Kinetics of Sn whisker growth from Sn thin-films on Cu substrate
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Abstract: The kinetics of Sn whisker growth was investigated on vacuum evaporated Sn thin-
films. Sn film layers were deposited on a Cu substrate with 0.5 and 1 pm thicknesses. The
samples were stored in room conditions (22+1°C / 50+5RH%) for sixty days. The Sn
whiskers and the Cu-Sn layer structure underneath them were investigated with both scanning
electron and ion microscopy. Fast Cu-Sn intermetallic formation resulted in considerable
mechanical stress in the Sn layer, which initiated intensive whisker growth right after the
layer deposition. The thinner Sn layer produced twice many whiskers compared to the thicker
one. The lengths of the filament-type whiskers were similar, but the growth characteristics
differed. The thinner Sn layer performed the highest whisker growth rates during the first
seven days, while the thicker Sn layer increased the growth rate only after seven days. This
phenomenon was explained by the cross-correlation of the stress relaxation ability of Sn
layers and the amount of Sn atoms for whisker growth. The very high filament whisker
growth rates might be caused by the interface flow mechanism, which could be initiated by
the intermetallic layer growth itself. Furthermore, a correlation was found between the type of

the whiskers and the morphology of the intermetallic layer underneath.
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1. Introduction
Sn whiskers are surface eruptions [1], which grow out spontaneously from high Sn content
items applied in microelectronics like different surface coating layers [2] and solder joints [3].

According to the shape and size of the whisker, three main whisker types are distinguished:



hillock, nodule, and filament [4] The most dangerous, filament-type whiskers can reach even
millimeters in length. Therefore, the whisker phenomenon exhibits a serious reliability risk in
microelectronics due to the risk of short circuit formation. Sn whisker growth is always
caused by strain-induced mechanical stress acting on the Sn-content item, and that can relax
this stress via whisker growth. Usually, the following primary stress sources are
distinguished: direct mechanical load (e.g., by connectors or test probes) [5], remaining
residual stresses after Sn layer deposition [2], volumetric expansion/shrinkage in the Sn-
content item (e.g., oxide and intermetallic growth) [6], and thermomechanical stresses [7].

The physical properties of the Sn grains, — size, shape, and crystallographic structure [8, 9]
— influence the propensity of whisker growth. A fine grain structure (grain size < 500 nm)
enhances the grain boundary diffusion, so it results in fast intermetallic (IMC) layer growth
[10, 11]. Furthermore, Sun et al. reported that under a long-term mechanical load, the increase
in grain boundaries by the dislocations affects the whisker growth, since the new grain
boundaries are the nucleation point of Sn whisker growth [12]. On the other hand, the higher
number of grain boundaries (in a fine grain structure) increases the stress relaxation ability of
the Sn-content item against mechanical stresses. The shape of the Sn grains has a similar
effect: globular/horizontal grains have better stress relaxation ability than the columnar ones
[13]. Furthermore, Yu et al. [14] reported that the wedge-type IMCs (which can cause
significant mechanical stresses) form more frequently between the columnar grains then
between horizontal ones. The crystallographic structure of the Sn grains can also influence on
the whisker growth; it is more likely from Sn grains with a lower index than from higher ones
[15, 16].

In the case of Sn layers on Cu substrates, the effect of Sn layer thickness on whisker
growth is also significant. Thick Sn layers (>10 um) perform slower and less intensive
whisker growth than thin Sn layers (<1 um) since the stress generated by the IMC formation
needs more time to reach the top Sn grains and to create a mechanical strain on them [17]. Sn
thin-films usually have a layer thickness of between 0.1-2 pym, and they are consists of
micron-scale globular grains. These films are applied by the microelectronics industry as a
bonding layer to Cu wires in the case of thermo-sonic wire-bonding technology [18], and as
an anode material in lithium-ion batteries [19]. Firstly, Bozack et al. [20] and Chen and Shih
[21] explained the Sn whisker growth in the case of 1-5 pm thick, vacuum evaporated, and
sputtered Sn layers. Their explanation was based on the residual stress in the Sn layer, which
might have been caused by a low background pressure (1 mTorr) applied during the layer

deposition.



Later, the effect of the direct mechanical load was investigated. Chen and Chen [22]
deposited 1 pm thick Sn layer on a Cu layer and bent the samples. They found that the growth
orientation of the Sn whiskers at the high tensile stress regions was random, but it was
directional on the low tensile stress regions. Cheng et all. [23] observed fast Sn whisker
growth in the case of 1 um thick vacuum evaporated Sn layers on bent silicon substrates
tested at 180 °C vacuum annealing. They explained the phenomenon with two different types
of mass transport: the combination of interface fluid flow and grain boundary diffusion.
Howard et al. [24] also studied the role of interface flow mechanism in the extremely rapid tin
whisker growth. Yang and Shi [25] derived a general equation, which describes mass
transport during indentation-induced whisker growth from thin-films. Their equation based on
the mass transport related to grain boundary diffusion and the grain boundary fluid flow.

Vianco et al. [26] studied the role of Dynamic Recrystallization (DRX) on whisker growth
under different annealing temperatures and mechanical loads of 0.25-5 um thick Sn layers
evaporated on Si wafers. They found that continuous DRX took place in thicker (2-5 pm) Sn
films and resulted in short whiskers. Killefer et al. [27] investigated the whisker growth on Sn
thin-film subjected to a gamma-ray induced electric field. They found that electric charges
generated in the insulating glass substrate under the Sn thin film were perpendicular to the Sn
film, thus resulted in electrostatically driven whisker growth. Bora and Georgive [28]
investigated only the morphology of tin whiskers grown out from Sn thin-film on Cu substrate
by FIB-facilitated TEM images. They found that the whiskers consisted of multiple filaments
whose individual radii are in the range of tens of nanometers.

The aim of our investigation was to study the kinetics of Sn whisker growth from vacuum
evaporated Sn thin-films on Cu substrate and to address the different effects of IMC
formation on whisker growth. Furthermore, the relation between the stress relaxation ability
of the Sn layer and the amount of Sn atoms for whisker growth was in the scope of our

investigation.

2. Materials and Methods

Two different samples were fabricated with 0.5 and 1 pwm thick Sn thin-film layers on Cu
substrates. The preliminary preparation steps of the Cu substrates were the following: relaxing
at 200 °C for 3 hours; semi-automatic polishing to remove the surface scratches; chemical
etching to remove the surface oxides, and cleaning in isopropyl alcohol to remove any
contamination. The polishing was carried out in a crosshatched pattern with consecutive series

of P600, P1200, and P4000 of SiC grinding papers. Then, a two-step fine-polishing process



was carried out on a buffer wheel, first with 3 pm and 1 um diamond suspensions. The
surface roughness of the Cu substrates was 0.187+0.015 um without oriented scratches,
(measured by an Alpha-Step 500 surface profiler). Sn layer deposition was performed by
Electron Beam - Physical Vapour Deposition (EB-PVD) technology (Balzers BA 510
evaporator). Before the evaporation, the Cu substrates were neutralized by ion bombardment.
A 99.99% pure Sn was evaporated with 100 mA cathode heating current and 7 kV
acceleration voltage in a high vacuum (107 Pa). Fig. 1a-b shows the SEM micrograph of the
surface of the Sn thin-film layers. In this thickness range, the Sn grain size is determined by
the layer thickness. It was found to be 0.25-0.5 pum and 0.5-1 pm in the case of the 0.5 um
and 1 pm thick Sn layers, respectively.

Fig. 1. The surface of the Sn thin-film layers: a) 0.5 pm thickness; b) 1 um thickness.

Samples were stored at laboratory conditions (22+1°C/50+5RH%) up to sixty days.
Whisker growth was followed up by a Scanning Electron Microscope SEM (FEI Inspect S50).
The following statistical parameters of the Sn whiskers were calculated: the average area
density, the average length of the filament-type whiskers, the maximum length of the
filament-type whiskers, and the growth rate of the filament-type whiskers. From reliability
aspects, mostly the length of filament-type whiskers is essential, since the short nodule-type
whiskers cannot form short circuits. The statistical data were gained by a custom automatic
image processing method. It based on an adaptive binarization algorithm to separate the
whiskers from the surface of the samples. The binarization threshold is determined according
to the mean intercept length of the developed structures (whiskers) on the investigated surface
[29]. All points of the different statistics were calculated from 20 pcs. of SEM micrographs.
The axial length of the whiskers was measured according to the distance between the tip of

the whisker, and the surface in accordance with the JESD201 standard. The view of the SEM



micrographs was perpendicular to the surface of the samples, which view provided the
orthogonal projection of whiskers. According to the geometry theory, the whiskers must be
longer than their orthogonal projections, so our results mean the minimal estimation of the
whisker lengths. Surface-sections were prepared by a Dual-Beam Focused Ion Beam FIB
(Thermo Scientific Scios 2). They were investigated by a FIB Scanning Ion Microscopy (FIB-
SIM) to gain information about the microstructure of the Cu-Sn interface layer nearby the

whiskers.

3. Results
3.1 Statistical results of Sn whisker growth

Sn whisker growth started right after the layer deposition. Fig. 2 shows a general overview
of the samples at different stages. One day after layer deposition, both samples were full of
hillocks (Fig. 2a-b), and the first filament whisker already appeared on 0.5 pum thick Sn layer
(Fig. 2a). Nodule-type whiskers started to form 7-10 days after the layer deposition (Fig. 2c-
d). During the sixty days period, many tin whiskers had been grown on both samples. The
filament type whiskers reached even hundreds of micrometers, but most of the developed

whiskers were nodule- and hillock-type (Fig. 2e-f).
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Fig. 2. Whiskers on the samples: a) filament-type whiskers on 0.5 um thick Sn layer after
one day; b) numerous hillocks on 1 um thick Sn layer after one day; c) all types of
whiskers on 0.5 um thick Sn layer after ten days; d) all types of whiskers on 1 pm thick
Sn layer after ten days; ) numerous 50-300 um long filament whiskers on 0.5 pm thick
Sn layer after sixty days; f) numerous 50-200 um long filament whiskers on 1 pm thick

Sn layer after sixty days.



Fig. 3 shows the average whisker densities, i.e., the specific number of whiskers on 1 mm?.

Note that the logarithmic scale was used due to the 3 order of magnitude differences in the

results between the initial and final stages of the investigation.
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Fig. 3. The average density of Sn whiskers (all types).

The number of whiskers increased exponentially until the thirstiest days; later, some linear

increase was observed in the case of 0.5um thick Sn layer and a minor decrease in the case of

Ium thick Sn layers (it was probably caused by the break off of the whiskers). At the end of

the inspection period, the average whisker density was 6 255 and 2 908 pcs./mm? on 0.5 and

Ium thick Sn layers, respectively (Fig. 3). The ratios of the non-filament-type whiskers were

very high but similar to each other, 95.4 and 92.9% on 0.5 and 1um thick Sn layers,

respectively.

The average length of the filament-type whiskers also almost saturated after thirty days

(Fig. 4a), which means the considerable slow down of whisker growth.

a) g b) 700
— 55.] — 650 =
£ > § 600
= 50 E R
'%, 45 % 550
& & 500 °
5 407 5 450 .
5 35 % 400
< < 1
3 30 3 350 -
§ 25 5 30 .
S 20 & 2507 -
5 = 2004
& 15 © j
® 1 £ 150 ] °
© 10 < 1 n
T 100
z 5] m 0.5um Snlayer | = j m 0.5 ym Sn layer
1 ® 1 pum Sn layer 50‘_.: . ° @ 1 pm Sn layer
O++——T T 7T T T T T T T O+~——TT 7T 7T T T T T 1
0 5 10 15 20 25 30 35 40 45 50 55 60 0 5 10 15 20 25 30 35 40 45 50 55 60
Time [day] Time [day]

Fig. 4. Length statistics of filament-type whiskers: a) average lengths; b) maximum lengths.



Generally, the differences were much smaller between the average lengths than between the
average densities. After sixty days, the average length of filament whisker was 48.7 and 43.2
pm on 0.5 and 1pum thick Sn layers, respectively (Fig. 4a). The average length of the nodule-
type whiskers was between 3—6 um. The maximum length of the filament-type whiskers is the
most important parameter of the whisker phenomenon since only a long whisker can cause
short circuit failure. The maximum length of the filament-type whiskers did not saturate (Fig.
4b). The longest detected filament-type whisker was 621 and 463 um on 0.5 and 1 pm thick
Sn layers, respectively. These values are far beyond the pitch size of recently used fine-pitch
components [30]. Therefore, it can be concluded that vacuum evaporated Sn thin films might

be considered as a real risk in microelectronics.

3.2 Kinetics of the Sn whisker growth

Both statistical parameters of the filament-type whisker lengths (Fig. 4) showed a better
stress relaxation ability of the 1 pm thick Sn layer during the first ten days of the study. On
this sample, the growth of the filament-type whiskers was slower in the first period of the
investigation (0—10 days), while in the second part of the experiments (10-60 days), they
started to gain on the results of 0.5um thick Sn layer.

Twenty-five filament-type whiskers were selected on both samples, and their rates of
growth were measured to characterize precisely the kinetics of filament-type whisker growth.

Fig. 5 shows the individual growth rates and the averages of them.
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Fig. 5. Growth rates of the filament-type Sn whiskers: a) on 0.5 pm thick Sn layer; b) on 1 um
thick Sn layer.



As it could be predicted from the length statistics (Fig. 4), the 0.5 um thick Sn layer
performed the highest growth rates in the first seven days of the study (Fig. 5a). The
maximum detected growth rate was 2.15 pum/h, and it was performed between the fifth and
seventh days of the study. In this period, even the average growth rate was over 0.75 pum/h.
Ten days after the Sn layer deposition, the growth rates decreased, and in the second half of
the study, only shallow values were detected. In the case of the 1 um thick Sn layer, the
growth rates increased only after seven days, and they remained near-constant (in average
~0.25 pm/h) until the end of the inspection. The highest detected growth rate was 0.8 um/h
between the tenth and twentieth days. These results supported the length characteristics (Fig.
4), namely how the results of the 1 um thick Sn layer could gain on the results of the 0.5 um
thick Sn layer. The average time needed for a whisker to ultimately develop was around 200h
in both cases.

Fig. 6 presents the whisker growth of eight selected filament-type whiskers on the 0.5 um
thick Sn layer in the first ten days of the study. Note that the direction of a given whisker can
change between the observations. Whiskers No. 1, 2, 3, and 4 already appeared one day after
the layer deposition. They doubled their length up to two days after the layer deposition when
whisker No. 5 appeared. Whiskers No. 1, 2, 3, and 4 doubled their length again up to five
days after the layer deposition, till whisker No. 5 did not change, and whiskers No. 6, 7, and 8
appeared. Whiskers No. 2, 4, 6, and 8 growth further up to ten days after the layer deposition,
till whiskers No. 1, 3, 5, and 7 did not change. The considerable differences in the whisker

growth durations indicate that the driving force was not even on the surface of the sample.



Fig. 6. Growth kinetics filament-type Sn whiskers on 0.5 um thick Sn layer: a) one day; b)

two days; five days; ten days;

3.3 Microstructural analysis of the Sn-Cu layers

In order to examine the driving forces of the whisker growth, the microstructure of the Sn-
Cu layers was investigated by FIB-SIM, sixty days after the layer deposition. Fig. 7 shows an
example of each type of detected whisker. Noticeable IMC growth (marked by red lines) was
detected in both samples. In the case of a 0.5 um thick Sn layer, the IMC grains usually
reached the surface of the Sn layer (Fig. 7c). In the case of a 1 um thick Sn layer, it often did
not happen (Fig. 7d), but exceptions were found (Fig. 7b). The IMC growth was similar in
both cases, and it resulted in an average 300-500 nm thick IMC layer; however, differences
were found in the shapes. Under filament-type whiskers (Fig. 7d), the IMC layer always
formed a continuous layer. Under nodule-type whiskers (Fig. 7¢), mostly large IMC islands
consist of more grains) were detected. Under hillock-type whiskers (Fig. 7b), mostly narrow,

scallop-type IMC grains were found.
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Fig. 7. FIB examinations of the layer structure under the different type of Sn whiskers after
sixty days: a) the investigated whiskers; b) hillock-type whisker on 1 pm thick Sn layer; c)
nodule-type whisker on 0.5 um thick Sn layer; d) filament-type whisker on 1 pm thick Sn

layer.

Discussion

The root cause of the significant Sn whisker growth was mainly the intensive IMC growth
between the Cu substrate and the Sn thin-film layer. Most of the IMC growth during the Sn
layer deposition, when the evaporated Sn reached the Cu surface and the Cu atoms diffused
into the Sn thin-film layer. The test conditions were room conditions, and the test duration
was only sixty days; therefore, negligible IMC growth occurred after the evaporation. The Cu-
Sn system has two possible IMC phases; they are the Cu3Sn and the CueSns. The CuzSn
develops directly at the Cu-Sn interface, and usually in a small amount compared to the
CueSns, which grows on the CuszSn towards Sn film-layer [31]. The volume ratio of the
developed CusSns IMC is usually around 85-95% since the required energy for CusSn
formation is much higher than that for CusSns formation.

The CueSns has a higher density (8270 kg/m3) than the tin (7265 kg/m3); therefore, the

formation of the IMC resulted in a volume shrinkage at the Cu-Sn interface. The volumetric



shrinkage generates mechanical stress inside the Sn film-layer [32, 33], which can be
calculated by the following:

K,

2m1+u)gé\]/_v (1)

where Ks, is Bulk modulus of Sn (58GPa), v is the Poisson coefficient of Sn (0.36), and V is
the given volume [m?®]. Using Eq. 1, the specific mechanical stress for an equal volume is
~2.6GPa. Stress levels in the same order of magnitude were found in [33]. In addition, in the
case of our Sn thin-film layers, the development of this stress was harsh and extensive, since
the thickness ratios of the IMC layer and the Sn film-layer reached 50-80% (the average IMC
layer thickness was between 300-500 nm).

The most significant difference between the obtained statistical results was the number of
developed Sn whiskers. The 0.5um thick Sn layer developed twice as many whiskers than the
1 um thick Sn layer (Fig. 3). The large difference can be explained with the better relaxation
ability of the 1 um thick Sn layer against mechanical stresses since in a thicker layer, the
critical IMC layer / Sn film-layer thickness ratio was usually not reached [17]. Generally,
whisker growth slowed down considerably twenty days after the Sn deposition; later, mostly,
the length of already existing whiskers increased. This phenomenon was caused by the cross-
correlation of the stress relaxation ability and the consumption of the Sn film-layer, which
properties determined by the thickness of the Sn layer. This hypothesis was supported by the
final length statistics of the filament-type whisker (averages and maximums), which were
similar in both cases (Fig. 4), but with very different growth characteristics in time.

The growth characteristics showed, that on 0.5 pm thick Sn layer, whisker growth was the
most intensive until the seventh day of the study, later the growth rates decreased
significantly, and the whisker growth almost stopped after thirty days (Fig. 5a). Parallelly, the
1 pm thick Sn layer could relax the mechanical stress until the fifth day but later showed near-
constant whisker growth rate until the end of the study (Fig. 5b). These growth characteristics
showed the relation between the relaxation ability of the layers and the amount of Sn in the
layers. The thinner Sn layer (0.5 um) could not stand the great mechanical stress and started
considerable whisker growth right after the layer deposition, however available Sn atoms for
whisker growth had been consumed rapidly. Although a thicker Sn layer (1 pm) could relax
the mechanical stress for a while, on the other hand, the higher amount of Sn atoms could
maintain the whisker growth longer than in the case of the thinner Sn layer.

The maximum detected whisker growth rate reached 2.15 um/h between the fifth and

seventh day on 0.5 pum thick Sn layer. This extremely fast whisker growth cannot be



explained by classical whisker growth models like Sn mass transfer via grain boundary
diffusion [24], grain boundary migration, or sliding [7]. Classical models can approve
maximum whisker growth rates like 0.03-0.05 um/h [34, 35], which are two orders of
magnitude smaller than the maximum calculated values in the present study. To be able to
explain such high whisker growth rates, Tu and Li derived “the grain boundary fluid flow
theory” [34]. It was developed further by Cheng et al. [36] and Howard et al. [24], and it is
referred as interface flow theory, which can explain the extremely fast mass transport of Sn
atoms in a plastic state along with the interface of the IMC layer and the Sn film-layer. It must
be noted that Change et al. and Howard et al. observed the interface flow only in the case of
the real external mechanical load of the samples.

Our hypothesis is that the extremely high mechanical stress caused by the IMC layer
growth could initiate the interface flow mechanism in the Cu-Sn system. The mechanical
stress could plasticize the Sn at the interface of the IMC layer, and the Sn thin-film layer and
these Sn atoms could form a fluid-like viscous layer. This viscous layer could have constantly
been flowing towards the lower stress regions of the Sn thin-film layer, which were the root
grains of the whiskers [4], and it could have been supporting the necessary amount of Sn
atoms for forming the whisker. The interface flow mechanism could cause very high whisker
growth rates until the mechanical stress existed and/or the Sn atoms were available. It has to
be noted that direct evidence was not found on the interface flow mechanism. Our hypothesis
is based on the calculated high mechanical stress and the observed extreme whisker growth
rates.

The relation between the morphology of the IMC layer and the whisker growth was
investigated in many studies before. However, these studies usually tried to find only the
correlation between the roughness of the IMC layer and the propensity of whisker growth [37,
38]. Basically, it is accepted that an uneven IMC layer can generate higher mechanical stress
and more Sn whiskers than a uniform one [38, 39] due to the larger active surface of the IMC
layer. Compared to 2 um thick Sn film-layers — where almost only filament-type whiskers
were found [40] —, the amount of the non-filament-type whiskers (mainly the hillocks) were
very high in the present study (over 90% from the total amount of whiskers). The reasons for
this considerable difference could be seen in the FIB-SIM micrographs. Namely, a correlation
was found between the morphology of the IMC layer and the type Sn whiskers.

Under the hillock-type whiskers, the IMC layer was usually uneven (Fig. 7b), it was not
even layer-like — only scallop-type IMC grains were found. Under the nodule-type whiskers,

the IMC layer was usually more layer-like, with large IMC islands. Under the filament-type



whiskers, always continuous IMC layer was observed. The Sn thin-film layers could not stand
even smaller stress by the uneven IMC layer and started whisker formation readily. However,
the formation stopped very soon, and a high amount of short, hillock-type whiskers were
formed. The other factor of the more frequent appearance of nodule-type whiskers in the
present study was the easier diffusion of Cu atoms from the substrate into the whisker bodies.
The Cu contaminants might twist the whisker body and result in the formation of nodule-type
whiskers [41]. In the case of 2 um thick Sn layer [40], the Cu atoms needed more time to
reach the root of the whiskers, and it delayed the distortion of the regular geometry of the

formed whiskers.

S. Conclusions

The kinetics of Sn whisker growth was investigated in the case of Sn thin-films on Cu
substrates. The CueSns IMC formation resulted in considerable mechanical stress in the Sn
layer, which initiated intensive whisker growth right after the layer deposition. The observed
kinetics of the whisker growth was probably determined by the cross-correlation of the stress
relaxation ability of the Sn layer and the amount of Sn atoms for whisker growth. The thinner
Sn layer started whisker growth right after the layer deposition, but available Sn atoms
consumed fastly by the IMC formation. The thicker Sn layer relaxed the mechanical stress
longer, but it could maintain the whisker growth longer. Generally, the decrease of the Sn
film-layer thickness increased the number of whiskers but did not increase the maximal length
of whisker considerably. The length of the filament-type whiskers reached hundreds of
micrometers, and it can cause serious reliability risk in microelectronic. The high filament
whisker growth rates might be caused by the interface flow mechanism, which could be
initiated by the IMC layer growth itself. Furthermore, a correlation was found between the
types of the whiskers and the morphology of the IMC layer underneath them. Under the
hillock-type whiskers, the IMC layer was usually uneven with scallop-type IMC grains.
Under the nodule-type and filament-type whiskers, the IMC layer was usually more
continuous layer-like. As the main conclusion of this work, it is suggested to increase the

thickness of the Sn thin-films in microelectronic applications.
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