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Abstract This paper discusses how the microstructures

of Sn films affect the kinetics of spontaneous Sn whisker

growth. Thin films and those with small grains grew longer

whiskers at higher rates than did thick films and those with

large grains. Biaxial stresses in the films were measured

using synchrotron radiation X-ray; the stress evolution

during annealing was correlated with the growth kinetics.

An incubation period was observed, in which the com-

pressive stresses in the films built up and the whiskers

nucleated. The results indicate that thickness has a greater

effect on whisker growth than grain size has.

Introduction

The spontaneous formation of Sn whiskers in a Sn/Cu

system is a stress relaxation phenomenon. Several studies

have indicated that the external or internal stress in Sn films

is the critical driving force for Sn whisker growth [1, 2]. In

most cases, the stress arises from the formation of inter-

metallic compounds (IMCs) through the reaction between

Sn and Cu [3–9]. However, the locations of the whiskers

are difficult to predict, and the growth kinetics are not well

understood. Pb-containing solders have been widely used

to suppress Sn whisker growth [10–12], but Pb has long

been considered hazardous. In 2003, the European Union

banned the use of Pb in manufacturing by passing

legislation on waste electrical and electronic equipment

and the restriction of hazardous substances (RoHs). Since

then, many manufacturers have adopted Pb-free solders

with Sn concentrations greater than 95 wt%. Whisker

growth has become a severe reliability problem in the

electronics industry. Although Sn whiskers were first dis-

covered over 50 years [13], the kinetics of their sponta-

neous growth requires further study.

Although stress plays a critical role in spontaneous Sn

whisker growth, it might not be the only factor affecting

the kinetics. Several studies have investigated the mecha-

nisms of Sn whisker growth. Tu proposed a mathematical

model of whisker growth based on the fast grain boundary

diffusion of Sn at room temperature [14]. Cheng et al.

suggested a grain boundary fluid flow model to describe the

protrusion of whiskers under compressive stress [15].

Moon et al. reported that the microstructure of Sn films can

be altered by adding Cu atoms, which affects the growth

kinetics [16]. Jadhav et al. indicated that the microstructure

of a Sn film, which includes its thickness and grain size,

could be related to its stress relaxation process [12]. Jadhav

et al. and Chason et al. have reported that simultaneously

increasing the thickness and grain size of a Sn film miti-

gates Sn whisker growth [17, 18]. However, determining

how these two factors separately influence biaxial stress

relaxation is difficult. The present research quantitatively

analyzed the growth behaviors of Sn whiskers in Sn films

with various microstructures by varying the electroplating

parameters. The average grain sizes and film thicknesses

were controlled by the current densities of the electro-

plating process.

Previous studies have established that discontinuous

surface oxide layers are the sources and sinks of vacancies,

and whiskers can grow from them [19–21]. Controlling

arrays of such weak spots in oxide layers by using
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lithography can confine the whiskers so that their mor-

phologies and dimensions can be traced, and the lengths,

diameters, and numbers of the whiskers can be precisely

measured. Synchrotron radiation X-ray was used to mea-

sure the biaxial stress of Sn films. The results show how the

grain sizes, thicknesses, and biaxial stress evolutions are

related to the kinetics of Sn whisker growth.

Experimental

Three sets of Sn films with different microstructures were

electrodeposited on pure Cu substrates, each with a thick-

ness of 0.127 mm and an area of 1000 9 1200 lm. The

thickness and the microstructure of each Sn film were

controlled by varying the current densities during the

electroplating process. Detailed electroplating conditions

for the fabrication of these three types of Sn films are listed

in Table 1. More than three films for each set of electro-

plating conditions were used to calculate the grain size and

thickness. A film from Sample I (G10T10) had a thickness

of approximately 10 lm and an average grain size of

10 lm; a film from Sample II (G10T15) had a thickness of

approximately 15 lm and an average grain size of 10 lm;

a film from Sample III (G15T15) had a thickness of

approximately 15 lm and an average grain size of 15 lm.

The grain size was measured by averaging the number of

grains in a straight line on an optical microscope (OM,

OLYMPUS BX51M) image. According to the ASTM E112

standard, the average grain sizes for G10T10, G10T15, and

G15T15 are 11.07, 10.60, and 16.27 lm, respectively.

Samples were cross-sectioned and observed using a scan-

ning electron microscope (SEM, Hitachi S-3000 H) to

obtain the average thickness. The grain size and thickness

of each sample had error bars of approximately 1 lm.

Accordingly, the microstructures and the morphologies of

the films that were deposited under each condition were

considered consistent. After the electroplating was com-

pleted, the native tin oxide layers on the Sn surfaces were

removed by polishing and etching with a solution of HCl,

HNO3, and methanol.

The lithography process can be utilized to create ‘‘weak

spots’’ without any oxide on the surface oxide layer of a Sn

film. In such cases, whiskers grow only from these known

locations; thus, the growth of each whisker can be traced

and recorded. In this study, following surface treatment,

each film underwent lithography; photoresist (S1813) was

immediately applied to define arrays of circular weak spots.

Quantitative results of the dimensions of the whiskers were

obtained. In the post-lithography treatment, the samples

were annealed at 100 �C for 1 min. The diameter of each

pattern was 20 lm, and the distance between adjacent

patterns was 50 lm. Subsequently, the samples were

placed in a sputter chamber at a base pressure of 2 9 10-5

torr to deposit 200 nm of tin oxide onto the surface of each

film. Acetone was used to remove the photoresist after

sputtering. Samples were annealed at 40 �C for various

durations. A SEM was utilized to investigate the numbers

and dimensions of the whiskers on each sample. The

biaxial stress of the Sn films was measured using beamline

17B1 at the National Synchrotron Radiation Research

Center in Taiwan. The stress was calculated using the

sin2W method, the details of which are described in the

literature [22].

Results and discussion

Chason et al. suggested that few whiskers form when the

film is thick [18]. Yu et al. and Shibutani investigated the

morphologies of whiskers on films with grains of various

sizes [23, 24]. The size of a typical grain in a film is related

to the film’s thickness [25]. Usually, both of these two

parameters determine the growth mechanism together. In

the present study, the thickness and grain size of each Sn

film were controlled separately. Counting the whiskers and

observing their morphologies enable distinguishing the

effects of these two parameters on the growth mechanisms.

In previous investigations [20, 26], tin oxide layers have

been shown to affect Sn whisker growth by blocking the

vacancy sinks and sources. Openings of the weak oxide

spots resulted in the formation of discontinuous tin oxide

layers, and vacancies diffused into the films through these

locations. Not all of the weak oxide spots grew whiskers.

However, once the whiskers nucleated, the Sn atoms dif-

fused to their roots and pushed the whiskers out of the

surfaces. Figure 1 presents top-view SEM images of

Samples I–III, which were annealed at 40 �C for 6 days.

The images at the corners are magnified images of a single

whisker. These images clearly indicate that the growth

positions of the whiskers can be precisely controlled by

lithography.

Table 1 The dimension of the

Sn film and the experimental

parameters

Grain size (lm) Thickness (lm) Current density (A/cm2)

Sample I (G10T10) 10 10 0.02

Sample II (G10T15) 10 15 0.03

Sample III (G15T15) 15 15 0.02
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Two separate inquiries were conducted regarding

thickness and grain size, which are the factors that influ-

ence whiskers formation; the first inquiry involved com-

paring two sets of films with identical grain size and

contrasting thickness; the second inquiry involved com-

paring two sets of films of contrasting grain size and

identical thickness. The diameters and lengths of the Sn

whiskers were measured using the trigonometric method,

which has been described elsewhere [20, 21]. Figure 2a, b

shows the average whisker diameter and the number of Sn

whiskers, respectively, for Sn films of various thicknesses

after annealing at 40 �C for 45 days. For Samples I and II,

the standard deviations of the diameter were 2.74 and

2.16 lm, respectively. G10T10 and G10T15 have different

thicknesses with the same grain size (approximately

10 lm). The average diameters of the Sn whiskers in

G10T10 and G10T15 were similar because the diameters

were confined to an extent that depended on the sizes of the

Fig. 1 The top-view SEM images of Samples I–III, which were annealed at 40 �C for 6 days. The images at the corners are magnified images of

a single whisker

Fig. 2 Comparison of the films with two different thicknesses. a The diameter of Sn whiskers; b the number of tin whisker after annealing for

45 days; c the evolution of the average length of Sn whiskers; d the growth rate of whiskers
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Sn grains [25]. However, for the 10 lm grain size, the thick

Sn films (G10T15) contained fewer whiskers than did the

thin Sn films (G10T10). Figure 2c plots the evolution of

the average length of the Sn whiskers in the two sets of

films. The growth in all samples continued with the

annealing time. The average length of the whiskers from

the thin Sn film was considerably greater than that of the

whiskers from the thick Sn film throughout the annealing

period. The growth rate can also be used to determine the

growth mechanisms. Figure 2d shows that the thin Sn film

exhibited a significantly higher growth rate than the thick

film did. The smaller diameter whiskers grew faster than

the larger diameter whiskers in each G10T10 sample.

Figure 3a, b shows the average diameter and number of Sn

whiskers in the Sn films with grains of various sizes after

annealing at 40 �C for 45 days. For Samples II and III, the

standard deviations of the diameter were 2.16 and 2.43 lm,

respectively. G10T15 and G15T15 had the same thickness

but had different grain sizes. The average diameter of the

Sn whiskers was larger, and there were fewer Sn whiskers,

for the G15T15 films, which had a larger average grain size

compared with the G10T15 films. Figure 3c presents the

average length of the whiskers for the films with small

grains (G10T15) and large grains (G15T15). The whiskers

on the G10T15 films grew longer than did those on the

G15T15 films. However, the differences between the

lengths of these two samples were less than the differences

between the lengths for the films with different thicknesses.

Figure 3d shows a comparison of the growth rates. The

growth rates in both G10T15 and G15T15 were low for

both long annealing times and large grain sizes. Therefore,

both the thickness and the grain size of the Sn films

affected the growth of the Sn whiskers. The large error bars

in Figs. 2a and 3a might not reveal the critical correlation

between the microstructure and whisker diameters. How-

ever, for all three sample sets, the ratio of the average

whisker diameter to the grain size of the films was very

close to 0.5. This result indicates a strong correlation

between diameter and grain size.

Because whisker growth involves the generation and

relaxation of stress in Sn films, the stress states of films

with different grain sizes and thicknesses must be exam-

ined. Synchrotron radiation X-ray was used to measure the

evolution of biaxial stress in Sn films. Figure 4 plots the

evolution of the residual stress with the annealing time.

The figure shows that the stress states in all samples vary

similarly with time. The as-received film samples were

under tensile stress because of the electroplating process.

Fig. 3 Comparison of the films with two different grain sizes. a The diameter of Sn whiskers; b the number of Sn whiskers after annealing for

45 days; c the evolution of the average length of Sn whiskers; d the growth rate of Sn whiskers
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When the Cu6Sn5 IMC grew at the interfaces between the

Sn films and the substrates, this generated compressive

stress in the films, transforming the state of films from

tensile to compressive. Notably, the compressive stress

peaked after 5 days of annealing. Choi et al. suggested that

the root of whisker should be stress free. The compressive

stress that built up around the root of the whisker generated

a stress gradient [27]. In the present study, the stress was

confined within the oxide layers; thus, incubation was

required. The compressive stresses had to build up before

the films could nucleate the whiskers. The whiskers started

to form after which the compressive stress began to be

released. Figure 4 displays incubation time. Each sample

was examined by SEM every day to verify the surface

morphology. We defined the incubation period as the

period during which no whisker could be observed in SEM

images of the sample surfaces. The incubation period is

strongly correlated to the stress measurement by syn-

chrotron radiation X-ray. All of the G10T10 samples were

incubated for 4 days, whereas all of the G10T15 and

G15T15 samples were incubated for 6 days. After a long

period of annealing, the stress eventually reached a steady

state of -12 MPa, which is close to the yield stress of Sn

[3, 22].

The maximum compressive stress varied among the

conditions. The ratio of the thickness of G10T15 to that of

G10T10 was 1.5. Their biaxial stresses evolved similarly,

and both peaked after approximately 5 days of annealing,

and became less compressive thereafter. The stresses

eventually reached a steady state. However, the growth

rates of these two samples differed markedly. According to

Sobiech et al., perpendicular stress gradients affect Sn

whisker growth [5, 22]. The main driving force for spon-

taneous whisker growth is the compressive stress generated

by IMC formation. In the present study, the primary origin

of compressive stress was the formation of non-smooth

IMCs at the interface between the Sn film and Cu substrate.

The perpendicular stress gradient decreases as the thick-

ness of the Sn film increases. In the films of all three

sample sets in the present study, Sn atoms diffused and

nucleated as the roots of formed whiskers [27]. The thicker

Sn films had longer diffusion paths, and the Sn atoms that

became the roots of whiskers required longer diffusion

times in thicker films. Hence, for the 10 lm grain size, the

thicker Sn films, G10T15, grew shorter whiskers than did

the thinner Sn films, G10T10.

G10T10 and G10T15 had distinct initial stresses, and

they were fabricated under different current densities.

There was a higher initial tensile stress in the thinner

sample. Moon et al. studied the effect of current density on

the growth of hillocks from pure bright Sn electrodeposits.

The orientation of Sn films was altered by the current

density. The orientation of the films influenced the slip

direction, which affected the stress relaxation process. The

samples were fabricated under different current densities;

thus, the orientations of the grains likely varied, resulting

in different initial stresses. Furthermore, they suggested

that a high current density yields large compressive

stresses in the as-deposited films [28]. In the present study,

Fig. 4 shows that the samples deposited at a high current

density (G10T15) induced large compressive stress, i.e.,

low tensile stress, in the films. After 5 days of annealing,

the maximum compressive stresses in G10T10 and

G10T15 were almost identical, but the compressive stress

in G10T15 was nearly twice that in G15T15. The density

of the grain boundaries on each sample was another factor

that might have affected the whisker growth mechanism.

Chason et al. proposed a model to describe the origins of

compressive residual stresses in polycrystalline films [29].

According to their model, in films with grains of varying

size, compressive stresses may vary with the chemical

potential between the film surface and grain boundaries.

The chemical potential may drive atoms to the grain

boundaries and generate compressive stress. The smaller

grains of G10T15 give G10T15 a higher density of grain

boundaries than G15T15 has; accumulated stresses tended

to be greater in G10T15 than in G15T15. These com-

pressive stresses began to be released after 5 days of

annealing. The higher residual stress in G10T15 caused a

greater density of whiskers to grow from the initial

relaxation stage. However, the two sets of samples reached

similar stress values after approximately 10 days of

annealing. When the stresses reached similar values, the

difference between the initial stresses was not observed to

have any effect on the difference between the growth

mechanisms.

Additionally, the growth rates of Sn whiskers were low

for Sn films with large grains. The observed correlation

between grain size and growth rate can be explained using

Tu’s growth model [14]. Given a steady stress level of

Fig. 4 The evolution of the residual stress of Sample I–III with

annealing time
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12 MPa, Tu’s model predicts that the growth rates of

G10T15 and G15T15 should be 3.18 and

2.04 9 10-11 lm/s, respectively. Although the calculated

results are slightly higher than the experimental results, the

trend of the phenomenon is obvious. According to Tu’s

growth model, the boundary condition of diffusional field

is determined by the diameter and spacing of the whiskers.

Both the numerical calculations and experimental data

reveal that the Sn films with smaller grains exhibit higher

growth rates.

This paper discusses thickness and grain size, the two

microstructural properties of Sn films that affect the

kinetics of growth of Sn whiskers. The results demonstrate

that the growth of whiskers is influenced more by thickness

than by grain size.

Conclusion

This paper discusses the effects that a Sn thin film’s

microstructure has on the growth of Sn whiskers. Films

were fabricated by electroplating under various conditions.

Lithography was utilized to control the positions from

which whiskers grew. The diameters, lengths, and numbers

of whiskers in each sample were precisely measured. The

evolution of biaxial stresses with annealing time revealed

an incubation period during which compressive stress

accumulated in the films. The stresses relaxed after the

whiskers began to protrude from the surfaces, reaching a

steady-state level of -12 MPa, which is close to the yield

stress of Sn. The experimental results show that thinner

films and films with smaller grains grow longer whiskers at

higher growth rates. This may be explained by differences

in the vertical stress gradient.
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