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The effect of substrate surface roughness on the wettability of Sn-Bi solders is investigated
by the eutectic Sn-Bi alloy on Cu/Al2O3 substrates at 190 �C. To engineer the surface with
different roughnesses, the Cu-side of the substrates is polished with sandpaper with abrasive
number 100, 240, 400, 600, 800, 1200, and 1 mm alumina powder, respectively. Both dynamic
and static contact angles of the solder drops are studied by the real-time image in a dynamic
contact angle analyzer system (FTA200). During dynamic wetting, the wetting velocity of the
solder drop decreases for the rougher surface. However, the time to reach the static contact
angle seems to be identical with different substrate surface roughness. The wetting tip of the
solder cap exhibits a waveform on the rough surface, indicating that the liquid drop tends to
¯ow along the valley. As the solder drops reach a static state, the static contact angle
increases with the substrate surface roughness. This demonstrates that the wettability of
solders degrades as the substrates become rough.

1. Introduction
Soldering technology plays an important role in current

SMT high-density electronic packages. In the soldering

process, a solder joint is made by bringing molten solder

into contact with a metal surface with which the solder

forms a bond. Thus, the wettability between solders and

substrates is a critical reliability issue because it is the

crux of joint formation. The driving force of liquid

solders wetting on substrates is mainly the interfacial

energies and the interfacial reactions [1, 2]. Besides, the

substrate surface roughness might alter the interfacial

energy and the wetting mechanism as the solder drop

contacts the substrate and thus in¯uences both the static

and dynamic contact angles [3±5].

Early modeling carried out by Wenzel [6] to discuss

the effect of surface roughness on wetting has a

thermodynamic approach in which the additional surface

area produced by roughening the substrate was regarded

as effectively causing an increase in its surface energy.

This implies that the apparent contact angle decreases

with the roughness ratio if the contact angle is less than

90�. However, a different prediction by Shuttleworth and

Bailey [7] pointed out that rough surfaces cause the

contact line to distort locally, which gives rise to a

spectrum of micro-contact angles near the solid surface

and the apparent contact angle increases with the surface

roughness. This discrepancy of the models between

Wenzel and Shuttleworth was resolved by regarding the

asperities as a series of energy barriers that must be

overcome as the liquid front spreads over the surface [8±

10]. It was also noted that Wenzel behavior was found in

very well-wetting system [11]. Recently, Zhou and De

Hosson [12] argued that rough grooves can be

categorized into two types, i.e., radial and circular

grooves in the middle of which a liquid drop is placed.

Any type of grooves on a practical rough surface is a

combination of these two types of grooves.

To meet the requirement of environmental concern,

unleaded solders have been developed to replace the

conventional Pb-Sn solder [13±16]. Recently, micro-

structure evolution and mechanical testing of the

unleaded solder joints were conducted in our research

group [17, 18]. The purpose of this study is to investigate

the wetting behavior of an unleaded Sn-Bi solder on the

Cu metallized Al2O3 substrate. The effect of substrate

roughness of the metallized substrate will be investigated

by examining the static and dynamic wettability.

2. Experimental procedure
The thick-®lm Cu/Al2O3 substrates were supplied by

ERSO (Electronic Research Service Organization,

Taiwan), and cut by a diamond saw into 1 cm6 1 cm

pieces. The thickness of Cu conductors was measured to

be about 15 mm. The Cu-sides of the substrates were ®rst

polished with sandpaper with abrasive number of 100,

240, 400, 600, 800, and 1200, along with 1 mm alumina

powder, respectively, and then cleaned ultrasonically in

acetone and alcohol for 10 min. Fig. 1 shows the

schematic diagram of the polished Cu substrate. For
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convenience, the axes of the valleys will be referred to as

the B direction and their normal as the A direction. The

surface roughness, Ra, and wavelength, la, of the

substrates in the A direction were measured by an a-

step (Alpha-Step 250, Tencor Instruments, USA).

The eutectic Sn-Bi solder alloy was fabricated from

raw materials including pure tin and pure bismuth ( purity

> 99.9%, Chung-Cheng Inc., Taiwan). They were then

diced into small pieces and placed on the Cu/Al2O3

substrates of different surface roughness. The solder/Cu/

Al2O3 assembly was then placed in the dynamic contact

angle analyzer system (FTA200, Firsttenangstroms,

USA), mingled with RMA ¯ux and then melted at

190 �C for re¯owing to form a solder cap as indicated in

Fig. 2.

The dynamic contact angle analyzer system was

further used to measure the static and dynamic contact

angles of solder drops. The measurement system is

shown in Fig. 3. A camera system captures the in situ
pictures of the solder drop. From the shape of the drop in

the pictures, the static and dynamic contact angles can be

measured.

3. Results and discussion
The results of surface roughness and wavelength of the

substrates in the A direction with different abrasive

number are summarized in Table I. The values of the

measured surface roughness are close to those in the

literature [19]. From the models proposed by

Shuttleworth and Bailey [7], the contact angle in the

rough surface must consider the steepness am, which is

the angle of the local surface, by an expression of the

type

yr � y0+am �1�
where yr, y0, and am are illustrated in Fig. 4. The

steepness can be measured by the root mean square

(RMS) surface high, Ra, and the average distance

between surface asperites, la, by the expression

am � tan
ÿÿ1 K�Ra=la� �2�

where K is the arithmetic factor, Ra=la is a measure of

the RMS surface slope. Fig. 5 shows the value Ra=la

Figure 1 Schematic diagram of the polished Cu substrate.

Figure 2 Solder drop on the Cu/Al2O3 assembly.

Figure 3 Schematic diagram of the dynamic contact angle analyzer system.

T A B L E I Surface roughness and wavelength of the substrates in the A direction with different abrasive number

Abrasive number Surface roughness, Ra �mm� Wavelength la �mm�

100 1.81+ 0.14 16.4

240 0.80+ 0.03 7.75

400 0.49+ 0.03 7.25

600 0.19+ 0.01 5.25

800 0.11+ 0.01 Ð

1200 0.10+ 0.01 4.5

1mm alumina powder 0.05+ 0.01 Ð
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with different abrasive number. It indicates that the value

Ra=la increases inversely with the abrasive number.

The eutectic Sn-Bi solder was re¯owed at 190 �C for

5 min. Fig. 6 show the top view of the wetting tip of the

eutectic Sn-Bi solder on the Cu substrates with the

abrasive number 100 as it was cooled down to room

temperature. The wetting tip of the solder cap exhibits a

waveform and its wavelength is about 10 mm, indicating

that the liquid drop prefers to ¯ow along the valley. The

effect of surface roughness on wetting in the eutectic Sn-

Bi/Cu system is shown in Fig. 7. yA and yB are static

contact angles in the A direction and B direction,

respectively, after 5 min re¯owing. The result shows that

both yA and yB increase progressively as the roughness

increases. The top view of the drop looks like an oval

shape, and the schematic diagram can be illustrated in

Fig. 8. The drop diameters parallel to the abrasive

direction of the substrate �RB� are always longer than the

perpendicular one �RA�. Fig. 9 shows the variation of the

ratio RA to RB with different surface roughness. It

indicates that the ratio remains a constant at about 0.9 as

the surface roughness increases. According to the models

proposed by Dettre et al. [6], asperities are regarded as a

series of energy barriers that must be overcome as the

liquid front spreads over the surface. The ability of a

liquid to overcome such barriers and spread depends on

the relative sizes of its vibrational energy and the barrier.

In this study, the liquid front moving in the A direction

must overcome the energy barriers of the valleys.

Moving along the B direction has a lower energy barrier

because of the spreading of the liquid over the grooves.

This renders the drop oval in shape.

Wetting phenomena in the solder/Cu system are

complex because of the formation of intermetallic

compounds. Besides the consideration of interfacial

energy and viscosity, the formation energy of interfacial

reactions between the liquid solder and the metal

substrate plays an important role in the driving force of

the wetting. On the basis of theoretical models by

Shuttleworth and Bailey, as mentioned previously, there

is a local contact angle existing at the point of the triple

line on the rough surface. The wetting process is

in¯uenced by this local distortion. In the reactive wetting

systems, the wetting process is driven not only by surface

tension but also by the reactive energy. Thus, wetting on

rough surfaces involves both factors. If the reactive

energy only is considered, a rough surface has more

active sites over the nominal unit area. The reaction will

be more intensive and the wetting tends to progress.

Theoretically, the contact angle on the rough surface will

be decreased. On the other hand, if the surface

morphology and the local contact angle on the wetting

tip are only focused, the result may be opposite. In Fig. 8,

the contact angle increases with surface roughness. This

reveals that the effect of surface geometry is dominant as

the eutectic Sn-Bi solder wets on a rough substrate. The

contact angle hysteresis is enhanced with a rough surface

and the contact angle will not be reduced if the energy of

compound formation does not overcome the barriers of

the hysteresis. In Fig. 8, the reaction may be more

intensive on the rough surface, although the geometry of

the rough surface and the contact angle hysteresis cause

the wetting to decrease with the surface roughness.

During the wetting process, dynamic wetting is

another important and critical issue that needs to be

Figure 4 Schematic illustration of the surface features of the drop

resting on a rough surface.

Figure 5 Ra=la as a function of different abrasive numbers.

Figure 7 Static contact angle yA and yB of eutectic Sn-Bi solder on Cu

substrates with different surface roughness.

Figure 6 Top view of wetting tip of the eutectic Sn-Bi solder on Cu

with the abrasive number 100.
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discussed. The measurement of the dynamic wetting of

the eutectic Sn-Bi solder were also carried out at 190 �C
on Cu substrates of different roughness, as shown in Fig.

10. The contact angles degrade as an exponential decay

and reach a steady state in the ®nal stage. The slopes of

these curves are nearly identical in the initial stage, yet

deviate after 50 s. It appears that the contact angles reach

a steady state after 125 s re¯owing.

For normal liquids, the effect of gravity on drop shape

can be neglected if the drop is small, and the shape of the

drop will approximate a spherical cap. The velocity of

the wetting line can be given by [20]

n � qr

qt
�7

qy
qt

3V

p

� �1=3 �17 cos y�2
�273 cos y� cos3 y�4=3

�3�

Where V is the volume of the drop, r is the base radius,

and y is the instantaneous dynamic contact angle. Fig. 11

represents the velocity of contact line of solder drop

wetting on Cu substrates with different surface rough-

ness, and Fig. 12 is its corresponding value with different

substrate surface roughness after 20 s and 50 s re¯owing.

The velocity decays to zero as the dynamic wetting

achieves a steady state. Dynamic wetting on the rough

surface behaves differently as compared to the smooth

surface. The velocity on the smooth surfaces is higher

than that on the rough surfaces. However, the time to

reach the static contact angle seems to be the same with

different substrate surface roughness.

The effect of surface roughness on dynamic wetting is

not well known yet. Cazabat and Cohen Stuart [5] studied

the effect of surface roughness on dynamic contact angle

in the systems of ``completely wetting'', which means

that the static contact angle is close to zero. It was found

that the liquid spreading on the rough surface has some

similarities with wetting of porous bodies. The wetting

velocity on the rough surface is higher than that in the

smooth surface. It is close to the combination of the

diffusion and the capillarity mechanism. However, in the

partial wetting system, the contact angle of the liquids is

usually smaller than 90�, yet not close to zero. The liquid

does not perceive the roughness and behaves as if the

surface is smooth, and the diffusion mechanism fails to

prevail. Besides the variation between completely and

partial wetting, the discrepancy of the wetting phenom-

enon for the eutectic SnBi/Cu systems from the wetting

model as proposed by Cazabat and Cohen Stuart may be

also attributed to both the driving force of wetting and the

viscosity of liquids. In addition, the in¯uence of contact

angle hysteresis during dynamic wetting must also be

considered. The friction of wetting increases with the

Figure 8 Top view of the solder drop on the Cu substrate.

Figure 9 Ratio of drop diameter RA and RB of water wetting on Cu

substrates with different surface roughness.

Figure 10 Dynamic contact angle of the eutectic Sn-Bi solder on Cu

substrates with different surface roughness at 190 �C.

Figure 11 Wetting velocity of the eutectic Sn-Bi solder on Cu

substrates with different roughness at 190 �C.
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surface roughness, which causes the contact angle

hysteresis. Consequently, the mobility of the contact

line is impeded, and the velocity of the wetting tip is

slower on the rough surface.

The soldering process in microelectronic packaging

requires good wettability between solders and substrates.

In the eutectic SnBi/Cu system, with the wetting velocity

decreases and the static contact angle increases with the

surface roughness. These imply that the wettability will

be degraded if the substrate is too rough. The smoother

surface is required if the wetting properties are

ameliorated in the electronic package. In addition to

the wettability of solders, the mechanical properties of

solder joints, such as fracture toughness or fatigue life,

are also in¯uenced by the surface roughness of substrates

[19, 21]. In general, the rough surface has a positive

effect, but sometimes a negative one. In fact, more

theoretical models are required and the selection of the

roughness of the substrate must depend on the

functionalities of interest.

4. Conclusion
In this study, the effect of substrate surface roughness on

the wettability of solders is investigated by the eutectic

Sn-Bi solder soldering on Cu/Al2O3 substrates at 190 �C.

A measurement technique is developed to investigate the

wettability of solders on the metallized substrate in the

consideration of both static and dynamic wetting. It is

argued that the surface energy and thus the wetting

mechanism of the solder are dependent on the surface

roughness of the substrate, which in turn re¯ects

variation in both the static and dynamic contact angles.

During dynamic wetting, the wetting velocity of the

solder drop decreases on the rough surface. However, the

time to reach the static contact angle appears similar

despite substrate surface roughness. As the solder drops

reach a static state, the static contact angle increases with

the substrate surface roughness. It is demonstrated that

the wettability of solders degrades as the substrates

become rough.
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Figure 12 Wetting velocity of the solder cap with different substrate

surface roughness after 20 s and 50 s re¯owing.
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