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Sn whiskers generated during electrodeposition on a Cu plate within a range of the deposition
temperature from 273 to 303 K were investigated using scanning electron microscopy and X-ray
diffraction. The critical film thickness for the formation of Sn whiskers on a Sn thin film was determined
(1.9 um). The critical film thickness was found to be independent of the deposition temperature. At the
film thicknesses more than 5 um, the (220) dominant crystallographic plane transformed the (112) plane
parallel to the Cu plate. This can be attributed to the morphological change (coarse to dense Sn whiskers).
This suggests that the Sn whiskers with the (220) plane acted as crystal seeds to generate the Sn whiskers
with the (112) plane. The fine string-like Sn whiskers generated at 303 K during the electrodeposition
showed an anomalous growth rate of 45 nm s at least.
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1. INTRODUCTION

Sn whiskers are well known to grow spontaneously from Sn thin films on metal substrates in a
normal environment and a long Sn whisker that makes a short circuit can easily destroys electrical
systems. Various efforts have been made to investigate the mechanism underlying the formation of Sn
whiskers [1-2]. However, these investigations could not explain an anomalous growth rate of Sn
whiskers that have a maximum value of 100 nm s*. Recently, instead of conventional driving forces
such as oxidation, recrystallization, and stress [3—4], a new model that takes into consideration the
electrostatic energy gain in the electric field surrounding a Sn whisker [5] has been proposed. The
guantitative predictions by the new model was consistent with experimental results about a growth rate
and density of Sn whiskers formed on Sn thin films [6].
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Sn thin films have recently gained immense attention as a promising anode material for lithium
ion batteries owing to their low cost and high specific capacity [7—9]. However, Sn thin film anodes
suffer from pulverization due to the huge volume changes induced by repeated the cycles of lithiation
and delithiation processes. Therefore, to enhance the ability to decrease the stress induced during the
lithiation and delithiation cycles, the structure of Sn thin films has been investigated extensively. For
example, Sn thin films with three-dimensional ordered microporous structure [10] can potentially reduce
the stress induced by lithiation and delithiation. Sn whiskers have a variety of shapes such as straight,
helical, tangled, and kinked filaments or nodules [1], and voids between Sn whiskers facilitate the
alleviation of the stress generated during the lithiation and delithiation processes.

We also reported that Sn whiskers on a Sn thin film were generated during electrodeposition and
had a rod shape surrounding by crystallographic planes [11]. Sn thin films used for the formation of Sn
whiskers are usually tested in a variety of environments after electrodeposition. The electrodeposition
parameters affect the size and structure of Sn grains, which are characterized by their crystallographic
planes and directions, which were reported to relate a Sn whisker density and structure generated on Sn
films [12]. In this study, we report the Sn whisker formation not after electrodeposition but during
electrodeposition.

The aims of the present study are to determine the critical film thickness at which Sn whiskers
are formed on Sn thin films during electrodeposition, and to show the transition of the dominant
crystallographic plane in Sn thin films corresponds to the changes in the morphology of the surface
containing Sn whiskers.

2. EXPERIMENTAL SETUP
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Figure 1. Rectangular pulse current with an amplitude of 12 mA cm and a frequency of 1 MHz.
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As the cathode and anode, a copper plate of 30x10 mm? (99.99 wt % purity) and carbon plate of
50x40 mm? were used, respectively. One side of the copper plate was electrically insulated. An aqueous
solution including the following chemical compounds (mol L) was prepared: SnSO4 (0.8) and
KNaC4H406*4H20 (0.55). The aqueous solution was strained with a membrane filter (pore size 0.1 um)

to remove tin hydroxide particles. The two electrodes were placed parallel to each other in an
electrochemical cell filled with the aqueous solution maintained within a temperature range from 273 to
303 K during electrodeposition using a Peltier controller. A rectangular pulse current with a frequency
of 1 MHz was supplied to the electrochemical cell by a function generator. A rectangular pulse current
with an amplitude of 12 mA cm was employed in all the experiments. A 22 Q metal film resistor was
connected in series with the electrochemical cell to calculate the current flowing to the electrochemical
cell. Figure 1 shows the 1 MHz rectangular pulse current with an amplitude of 12 mA cm™.

After the electrodeposition, the Sn thin films (on the copper plate) were rinsed with distilled
water and were then dried. The Sn thin films were weighted to a precision of 0.1 mg with an electric
balance to calculate the thickness of the Sn thin film. The surface morphology of the Sn thin film was
observed using a scanning electron microscope (SEM) (Hitachi TM3030). The crystallographic planes
in the Sn thin film, which were parallel to the Cu plate, were examined using X-ray diffraction (XRD)
(Rigaku Ultima) with CuKa radiation.

3. RESULTS AND DISCUSSION

3.1. Critical film thickness

Figure 2. SEM images of the Sn thin films electrodeposited at 273 K. The films were (a) 1.4 um , (b)
1.9um, (c) 3.4 um, (d) 4.3 um , (e) 5.3 um, and (f) 7.4 um thick.
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Figure 3. A plot of the critical film thickness vs. the deposition temperature.

The critical film thickness defined by the film thickness at which the Sn whisker formation
occured was determined using SEM analysis. Figure 2 shows the typical SEM images of the Sn thin
films with various film thicknesses, which were electrodeposited at a deposition temperature of 273 K.
The SEM image of the Sn thin film in Fig. 2 (a) showed a rough surface on which some crystallographic
planes appeared, however, no whisker embryo was observed. As the film growth proceeded, a Sn
whisker embryo was observed at the film thickness of 1.9 um in Fig. 2 (b). Thus, the critical film
thickness was found to be 1.9 um at a deposition temperature of 273 K. The whisker embryo, which
was perpendicular to the Sn thin film, had a rod-like structure surrounded by crystallographic planes
[11]. From Figs. 2 (c) and (d), it can be observed that the Sn whiskers with crystallographic planes were
immensely grown. In the case of the thicker films in Figs. 2 (e) and (f), the Sn whiskers spread all over
the Sn thin film surface and Sn whiskers with the height more than 30 um were observed.

Figure 3 shows a plot of the critical film thickness vs. the deposition temperature. The critical
film thickness independent of the deposition temperature indicates that the critical phenomenon was a
non-thermal activation process. In heterogeneous film growth, a mismatch of the lattice constant between
the substrate and the film grown layer-by-layer generates strain in the film [13]. The strain energy
increases the free energy as the film thickness increases. To decrease the free energy, a transition from
a smooth surface to a rough surface occurs. The rough surface increases the entropy and lessens the free
energy. The critical film thickness using a kinetic Monte Carlo simulation [13] was estimated at several
atomic layers, which is three orders of magnitude smaller than our experimental values. The whisker
formation mechanisms reported previously [1-2] assumed that the strain energy causes the transfer of
Sn atoms, which in turn reduces the strain energy. However, the fast transfer of Sn atoms even at
temperatures as low as 273 K observed in this study needs to be explained. In addition, the internal stress
in electrodeposited thin films is known to decrease with the film thickness [14].

According to the electrostatic theory proposed recently [5], the incubation time, t, is given as
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0 = pori (1)

where A is a constant, b is the mobility of Sn atom given by the Einstein relation, ¢ is the dielectric
permittivity, Eo is the electric field strength, and ho is the critical height over which the embryo of Sn
whisker grows. The incubation time [15] is the time at which the height of the whisker embryo reaches
ho. In our experiment, the incubation time was 240 s and the critical film thickness became approximately
1.9 pm, which means the film thickness grown for 240 s. Substituting b~10? cm?s™J%, ho~10nm, A~1,
and e~1 [5] into Eq. (1), we have the electric field strength,

E,~2x 102V /cm. (2)

Eq. (1) indicates that the incubation time, i.e., the critical film thickness is independent of the
deposition temperature. This is consistent with the dependence of the critical film thickness on the
deposition temperature as shown in Fig. 3.

3.2. XRD analysis of Sn thin films

The crystallographic planes in Sn thin films, which were parallel to the Cu plate, were
investigated using XRD. Figure 4 shows the typical XRD patterns of the Sn thin films electrodeposited
at 303 K. The XRD pattern of the Sn thin film with a thickness of 1.4 um is shown in Fig. 4 (a).
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Figure 4. XRD patterns of the Sn thin films electrodeposited at 303 K. The Sn thin films were (a) 1.4
pum and (b) 9.6 pm thick.

Eleven diffraction peaks were indexed as B-Sn and the crystal structure of the thin film was
concluded to be a tetragonal structure of B-Sn. The surface energies of crystallographic planes with low
indices are the (110), (100) and (001) plane in descending order [16]. However, the diffraction peak from
the (002) plane could not be observed [11]. This indicates that the Sn thin films did not show the surface
energy minimum. In Fig. 4 (b), the XRD pattern of the Sn thin film with a thickness of 9.6 um is shown.
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Eleven diffraction peaks of B-Sn were shown. The diffraction peaks from the (200) and (220) plane
significantly decreased in comparison with those in Fig. 4 (a). This suggests that a change in the
diffraction intensity can be attributed to the formation of Sn whiskers.

To investigate the dominant crystallographic planes in the Sn thin films, which were parallel to
the Cu plate, the texture coefficients T (hkl) [17] were defined as

L(hkI), /1, (hkI),
Thkh = ICOIRGIO (3)

where I(hkl); is the measured intensity of the (hkl) diffraction, lo(hkl); is the standard intensity of
polycrystalline Sn [18], and N is the total number of diffraction peaks. To determine the value of I(hkl);,
a Gaussian function was used as a fitting function [17].

Figure 5 shows the plots of the texture coefficients of the Sn thin films formed at of 273, 288,
and 303 K. Five crystallographic planes were chosen because their diffraction intensities were higher
among the eleven diffraction planes. In Fig. 5 (a), the texture coefficients of the Sn thin films formed at
273K are shown.
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Figure 5. Plots of the texture coefficient vs. the film thickness for the Sn thin films electrodeposited at
(@) 273, (b) 288, and (c) 303 K.

The texture coefficient, T(220) increased with the film thickness, and became dominant among
the remaining texture coefficients. However, T(220) decreased at the film thickness of about 5 um and
became almost zero at the film thickness of 9 um. On the other hand, the value of T(112) was very small
at the film thicknesses less than 5 um. However, the value of T(112) abruptly increased at the film
thickness more than 5 um and became about 0.65. This indicates that a transition of the dominant
crystallographic plane from the (220) to the (112) plane occurred in the Sn thin film. Many Sn whiskers
in Fig. 2 (f) had the (112) planes parallel to the Cu plate. In Fig. 5 (b), the texture coefficients of the Sn
thin film formed at 288 K are shown. The dependence of T(220) and T(112) on the film thickness was
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similar to that at 273K. In Fig. 5 (c), the texture coefficients of the Sn thin films formed at 303 K are
shown. All the texture coefficients had the same tendency of those at 273 K and 288 K. The transition
of the dominant texture coefficient from the (220) to the (112) plane was found to be independent of the
deposition temperature.

Preferred crystallographic directions of Sn whiskers that grew for several days in a normal
environment (room temperature and humidity) were reported to be <100>, <101>, and <111> directions
[19]. As shown in Fig. 5, the (220) plane was dominant when the film thickness was thinner than 5 um.
Hence, the crystallographic direction of the Sn whiskers was <110> if the Sn whisker was perpendicular
to the (220) plane. This is consistent with the direction of the Sn whisker formed in the normal
environment after electrodeposition. When the film thickness was thicker than 5 um, the (112) plane
was dominant. Hence, the crystallographic direction of the Sn whisker was <3 3 11> if the Sn whisker
was perpendicular to the (112) plane.

3.3. Anomalous increase in the number of Sn whiskers

Figure 6. SEM images of the Sn thin films electrodeposited at 288 K. The films were (a) 4.3 um, (b) 7
pum , and (c) 9.6 um thick.

Figure 7. SEM images of the Sn thin film electrodeposited at 273 K. The Sn thin film was 9.6 pum thick.
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Figure 6 shows the SEM images of Sn whiskers formed at 288 K. The number of Sn whiskers
extremely increases with the film thickness. The anomalous increase in the number of Sn whiskers [20—
21] can be attributed to a transition of the dominant crystallographic plane from the (220) to the (112)
plane as shown in Fig. 5. In Fig. 6 (c), the Sn thin film was completely covered with the Sn whiskers.
This suggests that the Sn whiskers with the (220) plane may act as seed crystals for the formation of the
Sn whiskers with the (112) plane. In fact, as shown in Fig. 7, several Sn whiskers coalesced into one big
Sn whisker.

3.4. String-like Sn whisker electrodeposited at 303 K

Figure 8. SEM images of Sn whiskers. The deposition temperatures and film thicknesses were 288 K
and 7 um for (a) and (b), and 303 K and 9.6 um for (c) and (d).

Figure 8 shows the SEM images of the string-like Sn whiskers formed at 303K. With an increase
in the film thickness, a variety of shapes in Sn whiskers appeared. In Figs. 8 (a) and (b), thick string-like
Sn whiskers protruded from the Sn film surface.

In Fig. 8 (c) and (d), fine string-like Sn whiskers were grown parallel to the Sn film from thick
string-like Sn whiskers. The length of the fine string-like Sn whisker increased by 30 um within a
deposition time of 660 s. The lowest growth rate of the fine string-like Sn whisker was approximately
45 nm s, which is anomalous in comparison with the growth rate stated in the Ref. [1]. The growth
directions of the fine string-like Sn were <110>, <201>, or <021> if the fine string-like Sn whisker was
parallel to the (112) plane.
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4. CONCLUSIONS

The critical film thickness at which a Sn whisker embryo is generated on the Sn thin film during
electrodeposition was estimated at approximately 1.9 um. The critical film thickness was independent
of the deposition temperature, which was interpreted as the film thickness grown during the incubation
time. The dominant crystallographic plane of the Sn thin films with the film thickness more than
approximately 5 um changed from the (220) to the (112) plane. The transition of the dominant
crystallographic plane can be attributed to the morphological changes in the surface (the coarse Sn
whiskers to the dense Sn whiskers). This suggests that Sn whiskers with the dominant plane (220) acted
as crystal seeds to generate the Sn whiskers with the dominant plane (112). The string-like whiskers with
the thickness more than 30 pum were observed at the deposition temperature of 303 K. The lowest growth
rate was approximately 45 nms™.
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