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Abstract: Whiskers are small crystalline growths, which can grow from certain metals or alloys.
Reaching up to several millimeters long, whiskers have the potential to cause device failures due to
short circuits and contamination by debris. Tin (Sn) is one such metal that is particularly prone to
whisker development. Until the 2006 RoHS Initiative, lead (Pb) was added to tin in small amounts
(up to 2%) to greatly reduce the growth of whiskers. Since then, however, industry has switched to
lead-free tin solders and coatings, and the issue of whisker growth on tin has attracted new interest.
A reactive-sputtering-deposited nickel oxide sublayer was shown recently to strongly suppress the
growth of whiskers from an overlaying tin layer. This paper reports on using nickel oxide films,
obtained by a sol–gel dip coating method, as whisker suppressing sublayers. The proposed method
is simple, low-cost, and can easily be scaled up for manufacturing purposes. The properties of
the sol–gel deposited nickel oxide film were examined using SEM, EDS, and Raman spectroscopy.
Samples containing the nickel oxide sublayer were observed through SEM periodically over several
months to examine the surfaces for whisker development, and the results show that such layers can
be very effective in suppressing whisker growth.

Keywords: whiskers; electronic materials; whisker mitigation; failures; NiO; nickel oxide; Sn; reliability

1. Introduction

Metal whiskers are long, thin, hair-like structures, which grow on the surfaces of thin
films of certain metals and alloys. They have been observed growing on several elemental
metals including Sn [1–3], Zn [4,5], Pb [6], and Cd [5], as well as metal alloys such as bronze
and brass [6]. As tin is used extensively in the electronics industry, often alongside copper,
the growth of whiskers on many commercial devices is a real concern. Although whiskers
have been studied for several decades [3,7], the mechanisms of their nucleation and growth
are still not fully understood [8–17].

There are several ways in which whiskers can lead to device failures [3,8,18]. These
include both permanent and transient short circuits [2], contamination by debris, and metal
vapor arcing. Such failures have been documented in the telecom, military, aerospace [19],
energy, and medical industries since the 1940s [3,18]. Traditionally, small amounts of
lead were added to tin to suppress the growth of whiskers [18]. This was the standard
preventative measure until the passage of the RoHS Directive [15,20]. Effective 1 July 2006,
this directive prevents the sale of products containing lead within the European Union
(which represents a market large enough to influence industry practices around the globe).
Because of this, new mitigation methods are required to prevent device failures brought on
by the use of pure tin in electronics.
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Alloying is a known (although not well understood) method of whisker growth
mitigation. In addition to the conventional approach of adding Pb to Sn, alloying Bi or In
with Sn has shown potential as well [21,22]. Conformal coatings represent another popular
approach. Such coatings are typically made of a polymer and are applied postproduction,
making them affordable and easy to implement. In some cases, they have been shown to
prevent the growth of whiskers [1]. However, there is evidence that whiskers can grow into
these coatings and may even become long enough to penetrate them [19,23].

Addition of a sublayer underneath the tin film is another whisker suppression method.
This sublayer has the intended effect of reducing or eliminating whiskers on the overlying
tin surface. The mechanism through which this approach can lead to whisker growth
suppression is considered to be based on creating a barrier to block diffusion [24,25] or
reducing stress in the tin layer [25]. These sublayers can be made of metals and alloys such
as nickel [24,26], nickel/gold [25], or thin film metallic glasses [27].

The recently proposed electrostatic theory of metal whisker growth [28–32] has moti-
vated the idea of using a semiconducting sublayer (NiO in this case) to mitigate whisker
formation. This work is motivated in part by the fact that the Ni sublayers have indeed
shown some effect on whisker growth when compared with the Sn-coatings without a
sublayer [33], as an extension of our previous work [34]. As previously demonstrated [34],
sputtering NiO has shown promising results. However, sputtering is not the ideal method
to be deployed for the commercial scale manufacturing [35]. Conversely, electroplating is
well studied and can be adapted for industrial settings. The contact potential at a tin–copper
interface contributes to an electric field, which may drive whisker growth [36–38]. An
additional sublayer can split this contact potential at the Sn–NiO–Cu interfaces and, thus,
decrease any local electric fields [34]. Nickel oxide was found to be particularly effective
as such a semiconducting sublayer material. A sputtering-deposited sublayer of nickel
oxide between copper and tin has been shown to completely prevent the growth of tin
whiskers [34]. Being a vacuum method, this would be too costly or too inefficient to scale
up for use in industrial manufacturing. Nickel oxide films have also been created using
sol–gel, thermal oxidation, electron beam evaporation, and chemical bath deposition methods.
Sol–gel processes are inexpensive, require relatively simple equipment, can be performed in
atmospheric air, can be scaled up efficiently, and allow for a great degree of control over the
film structure [39–43]. This makes sol–gel dip coating an appealing method for deposition of
whisker-mitigating sublayers, and this work examines its suitability and effectiveness.

2. Experimental Methods
2.1. Substrate Preparation

Glass microscope slides were cleaned using a standard procedure. The slides were
placed into a glass dish containing a solution of Micro-90 detergent and water. This dish
was placed into an ultrasonic bath and sonicated for 20 min. Afterwards, the glass slides
were rinsed with deionized water and dried with clean compressed air. This process of
sonication and drying was repeated twice more: first using ethanol (95%, DeconTM Labs, King
of Prussia, PA, USA) as a solvent and then using acetone (99.8%, Fisher, Fair Lawn, NJ, USA).

A copper film was deposited onto the clean glass slides by RF sputtering. The working
gas used was argon at a working pressure of about 10 mTorr at an RF power of 100 W.
A smooth Cu film with a thickness of 300 nm was deposited at a rate of 0.4 nm/s.

2.2. Sol–Gel Solution

The solution [44] was prepared by dissolving 5.10 g of nickel 2-ethylhexanoate (~15%
Ni, American Elements, Los Angeles, CA, USA) in 2-propanol (99.9%, Fisher), diluted to a
volume of 30 mL. The mixture was covered and stirred for two hours prior to deposition,
and the resulting solution was transparent and greenish in color. The concentration of
nickel in the solution was 0.44 M.
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2.3. Dip Coating Deposition

The dip coating process was carried out using a NIMA Dip Coater (NIMA DC Multi 8).
The substrate-lowering speed was set to the maximum value of 280 mm/min. After
reaching the lowest point, the substrate holder paused for 5 s. Then, the substrate was
withdrawn from the solution at a rate of 1 mm/s. When the substrate was completely
removed from the solution but still within the vapors in the beaker, the substrate holder
was stopped for five minutes. This additional drying step helps prevent the film from
cracking when abruptly exposed to air [45]. The samples were then placed in a furnace
preheated to 100 ◦C. At this temperature, they were dried for 10 min in air. Afterwards,
they were calcinated in the same furnace at 350 ◦C for 10 min.

2.4. Tin Deposition

A layer of tin was deposited on the samples by thermal evaporation. In the evaporator
(Denton, Model#DV-502A), tin pellets were heated in a tungsten boat (Kurt J. Lesker, Jefferson
Hills, PA, USA, Part#EVS6005W) until molten. The applied current during deposition was
110 A. The resulting tin film was 500 nm thick and was deposited at a rate of 0.25 nm/s.

2.5. Characterization Methods

Both EDS and Raman spectroscopy were used to analyze the chemical composition
and structure of the prepared films. EDS was performed on the exposed nickel oxide layer
and on fully-formed samples with an outer coating of tin. Several regions were examined, and
an average of the collected values was taken. Raman spectroscopy was performed only on the
exposed nickel oxide films using a JY Horiba LabRAM confocal Raman spectrometer with
632.8 nm laser excitation (resolution of 0.16 cm−1 at 632.8 nm with an 1800 g/mm grating).

The long-term examination of whisker growth was carried out using SEM. Samples
were imaged shortly after their fabrication and every month thereafter. Samples containing
the nickel oxide sublayer and those without it (deemed control samples) were created and
examined synchronously and simultaneously. In doing so, the nucleation and progression
of growth of whiskers was recorded.

As a standard, 40 SEM images were captured on each sample each time they were
investigated. The magnification used for each sample was held constant at 1000. Each
image had an area 140 µm by 85 µm, or 1.19 × 10−2 mm2. With 40 of these images, the
total examined area each time was 0.476 mm2. Within this equivalent area, a count was
kept of each whisker at least 5 µm in length. The sample preparation and characterization
steps are illustrated in Figure 1.

Figure 1. Schematic of sample preparation and characterization steps.
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3. Results and Discussion
3.1. Characterization of the NiO Films

The thickness of the NiO films deposited by dip coating was measured by cross-
sectional SEM. A glass slide (precoated with Cu) was coated using the dip coating procedure
detailed above but modified for five successive dip coating cycles. Then, the glass slide was
scored with a diamond-tipped glass cutter and fractured. The profile of the film was then
imaged by SEM, and the thickness of the film was measured to be 300 nm (see Figure 2).
Assuming an equal thickness deposited during each dip coating cycle, the thickness of the
single-cycle dip coating cycle was taken to be 60 nm.

Figure 2. Cross-sectional SEM image showing (a) the nickel oxide layer prepared by five successive
dip coating steps, (b) a sputtered copper film, and (c) a glass slide substrate.

The chemical composition of the film was first checked using EDS. The values obtained
were from the exposed sublayer on a substrate of sputtered copper on glass. An accelerating
voltage of 10 kV was used. The results are shown in Table 1 below.

Table 1. EDS values for exposed nickel oxide film (glass slide with sputtered copper substrate).

Element Percentage (Atomic)

Carbon 14%
Oxygen 36%
Silicon 2%
Nickel 3%
Copper 46%

The elements with significant contributions were carbon, oxygen, silicon, nickel, and
copper. Additionally, calcium and aluminum were found to be present in trace amounts
(less than 1%). The solution which formed the nickel oxide layer contained carbon, oxygen,
nickel, and hydrogen. However, hydrogen could not be detected by EDS techniques;
therefore, it was absent. The significant amount of copper detected was entirely from
the underlying sputtered copper film. The silicon and a portion of the oxygen content
were due to the glass slide substrate. Our substrates were made of soda-lime glass which
was composed of a mix of silicon dioxide, sodium carbonate, calcium oxide, magnesium
oxide, and aluminum oxide. An accelerating voltage of 26 kV was used for the sample’s
area where tin was deposited as it required a larger interaction volume for accurate EDS
measurement. The results are shown in Table 2. It can be noticed that as the quantity of tin
increased, the copper signal became weaker. This is to be expected since the interaction
volume of the beam remained largely the same.
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Table 2. EDS values for nickel oxide film following tin coating.

Element Percentage (Atomic)

Carbon 1%
Oxygen 6%
Nickel 6%
Copper 30%

Tin 57%

Raman spectroscopy was used to verify the existence of NiO bonds in the layers.
The Raman measurements were carried out on exposed nickel oxide layers only, due to
the limitations of this method in penetrating a metal layer (i.e., the top tin film). Spectra
obtained were from samples, which were cycled five times during the dip coating process,
which helped to increase the sensitivity of the measurements. Representative Raman
spectra are shown in Figure 3.

Figure 3. Raman spectra of the (a) exposed nickel oxide layer after five dip coating cycles, (b) part of
the same sample, which was not dip coated, and (c) the glass substrate. Relevant peaks for nickel
oxide and copper oxide are shown. Please note that the sharp features (peaks or dips) near 330 cm−1,
550 cm−1, and 1010 cm−1 in the top two spectra are likely due to detector noise and should be ignored.

Nickel oxide, in the form of NiO, was clearly present in the dip-coated film according
to the spectrum (Figure 3a), obtained from the part of the sample, which was dip coated.
The peaks at 554 cm−1 and 1055 cm−1 were consistent with NiO prepared using similar
methods [46–48]. Other peaks were also present, two of which can be seen in the spectrum
taken from the part of the sample, which was not dip coated. The literature suggests that
the peaks located at 295 cm−1 and 342 cm−1 (common to both spectra and shown with
vertical lines in the figure) belong to copper oxide CuO [46,49,50] and the peaks at 221 cm−1

and 629 cm−1 can be attributed to the Cu2O phase [50]. This indicates that a mixed-phase
copper oxide was present underneath the nickel oxide film.

3.2. Sn Whisker Growth

Two sets of four samples each were prepared and examined over several months to
record whisker growth. Within these sets, there were two samples (Sample #1 (S1) and
Sample #2 (S2)) containing the sol–gel-deposited sublayer and two lacking it (C #1 (C1) and
Control #2 (C2)). All parameters used to prepare corresponding samples across both sets
were kept the same; the only difference was the time at which they were made. The total
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number of whiskers found across all SEM images that week along with density calculations
are provided in Table 3.

Table 3. Summary of whisker counts and densities (mm−2) over time.

C1 C2 S1 S2

Count Density Count Density Count Density Count Density

Initial 0 0 0 0 0 0 0 0
2 Weeks 24 50.42 24 50.42 0 0.00 0 0
4 Weeks 32 67.23 24 50.42 0 0.00 0 0
8 Weeks 54 113.45 69 144.96 0 2.10 0 0

12 Weeks 90 189.08 105 220.59 1 0.00 0 0
16 Weeks 84 176.47 105 220.59 0 0.00 0 0
20 Weeks 118 247.90 141 296.22 0 0.00 0 0
24 Weeks 163 342.44 147 308.82 0 0.00 0 0
28 Weeks 203 426.47 187 392.86 0 0.00 0 0
32 Weeks 169 355.04 188 394.96 0 0.00 0 0

The whisker count data show that the number of whiskers increased as a function of
time (almost linearly) on the samples without the nickel oxide sublayer. After four months
of aging, these controls showed an average density of 272 whiskers per mm2. In contrast,
the samples, which featured a nickel oxide sublayer contained no whiskers. Representative
SEM images of one NiO sublayer sample and one control sample are provided in Figures 4
and 5 respectively.

Figure 4. Representative SEM images of Control #1 (control sample, i.e., without the NiO sublayer)
(a) during the week of its preparation and (b) one, (c) four, (d) and eight months thereafter.
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Figure 5. Representative SEM images of Sample #1 (with NiO sublayer) (a) during the week of its
preparation and (b) one, (c) four, (d) and eight months thereafter.

According to the electrostatic theory of whisker growth [28], the existence of sub-
stantial electric fields can drive the formation of metal whiskers. These electric fields are
intrinsic to the material or even can be externally applied. The intrinsic uncompensated
electric charges are generally due to the interfaces, grain boundaries, local variations in
chemical compositions, and others [28,49]. For this work, a simplified electrostatic picture,
based on the difference between the work functions of Sn and Cu is considered. Here, the
difference was calculated to be ~0.53 eV [50,51], which was a significant built-in electric
field at the Sn/Cu interface when the two materials did not intermix. In the case of diffusion
of Cu into Sn, specifically considering the influence from the grain boundaries, it would
result in a drastically nonuniform [52] lateral distribution of Cu, whose local concentra-
tion will fluctuate from nearly zero to almost 100 percent. These events would lead to
the corresponding local variations in work function of the order of the above estimated
0.53 eV. Subsequently the free electrons would redistribute themselves in such a way as
to minimize the system free energy, which would result in the electric charge distribution
becoming laterally nonuniform. This inhomogeneous ‘electric patch’ structure reaching
to the film surface is a major requirement of the electrostatic theory of whisker growth.
A similar interpretation can explain whisker suppression in the Sn/NiO/Cu case if we
assume that the NiO layer blocks Cu diffusion, thus, suppressing electric nonuniformities
and mitigating whisker growth. In addition, it is to be noted that the contact potential
between Sn and NiO, which is the approximate work function difference between the two
materials, can be closer to ~0.4 eV or even less. This approximation was obtained from
the electron affinity [53] and band gap [35,54] values for NiO assuming almost degenerate
p-type NiO [35].

4. Conclusions

Our results support the idea of using a nickel oxide sublayer, deposited by a sol–gel
dip coating method, as a method for suppressing whisker growth. Over the duration
of this observance, it was found that samples containing this sublayer grew practically
no whiskers. Meanwhile, control samples without the sublayer grew whiskers on the
order of a couple hundred per square millimeter. Clearly, this work provides very strong
evidence that low-cost dip-coating obtained semiconducting NiO sublayers can be used
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as an effective whisker growth mitigation method, which is expected to be of substantial
importance to various industrial applications.
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