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Abstract

In this study, we demonstrate how metal-oxide thin-film conformal coatings grown by atomic layer deposition (ALD) can
be exploited as an effective approach to mitigate tin whisker growth on printed circuit boards. First, we study the effect of
different ALD coatings and process parameters on Sn—Cu-electroplated test coupons, by combining optical imaging and
scanning electron microscopy and evaluating whisker distribution on the surface. On these samples, we found that one
important parameter in mitigating whisker growth is the time interval between electroplating and the ALD coating process
(pre-coat time), which should be kept of the order of few days (2, based on our results). Atomic layer-deposited coatings
were also found to be effective toward whisker formation in different storage conditions. Furthermore, we show that ALD
coating is also effective in limiting the need for outgassing of electronic assemblies (PCBAs), which is an additional stringent
requirement for applications in space industry. Our experimental results thus demonstrated that atomic layer deposition is a

suitable technique for aerospace applications, both in terms of degassing and whisker mitigation.

Keywords Tin whiskers - Mitigation - Conformal coating - Atomic layer deposition (ALD) - PCBA

1 Introduction

Tin whiskers currently represent an electrical reliability risk
in the form of potential short circuits in electronic devices
or source of disturbance in signal transmission, with strong
impact in many fields ranging from automotive to mother-
boards, from space industry to consumer electronics. This
risk, potentially, becomes even greater in space capsules,
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automotive and aircrafts, which are subjected to multiple
and severe thermal cycling and high humidity conditions
[1] and where the electronics is required to function reli-
ably for several years. Introducing a small percentage of lead
to tin solder has traditionally been an effective approach in
mitigating such effect. In the last 2 decades, several leg-
islations have been introduced globally to ban or limit Pb
incorporation in electronics devices (Restriction of Hazard-
ous Substances—RoHS in Europe in 2006 [2], Electronic
Waste Recycling Act-EWRA [3] in California in 2003),
further supported by the need for a more environmentally
conscious world (free of lead and other contaminants), and
tin whisker growth has become again a significant issue in
electronic devices. Small addition of other metals (i.e., silver
and copper) can adjust the melting temperature and tune
some of the properties required for the soldering process
and aid long-term reliability; however, it does not preclude
tin whisker growth. Although RoHS regulation allows for
exceptions and exemptions such as space applications, the
availability of tin—lead plated components is decreasing
and fewer manufacturers maintain tin—lead soldering pro-
cesses, as most of the commercial electronics industry is
becoming lead-free. Tin whisker growth, which may occur
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spontaneously and unpredictably from electroplated Sn fin-
ishes and solder joints, can result in short circuits leading to
electronics failures. According to the Joint Electronic Device
Engineering Council (JEDEC) standard, a feature is clas-
sified as a whisker if it possesses an aspect ratio (length/
width) greater than 2, with length greater than 10 um [4].
Short circuits induced by whiskers may be permanent if the
current is smaller than the melting current of the whisker, or
intermittent if the current is sufficient to cause the whisker to
melt (typically > 10 mA [5]). In some cases, whiskers may
melt and bridge again or break loose and cause false signals
or even short circuits with sensitive parts of the device. Air-
borne whiskers may also interfere with sensitive surfaces,
such as those in optoelectronic equipment [6]. If the source
provides sufficient current, a short circuit may result under
vacuum conditions in the formation of a conductive plasma
of metal ions, which may cause severe damage to the device
and its surrounding structures through localized electrical
arcing.

To date, the underlying mechanism for tin whisker
growth has not been fully and completely understood [7,
8], although intensive research has been carried out for sev-
eral decades now. An overall consensus on factors playing
a fundamental role in whisker growth has been reached: (i)
in-plane compressive stresses, caused by volumetric expan-
sion following the Sn—Cu intermetallic growth, providing
the driving force for whiskers to grow [9], (ii) rapid grain
boundary self-diffusion from the tin electroplate interior to
the growing whisker [10], and (iii) a surface oxide layer
which limits surface vacancy sources, thus preventing dif-
fusion and corresponding stress relief via diffusional pro-
cesses [11]. In addition, several other factors have shown
to influence whisker growth such as morphology and crys-
tallographic structure of the intermetallic compound [12],
mismatch in the coefficients of thermal expansion (CTE)
causing stress during thermal cycling [13], elevated tem-
peratures and high humidity conditions leading to corro-
sion [14], and applied external mechanical stress [15]. It is
also here important to recall that morphologies and physical
properties of the Sn layers such as thickness, grain size, and
crystallographic structure [13], as well as other factors such
as current load [16, 17] and electrostatic forces [18], also
contribute to whisker formation.

Different methods have been proposed and effectively
used to mitigate whisker formation and growth including
thermal annealing [19], creating porous Sn coatings [20],
and inserting a metallic interlayer (i.e., Ni) with low diffusiv-
ity for copper from the substrate [21] and conformal coat-
ings [22] of various types. In particular, conformal coatings
further offer an effective barrier toward the external environ-
ment (in terms of humidity, particles, solvents, liquid, and
gaseous impurities), and at the same time, if the coating is
insulating, this can dielectrically isolate the whisker from
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surrounding metallic surfaces. The latter will limit, fully or
partially, the short, in the case of physical contact with adja-
cent metallic surfaces, where the dielectric layer will offer
greater resistance to electrical breakdown.

Several studies in space technology research have shown,
for example, that urethane conformal coatings as well as
other acrylic wet coating (e.g., silicone and epoxy) are capa-
ble of successfully mitigating tin whisker growth [23], in
some cases for up to several years [24]. However, any site
left un-coated is a potential source for tin whisker growth,
as shown in the 1000 days study by NPL [25]. Among many
organic materials, parylene has been proposed to be an
effective material in protecting electronic devices, in par-
ticular against moisture, which causes a variation in PCB’s
thermo-mechanical properties and thus its ability to function
as designed (WVTR, water vapor transmission rate as low
as 0.02 g/m*/day [26]). Deposited by chemical vapor depo-
sition at room temperature, parylene is capable of coating
and penetrating “deeply” any surface, leading to an ultra-
resistant pinhole-free hydrophobic protective coating. The
low-temperature processing does not introduce any mechani-
cal stress into the substrate, one of the concurring causes for
whiskers formation and growth; furthermore, the coating is
chemically inert and can sustain large temperature variations
without modification to its properties. On the other hand,
parylene is not reworkable and it has been reported to have
delamination issues on several materials (e.g., ceramic mate-
rials) [27]; it was also shown to fail at tin whisker mitigation
in 10004000 h 85 °C/85% RH tests [28].

Atomic layer deposition (ALD) is a mature thin-film dep-
osition process applied at different stages of integrated cir-
cuit (IC) manufacture. ALD is a gas-phase coating method
used to produce ultra-thin films of high uniformity and con-
formality, and is based on surface-controlled and self-satu-
rating adsorption reactions between gaseous precursors and
the substrate. The growth process leads to a precise control
of film thickness and results in highly conformal coatings.
Atomic layer deposition takes place in vacuum (0.1-10 mbar
in commercially available equipment and typically in the
range of temperature 40400 °C, and, for some materials,
it can be performed at room temperature and on plastic
substrates [29]. Recently, ALD has been used for corrosion
protection in several industrial and commercial applica-
tions [30], and has been proposed as a potential approach
for whisker growth mitigation. ALD thin films have reported
values for WVTR which are orders of magnitude lower than
for example parylene (<5 x 107> g/m*/day [31]), along with
significantly lower estimated cost of ownership (cost of
equipment, materials, and operating expenses). In this study,
a processing temperature of 125 °C was identified, since this
temperature ensures the removal of water during the layer-
by-layer coating. In addition, the self-limiting nature of ALD
produces extremely smooth, continuous, and pinhole-free
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films, because no un-coated surface sites are left behind dur-
ing film growth. This is extremely important for example
in thin-film encapsulation (TFE) to improve diffusion bar-
rier properties [32]. Single-element materials and alloys/
compounds as well as alternating monolayer structures can
be fabricated with extreme precision, where optimization
of these layers requires engineering thicknesses and struc-
tures. Laminate-type structures have previously been shown
to provide very effective and efficient protection against cor-
rosion [33] and offer the potential to improve the flexibility
of the coating. For a more in-depth description of the ALD
process, we refer the reader to more dedicated and detailed
literature [34].

In this study, we investigate the potentials of metal-oxide
thin film coatings grown by atomic layer deposition as a
mitigation strategy against tin whisker growth. We also
address if ALD coatings processes are effective in limiting
the need for degassing in Printed Circuit Board Assemblies
(PCBASs), hence to assess if our proposed whisker mitiga-
tion approach is also suitable for electronic devices used in
space applications.

2 Experimental section

Sn—Cu coatings were deposited from a commercial Sn elec-
troplating bath containing a brightener and modified by the
addition of 10 mmol ! copper sulfate and operated accord-
ing to parameters previously studied (e.g., 2 pm-thick
coatings deposited at a current density of 10 mA cm2)
and reported elsewhere [35]. Test coupons (0.4 mm thick,
99.9% purity, Advent Research Materials) had dimensions
of 20 mm x40 mm with an electroplated area of about
20 mm X 20 mm on one side only. The electroplating process
was performed on the same site (at Picosun Oy, Masala) to
fully control the time interval between Sn—Cu deposition and
ALD coating. Control samples were kept and analyzed for each
electroplated batch. The density of whiskers on the surface has
been measured by evaluating the number of whiskers present
at 25 different locations uniformly distributed across the sam-
ple surface by optical microscopy using a 20X objective lens.
This corresponds to an individual analyzed area of ~0.57 mm?,
leading to a total analyzed area of approximately 14.25 mm?
(out of an available 400 mm?) for each sample. Only filament-
type whiskers and large eruptions with an aspect ratio> 10
were counted toward the present study, while structures similar
to nodules and small eruptions with lower aspect ratios (<2)
were not included. For whiskers growing at an angle to the
substrate surface, focus stacking has been used to measure
their apparent length while combining multiple images, taken
at different focus distances, into a single image with enough
depth of field to cover the entire whisker length. This method
has been very useful in assessing the characteristic dimensions

of free-standing nano- and micro-structures. Average values
of whisker densities here presented have been measured using
at least three test samples for ALD-coated coupons and two
unprocessed control samples (where available). Part of the
imaging was carried on using a scanning electron microscope
(SEM); SEM micrographs were typically obtained at 5 kV
to minimize charging effects and to reduce the possibility of
damage to the ALD coating without the need of a Au/Pd or
carbon coat.

Thermal cycling (200 cycles in the range from + 85 °C
to —40 °C) and elevated temperature/humidity testing were
carried out in a Memmert HCP153 environmental chamber
at 55 °C/85% relative humidity for two samples from each
test batch. Weiss climatic test-chamber WKL 34/70 was
used to carry on thermal cycling (+ 85 °C to —40 °C), with
heating and cooling rates of ~4 °C min~! and 10 minutes
dwelling time at each set temperature (in accordance with
JESD22-A104D: Temperature Cycling [36]).

For bake-out tests, PCBs (Isola 370HR) were first cleaned
according to the following procedure: immersion in IPA for
1 minute, rinse in IPA, and dry in air. The test equipment
consisted of a vacuum chamber equipped with a tempera-
ture control and two quartz crystal monitors (QCMs) and
were operated through a custom Labview software. Test
samples were placed on hot plate providing uniform heat-
ing (T=100 °C); a hot cylinder was positioned surrounding
the hotplate and was equipped with two disks at each end
of the cylinder. Each of these four elements was driven by a
separate controller and their temperatures were monitored by
dedicated sensors. A cold plate was maintained at cryogenics
temperatures (— 150 °C) by means of liquid nitrogen during
the test to trap the condensable outgassing products. Two
QCMs were mounted on the cold plate. Preliminary tests
were conducted on a blank sample to assess the minimum
sensitivity of the experimental set-up.

3 Results and discussion

In this study, we report our findings on the effectiveness of
ALD coatings as a mitigation strategy for whiskers growth.
We demonstrate how ALD-grown thin films can control
whisker growth on Sn—Cu-electroplated surfaces while
investigating several metal oxides and process parameters,
and how these affect the overall formation of whiskers. Each
batch included five ALD-coated and two references (un-
coated) test coupons.

3.1 ALD process steps (presence of precursor
and ozone in the process chamber)

ALD coatings were deposited in Picosun P300 and R150

ALD reactors, at Picosun site facilities. During all coat-
ing processes, a silicon test wafer was included in the
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coating batch, and the thickness of the ALD film deposited
on its surface was measured with an ellipsometer. Fig-
ure la shows the main features of an ALD coating cycle
to deposit a metal-oxide film; precursor molecule chemi-
cally bonds with any available attachment sites to create
a layer of reactant 1; next, a purge gas is used to flush
any extra, unreacted, or incompletely reacted precursor
from the system followed by oxidation upon exposure to a
mixture of carrier gas and H,O. A second purge step again
removes unreacted species, resulting in a monolayer oxide
film. The main parameters associated with these different
steps include process temperature, ozone concentration,
precursor, and chamber purging time. We refer the reader
to one of our earlier works [37] for more details about the
ALD process. Figure 1b shows the effect of different pre-
treatments alone on a 50 nm-thick ALD film (ALD1) in
terms of subsequent whisker density after 2 and 4 months
from ALD coating. Reference (untreated) samples are also
included and labelled accordingly. Initially, we treated our
test coupons according to the following:

a) Oxidizing (ox-only) and reducing gases (red.-only) only,
instead of complete ALD pulses to assess if a strongly
oxidizing environment can potentially lead to the forma-
tion of native oxide capable of preventing and/or lim-
iting further whisker growth. Similarly, the effects of
reducing gases on their own were studied.

b) Thermally treated (th.-only), at the process temperature
(125 °C) and time for the ALD process. Previously,
annealing processes have been suggested to introduce
a delay in the whisker formation on tin-based surfaces
[38].

In this case, our results show that ALD-coated samples
present no tin whisker growth on the surface after ~2 months
after the coating process (light pink); on the other hand,
untreated test coupons (light blue) showed a large number
of tin whiskers, with a relatively large standard deviation
(25-35%) most likely due to random areas being analyzed
on the surface and the random nature of the whisker growth.
Within our experimental error, no difference or correlation
is found between the treatments.

Two treated reference test coupons have further under-
gone processing steps closely mimicking the ALD coating
process (labelled as “O3” and “50 nm”, indicating, respec-
tively, the presence of ozone/precursor and ozone/precur-
sor at the deposition temperature, both leading to 50 nm-
thick film). While the reference samples showed whisker
densities generally higher than in the case of pre-treatments,
however, given the larger error associated with our counting,
no conclusive assessment can be made at this stage. ALD-
coated samples (light pink) show no tin whiskers growth,
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except for only one sample showing seven whiskers, due
possibly to the random selection of locations for analysis.

These samples were also analyzed again approxi-
mately ~4 months after the initial ALD coating (dark blue
and dark pink in Fig. 1b) and no whiskers were observed
on any ALD-coated samples. Reference (un-coated) cou-
pons exhibited a progressive increase in whisker density
(20-140% increase with respect to the previous measure-
ment after ~ 2 months), with no specific correlation between
initial density, storage time, and sample type. While a
detailed study of whisker length variation as a function of
our process parameters and storage time was beyond the
scope of the present study, nevertheless, we observed that
test coupons presented a few whiskers with lengths greater
than 500 pwm after longer storage times (not shown).

Our results suggest that ALD coating is an effective strat-
egy in mitigating tin whisker growth; we believe that this
could be the consequence of reduced number of defect states
(e.g., Al-Al and OH, leading to Al cluster formations, in
the case of Al,O;) resulting from the large supply of oxy-
gen atoms from the decomposition of O [39] and improved
barrier capabilities against water vapor from the external
environment [40].

3.2 ALD coatings

Coatings with different metal-oxide material composition
and thicknesses (80—-120 nm) were deposited on the sam-
ples within few hours after the Sn—Cu electroplating (see
Table 1). Here, ALD# refers to Picosun proprietary ALD
stacks, compatible and available with the Picosun P300 tool.
All ALD-coated samples showed no whisker growth after
6 months, nor at the second measurement time of 25 months
after ALD coating. Figure 2a shows the whisker density
found on reference test coupons (no ALD coating), with val-
ues of density ranging from approximately ~ 320 to~ 1200
whiskers/cm?®. Figure 2b shows representative images of
whiskers found on the surface of the reference un-coated test
coupons after 6 months. The scale bar of 50 um is the same
in all images. More than 25 months after the ALD coating
process, no whiskers have been found on ALD-coated test
coupons. This suggests that ALD coating is indeed an effec-
tive approach to mitigate (and possibly inhibit) tin whisker
growth, independently on the material composition of the
layer. These samples were transferred to Trelic Oy (Finland)
for long-term study and this work is still ongoing.

3.3 Pre-coat time-time interval between Sn—Cu
electroplating and ALD coating

In this study, we have also investigated and assessed the
effect of pre-coat time, which we define as the time inter-
val between the Sn—Cu electroplating of the test coupons
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Fig.1 Whisker growth with different pre-treatments and ALD pro-
cess steps. a Schematics representing the four different steps occur-
ring in one cycle of an ALD-coating process. (From left to right) pre-
cursor molecules chemically bond with any available attachment sites
to create a reactant 1 rich containing monolayer; next, a purge gas is
used to flush any extra, unreacted, or incompletely reacted precursor
from the system followed by oxidation upon exposure to a mixture of

carrier gas and H,O. A second purge step again removes unreacted
species, resulting in a monolayer oxide film. b Study of whisker den-
sity for reference samples (light blue after ~2 months and dark blue a
second measurement after ~4 months from coating) and ALD-coated
sample (ALD1: 50 nm, light pink and dark pink after 2 and 4 months
respectively)
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Table 1 Summary of the samples analyzed for each parameter investigated. Each batch includes five test coupons (ALD-coated) and two refer-
ence test coupons (un-coated) for a single parameter (see manuscript for more details)

Coating Thickness (nm) Storage® Thermal cycling Storage condition
(8540 °C) (55 °C/85% RH)
ALD process steps (temperature, ozone, pre-  ALDI1 50 3 1 1
cursor in the reactor)
Pre-coat time (few hours to 15 days) ALD2 101 3 1 1
Coatings (different materials and processes) ALD3 79.5 5 - -
ALD4 94.2 5 — -
ALDS 91 5 - -
ALD6 120 5 — -
ALD7 121 5 - -
ALDS 102.9 5 - -
ALD9 100 5 - -
ALDI10 111.2 5 - -
Bake-out (PCBA) ALDI11 80 — - —

#Up to 25 months, as reported in the manuscript. Studies are still ongoing

and the subsequent ALD coating. Pre-coat times ranging
from a few hours to 2 weeks have been investigated, with
evaluation of whisker density carried out within 6 months
of processing for all batches, to establish if this parameter is
significant. Figure 3 shows the whisker density for test cou-
pons as a function of pre-coat time. We found that whiskers
were present only in samples which had been kept for about
15 days prior to the ALD coating (ALD2, coating thickness
101 nm) and for which we found an average whisker density
of approximately 465 + 256 whiskers/cm?. It is assumed that
tin whiskers had started to grow prior to ALD coating. No
whiskers were found on samples with shorter pre-coat times
(up to 2 days). Correspondingly, reference samples (no ALD
coating), monitored for similar “pre-coat” period, showed
whiskers on the surface ranging from ~ 1000 to ~ 5000/cm?.
We found no evidence of a clear correlation between whisker
density and pre-coat time for our test coupons; however, in
future work, it should be investigated in more detail to pro-
vide additional experimental data in the middle range, since
populating the pre-coat time between 2 and 15 days will
provide a more detailed insight into any possible relation
between pre-coat time and whisker density. Results clearly
demonstrate that the ALD-coating process itself results in
a very effective mitigation of whisker growth provided that
the pre-coat time is minimized. Whiskers found on the refer-
ence test coupons (no ALD coating) were typically 100 um
or shorter, as shown by (b) optical images and (c) scanning
electron micrographs. Longer whiskers were also present,
but in very small numbers (not shown).

Experimental results on pre-coat time strongly suggest
that whisker formation and growth are strongly related to
the properties of the Sn—Cu underlying layer, which sup-
posedly undergoes relaxation and stress adjustment after
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electroplating. We believe that when the ALD is performed
shortly after electroplating, those reconfiguration mecha-
nisms are strongly limited, and thus, whiskers growth is
prevented. It is in fact demonstrated that the surface mor-
phology of the Sn—Cu-electroplated surfaces depends on
several parameters such as composition of bath, current
density, and coating thickness [41]. Furthermore, in many
of our optical and SEM images, although not considered
in the whisker counts, morphology analysis shows small
eruptions and nodules on the substrates. The grain structure
of the Sn—Cu surface is also expected to induce additional
stress, thus contributing to the formation of whiskers. This is
also consistent with the dynamic process described for inter-
metallic compounds by Hou et al. [42], which have studied
systematically the effect of the interfacial mobility, grain
boundary mobility, grain boundary diffusion coefficient, and
Sn grain structure on the growth kinetics and morphology of
the intermetallic compounds. Although such a study is cur-
rently beyond the scope of the present work, we will address
these issues in the future.

Finally, we also here note that ALD-coated samples
(pre-coat time shorter than 2 days) do not present any
whisker growth up to 45-50 days after coating, nor after
approximately 25 months from the initial whisker inves-
tigation (not shown). Furthermore, Fig. 4 illustrates the
elemental composition of whiskers on ALD-coated test
coupons (ALD-coated 15 days after the electroplating)
using energy-dispersive X-ray spectroscopy (EDX) micro-
analysis. This was carried out to assess if the whiskers
were indeed present before, or had grown after the ALD-
coating process itself. Figure 4a, b shows secondary elec-
trons micrographs of different whiskers and protrusions on
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Fig.2 Whisker density for dif- ( a)
ferent ALD coatings. a Whisker
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density study for Sn—Cu coat-
ings with (pink) and without
(light blue) different ALD films
approximately after 6 months
from initial coating. It shows
that ALD coatings appear

to be an effective strategy in
mitigating tin whisker growth.
b Representative optical images
of un-coated test coupons show-
ing tin whisker growth on the
surface
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the ALD-coated test coupons, together with the labelled
locations at which EDX spectra were acquired. A repre-
sentative EDX spectrum (Fig. 4c, relative to site 1) dis-
plays the presence of Sn, Al, and O, thus strongly suggest-
ing that the ALD coating (Al,O5) is still adhered to the tin,
and conformally present around the site of the tin whisk-
ers, demonstrating that the whisker was present before the

ALD coating. Figure 4d summarizes the elemental compo-
sition for each of the sites as indicated in (a).

3.4 Thermal cycling in the range + 85 °C/— 40 °C
Thermal treatment is expected to delay tin whisker growth,

since this process relieves stress; on the other hand, this has
been shown to lead to the appearance of a large number

@ Springer



C.Soldano et al.

Fig.3 Whisker density as func- i
tion of pre-coat time. a Whisker (a) 6000 77
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electroplating and the ALD-
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2 days ensure effective ALD
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tion. Optical (b) and scanning
electron microscope (¢) images
showing representative whiskers
found on the surface of the test
coupon with a pre-coat time of
15 days
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of micro-cracks, which can affect the overall reliability of  at 55 °C/85% RH, one has undergone 200 cycles of thermal
solder joints [43, 44]. Two test coupons were selected from  cycling in the range from+ 85 °C to —40 °C. An intermedi-
each batch from the “pre-coat” and “ALD process steps”  ate/partial analysis of coating integrity and whisker growth
studies; while one was stored in an environmental chamber ~ was performed after 100 cycles, which showed no evidence
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Fig.4 EDX elemental analysis of whiskers grown on an ALD-coated
sample. a, b Secondary scanning electron images of different whisk-
ers and nodules on ALD-coated test coupons, having 15 days delay
before the ALD coating. EDX measurement sites are labelled accord-
ingly. ¢ EDX spectrum at site 1 in micrograph (a) showing large

of ALD coating failure. After 200 cycles, only one sample
with a pre-coat time of 15 days showed whisker growth.
However, in this case, the whisker density was ~ 50 whiskers/
cm?, which is lower than the value initially measured for the
sample. This suggests that no increase in whisker density has
occurred as a result of thermal cycling in the first few weeks.

3.5 Storage time under different environmental
conditions

Test coupons belonging to the set of experiments in Figs. 1
and 3 were further analyzed after being stored either at room
temperature or in a controlled environment (55 °C/85% RH)
(one test coupon each). Figure 5 shows our preliminary
results on the effect of storage time on the overall whiskers
density of un-coated tested coupons in the case of room-
temperature storage. As our collection of samples has been
measured after different time intervals, we have studied
these effects in terms of whisker density normalized increase

30
- Al
3
© (0]
8
g 204 :
x
> Sn
2
& 104 1
£
0 L’/J . g b
0 i 2 3 4 5
Energy (keV)
) sn o Al
Site  atn)  (at%) (at%)

1 20.9 57.9 21.2
2 28.9 51.1 20

3 26.5 57.1 16.3
4 25.8 57.6 16.5
5 20.8 60.2 18.9
6 25 54.2 20.8
7 26.6 57.2 16.3
8 26.5 57.2 16.3

signal coming from Sn, Al, and O, suggesting that the whisker was
already on the surface prior to ALD coating (see manuscript form
more details). d Summary of elemental composition for different
measured sites as labelled in (a) and (b)

(percentage) and normalized storage time, where day “0” is
the first time a whisker count has been carried out. This will
enable us to make a more objective comparison between
our samples. Our findings shows that neither storage time
nor storage conditions (at elevated temperature/humidity,
not shown) had any effect on ALD-coated samples, which
did not show any whiskers in both cases. Also, the sample
for which ALD coating was performed about 15 days after
the electroplating showed no major difference in whisker
density (negligible variations are most likely due to differ-
ent sampling areas for each whisker density measurement).
Figure 5a, b refers to the same reference test coupons
reported in Figs. 1 and 3, respectively. As expected, un-
coated test coupons showed a progressive increase in
whisker density in all cases, with a slightly larger increase
for the sample in Fig. 5a. All samples are currently under-
going a long-term study to assess if any correlation exists
between whiskers density and storage time, which will be
reported later on. In summary, we observed the following:
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Fig.5 Effect of storage time on whisker growth on un-coated test
coupons at room temperature. a, b Relative whisker density increases
(with respect to the first measurement) as a function of room-tem-
perature storage time un-coated tested coupons from a Fig. 1 and b
Fig. 3, respectively. ¢ Optical images of representative samples from

i. Whiskers with lengths greater than 500 pum were
found more frequently in the un-coated samples (not
shown);

ii. Morphology of the whiskers also differed, depend-
ing on the sample conditions, as shown in the optical
images in Fig. 5c, for which a mixture of large erup-
tions and larger diameter whiskers has been found.

3.6 ALD-coated printed circuit board assemblies’
rework

ALD-coating effectiveness against tin whisker growth has
been tested on non-space grade PCBAs, manufactured by
ENICS AG (Switzerland) containing components, using
Pb-free commercial solder alloys (solder alloy SAC305,
96.5% Sn, 3.0% Ag, 0.5% Cu). It is unlikely that large
numbers of tin whiskers would be spontaneously grown on

@ Springer

(a) and (b). Given the large collection of samples, our whisker counts
are analyzed in terms of percentage increase and normalized storage
time. ALD-coated samples do not show any new whisker growth (or
increase in previously noted pre-ALD growth), independently of their
process conditions

this assembly in ambient conditions in the short time since
manufacture. An essential requirement for space applica-
tions is that the board be reworkable (to change compo-
nents after manufacture, made by RUAG Space Finland Oy
Ab, without the need to remove the previously deposited
ALD layer) and then to be recoated. For a single, reworked
sample, X-ray fluorescence (XRF) was used to ensure that
there was an ALD film on the reworked samples. Although
XREF is not strictly a surface sensitive technique such as
X-ray photoelectron spectroscopy (XPS), it neverthe-
less allowed us to qualitatively analyze our samples with-
out the need to section the board as presented in Fig. 6.
Locations where the XRF point analysis has been carried
out the PCB are shown in Fig. 6a, while Fig. 6b shows the
XRF spectra acquired at 10 kV at those locations, Panel
(c) presents higher magnification images of the measure-
ment sites. All acquired spectra present a small Al peak
at~ 1.5 keV, independently of the site measurement, thus
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Fig.6 X-ray fluorescence (XRF) study of ALD-coated PCBA. a
Optical image of an ALD-coated PCBA with measurement site loca-
tions labelled. b XRF spectra at these locations with ¢ corresponding

confirming the successful coating with the ALD process
(alumina in this case).

3.7 Bake-out test of ALD-coated PCBs

Outgassing is an important issue in several applications in
aerospace, especially with optical instruments on satellites;
in fact, vapors often trapped in porous materials are drawn
out in vacuum and ultra-high-vacuum condition (as in space)
and can condense on nearby surfaces. This has been found
to interfere with instruments, contaminate measurements,
and affect overall correct functioning of equipment. Other
detrimental effects include, e.g., the popcorn effect known
for plastic packaging occurring during rapid expansion in the

higher magnification optical images of the measurement sites. All the
sites show Al on the board and components after rework and recoat-
ing

soldering process. Outgassing can be minimized by heating
the materials in vacuum prior to use, a process often called
“bake-out” (see ECSS-Q-ST-70-01C, cleanliness, and con-
tamination control). For more details on the experimental
set-up used in our experiments, we refer the reader to the
Experimental section.

Our aim was to assess the effect of ALD on outgassing
for PCBA (along with tin whisker mitigation), thus mak-
ing ALD a technique suitable for space applications. After
cleaning, PCBs (ALD-coated and un-coated) were placed
on a hot plate (7=100 °C) in the vacuum chamber and two
quartz control monitors (QCMs) were used to measure any
outgassed compounds. The QCM frequency is assumed to
be proportional to the mass of outgassed material deposited
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on the QCM crystals. Figure 7 shows one representative
PCB placed in the test chamber as well as the experimental
results of the outgassing test carried out an un-coated PCB,
an ALD-coated PCB (ALD11, coating thickness ~ 80 nm),
and a blank sample (acting as a baseline). We have adopted
ESTEC (European Space Research and Technology Cen-
tre) bake-out criteria, according to which we considered
and measured the deviation from linearity of the QCM fre-
quency rate as a function of time. We defined time t when

(a)

® T\

= blank
N —— ALD-coated
L 6 F uncoated 1
5}
ud
(o]
£ 4 .
7]
9]
©
2
= |
o 2 _ .
0 T T T T T
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Time (h)

(c) .

outgassing rate

(h) (Hz/h)
blank 48 0.4
uncoated 41.8 3.1
ALD-coated 31.8 0.4

Fig. 7 Bake-out test for ALD-coated PCB. a Optical image of a rep-
resentative PCB in the bake-out test-chamber. b, ¢ Outgassing rate as
function of time and ¢ extrapolated values for a blank sample (black),
an un-coated (blue), and an ALD-coated (pink) PCBs
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this deviation was less than 1% per hour. Figure 7b shows
the isothermal time evolution of the outgassing rate to reach
deviation from linearity less than 1% (indicated by arrows
and reported in Fig. 7c). We found that un-coated samples
had an outgassing rate of 3.1 Hz/h and ALD-coated sam-
ple shows an outgassing rate similar to the blank sample
(0.4 Hz/h), which is almost an order of magnitude less than
the reference un-coated sample. This demonstrates that ALD
coating can effectively reduce the outgassing potential of
PCBs used in space missions.

4 Conclusions

In this work, we have demonstrated how ALD-deposited
conformal coatings can be exploited as an effective approach
to mitigate whisker growth and outgassing on printed cir-
cuit board assemblies. By combining optical and scanning
electron microscopy, we have evaluated whisker distribu-
tions on the surface of more than 100 Sn—Cu-electroplated
test coupons over a period of more than 2 years and we
addressed the influence of different ALD coating parameters
on electroplated test coupons (ALD process steps, pre-coat
time, thickness, and storage time under different conditions).
We found that:

i. Pre-coat time (interval between electroplating and
ALD processes) plays a central role in determining the
extent of whisker growth, with pre-coat times shorter
than 2 days being more effective, since whisker initia-
tion has yet to occur;

ii. ALD coating prevents whisker growth in the case of
elevated temperature/humidity, thermal cycling, and
storage in different environmental conditions (room
temperature, 55 °C/85% RH);

iii. In the absence of an ALD coating, all un-coated test
coupons show a gradual increase in whisker density
with time.

In addition, ALD coatings are also capable of drastically
reducing outgassing in PCBAs, thus rendering atomic layer
deposition a suitable technique to prevent tin whisker growth
in assemblies relevant for aerospace applications.

Investigation of long(er) term effects of ALD coatings is
currently ongoing both on test coupons and PCBAs. Future
plans to gain further insight on tin whisker formation and
atomic layer deposition, include:

e a more detailed investigation on the effect of pre-coat
time to identify a potential threshold for the initiation of
whisker growth (expected to be between 2 and 15 days);

e cross-sectional transmission electron microscopy (TEM)
studies of whiskers growth on ALD-coated and un-coated
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coupons, to potentially identify the underlying mecha-
nism behind whisker growth and to possibly attribute it
to any of the mechanisms described in the current paper;

e a study of the effect of storage time and condition on
whisker length, where the study, to be quantitative, will
require imaging of the same area repeatedly within the
same test coupon;

e ALD process parameters, where coating and correspond-
ing fabrication steps have not been optimized. Param-
eters such as coating thickness, chamber pressure, growth
temperature, and precursors’ type (if oxidizing or not)
might indeed play a role in the effectiveness of the coat-
ing itself;

e PCBA surface finishes and solder alloys, which might
affect both tin whisker formation as well as degassing.
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