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For years, the alloy of choice for electroplating electronic components has been tin-lead 

(Sn-Pb) alloy. However, the legislation established in Europe on July 1, 2006, required 

significant lead (Pb) content reductions from electronic hardware due to its toxic nature. A 

popular alternative for coating electronic components is pure tin (Sn). However, pure tin has 

the tendency to spontaneously grow electrically conductive Sn whisker during storage. Sn 

whisker is usually a pure single crystal tin with filament or hair-like structures grown directly 

from the electroplated surfaces. Sn whisker is highly conductive, and can cause short circuits in 

electronic components, which is a very significant reliability problem. The damages caused by 

Sn whisker growth are reported in very critical applications such as aircraft, spacecraft, 

satellites, and military weapons systems. They are also naturally very strong and are believed to 

grow from compressive stresses developed in the Sn coating during deposition or over time. 

The new directive, even though environmentally friendly, has placed all lead-free electronic 

devices at risk because of whisker growth in pure tin. Additionally, interest has occurred about 

studying the nature of other metal whiskers such as zinc (Zn) whiskers and comparing their 

behavior to that of Sn whiskers. Zn whiskers can be found in flooring of data centers which can 

get inside electronic systems during equipment reorganization and movement and can also 

cause systems failure. 

Even though the topic of metal whiskers as reliability failure has been around for 

several decades to date, there is no successful method that can eliminate their growth. This 

thesis will give further insights towards the nature and behavior of Sn and Zn whiskers 



growth, and recommend a novel manufacturing technique that has potential to mitigate 

metal whiskers growth and extend life of many electronic devices. 
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CHAPTER 1 

INTRODUCTION  

1.1 Background 

The rapid advancement of electronic systems has excelled the performance of products and 

services available to us on a daily basis. Electronic systems consist of many electronic components 

that undergo common electroplating processes. The components are metal or alloy coated for 

corrosion resistance, better outside appearance, solderability, and increased electrical conductivity. 

For more than five decades lead (Pb)-bearing coatings have been used almost exclusively 

throughout the electronics industry for component finishing, and the standard finish for 

semiconductor lead frames has been either 90%Sn 10%Pb or 85%Sn15%Pb [1]. However, in late 

2002 the European Parliament approved two directives related to the reduction of electrical and 

electronic waste. As part of the new directives, the legislation required Pb to be significantly 

reduced or entirely restricted in most electronic devices. The Restriction of Hazardous Substances 

(RoHS) Directives placed the new law in effect on July 1, 2006 [2]. There is no comprehensive 

legislation (either existing or pending) in the United States that requires the elimination or 

restriction of lead in electronic devices. As a matter of fact small amount of Pb is still used in 

United States by some manufacturers for sensitive applications. Although the new law only 

directly covers European community, anyone that supplies companies in Europe will also have to 

comply with the new legislation. As a result, many electronic component suppliers proposed pure 

Sn as low cost popular alternative for coating electronic components. Pure Sn coating has been 

evaluated to have very similar properties with Sn-Pb alloy and the application process does not 

require much modification. Unfortunately, pure Sn has the tendency to spontaneously grow 

electrically conductive Sn whisker during storage. A Sn whisker is usually a single crystalline 



2  

filament formed as surface eruption on the metal finishes. Whiskers tend to grow straight up from 

the base of Sn surfaces and have diameter of up to 10 μm and length of up to 500 μm, with the 

longest whisker ever reported being 10 mm [2-4]. Sn whisker is highly conductive, and can cause 

short circuits in electronic components which is a very significant reliability problem. The 

incubation period for whisker growth can vary from hours to years depending on the circumstances. 

Figure 1 Shows that whiskers can grow in a variety of shapes as straight, bent, kinked and even a 

combination of straight and bent. 

 
 

Figure 1 – Metal whisker profiles with various geometries shown in different magnifications 

Large number of research has been performed to understand why whiskers grow and their 

characteristics. Gaylon et.al in his literature review summary cites all the papers on whiskers 

between 1947 and 2004 [2]. The technical community claims that the whiskers grow by addition 

of material at their base but not at their tip, they are also naturally very strong, and appear to be a 
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local response to the developed compressive residual or external stress in the film during 

deposition or aging [5-8]. Other most commonly defined sources of stress are intermetallic 

formation or mechanical means such as bending, forming, thermo-mechanical stresses (coefficient 

of thermal expansion (CTE) mismatch between the film and the substrate induced), surface 

oxidation, corrosion and diffusion [2, 9]. Most importantly the scientific community claims that 

combination of some or all of the factors together contribute to the growth of whiskers. The typical 

combination of film/ substrate is Sn-film on Cu-based substrate. Cu and Sn tend to react with each 

and form intermetallics (IMC) specifically Cu6Sn5 at the film/substrate interface as shown in 

Figure 2. The Cu-Sn IMC grow in volume over time and addition to impurities and Sn self 

diffusion form compressive stress in the film leading to Sn whiskers growth. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 Schematic of Cu-Sn IMCs formed at the film/substrate interface [10] 

 
In addition, whisker can grow on other surfaces made of soft and ductile materials, 

especially metals and their alloys with low melting points [2]. Elements that are prone to whiskers 

growth are cadmium (Cd), antimony (Sb), zinc (Zn), and indium (In). Elements less prone to 

whiskers growth are lead (Pb), iron (Fe), silver (Ag), gold (Au), nickel (Ni), and palladium (Pd) 

[2]. 
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1.2 Factors that Cause Sn Whisker Growth 
 

There is no clear understanding on the formation, shape, structure, size, number, rate, and 

direction of the growth of whisker [1, 2]. Some of the factors enhancing the general growth of 

whiskers are discussed as follows: 

1.2.1 Stress 
 

Sn whisker grows from the electrodeposited Sn films. It is believed that the film carries an 

internal stress developed during or after the electrodeposition process that causes Sn whisker 

formation [1, 2]. Stress development during electrodeposition can be related to the presence of 

various organic additives in the plating bath. Exceptions are some additives such as Pb that form 

metal alloys with Sn and can have a suppressing effect on the growth of Sn whisker [11]. 

Similarly, a lattice mismatch of the crystal structures between the coating material and the 

material of the substrate that may develop under thermal cycling conditions can also initiate stress 

in the Sn film [12]. External stresses developed from screws, bolts, pressure clamps used in an 

assembly, or any scratch on the surface can also initiate the growth of Sn whisker [13, 14]. 

1.2.2 Conditions of the Substrate 
 

One of the Cu-based substrates most prone to the growth of Sn whisker is brass. One 

explanation is that after Sn film deposition and subsequent aging at ambient temperature, copper 

(Cu) element diffuses from the substrate into the Sn film forming Cu6Sn5 intermetallic compounds 

(IMCs) at the film/substrate interface [13, 15]. The reaction between Cu and Sn results in a volume 

expansion because of the difference in weight densities between phases that leads into formation 

of compressive stresses in the Sn film [13, 16]. The weight density of Sn, Cu, and Cu6Sn5 are 7.30, 

8.96, and 8.26 g/cm3, respectively [16]. The already formed intermatellic compounds grow in 

volume  over  time  with  a  wedge-like  shape,  preferentially  along  the  Sn  grain  boundaries 
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intersecting the Cu/Sn interface (earlier shown in Figure 2). The compressive stresses in the Sn 

plated film are considered to be the driving force for Sn whisker formation, and Sn whisker growth 

is conceived as a stress relief phenomenon [13, 15]. 

Some studies have reported a presence of a negative stress gradient in the direction from 

the surface of the Sn layer to the film/substrate interface near the Cu6Sn5 IMCs region as a 

requirement for Sn whisker growth [13, 16]. Sobiech has reported a study [13] on the evolution of 

stress gradients in the Sn film for two different specimens: one specimen is studied as deposited 

under ambient temperature while the second specimen is annealed at 150oC for 1h (post-plating 

bake) within one day of plating and exposed to an ambient environment. The developed residual 

stresses within one day of plating were tensile at different depths in each film of the two samples 

(Figure 3 left). However, for the un-annealed sample, the stress changes to compressive within 

two days from plating while the annealed sample remains in tension up to 7 months. Figure 3 right 

shows a significant stress gradient at the near-surface region for the as-deposited sample whereas 

no stress gradient is observed for the post-bake specimen after 8 months. A cross-section for each 

sample after 8 months of observation by Sobiech is presented in Figure 4 top and bottom. Figure 

4 top of the as-deposited sample shows very irregular growth of Cu6Sn5 IMCs at the film/substrate 

interface while uniform phases of Cu6Sn5 and Cu3Sn IMCs are formed in the annealed sample 

(Figure 4 bottom). After 8 months, a slight growth of Cu6Sn5 is noticed on the top of the previously 

formed uniform layer, and at the same time, the stress state changes from tensile to compressive 

in the annealed sample (Figure 3 right and Figure 4 bottom). Sobiech reported that the annealed 

sample did not grow whiskers for up to 3 years while the as-deposited sample formed whiskers 

within 10 days of deposition [13]. Sobiech concluded that the post-bake method was successful in 
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mitigating Sn whisker growth not only as a result of the stress state but mainly because of the 

negligible stress gradient in the near-surface region of the Sn coating. 

 
 

Figure 3 Stress distributions at different depth of the Sn film [13] 
 

 
 

Figure 4 Cross-section of two specimens with Sn film on a Cu substrate after 8 months [13] 
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Further analysis shows that over time Cu-Sn IMCs also form within the bulk of the deposit 

mainly along the grain boundaries of the film (Figure 5). 

 
 

Figure 5 Microstructure showing formation of Cu-Sn IMCs within the bulk of the film 

and whisker growth, obtained with FIB. 

The IMCs can be considered as impurities along the grain boundaries that enhance the 

development of compressive stresses in the film [17]. Studies have shown that any type of 

impurities along the grain boundaries of Sn can prevent the mobility of the boundary and the grain 

growth, which leads to the formation of stresses and whisker growth [18, 19]. 

1.2.3 Composition of the Sn Plating Bath 
 

The electrodeposited Sn film, depending on the composition of the plaiting bath, can be 

matte, satin, semibright, or bright [2]. The two most accepted compositions for plating electronic 

components are matte and bright Sn. 
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from the film  

Formation of Cu-Sn 
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The presence of the larger grain size in matte Sn reduces the stress level in the coatings and 

is believed to be one of the major causes for Sn whisker growth [2]. Regardless of the more 

favored composition, matte Sn still grows Sn whisker over a longer period of time [2]. 

1.2.4 Temperature 
 

Temperature has a significant effect on the growth of Sn whisker [2] The common 

operating temperature for most electronic equipment is from 60o to 70oC, which as reported, is the 

temperature that initiates the maximum growth of whiskers in Sn [2, 20]. Sn whiskers were also 

observed at -40oC [2]. In addition, some studies report that raising a storage temperature to a range 

of 125o – 150oC has a retarding effect on the growth of Sn whiskers [2, 20]. 

1.2.5 Properties of the Deposition Layer 
 

Properties of the deposition layer, determined by operating conditions such as the 

composition of the plating bath, current density, agitation, and temperature, have a significant 

impact on the formation of the crystal structure in the deposited film [21]. Among a number of 

researchers, the growth of Sn whisker is mainly related to the recrystallization process that occurs 

in the deposition layer [2]. It is believed that the crystal lattice of Sn naturally has a lot of 

dislocations; that is, vacancies [2, 21]. When the ions are deposited on the cathode during the 

electroplating process, they are expected ideally to diffuse into the surface and fill the vacancies 

of the crystal lattice [2, 21]. 

However, in reality, this diffusion is not the case, because the surface has numerous sites 

with different energies that affect the behavior of ions. In some of these locations, instead of the 

ions diffusing in the surface, they initiate a growth of new layers of ions that can cause a volume 

change in the coating [2]. The continuous increase in volume change on the surface causes atoms 

to start growing abnormally and leads to the formation of Sn whiskers [2]. 
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Properties such as bad solubility and bad adhesion of the deposited layer can also promote 

the growth of Sn whiskers [2, 21]. 

1.2.6 Environmental Conditions 
 

It is been reported that a humid or hot environment, and the oxidation of the Sn layer can 

accelerate the growth of Sn whiskers [22]. However, Sn whisker growth has also been reported 

under vacuum conditions [23]. 

Nevertheless, all of the factors listed above contribute to the growth of Sn whisker, yet not 

a single one can be recognized as the main contributor to the development of this phenomenon. 

1.3 Mitigation Strategies of Sn Whiskers Growth 
 
Tremendous studies have been dedicated to various mitigation strategies (some currently used by 

industry) that can eliminate or temporarily postpone their growth [2, 24 - 26]. Following is an 

overview of various mitigation techniques currently used by industry [2]: 

Sn alloy – use of a Sn alloy is one of the earliest proposed solutions. The addition of a small 

amount of lead into the Sn bath has a significant impact on the mitigation of Sn whiskers growth. 

With the new directive from the Reduction of Hazardous Substances (RoHS) the application of 

lead is no longer allowed. An exception is given to some “out of scope” products where the usage 

of Sn-Pb alloy finish is exempted and allowed [27]. Other effective Sn alloys for the mitigation of 

Sn whiskers such as Sn-Bi, Sn-Sb, Sn-Ag, and Sn-Ni are reported in the literatures [25,26, 28-34]. 

All of them have shown a temporary retardation effect on the growth of Sn whiskers. It is also 

recommended that a modified plating procedure could produce a variety of Sn alloy coatings with 

properties very similar to those of a Sn-Pb alloy [26, 34]. 
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Matte Sn – matte Sn or low-stress Sn is proposed as a better solution to mitigate the growth of Sn 

whiskers with respect to bright Sn, because of the larger grain size and the ability to withstand 

high temperature conditions [2]. 

Post-plating bake at 150oC for 1-2 hours – Post-plating bake is a process usually completed 

within one day of plating and is believed to produce a more uniform thickness formation of 

intermetallic compounds at the substrate/coating interface [35, 36]. 

Underlayer – An underlayer is an application of metal coating on a substrate prior to the final tin 

finish. The most common metal used as an underlayer is nickel [2]. Other metals such as copper 

and silver are also used as underlayers in some applications, but they are not as common as nickel 

[2, 27]. 

Plating Thickness –According to International Electronics Manufacturing Initiative (iNEMI) 

guidelines, it is recommended that the minimum thickness should not be less than 8μm, if pure tin 

plating is applied [27]. It is believed that a larger thickness increases the incubation period of the 

growth of Sn whiskers. 

Solder dipping – Solder dipping is done in a hot tin bath and is a less common mitigation practice. 

This method also might not work for a pure Sn or Sn-Cu alloy, but it is proven to work for Sn-Ag 

or Sn-Ag-Cu [27]. 

Application of Heat Treatment – Heat treatment is the process in which Sn plated components 

are dipped in a hot oil bath. This process is proven effective in the mitigation of Sn whiskers [33, 

37]. The theory behind this application is that any internal stresses formed in the film are relieved. 

After the heat treatment the components need to be very carefully handled so that the stresses are 

not developed again. Application of Conformal Coating – A conformal coating increases the 

corrosion resistance in the tin coatings and can add an insulation barrier that could prevent failure 
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caused by Sn whisker growth. When utilizing this procedure, it is important to consider also the 

material properties of the applied coating [27, 38]. 

1.4 Zn Whiskers Characteristics 
 

In an effort to develop novel mitigation strategies for Sn whiskers growth the technical 

community has turn its attention to understanding other metal whiskers and their fundamentals. 

Zn even though widely used material very little is known about Zn whiskers growth. Zn is 

used to galvanize steel components and to protect them from and give them better outside 

appearance. Due to its low cost, good conductivity, light in weight, and ease for manufacturing, 

electronics industry widely uses galvanized steel. However, pure Zn has the tendency to 

spontaneously form electrically conductive Zn whiskers during storage. Almost no data is 

published on this issue. In many ways, Zn whiskers resemble the growth morphology of Sn 

whiskers but not all of the same hypothesis may be applied, and unlike for Sn whiskers temporary 

mitigation strategies have not been developed to eliminate Zn whiskers growth. Similarly, Zn 

whiskers are conductive and they will cause electrical shorts if they manage to bridge tightly 

spaced electrical conductors [39]. In recent years many computer equipment failures (servers, 

routers, switches, etc.) ranging from nuisance glitches to catastrophic system failures have been 

attributed to zinc whiskers [39]. A search of the web shows that the most often reported source for 

zinc whiskers is the bottom surface of zinc-plated raised (“access”) floor tiles commonly used in 

computer room construction. Other sources of zinc whiskers include zinc-plated floor 

supports/rails, computer equipment racks and hardware such as screws, nuts, washers and bus rails 

[2, 39]. Zinc whisker sources on the underside of floor tiles are a long distance from electronic 

equipment in floor racks. However, experience demonstrates that whiskers are broken free during 
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floor-bumping activities including construction and maintenance, and become entrained in the air 

flow used for cooling, and then deposit into the distant electronic equipment (see Figures 6, 7, 8). 

 
 

Figure 6 – Zn whiskers growth from galvanized steel component [39] 
 

  

 

 
Figure 7 – Structures where Zn whiskers grow from galvanized steel component [39] 

 

 
 

Figure 8 - Possible way of Zn Whiskers affecting Electronic Systems 
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In summary, the growth of metal whiskers is NOT a new problem and initially, it was 

reported in 1940’s [2]. The question is Why are we “Rediscovering” Whiskers in the 21st Century? 

Today, many factors together increase the danger of whisker growth such as: 

• Miniaturization of Electronic Circuits [2, 39]  
 

Reduction in spacing between conductors now makes the same old whiskers a hazard. 

Former electronics used distinctly wider spacing, which these whiskers could not bridge 

• Reduction of Circuit Voltages and Currents in many of Today’s Electronics 
 

- Available circuit voltage may be insufficient to melt whiskers, which could lead to 

PERMANENT short circuits [39]. 

• TIME!!! 
 

- Many Computer Room Floors and Equipment Racks are now 10, 20, 30 YEARS Old… 

Thus where zinc-plated hardware is in use, whiskers have had sufficient time to grow 

in potentially hazardous quantities and lengths [39]. 

• More Frequent System Upgrades - Replacement of “older” computer servers, routers etc. 

involves construction in the computer room, which may lead to generation of conductive 

whisker debris [39]. 

The damages caused by metal whisker growth are reported in very critical applications 

such as aircraft, spacecraft, satellites, pacemakers, military weapons systems, and recently 

automotive parts [3]. See whiskers growth on parts in Figure 9. 



14  

 

   
 

Figure 9 – Left: failed Relay due to whiskers growth, Right: Connector pins with Sn 
 

whiskers [3] 
 

Specifically, in the recent years a number of articles have appeared implicating tin whiskers 

as a potential source or complicating factor in Toyota’s (and other auto-manufacturers’) 

unintended acceleration issues ever since many of them switched their transmissions to automatic 

[40]. As a result, electronics industry has a definitive need for more answers on this issue and 

development of long-term effective mitigation techniques in order to suppress the growth of metal 

whiskers. The main goal of this thesis is to bring further insights into the fundamentals behind 

growth and characteristics of Sn and Zn whiskers and explore additive manufacturing deposition 

of Sn film as possible whiskers free technique. In this thesis, Chapter 2 introduces analytical 

and experimental techniques used to perform experiments and analyze results. Chapter 3, 

gives comparative overview of Sn and Zn whiskers. Then, Chapter 4 studies Sn film deposited 

with additive manufacturing. Finally, in the last Chapter 5, conclusion of this thesis is listed and 

future work is discussed. 
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CHAPTER 2 
 

OVERVIEW  OF EXPERIMENTAL SET-UP AND ANALYTICAL EQUIPMENT  
 

USED 
 

2.1 Electroplating Equipment 
 

A basic electroplating set up is used (see Figure 10) to prepare the samples for each experiment. 

Based on the requirements of the plating experiment, different compositions of the plating bath 

and the anode are used. The electroplating processes are performed with a direct current (DC) high 

power supply (HP 6235) that is connected in series with a digital volt-ohm meter (VOM) so that 

the processed current can be measured precisely in the applied cell. A DC motor with an attached 

impeller is immersed in the chemical bath to provide continuous agitation during plating for a 

uniform performance. 

 
 

   

Anode Cathode: 
Brass substrate 

 
 
 
 

Plating Electrolyte 
 

 

 

 

Figure 10 - Schematic presentation of the electroplating set-up 

The Sn plated samples were brass and before coating was applied the samples were 

polished and treated at 40oC in the oven to relive any substrate stresses before deposition. 

The Zn plated samples were steel obtained from IBM Corporation they were plated by their 

supplier either in Acid Zinc Chloride or Alkaline Zinc Bath using 1-3 apms. 

2.2 Estimation of the Coating Thickness 
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In order to accurately estimate the coating thickness that is applied on the brass coupon 

with the electroplating process, the following Faradays Equation is used [41]: 

 
 

T =  
M × I × t 

n × F × S × d 

 
(2.1) 

 
 

 
Where T is the thickness measured in (µm), M is the atomic weight of the plating metal for 

Sn (118.69 g/mol), n is the balance valence for pure metal (when Sn equals 2) , F is the Faraday’s 

constant of 96,485 (C/mol), I is the constant current applied (A) that varies among experiments, t 

is the plating time (s), S is the plated surface area of 2 in2 (12.9 cm2) used for all coupons in this 

dissertation, and d is the density of each pure metal  (pure Sn is 7.36 g/cm3) [41]. 

2.3 Analytical Tools Used 
 

2.3.1 Scanning Electron Microscope (SEM) with Focused Dual-Ion Beam 
 

A scanning electron microscope (SEM) is used to evaluate the top surface morphology and the 

microstructure of each electrodeposited film (see Figure 11). The process parameters of the SEM 

tool include the accelerating voltage at 15 kV, the probe current at 1150 pA, and the acquisition 

time of 30s. 



17  

 

 
 

a) 
 

 

b) 

Figure 11 a) Scanning Electron Microscopy with Focused Dual-Ion Beam and b) Internal 

close-up view (Courtesy of CART at UNT) 
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A focused ion beam (FIB) device is used to cut into the area of interest for a cross-sectional 

analysis. The FIB cutting steps are presented in Figure 11 c. The parameters are set for milling 

by FIB at a 52-degree tilt angle with a 30-kV Ga ion beam operating at a current of 30 pA. The 

initial trench milling of the coupons is done at 20 nA, and the final face milling is done at 

1.3 nA. Additional FIB images are taken with the Ga ion beam at a current of 11 pA. All 

coupons are examined at the center over an area of 20 × 20 microns. 

 
 

Figure 11 c) A cutting procedure done with FIB for each coupon 
 

Energy dispersive spectroscopy (EDS) probe is an additional component of the SEM/FIB 

machine used for compositional analysis of the top surface or the microstructure of each coupon. 

An example of an EDS compositional analysis chart is presented in Figure 12. 
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Figure 12 Sample EDS chart with elemental composition 
 
 
 

The details and specifications of the additive manufacturing equipment called 

Aerosol 3D Jet developed commericially by Optomec Inc will be discussed more in Chapter 

4 where the results will be presented. This thesis gives qualitative study of metal whiskers 

and film deposition. 
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CHAPTER 3 
 

COMPARATIVE STUDY OF Sn and Zn WHISKERS GROWTH  
 
 
 

3.1. Objective 
 
A comparative study of different metal whiskers could provide a deeper insight toward the 

development of more permanent mitigation strategies for whisker growth especially Sn whiskers 

since Sn material is widely used in today’s electronics. In this paper, the surface and micro-

structural evolution of various film/substrate combinations of 10-μm thick Zn and Sn metal 

films and their affinity for whisker growth were observed under two environmental conditions – 

ambient temperature and elevated temperature of 60 °C. The films were analyzed using a 

scanning electron microscope, focused ion beam, and electron dispersive spectroscope. In 

addition, up to a year old aged samples of Zn, and Sn films with a high density population of 

whiskers were observed for comparison. 

3.2. Introduction  
 

The growth of metal whiskers on electroplated surfaces is a unique metallurgical 

phenomenon that has been an industrial issue for many years. As Sn finish remains popular for 

coating electronic parts and galvanized (Zn-plated) steel remains an essential fabrication 

component for many industrial applications, the metal whiskering problem persists as a significant 

reliability issue for the green electronics industry, especially as electronic devices become smaller 

in size [42]. The research community continues to search for detailed answers regarding the 

mechanism of whisker growth. There have been several proposed theories, including dislocation 

loop, helical dislocation, recrystallization, grain boundary diffusion and grain boundary fluid flow 

[42]. However, none of these theories have yet been fully validated experimentally. One of the 

problems in experimental studies has been the lack of uniform reporting of data for various 
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parameters observed from one study to the next [42]. In addition, not enough comparative studies 

of other metal whiskers have been reported, as the most substantial part of the research on this 

topic has been dedicated to Sn whiskers. This paper summarizes the evolution of surface 

morphology and microstructure, the early stages of whisker/hillock formation, and the phase 

identification of each electrodeposited metal film for various film/substrate combinations exposed 

to two environmental conditions: 1) ambient temperature; and 2) elevated temperature of 60°C 

according to JEDEC standards [4], cycled up to 1 year. The observations and results in this chapter 

provide will provide a detailed overview how the evolution and material content of the 

surface topography and microstructure evolves in different film/substrate combinations prior, 

during and after whiskers formation. 

3.3. Approach 
 
All metal substrates were flat and rectangular-shaped with dimensions 2.54 cm × 1.27 cm × 0.1 

cm. Prior to plating, the substrates were mechanically polished with #600, #800, and #1200 silicon 

carbide sand paper in order to remove residual grit. The polished samples were immersed in 25% 

sulfuric acid for 5 s in order to remove surface oxide, and then they were rinsed with distilled 

water. Further, a copper strip was attached to each substrate, and each assembly was wrapped with 

platers tape so that the plating was uniformly applied on only one side of the sample. The 

electroplating station was equipped with a high-power supply (HY1503D) connected in series to 

a digital volt- ohm meter in order to measure the applied cell current precisely. The plastic 

container with a plating solution was placed on a magnetic surface so that a spherical object 

inside the solution could provide uniform agitation during plating. In this paper, two plating 

baths of 500 mL each were prepared, as described below. 

A. Bright Acid [Chloride (Cl)-Based] Zn Plating Solution 
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The solution contained 36 g of zinc chloride (ZnCl), 100 g of potassium chloride (KCl), 17 g of 

ammonium chloride (NH4Cl), 20 mL of E-Brite UltraChlor AP 4% by volume, and 0.5 mL of E- 

Brite UltraChlor B 0.1% by volume. The bath was prepared by dissolving untreated KCl and 

untreated NH4Cl in approximately two thirds of the final bath volume of water at room 

temperature. After all the salts had been thoroughly dissolved, the required amount of E-Brite 

Ultra-Chlor AP was diluted with an equal portion of water and then mixed until dispersed into the 

bath. E-Brite UltraChlor B was diluted with five parts water and added to the bath. The complete 

solution was thoroughly mixed with a glass rod and brought up to final volume. Please note that 

this bath recipe is for the 500 mL amount; if the reader wants to produce a different amount of 

plating solution, the content of each chemical needs to be altered accordingly. The plating was 

done at room temperature; however, if the above chemicals do not dissolve as expected, the 

temperature of the water needs to be elevated to 50 °C. A Zn anode of 99% metal purity with 3.81 

cm x11.43 cm × 0.64 cm dimensions was used during deposition. A Zn film of 10-μm thickness 

was deposited on cold rolled steel and copper substrates. A set of four identical samples were 

prepared for each film/substrate combination. From the four identical samples for each 

combination, two were exposed to ambient conditions and the other two to the JEDEC conditions 

for 100 h of cycle time. 

B. Sn Plating Solution 
 
The solution contained 1.9 L of Flash Copper Part A, 0.47 L of Flash Copper Part B, 0.47 L of 

Flash Copper Part C, and 2.85 L of distilled water. The solution was mixed with a glass rod and 

only 500 mL were used for deposition. The operating conditions were at room temperature, and a 

Sn anode of 99.9% metal purity with 3.81 cm × 11.43 cm × 0.64 cm dimensions was used. 

Similarly, a Sn film of 10 μm was deposited on brass and copper substrates, which are the most 
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whisker prone substrates reported. A set of four identical samples were prepared for each 

film/substrate combination. Two sets were exposed to ambient conditions, and the other two to 

55 °C temperature and 85% humidity (JEDEC) conditions for 100 h of cycle time. Both Zn and 

Sn plating solutions were left overnight to stabilize before deposition. For uniform deposition, the 

cathode (metal substrate) in each plating case was positioned parallel to the anode with 

approximately 5 in in-between. The deposited film thickness was validated with an X-ray 

fluorescence machine that used a WINFTM-Fisher software reader for results. A voltage of 1.2 V 

was kept constant for both plating cases, while the current was doubled for Zn deposition in order 

to achieve uniform film thickness. The current used for Sn deposition and Zn was 0.15 mA and 

0.30 mA respectively. Following the plating procedure, each sample was post-treated in a bath of 

distilled water, dried with a compressed gas duster, and stored under environmental conditions. 

Samples were analyzed right after deposition and every two to four weeks after that for up to one 

year. 

3.4. Results and Discussions 
 
3.4.1 Films Inspection Right After Deposition 

 
The results of pure Sn planting on brass substrate right after deposition are presented in Figure 13. 

Figure 13 b shows the columnar micorctrutsure of Sn film and it is belived that this trait also 

contributes to the growth of Sn whsikers because columnary oriented grains are forced to lead the 

comepressive stress longitudinally. Further Figure 14 shows present of Sn film on the surface 

inspected by EDS and Figure 14b shows immediate formation of Cu-Sn IMC. Figure 15 shows 

Zn plating on steel substrate and EDS content inspection. Figure 16 shows microstructure of Zn 

coating with equi-axed grain arrangement different from the Sn film arrangement. 
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Figure 13 Evaluation of coupon with pure Sn film on a brass substrate 
a) SEM scan of the top surface texture of the Sn film 
b) FIB cut showing the columnar microstructure of pure Sn film 
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Figure 14 Composition evaluation of sample in Figure 13 within one day of plating 
a) EDS analysis of the microstructure of the Sn film 
b) XRD pattern of the top surface texture for Sn film on a brass substrate 

 

a)      b)  

Figure 15 a) Topography of Zn coating using SEM imaging b) EDS of topography 
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Figure 16 Microstruture of Zn plating on steel sample a and b are same just different 
 

magnification 
 
 

Figure 17 shows back to back comparison of Sn film and Zn film topography after exposed to 

aging conditions. Figure 18 shows microstructure of Sn and Zn films after aging conditions. 

   
 

Figure 17 Showing topography of Sn film left and Zn film right after aging conditions 



27  

 

   
 

Figure 18 Showing microstructure of Zn film left and Sn film right after aging conditions 
 
 
 
We can see that Zn film is more prone to voids while Sn film is prone to formation of IMC both 

situations can contribute to whiskers growth. Other traits that we observed are swelling and 

blistering on the surface in various shapes as shown in Figure 19. 

a)     b)  
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c) d) 
 

Figure 19 Zn film topography and microstructure at nodules on the surface a-d 
 

 
 

Figure 20 Sn film topography and microstructure at nodules on the surface a-d 
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3.5. Conclusion 
 
Further understanding of the growth and formation of metal whiskers can be gained by 

investigations of alternative material systems, such as Zn on steel substrates, as presented in this 

thesis. This paper provided a preliminary characterization of the metal surface, the microstructural 

evolution, and the whisker morphology for each material system. Differences and similarities 

between the three metal films were summarized and discussed. IMCs forming at the film/substrate 

interface are commonly present in the Sn film, where as they do not appear to play a significant 

role in the evolution of the electroplated Zn film. Zn film appears to have a more cluttered surface 

populated with voids, which are also present in the Zn microstructure. The surface morphology of 

each metal whisker is slightly different, even though it is widely accepted that whiskers have 

almost identical morphologies. The decades-old samples show that whiskers tend to cause 

interference on the surface and have an affinity to align their growth toward one another and 

eventually merge together. This paper demonstrates that the variation in whisker growth on 

electrodeposits over different substrate metals can be due to various causes, such as specific basis 

metals, environmental influence, and other factors that are covered in this paper are differences 

in thermal expansion between the two metals, the degree of crystallographic coherence between 

the substrates and coatings, the method of deposition, and the handling. All of these reasons 

influence whisker growth to a degree. As seen in this paper, the surface evolution and the growth 

of whiskers vary widely between cases. This comparative study further contributes to the research 

community in the area of whisker growth, as previously most studies have been devoted to Sn 

whiskers. 
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CHAPTER 4 
 

DEPOSTION OF Sn FILM USING ADDITIVE MANUFACTURING  
 
 

4.1. Objective 
 

Despite the significant number of research work performed on whisker phenomenon lack 

of work has been dedicated on studying and evaluating the actual effect of the deposition process 

on the mechanical and material properties of the Sn film and the growth of whiskers. As a result 

this chapter seeks to investigate the explicit effect of the novel Aerosol 3D Jet deposition process 

on the mechanical properties, and the microstructural evolution of Sn film, and evaluate Sn film’s 

affinity to growth of Sn whisker. Aerosol 3D Jet deposition process is very clean, low temperature, 

and low stress process that can produce defect-free coating that we predict will not result in whisker 

growth. Another unique characteristic about this process is the ability to deposit films with desired 

microstructure. It has been reported that microstructure also plays an important role in whisker 

growth which is directly related to stress propagation due to grain arrangement and the diffusion 

direction in the film. Therefore, using the Aerosol Jet Deposition technique we will explore Sn 

film quality with goal to eliminate growth of whiskers. 

 
 

4.2. Introduction  
 
Many processing factors such as plating parameters and conditions, grain size and orientation 

(i.e. texture), microstructure, composition, and film thickness have shown to contribute to Sn 

whiskers growth. However, development of compressive stress in the Sn film is widely accepted 

as the main driving force behind Sn whiskers formation [2]. Compressive stress can develop as a 

result of multiple sources such as residual (or plating) stress, mechanical deformation, thermal 

cycling, corrosion and growth of copper-tin (Cu6Sn5) intermetallic layer (IMC), between the film 
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and the Cu-based substrate, which tends to grow in volume over time enhancing the compressive 

stress state in the Sn film [43-57]. Chason et. al. has performed systematic experimental studies 

in combination with finite element modeling in an effort to answer the fundamental 

mechanisms controlling where, when, and why whiskers form on Sn coatings. The study 

concludes that compressive stress development in the Sn film is indeed the most important 

driving force behind Sn whiskers formation [58]. In this study Chason explains that 

whiskers are stress relieving phenomenon and in fact they grow from grains that have lower 

stress (i.e. weak grains) than the surrounding region suggesting presence of stress gradient in 

the Sn film in addition to the stress itself. Several mitigation strategies have been proposed 

such as: alloying Sn with other metals, matte Sn, post-plating bake at 150oC for 2 hours, 

nickel (Ni) underlayer at the substrate/film interface, and conformal coating [27]. However, 

practice has shown that these techniques have only temporary retardation effects on Sn whisker 

growth and component failure. The research to date has given fundamental insights on the 

driving forces behind Sn whiskers formation and proposal for their temporary mitigation, but 

there is still no successful method that can eliminate or retard the growth of Sn whiskers over a 

long period. A neglected aspect to solving this problem has been the lack of fundamental 

research focusing on the effect of the deposition process on the mechanical and material 

properties of the Sn film, stress development in the Sn film, and the growth of Sn whiskers 

and their interrelationship. As a result, this chapter seeks to address the fundamental 

understanding and related phenomena by using a novel additive deposition process (Aerosol 3D 

Jet), developed commercially by Optomec Inc., to explore the mechanical properties in Sn film. 
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4.3. Approach 
 

Aerosol printing is maskless non-contact additive manufacturing process that reduces the 

overall size of electronic systems by using nanomaterials to produce fine feature circuitry and 

embedded components. The resulting functional electronics can have line widths and pattern 

feature ranging from below 10 microns to as large as several millimeters as Aerosol Jet deposition 

utilizes an innovative aerodynamic focusing technology [58]. The system can directly deposit a 

wide range of commercial and custom electronic materials, including conductive nanoparticle inks, 

insulators, polymers, adhesives, dopants, etchants, and even biological matters on virtually any 

planar or non-planar substrate. The support of nanomaterials allows for low-temperature 

processing and ultra-thin layers (from 100nm) where needed. Each potential material is screened 

to evaluate atomization ability, printability, process conditions, and electrical and mechanical 

characteristics. To facilitate the screening, disposable material reservoirs have been developed so 

that the material can be easily inserted and removed from the atomizer [59]. The advantage of 

using separate material reservoirs is that it eliminates the likelihood of potential cross 

contamination that can arise when using the same equipment for multiple materials. As each 

material is evaluated a log of preferred process parameters are retained for future use. The machine 

comes with its own software that deals with each material as individual layer to be printed. Each 

material in the software contains specific process parameters such as flow rates and substrate 

temperature for that material, as well as tool path for directing the depositing pattern on the 

substrate [59]. In case of multilayer deposition the process flow consists of a few steps as loading 

and then printing and processing the material and the process is repeated till the final layer is 

deposited. How does Aerosol Jet process the material? Liquid material is placed into atomizer 

creating a dense aerosol of tiny droplets between 1-5 microns in size. The aerosol is carried by a 
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gas flow to the deposition head with optional in-flight processing. Within the deposition head the 

aerosol is focused by a second gas flow and the resulting high velocity stream is deposited on the 

substrate creating the desired pattern. Another advantage of this additive manufacturing process is 

that it is directly CAD driven “Art to Part” processing which greatly reduces extra manufacturing 

steps. The software uses 2D CAD drawings imported as .dxf file into the aerosol software [59]. 

The three step deposition process is illustrated in Figure 21 schematic and Figure 22 shows the 

deposition head of the equipment. 

 
 

Figure 21 Schematic of Aerosol Jet Deposition Process [58] 
 

 
 

Figure 22 Deposition Head of Aerosol Jet Technology [58] 
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Compared to traditional ink-jet processes the aerosol jet process has very narrow deposition 

with 1-5 micron droplets and variable stand-off distance between 1 and 5 mm [58]. Comparison 

of aerosol jet process to general ink-jet process is shown in Figure 23. 

 
 

Figure 23 Comparison of Aerosol Jet to Ink Jet Deposition [59] 
 

Post-deposition process involves drying the deposition traces at temperature less than 

100oC followed by photosintering process that consists of utilizing short UV pulses to fuse the 

nanoparticles [60]. Recent studies by Applied Nano Tech company on deposition of copper on 

Kapton substrate by Aerosol jet process has shown that photosintering process improved the 

resistivity of the metallic conductors and provided very good adhesion to the substrate. 

Photosintering process was done in air which leads to both reduction of the native thin layer of 

copper oxide to copper and the fusion of these copper nanoparticles into a metallic film that also 

decreases the surface roughness of the film [61]. The study also reports that on a greater scale the 

improved properties in copper by this method will lead to eventual adoption by cost sensitive 

industry to replace silver and gold based inks. Many studies on growth of whisker argue that the 

affinity of Sn metal to rapidly oxidize with the environment and form thin oxide layer on the 

surface is a significant contributing factor to Sn whisker growth because tin oxides can serve as 

impurities in the film and enhance the development of stress and whisker growth in the film [2]. 



35  

The ability of the Aerosol jet deposition process with photosintering as during-deposition step to 

cure the deposition will reduce oxidation of the deposited metal and will definitely have positive 

towards mitigation of Sn whisker growth. More diverse benefits of this novel process are: better 

material properties, reduced stress, software driven deposition process which reduces cost and 

waste that accounts for green technology. 

 
 

4.4. Results and Discussions 
 
In the effort t deposit Sn film with Aerosol Jet we found out that there is no commercially available 

Sn ink that we can use to process Sn film. Therefore, it is very novel that as part of our efforts we 

were able to make our own ink for deposition of Sn film. The solution is made from scratch 

containing 100 ml distill water, 0.1% wt Agar which serves as organic stabilizer and eliminates 

particle agglomeration, and 2.5g of Sn based nano-powder (metal particles size 150 nm). We left 

the solution aside for 1 day to settle before deposition. Then solution was placed in ultrasonic 

cleaner for a short time to avoid agglomeration of particles. Additionally, magnetic stir was used 

before and during deposition to better disperse the particles. The forming solvent has slightly 

higher viscosity than water for our solution it is around 5 centipoise (cP). After several trials, our 

deposition specs were: deposition speed of 100mm/s, standoff distance 3mm, atomizing flow rate 

of 500cm3/s and exhaust rate of 400cm3/s which produced reasonable net flow of aerosol for 

good quality deposition. A sheath flow rate of 50cm3/s was employed to help the aerosol have 

better focus and concentration. We deposited 5μm Sn film on a brass and on a pure copper substrate. 

We found that the brass substrate adhere to the Sn film deposition better than the pure copper 

substrate. The process parameters will be optimized as part of this task to achieve good quality Sn 

film deposition on both substrates. The deposition was treated with photosintering step (short UV 

pulses) as explained earlier in order to fuse the particles and obtain good mechanical properties 



36  

and adhesion to the substrate. Figure 24 shows Sn film deposition on a brass substrate. Scanning 

electron microscope (SEM) image shows the morphology of the Sn deposition with the Aerosol 

3D Jet process (Figure 24a) and higher magnification SEM image shows the morphology of Sn 

particles position (Figure 24b). The different shades in Figure 24b are result of the different 

scanning position. 

 
 
Figure 24 - a) Low magnification SEM micrograph shows the morphology of 5μm Sn film 

deposition on brass substrate. (b) Higher magnification SEM micrograph shows the morphology 

of particles of the deposited Sn film with aerosol 3D jet 

Electron Dispersive Spectroscope (EDS) was used to evaluate the film content as Figure 24 is 

showing. The content was inspected by drawing a line stretching from the brass substrate and 

across the deposition (Figure 25a). The EDS has the ability to inspect the content by line or by 

drawing rectangle over larger surface area. We selected the “line” analysis like the one shown in 

Figure 25a so that we can show the difference between the substrate content and the deposition 

content. Figure 25b shows excellent strong signal from Sn material present in our deposition with 

Aerosol 3D Jet process, which is clear proof that Sn can be deposited with aerosol jet process. 

Further, we have obtained preliminary results of the surface texture and the stress state of the Sn 

film on brass substrate deposited with Aerosol 3D Jet as shown in Figure 25c. Surface texture was 
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evaluated with X-Ray Diffraction (XRD) technique and the exciting news for this analysis is that 

our film deposition does not show presence of whisker prone grains with (210) grain orientation 

but rather we have strong presence of grains with (321) orientation-non whisker prone as shown 

in Figure 25c. 

 
 

c)  

Figure 25 - a) Low magnification SEM scan shows the white line across 5μm Sn film deposition 

on a brass substrate. (b) EDS image showing material content of the white line in image 5a (c) 

XRD scan of the surface texture of the Sn film on brass substrate deposited with Aerosol 3D Jet 
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This preliminary data proves that we have been able to develop high quality Sn-based ink in our 

lab, process it with Aerosol Jet technology and achieve initial high quality and high density Sn 

film deposition on brass substrate. 

We also examined Sn film deposition on Cu substrate and seems like brass is a better 

candidate. Sn film on the Cu substrate had more clouting of particles as shown in Figure 26. 

a)     b)  

Figure 26 a) Sn film deposition on Cu-substrate lower magnification with SEM b) same as a) but 

with higher magnification 

Figure 27 shows EDS material content inspection at a specific location of the film/substrate. We 

can see that the cluttered particles are Sn and there is non-uniform coverage of Sn film on the 

substrate as shown further in Figure 28. 
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Figure 27 showing EDS content of the marked spot of the cluttered particles in upper left corner 
 

 
 

Figure 28 showing EDS content of the marked spot in upper left corner 



40  

4.5. Conclusion 
 
In conclusion we were able to develop Sn – based in and process Sn film on a brass and Cu 

substrates. The Sn film/brass combination seems to cooperate much better and has traits of high 

quality Sn film while the Cu substrate shows uneven distribution on Sn particles on the surface. 

This can be addressed by using the photosintering step during deposition process to avoid baking 

the deposited line in the over post deposition. The photosintering step will cure the deposited film 

during deposition at temperature less than 100oC. Further since this is open air process we need 

to limit oxidation and one possibility is to install shielding gas such as Argon to avoid oxidation 

of Sn film as shown in the schematic in Figure 29. 

 
 

Figure 29 - Aerosol 3D Jet set-up shown with added Argon as shielding gas to eliminate 

oxidation in Sn film deposition 

 
 

For further film quality inspection the Sn film deposited by Aerosol Jet need to be tested 

for stress state under operating conditions, and evaluated for whiskers growth over time also under 

operating conditions. 
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CHAPTER 5 

CONCLUSION AND FUTURE WORK 

5.1 Conclusion 
 

This study presents an overview of the problems associated with the growth of Sn 

whisker in lead-free electronic components. It also gives a comparison of the nature and 

characteristics between Sn and Zn whiskers and explores a novel deposition technique in order 

to produce high quality Sn film. Based on this experimental examination, the following 

conclusions are drawn: 

1. The time and factors that contribute to the growth of Sn whiskers are unpredictable 

and depend solely on the specific situation. 

2. The whiskers can grow in a variety of shapes and dimensions especially when 

samples are exposed to various oxidizing environments. 

3. The nature of Sn and Zn whiskers has some similarity but mainly there are 

different reasons for their growth and the frequency of whiskers on the surface in 

each film. 

4. In house Sn-based film was made and deposited with Aerosol Jet which shows 

promising results for high quality Sn deposition 

5. Aerosol Jet deposited Sn film needs to be evaluated for whiskers growth, and stress 

measurements under operating conditions 

6. Aerosol Jet deposition is promising because produces uniform film texture, it is 

clean so the film is free from impurities, cures the deposition and provides 

superior film/substrate adhesion. 
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5.2 Directions of Future Research 
 
The stress in the Sn film should be evaluated in situ as well as over time. We have stress 

measurement tool that will be attached to the Aerosol Jet machine to provide real time stress 

measurements during deposition. Multi-beam optical stress sensor (MOSS) technique measures 

local stress. MOSS technique employs an array of parallel laser beams, and measures the relative 

change in the spacing between them (Figure 30). MOSS is insensitive to vibrations, and it has been 

used for thin-film stress monitoring in a variety of problems [62, 63]. 

 
 
Figure 30 The schematic of MOSS setup used to measure the curvature of a system. Curvature 

measurements: (a) before the deposition, of bare wafers, (b) after depositing Sn films [63] 

 
 

Additionally, the film should be aged and evaluated for whiskers growth. An interesting 

study will be to evaluate the stress gradient, volume gradient, and texture gradient in the Sn film 

since it has not been done before and see if Aerosol Jet deposition can sustain uniformity of 

these parameters over time and under operating conditions. 

Finally, will be good to model the film conditions and the evolution of stress and 

microstructure of the Sn film using combination of software package and custom made code 

when need it.
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