, the Sn plating on Cu layer was
severely affected by the interface IMCs, and the whisker growth too.

This present work, the influence of interface IMC is carefully eliminated by using 42 alloy
as a substrate since the IMC growth rate is sufficiently slow and negligible within the period
of our thermal cycling tests. We have then found that all the growth properties of the density,
the maximum length, and the width of thermal whiskers are dependent on the thickness of the
tin plating, i.e. thermal stress, in both the air and vacuum conditions. The thermal cycling in
vacuum generally grows longer and thinner whiskers than those in air, and the similar

tendency is confirmed for thinner plating films. These findings imply that the morphological
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properties of thermal whiskers are determined by the stress concentration on whisker root
grain. Understanding the stress caused by thermal cycling in Sn films is hence the key for

whisker risk managements in the electronics, particularly for aerospace applications.
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3.2 Experimental

Matte tin films were electroplated with the electric current of 5 A/dm?, on a 300 um thick
lead-frame sheet made of 42 alloy (42%Ni-57%Fe). The electroplating process time was 48
seconds for 2 um thick films, and 136 seconds for 5 um. All the specimens were cleaned with
distilled water after the plating. A part of typical electroplated lead-frame sample is presented
in Fig. 1(a).

The thermal cycling tests have been performed in a specially-designed vacuum chamber
(ULVAC, Inc, Japan), which can maintain a high vacuum at the order of 10-4 Pa during the
thermal cycling from 80 <C to -20 <. The temperature of the specimens was controlled by a
Peltier thermoelectric device (UTC200A; Ampere Co. Ltd, Japan) built in the vacuum
system. The thermal and stress cycling tests were continued up to 1000 cycles either in air or
in vacuum. We adopted the same thermal cycling profile for both the tests in air and in
vacuum; The heating and cooling rate are about 22 °C / min and 11 °C / min, respectively.
The dwell time was set to 15 minutes at both the high and low peak temperatures. Thus, one
thermal cycling took about 45 minute, and the total testing time of 1000 thermal cycles was
about 750 hour.

The growth behavior of tin whiskers and surfaces were frequently observed during the
thermal cycling tests by field emission scanning electron microscopy (JSM-5510S, JEOL,
Japan), and growth properties like whisker length, width, and density were recorded as a
function of the number of thermal cycles.

In this study, cross-section observations of Sn films and whiskers were carried out using a
focused ion beam microscope (FIB; Hitachi FB-2100). FIB machine was also used to study

the Sn grain distributions of the plating microstructure, by etching the topmost surface of the
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film down to 500 nm depth. The ImageTool (UTHSCSA, U.S.A)) was utilized for

microscope image analysis to obtain the whisker growth properties like length and width.

12 pm

42 alloy

S pm

]

42 alloy

F

Fig. 1 Matte Sn electroplating on QFP lead frame; (a) a part of the frame sheet; (b)

cross-section SEM observations of as-deposited films: (b) 2 pm, and (c¢) 5 pm thickness.
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3.3 Results and discussion

3.3.1 Whisker growth after the thermal cycling in air

Cross sections of 2 uym and 5 um as-plated films are presented in Fig. 1 (b)-(c). Both the
films before thermal cycling tests have no crack at grain boundaries, and also no IMC at the
interface between Sn films and 42-alloy substrate. The lack of interface IMC assures that the
whisker growth is driven by thermal stress cycles in our present study. Fig. 2 displays typical
whisker morphologies grown on 2 pum plating (a)-(b) and 5 um plating (d)-(e) after 750
thermal cycles in air. Long and thin filament-like whiskers are observed on 2 pm plating,
while short and thick winding whiskers, so-called nodule whiskers, on 5 um film. The global
distributions of whiskers on a part of the electroplated lead frame can be seen in Fig. 2 (c)
and (f). Most of the whiskers exhibit winding nodule shape as shown in Fig.2 (e), typical for
those grown by thermal cycles in air,. However, a considerable number of thin and straight
whiskers can be found on 2 um plating (See Fig. 2 (b)). The density of Sn whiskers is higher

on 5 um plating than that on the 2 um (Compare Fig. 2 (¢) and (f)).
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5.0kV X900 10um WD 7.8mm

50kV  X2,000 104m WD 7.1mm 5.0kV  X2,000

2 um plating LEI 5.0kV X100 100gm WD 7.9mm 5 um plating X100 100g#m WD 7.9mm

Figure 2 Typical Sn whiskers grown by thermal stress cycling in air; (a) on 2 pm plating
after 750 cycles; (b)-(c) after 1000 cycles; (d) on 5 pm plating after 750 cycles, (e)-(f)

after 1000 cycles.
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The statistical characterization of the whisker growth properties on 2 pm and 5 um thick
films are summarized in Fig. 3. The count, density and maximum length of whiskers
increases with increasing thermal cycles regardless of the plating thickness. The effect of
plating thickness on whisker density described above is confirmed in Fig. 3 (a), as whiskers
grow always denser on the thicker plating irrespective of the thermal cycles. The average
width of whiskers on each plating thickness appears almost unchanged during the thermal
cycles (see Fig.3 (b)), and thinner plating leads thinner whiskers. The maximum whisker
length found on 2 um plating is longer at any thermal cycle counts than that on 5 pm. These
results from Fig. 2 and Fig. 3 indicate that the plating thickness has an obvious effect on the
whisker growth morphology, i.e. the count density, average width, and maximum length

during thermal cycling in air.
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Fig. 3 Whisker growth characterization with increasing number of thermal stress
cycles; (a) density, (b) width, and (¢c) maximum length of whiskers found on 2 pm and 5

pm thick plating.
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These thickness effects may originate from the internal grain structures of the plating. FIB
imaging can reveal the difference of macrostructures in as-deposited plating films with
different thickness, as compared in Fig. 4 (a) and (b). The top most surface of 500 nm thck
was etched out by gallium ion beam, and the microstructure images were taken by contrasting
the crystal oriatiation of each Sn grain. From these FIB images, the average grain sizes of 2
um plating and 5 um plating were determined to about 2.0 um and 5.2 um, respectively. The
grains in 5 um plating were about two times larger than those in 2 pm plating. Since both the
thickness and the grain size contributes to the internal stress distribution under the thermal

cycling, the different film properties result in the variation of whisker morphologies.

(a) 2 pm plating (b) 5 pm plating

Fig. 4 FIB etching and imaging reveals that the grain sizes of as-deposited Sn

electroplating are dependent on the film thickness: (a) 2 pm, and (b) 5 pm plating.
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Another critical effect during the thermal cycling in air is the surface oxidation of Sn
plating, which leads to grain boundary cracking. The back-scattered electron (BSE)
microscopy images in Fig. 5 display grain boundary cracking on the plating surfaces after
1000 thermal cycles in air. These surface cracks mainly occur at Sn grain boundary are
attributed to the thermal fatigue induced by oxidation [1]. On the 5 um plating, a whisker is
accompanied by well-developed cracks, i.e. grooves, around its root grain. In contrast, the
cracks around the whisker on the 2 um plating appear much narrower. These features of root
cracks may affect the whisker growth; thick whiskers on 5 um plating are developed with
continuous bending during thermal cycling due to the large root grooves, as shown in Fig.
5(b), while those on 2 um plating grow rather straight with shallow cracks around a whisker

root (see Fig. 5(a)).

Fig. 5 Surface comparison of 2 pm (a) and 5 pm (b) plating after 1000 thermal stress
cycles in air; Grain boundary cracks are clearly observed by back-scattering electron

(BSE) microscope imaging.
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The detailed grain structures at whisker root can be seen in Fig. 6. Typical whiskers on each
plating thickness are observed by FIB cross section imaging in the figures. After the 500
thermal cycles in air, large and deep grooves have been developed on the 5 pm plating (see
Fig. 6(d)). The yellow arrows in Fig. 6(d) indicate the deep root cracks around the thick
whiskers almost reaching to the 42 alloy substrate. The cracks at the root of the thin and long
whisker in Fig. 6(b) appear shallow, though the plating around the root grains is getting
thinner. The cracking depth on 2 pum plating is thus limited presumably because of the atomic
diffusion coming from surrounding grains. In this case, the limited cracking progress levels
the remaining film thickness around the whisker. The Sn mass for whisker growth is supplied
through this remained film channel; the well-balanced and continuous atom flows from the
surrounding grains supports the straight whisker growth.

One can assume that concentrated stress at the root grain is the driving force of whisker
growth. Fig. 6 shows that the deeper crack side, i.e. thinner remaining film, is coincident with
the outer side of bending, indicating the whisker growth rate is faster than the other side.
Since root cracking in thicker films may not progress equally, unbalanced cracking induces
bending whisker. In thinner films, the limited cracking around a whisker increases the
probability to grow straight whiskers. Thus the film thickness and stress concentration around

whisker root is essential to determine the shape of whiskers grown by thermal stress cycling.
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Fig. 6 Root grain structures and surrounding oxidation cracks of Sn whiskers grown by
500 thermal stress cycles in air: (a) on 2 pm plating, and (b) 5 pm plating. FIB imaging
is used for the imaging, and also for cross-sectioning specimens shown in (c) and (d).

Arrows in the figures indicate oxidation cracks.
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3.3.2. Comparison of thermal cycling effect in air and vacuum

The thermal cycling of with 2 um and 5 pm Sn plating has been tested in vacuum. The
degree of vacuum was kept about 4 x 10 Pa during the thermal cycle tests. The maximum
whisker length on each 2 pm and 5 um plating has been recorded by FE-SEM observation
with increasing thermal cycles (see Fig. 7). The similar tendency can be seen in air and in
vacuum: whiskers grow longer on 2 um plating than on 5 pm plating. Obvious difference is,
however, that whiskers grow faster in vacuum than in air (compare with Fig. 7 and Fig. 3(c)).
For example, the maximum length of the whiskers grown on 5 pum plating after 100 thermal
cycles are 41 um in vacuum, but only 10 um in air. This agrees well with the results in

previous reports by K. suganuma et.al. [1].
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Fig. 7 Sn whisker length grown by thermal stress cycling in vacuum; comparison with

the different thickness of electroplating.
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The whisker growth features after 1000 thermal cycles in the overall testing conditions are
summarized in Fig. 8. The longest whisker about 204 pum is observed on 2 um plating in
vacuum thermal cycling (see Fig. 8(c)). Sn whiskers in vacuum thermal cycling are longer
than in air thermal cycling as compared with same plating thickness shown in Fig. 8 (c).
However, whiskers on 2 um plating are longer than all that on 5 um plating irrespective of air
and vacuum condition.

The count density and the whisker width in Fig.8 (a) and (b) display a tendency opposite to
the whisker length. Whiskers on 5 pm plating exhibit thicker width and higher density than
those on 2 um plating regardless of atmospheric conditions. Both the largest width and the
highest density are obtained in the case of 5 um plating in air thermal cycling (see Fig. 8(a)).
The averaged whisker width presented in Fig. 8(b) indicates that the whiskers in vacuum
grow considerably thinner than those in air. There is an obvious correlation here; lower the
whisker density, shorter the width. As we see in Fig. 3 and Fig. 4, the width of whiskers

basically comes from the grain size in plating.
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Fig. 8 Growth properties of thermal stress whiskers; comparison of the Sn

electroplating thickness (2 pm and 5 pm) after 1000 thermal cycles either in air, and in

vacuum.

To investigate the correlation between the whisker width and density, the grain size
distributions of the FIB images in Fig. 4 are converted to the histogram plots in Fig. 9. The
arrows in Fig.9 indicate the averaged width of thermal whiskers in air and in vacuum (see
Fig. 8 (b)). In each case of the 5 um and 2 um films, the averaged whisker width in air is
coincident with the averaged grain size in the plating. However, the width of whiskers is
considerably thinner in vacuum as shown in Fig. 8 (b), and the different width is also
indicated by the arrows in Fig. 9. The grain size corresponding to the whisker width in

vacuum shows lower relative frequency than that at the average grain size in both the film
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thicknesses. This change of relative frequency in grain size agrees with the whisker density
change found in Fig. 8 (a). The present statistical analysis implies that the whisker width is
originated from the root grain size in our thermal cycling experiments, and thus the

morphological properties of thermal whiskers are determined by grain structures in plating

films.
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Fig. 9 Histogram of grain size distributions observed in Fig. 4: (a) 2 pm, and (b) 5 pm

plating.
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To clarify the effect of atmospheric environments, the 5 um plating samples after the 100
thermal cycles either in air or in vacuum are compared in Fig. 10, focusing on the cross
sections of whisker root grain structure. Even at the early stage of the thermal cycling, the
grain boundary cracking has progressed deeply in air (see Fig.10 (a-b)), while no boundary
cracking can be observed in vacuum as shown in Fig.10 (c-d). Thus the oxidation critically
induces grain boundary cracking during thermal cycling. As seen in Fig.10 (a-b), the
unbalanced cracking progress around the whisker root is the origin of bended whisker growth
in air. In the vacuum, straight whiskers like a filament are grown because of the absence of
grain boundary cracking. This is the source of different morphology of thermal stress whisker

growth between in air and in vacuum.
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(a) In air 100

Fig. 10 Cross-sectional images of whisker-root grain in 5 pm thickness electroplating
samples at an early stage of thermal stress cycling; (a) after 100 thermal cycles in air,
and (b) in vacuum. Arrows in the figure indicate oxidation cracks at the root grain

boundaries found only after thermal cycles in air.

FE-SEM images in Fig.11 certify the characteristic whisker growth comparison in air (a)
and in vacuum (b). The whiskers shown in Fig. 11 are all on the 5 um plating samples after
250 thermal cycling. In air, grain boundary cracking is obviously confirmed together with

thick and bended whiskers. Moreover, large grooves can be seen near the whisker roots
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indicated by yellow arrows in the figure. In contrast, a thin and straight whisker is found in
vacuum without any boundary cracking or groove near the whisker root (see Fig.11 (b)).
Such a straight and long whisker on 5 pm plating can be obtained only in vacuum avoiding
any oxidation cracking. The sound contacts at the grain boundary secure the Sn diffusion path
toward the whisker, and enables strait and fast whisker growth. These characteristics
difference in whisker growth morphology in air and in vacuum are consistent both with the

cross section observation in Fig. 10, and with the statistical analysis in Fig. 8.

(a) Inair g

P R N\

Fig. 11 Whiskers from S pm Sn electroplating found after 250 thermal stress cycles; (a)
in air, and (b) in vacuum. On the thick Sn plating, thin and strait whiskers can be

grown only in vacuum.
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3.4 Conclusion

In this chapter, thermal stress driven whisker growth has been investigated on 2 um and 5
um matte Sn electroplating. In general, the thinner plating generates longer and thinner
whiskers, but less dense than the thicker plating during thermal cycling. The whisker growth
is deeply correlated to the grain size distributions in the plating, as well as the thickness. The
atmospheric conditions during thermal cycling are critical, and determine the whisker shape —
straight or bended — through grain boundary cracking induced by surface oxidation of Sn.
The thermal whiskers in vacuum are hence longer and thinner than those in air. The average
whisker width is related to the whisker density through the grain-size distribution in the as
deposited plating. Overall, the thermal stress whiskers are dominated by the original grain
structure in the electroplating, and the surface oxidation gives the variation of whisker
morphologies. These investigations here would contribute to the whisker risk management in
electronic packaging for critical applications like satellite and automobile, as well as toward

the fundamental understanding of the growth mechanisms of Sn whiskers.
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Surface of pure Sn and Sn-2Bi after 3days indentation (Jung-Lae Jo, 2013)
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Abstract

In this study, the morphological development of electroplated matte Sn and Sn—xBi (x = 0.5,
1.0, 2.0 wt. %) film surfaces was investigated under diverse testing conditions: one-year
room-temperature storage, high temperature and humidity (HTH), mechanical loading by
indentation, and thermal cycling. These small Bi additions prevented Sn whisker formation;
no whisker growth was observed on any Sn—xBi surface during either the room-temperature
storage or HTH testing. In the indentation loading and thermal cycling tests, short surface
extrusions (less than 5 um) were occasionally observed, but only on x = 0.5 and 1.0 wt.%
plated samples. In all test cases, Sn—2Bi plated samples exhibited excellent whisker
mitigation, while pure Sn samples always generated many whiskers on the surface. We
confirmed that the addition of Bi into Sn refined the grain size of the as-plated films and
altered the columnar structure to form equiaxed grains. The storage conditions allowed the
formation of intermetallic compounds between the plated layer and the substrate regardless of
the Bi addition. However, the growth patterns became more uniform with increasing amounts
of Bi. These microstructural improvements with Bi addition effectively released the internal
stress from Sn plating, thus mitigating whisker formation on the surface under various

environments.
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4.1 Introduction

Eliminating the use of Pb in electronic device packaging has actively been pursued for the
last decade due to the Restriction of Hazardous Substances directive for electronic equipment
[1, 2]. Electroplating of the packaging is also expected to be Pb free, even though Sn—-Pb
alloys have ideal properties for soldering: excellent wettability, reasonably low melting points,
and superior tolerance against Sn whisker formation under various environments. Sn
whiskers can grow up to a few millimeters under usual operating conditions and may cause
short-circuit failures and malfunctions in electronic components. For example, a whisker of
length more than 100 um easily forms a bridge in fine pitch wiring and electrode systems,
which are becoming ever smaller with the trend of device miniaturization [3, 4]. Various
methods for mitigating Sn whisker formation have hence been proposed. For instance, heat
treatment at 150 °C for more than 30 min typically releases the residual stress in a material.
Annealing creates a uniform intermetallic compound (IMC) layer at the interface between the
Cu substrate and the plated layer and prevents further IMC growth along the grain boundaries
by reducing the Cu diffusion rate [5-7]. The grain sizes in both the electroplated films and the
interface IMC (Cu6Sn5) are related to the plating thickness [8]; thick plating is generally
effective in relieving compressive stress. It has been observed that the thicker the plating, the

lower the whisker density [9, 10].

Recently, we have revealed the whisker mitigation mechanism by adding a trace amount of
Pb, which effectively suppressed whisker growth on Sn plating for over one year of ambient
storage [11]. Even the addition of 1 wt. % Pb effectively suppressed Sn whiskers by

inhibiting grain boundary IMC growth without altering the columnar grain structure.

In this study, we propose the addition of a small amount of Bi, instead of Pb, to avoid
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whisker growth on Sn electroplating surfaces [11]. When alloying Bi with Sn, the columnar
grains of the films changed to equiaxed grains [12]. Under thermal cycling, the measured
stress of 7.5-um Sn with 2.5-10 wt. % Bi content showed a relaxation similar to that of Sn—
Pb plating samples. Here we investigate the addition of smaller amounts of Bi, i.e., Sn—xBi (X
< 2 wt. %) electroplating, and demonstrate whisker mitigation under various environmental
conditions. We also show that Bi addition achieves equiaxed grain structures in thinner as-
plated Sn films (5 pm) as well as finer grain sizes. All Bi-doped samples exhibit excellent
whisker mitigation in our tests: long-term ambient storage, high temperature and humidity
(HTH), mechanical loading, and thermal cycling. The excellent results of these
environmental tests prove that small Bi additions achieve a Pb-free whisker mitigation of Sn

electroplating under relevant operating conditions for electronic devices.
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4.2 Experimental

Matte Sn and Sn-xBi (x = 0.5, 1.0, 2.0 wt. %) films were electroplated on a copper and 42
alloy (Fe-Ni) lead-frame sheet for quad flat packaging, using an electric current density of 2
Aldm?. The electroplating process was carried out in a three-litter bath of solution with a pH
of 1 at 25 °C for 310 s. After the electroplating, all the samples were cleaned with distilled
water, and then dried for 20 s using a dry air gun. The film thickness was about 5 um for all

the samples. Table 1 shows the details of the electroplating conditions.

Table 1 Substrate types, plating thickness, and amount of Bi addition.

Substrate Copper 42 alloy
Plating thickness 5um 5um
wt. % of Bi 0,05,1,2 0,05,1,2

All the samples were characterized by the four types of tests; ambient storage for one year,
HTH, mechanical loading by ball indentation, and thermal cycling. We prepared 42 alloy
lead-frame sheets for thermal cycle testing, because the coefficient of thermal expansion
(CTE) mismatch is large in the combination of Sn plating and the substrate enough to
accelerate thermal stress cycling. In addition, the effect of IMC growth during the thermal
cycling can be eliminated because of the negligible diffusion of Fe/Ni into Sn plating. The

details of the testing conditions are presented in Table 2.
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Table 2 Variations of the tests, testing period, conditions, and substrate material.

Substrat
Test type Period & cycles Variables
e
Room temperature storage 1 year 25t5°C/25% Copper
High humidity/temperature 1000 hours 85°C/85RH % Copper
Indentation loading up to 3 days 3009 (r=100 umball)  Copper
Thermal cycling up to 100 cycles -20°C to 80 °C 42 alloy

One year ambient storage tests at room temperature were carried out for all the samples. A
custom indentation tool was used for the loading test with a ZrO, ball of 300 g. Thermal
cycling tests were performed up to 100 cycles in a testing chamber (UTC200A, Ampere. Co.
Ltd, Japan). HTH tests were carried out for 1000 h using a high humidity and high
temperature chamber (SH-221, Espec, Japan). Fig.1 shows schematic diagrams of all the tests

performed in this work.

The growth behavior of Sn whiskers and the evolution of the surface microstructure were
observed by field emission scanning electron microscopy (FE-SEM 2100, JEOL, and
SU0820, HITACHI, Japan.). A focused ion beam (FIB) microscope (Hitachi FB- 2100, Japan)
was utilized to fabricate cross-sectional samples of the coatings, whiskers, and hillocks, and
also to perform imaging. The grain sizes of Sn and Sn-xBi films were determined at 1 um

depth from the upper surface using the FIB etching and microscopy.
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(a) Ambient storage (b) High humidity & temperature

' Sn oxidation

Cu substrate Cu substrate

(¢) External stress (d) Thermal cycling

i Sn
“ Temperature 1
[ Compression ]
Sn | Temperature |

B

Fig. 1 Schematic diagram of (a) ambient storage test, (b) high humidity / temperature

test, (c) loading test and (d) thermal cycling test.
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4.3 Results and discussions

4.3.1 Surface evolution of Sn-xBi electroplated films during

environmental testing

Fig. 2 shows the results of the ambient storage tests (a) as-plated and (b) after one year. All
the prepared samples appear to have flat surfaces without any whiskers or cracks, but the
morphologies of the top-most surfaces are different according to the amount of Bi addition;
the size of the surface grains decreased with increasing Bi content in the Sn, (see Fig. 2 (a)).
The small amount of Bi addition thus results in Sn grain refinement. A similar effect by Sn-
Pb alloying has been reported in the literature [11, 13-14]. As shown in Fig. 2(b), Sn whiskers
can be observed only on the pure Sn surface during the one year ambient storage. Usually, Sn
whiskers grow within 24 h after electroplating process on a pure Sn-plated surface [11]. Here
in contrast no whisker is seen on the Sn-xBi surfaces irrespective of the Bi content, while
only hillocks are observed on the Sn-0.5Bi and Sn-1Bi surfaces. These results are similar to
the results of Chapter 2 attempting to eliminate Sn whiskers during one year ambient storage
by the small addition of lead in Sn [11]. The present results confirms that the addition of a
trace amount of Bi, 0.5 wt.% in a 5 um plated film, is sufficient to mitigate Sn whiskers as

well for up to one year of ambient temperature storage.
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(a) As plated (b) After 1 year
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Fig. 2 Surface evolutions of matte Sn and Sn-xBi: (a) as plated, (b) after one year

ambient storage.
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Fig. 3 shows the HTH test results exhibiting the similar tendencies to those in the ambient
storage results. The dotted red circle in Fig. 3 (a) indicates a Sn whisker grown on the pure Sn
surface during the 1000 h of HTH storage. Such whiskers can be developed on pure Sn under
high humidity conditions [15-17]. Oxidation and corrosion of the metal induces a volume
expansion into Sn plating layer during high humidity storage, and whiskers grow to relieve
the accumulated compressive stresses from the volume expansion [16]. In our case of Bi
addition, almost no morphological change is observed on any Sn-xBi surfaces, as shown in
Fig.3 (b)-(d). Thus only 0.5 wt.% Bi addition can effectively prevent Sn whiskers under high

temperature and humidity storage, as well.

‘6{&\

Sn whisker ‘\

(a) Pure Sn L )
'\‘\ p

Fig. 3 The morphologies after 1000 h of high humidity / temperature storage: (a) pure
Sn, (b) Sn-0.5Bi, (¢) Sn-1Bi, and (d) Sn-2Bi.
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Ball indentation tests have been performed to investigate whisker growth driven by external
mechanical stress. Fig. 4 illustrates the surface evolutions of pure Sn and Sn-xBi plating after
72 h of the mechanical loading. The indentation impression is shown in the lower magnitude
microscope image of Fig.4 (a-1). After 24 h of loading, Sn whiskers are induced on pure Sn
surfaces, while no whiskers are formed near the impression edge on the Sn-xBi surfaces
regardless of the Bi content. A long Sn whisker grew to about 35 pum in length near the
indented area after 72 h of loading on a pure Sn surface, as shown in Fig.4 (a). In addition,
the lengths of Sn whiskers on pure Sn surfaces are considerably shorter further away from the
indentation as shown by the dotted red circles in Fig.4 (a). On the Sn-0.5Bi and Sn-1Bi
surfaces in Fig. 4(b)-(c), however, a number of short extrusions like nodules or hillocks grow
in the vicinity of indentation perimeter, although their lengths are less than 5 um after the 72
h of loading. On the Sn-2Bi surface, no whiskers can be found near the indentation except
small hillocks (see Fig.4 (d)). These results indicate that Bi addition, particularly 2 wt.% of
Bi, is again efficient for whisker mitigation even under directly applied external mechanical

stress.

95



Chapter4

Mitigation of Sn whisker growth by small Bi additions

Fig. 4 The morphologies after 72 h loading test: (a) pure Sn, (b) Sn-0.5Bi, (c) Sn-1Bi,

and (d) Sn-2Bi.
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Thermal cycling tests were performed up to 100 cycles with pure Sn and Sn-xBi plated
films on 42 alloy substrates. The CTE mismatch between the plated layer and the substrate
induces compressive and tensile stresses in the plating layer repeatedly during thermal
cycling. Fig. 5 (a) presents a typical thermal-cycling whisker developed on a pure Sn surface
often accompanied with large grooves around the whisker root marked by the yellow dotted
arrows in the figure. As the red arrows in Fig. 5 indicate, there happens many grain boundary
(GB) cracking, particularly on the pure Sn surface. These GB cracking and grooves are due to
surface oxidation [18], but the density obviously decreases with increasing Bi content.
Although hillocks can grow on these Sn-xBi surfaces, no whiskers can be observed after the
100 thermal cycles. The maximum length/height of these hillocks or nodule features does not
exceed 5 um, while the length of the whiskers on pure Sn surface may reaches 30 um (see Fig.
5a). The whisker mitigation effect by Bi addition is thus obvious in case of the severe thermal

stress cycling.
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Fig. 5 The morphologies after 100 thermal cycles: (a) pure Sn, (b) Sn-0.5Bi, (c) Sn-1Bi,

and (d) Sn-2Bi.

In summary, present work can conclude that small amount of Bi addition can mitigate Sn
whisker growth in the four different environment tests. As little as 0.5 wt.% Bi addition
exhibits obvious mitigation effect, and 2.0 wt.% addition appears to be sufficient to avoid the
whiskers on the electroplating surface under ambient storage, at high humidity/temperature,

subjected to mechanical loading, or exposed to thermal stress cycling.
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4.3.2 Microstructure of Sn-xBi films under ambient storage and

different IMC growths

The grain textures of as-plated matte Sn and Sn-xBi films have been investigated by FIB as
shown in Fig.6. The average grain size decreases with increasing Bi content (see from (a) to
(d) in Fig. 6). Surely the average grain size in Sn-2Bi plating is about the half of that in pure
Sn. Hence, the small amount of Bi addition, even 0.5 wt. % of Bi in Sn refines the grain

texture of electroplating.

(a) Pure Sn (e) 1 pm etched out by FIB

Observation face

1 um etched

Cu substrate

Avg. grain size : 4.9 pm " Avg. grain size * 3.6 pm

3.5 um
—_

Avg. grain size : 2.9 pm Avg. grain size : 2.4 pm

3.5 um

Fig. 6 Grain size observations of as-plated films using FIB microscopy: (a) pure Sn, (b)

Sn-0.5Bi, (c) Sn-1Bi and (d) Sn-2Bi, and (e) schematic diagram of FIB etching.

99



Chapter4

Mitigation of Sn whisker growth by small Bi additions

Fig.7 compares the FIB cross section observations of Sn and Sn-xBi: (a) as-plated, and (b)
after one year of ambient storage. The columnar grain structure in pure Sn is altered to
equiaxied grains because of the Bi addition of the content. These equiaxed grain structures
effectively relieve the compressive stresses, and hence mitigate Sn whisker formation [5].
After the one year ambient temperature storage, Sn grains in the examined plating samples
have bulked up as shown in Fig.7 (b). The columnar structure in pure Sn plating remains the
same until after the one year storage, while the equiaxed grains in Sn-xBi plating appears to
be altered to columnar structure, probably because of the grain boundary movement caused

by the observed grain expansion.

The IMC at the interface between Sn film and Cu substrate continuously grow in the
samples during the one year ambient temperature storage, as confirmed by Fig.7 (b).
However, the growth patterns are different in pure Sn and in Sn-xBi. In the case of pure Sn,
IMC mainly grows along Sn grain boundaries. Particularly large IMC growth can be
observed at the boundaries around the root grain of whisker in pure Sn. Such a large IMC
induces an compressive stress on the root grain, and drives the whisker growth to release the
stress. In contrast, the volumes of the grown IMC under the Sn-xBi films after one year are
smaller than those in pure Sn samples, both at Sn/Cu interfaces and at Sn grain boundaries.
Moreover, the IMC in the Sn-xBi samples grows uniformly over the entire interface area
during the storage tests. The cross sectional observations in Fig.7 indicate that room
temperature whiskers, which can be found only on pure Sn surfaces, is driven by the
concentrated IMC growth along the grain boundaries. The doping of Bi resulted in the refined
and equiaxed grain structure due to partial and frequent crystal nucleation during
electroplating. The refined grains provided additional diffusion paths at the interfaces

between Sn and Cu substrates [19], and avoiding IMC growth concentrated on the grain
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boundaries.

(a) As plated (b) After 1 year

Pure Sn N" >

Cu substrate

Fig. 7 Cross sectional views of pure Sn and Sn-xBi plating: (a) as plated, and (b) after

one year ambient storage.
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Hillocks observed on all the Sn-xBi plating surfaces are considered to relieve the
accumulated compressive stresses during the storage. Such a hillock growth mainly occurs
from grain boundary migration as reported in the literature [5, 11]. Fig. 8 shows a typical
hillock on a Sn-0.5Bi: (a) surface top view, (b) cross-sectional, and (c) a magnified image of
the cross-section. The considerably uniform IMC growth under the hillock helps the Sn grain
boundary migration and allows the grain growth to form the hillock. The hillock growth
effectively releases the compressive stresses without growing whiskers during the ambient
storage. The small addition of Bi in our study eliminates any whisker formation during one
year of ambient storage, by changing the IMC growth pattern from concentrated at grain

boundaries to uniform distribution at the plating/substrate interface.

Fig. 8 A hillock found in Sn—0.5Bi plating after one year ambient storage: (a) top view of
the hillock, (b) cross section observation, and (c¢) magnification image of the grain

microstructure.
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4.3.3 The whisker mitigation mechanism by least Bi addition

Sn whisker growth, in general, is caused by relieving accumulated stresses in the film. In
our study, four different types of loading have been investigated to create stress inside of the
electroplating films. During room temperature storage, compressive internal stress is
generated by grain expansion and by IMC growth. The external loading added by directional
indentation and CTE mismatch during thermal cycling resulted in accumulate compressive
stress in and on the Sn layer. The compressive stress is effectively relieved by a small amount
of Bi addition altering the columnar Sn grains to equiaxed structure. The IMC growth pattern
is also changed to a uniform distribution at the interfaces between substrate and plated Sn
layer. These effects of Bi doping are similar to those caused by Pb addition on IMC growth
[11]. When Sn is alloyed with Pb, segregated Pb at Sn grain boundaries blocked the grain
boundary IMC growth, while segregated Bi was not observed in the present study. The
whisker mitigation mechanism by Bi doping is thus mainly related to the altered grain
structure, i.e. columnar to equiaxed due to the grain refinement. The refined and equiaxed
grain structure is superior to relieve compressive stress in any of our four environment test
cases. Particularly on thermal cycling, the refined grain structure suppressed surface
oxidation cracking along the grain boundaries, which is relevant to reduce whisker density
[20]. It is remarkable that the obvious whisker mitigation effect starts from 0.5 wt. % of Bi

addition even in the thin plating films of 5 um thickness.
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4.4 Conclusions

Sn whisker mitigation process by Bi addition has been investigated by comparing pure
matte Sn and Sn—xBi electroplating films with 5 pm thicknesses on either Cu or 42 alloy
substrates using four different environmental tests. Tin whiskers are observed only on pure Sn
surface, and no whisker (but some extrusions/hillocks) on the alloyed films during the one
year of ambient temperature storage, HTH, loading and thermal cycling tests. In these tests,
whisker growth is efficiently suppressed by Bi additions as low as 0.5 wt. %, which are
shown to refine the grain size, and to alter the grain structure from columnar to equiaxed. The
small amounts of Bi mitigate tin whisker growth by suppressing IMC growth at the Sn grain
boundaries, allowing grain boundary migration, and resulting in hillock growth which can
release the compressive stress during the ambient storage. These results nevertheless agree
with the previous report on the higher Bi addition of 2.5 wt. % with thermal cycling [12]. The
present achievements further conclude that the minimum requirement of Bi addition
necessary for whisker mitigation can be less than or equal to 0.5 wt. %. The mechanisms of
the whisker mitigation found in Sn-xBi electroplating would guide further investigations of
metal whisker suppression, in addition to realizing whisker-free Sn plating required for lead-

free electronic devices.
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5.1 conclusions

In this thesis, the Sn whisker growth mechanism and mitigation has been established for
lead free electronic applications. To clarify the mechanism of Sn whisker growth, pure Sn
and Sn-Pb addition have been compared with IMC growth under ambient storage. The
whisker growths from different plating thickness and the atmosphere have been investigated
for understanding of the driving force inducing whisker growth during thermal cycling. On
the basis of the whisker growth mechanism, this thesis suggests the whisker mitigation by Bi

doping in the Sn under various environments.

In chapter one, the history and the previous research of Sn whisker growth have been
reviewed, and also, the efforts to eliminate the Sn whisker growth have been introduced by

various method.

In chapter two, tin whisker mitigation process by lead addition has been investigated by
comparing with pure matte Sn and Sn-xPb electro plating with 5 um thickness on Cu
substrate. Tin whiskers have been observed only on pure Sn surface, and no whisker but
hillocks on the lead added plating during the one year of room temperature storage test. Only
1 wt. % of Pb addition effectively eliminates Sn whisker growth to change without altering
the columnar to equiaxed grain structure. The effective suppression of IMC growth at the
grain boundaries results to mitigate Sn whisker growth cause, the segregated Pb grains on the
grain boundaries interrupt IMC growth on grain boundary. Less obvious pinning of grain
boundary migrations results in hillock growth that enough to release the compressive stress in
the plating. These results also, indicate the required amount of lead for whisker mitigation

can be less or equal to 1 wt. %. The revealed mechanism of whisker mitigation by the least
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amount of lead addition would indicate the required properties of metal additives that can
suppress whiskers like lead. Considering the low solubility of Pb in Sn, chapter two suggest

that Bi can be a replacement candidate of lead for tin whisker mitigation.

In chapter three, Thermal stress driven whisker growth has been investigated on 2 um and 5
um matte Sn electroplating. In the tests, longer and thinner whiskers were generated on the
thinner platings, however, showing less density than the thicker plating during thermal
cycling. The whisker growth is deeply correlated to the grain size distributions in the plating,
as well as the thickness. The atmospheric conditions during thermal cycling are critical, and
determine the whisker shape — straight or bended — through grain boundary cracking induced
by surface oxidation of Sn. The thermal whiskers in vacuum are hence longer and thinner
than those in air. The average whisker width is related to the whisker density through the
grain-size distribution in the as deposited plating. Overall, the thermal stress whiskers are
dominated by the original grain structure in the electroplating, and the surface oxidation
affects the variation of whisker growth types. These findings here would contribute to the
whisker risk management in electronic packaging for critical applications like satellite and
automobile, as well as toward the fundamental understanding of the growth mechanisms of

Sn whiskers along with the results of chapter two.

In chapter four, Sn whisker mitigation process by Bi addition has been established by
comparing pure matte Sn and Sn—xBi electroplating films with 5 um thicknesses on either Cu
or 42 alloy substrates using four different environmental tests. Tin whiskers are observed
only on pure Sn surface, and no whisker (but some extrusions/hillocks) on the alloyed films
during the one year of ambient temperature storage, HTH, loading and thermal cycling tests.

In these tests, whisker growth is efficiently suppressed by Bi additions as low as 0.5 wt. %,
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which are shown to refine the grain size, and to alter the grain structure from columnar to
equiaxed. The Bi doping completely mitigate tin whisker growth by suppressing IMC growth
at the Sn grain boundaries, allowing grain boundary migration, and resulting in hillock
growth which can release the compressive stress under one year of ambient storage. These
achievements nevertheless agree with the previous report on the higher Bi addition of 2.5
wt. % with thermal cycling in the literature. In the remark, this thesis further conclude that
the minimum requirement of Bi addition necessary for whisker mitigation can be less than or
equal to 0.5 wt. %. Moreover, just 0.5 wt. % of Bi addition perfectly suppressed Sn whisker

growth in four different severe environments.

Finally, the investigated whisker growth mechanisms in this thesis are expected to support a
further fundamental research of metal whisker growth. In particular, the mechanisms of the
whisker mitigation found in Sn-xBi electroplating would guide further investigations of metal
whisker suppression, in addition to realizing whisker-free Sn plating required for lead-free

electronic devices.
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