
≪Research Paper≫ Applied Science and Convergence Technology Vol.23 No.6, November 2014, pp.345~350

http://dx.doi.org/10.5757/ASCT.2014.23.6.345

A Study on the Thermal Oxidation and Wettability of 

Lead-free Solders of Sn-Ag-Cu and Sn-Ag-Cu-In

Hyunbok Leea and Sang Wan Chob*

aDepartment of Polymer Science and Engineering, University of Massachusetts, Amherst, MA 01003, United States
bDepartment of Physics, Yonsei University, Wonju 220-710, Korea

(Received October 15, 2014, Revised November 25, 2014, Accepted November 25, 2014)

The surface oxidation mechanism of lead-free solder alloys has been investigated with 
multiple reflow using X-ray photoelectron spectroscopy. It was found that the solder surface 
of Sn-Ag-Cu-In solder alloy is surrounded by a thin InOx layer after reflow process; this 
coating protects the metallic surface from thermal oxidation. Based on this result, we have 
performed a wetting balance test at various temperatures. The Sn-Ag-Cu-In solder alloy shows 
characteristics of both thermal oxidation and wetting balance better than those of Sn-Ag-Cu 
solder alloy. Therefore, Sn-Ag-Cu-In solder alloy is a good candidate to solve the two 
problems of easy oxidation and low wettability, which are the most critical problems of Pb-free 
solders.
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I. Introduction

Over the last thirty years, the integration density 

of electronic devices has increased continuously. 

Solder technology has also improved with this progress 

[1]. At present, due to environmental concerns over 

Pb-containing solders, the electronic packaging 

industry is actively searching for lead-free (Pb-free) 

solders [2,3]. For a successful transition to Pb-free 

manufacturing in electronics assembly, it is critical 

to understand the characteristics of Pb-free solders 

[4,5]. There have been many papers in the recent 

literature on the current crowding phenomenon around 

regions in which traces connect to solder bumps 

[6-12]. In these studies, Sn-Ag-Cu alloy has been a 

subject of high interest as a leading candidate for use 

as a Pb-free solder for the last few years. However, 

Sn-Ag-Cu solder alloy has certain problems in terms 

of its manufacture; the most critical problem is that 

Sn-Ag-Cu solder alloy is easily oxidized after multiple 

reflow or aging at high temperatures (150oC). Since the 

oxidation leads to a poor wetting property, potential 

Pb-free solders should have the property of not being 

easily oxidized after multiple reflows. We have 

reported that Sn-Ag-Cu-Ge solder alloy showed 

characteristics better than those of Sn-Ag-Cu 

solder alloy for thermal oxidation [13]. However, 

Sn-Ag-Cu-Ge solder alloy has also been shown to 

have the problem of poor wetting. In order to prevent 

these problems of oxidation and poor wetting of 

Sn-Ag-Cu solder alloy, Sn-Ag-Cu-In solder alloy 

was developed and has shown better characteristics of 
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Figure 1. Vision checks of (a) Sn3.0Ag0.5Cu (Sn-Ag-Cu)
solder alloy ball and (b) Sn3.0Ag0.5Cu0.1In 
(Sn-Ag-Cu-In) solder alloy ball after five times
reflow. (c) Oxygen atomic density during XPS 
depth profile for Sn-Ag-Cu and Sn-Ag-Cu-In
alloy solders after five reflow cycles.

both thermal oxidation and wettability. In this paper, 

we report the different surface oxidation mechanisms 

between Sn-Ag-Cu and Sn-Ag-Cu-In solders, which 

are Pb-free solder alloys. Using X-ray photoelectron 

spectroscopy (XPS), the surface oxidation mechanism 

has been investigated after the first and fifth reflow 

processes. Additionally, we have performed a wetting 

balance test using a solder ball of the Sn-Ag-Cu-In 

solder alloy; we compared the results for this alloy 

with those for the conventional Sn-Ag-Cu solder 

alloy.

II. Experimental

The two solder ball compositions (in wt%) chosen in 

this study were: Sn3.0Ag0.5Cu (Sn-Ag-Cu) and 

Sn3.0Ag0.5Cu0.1In (Sn-Ag-Cu-In); solder balls had 

diameters of 0.45 mm. CSP was used as the 

substrate; there were 144 pad openings and each pad 

was 0.38 mm in diameter. The pads had an 

electroplated Ni/Au surface finish over a Cu trace 

and were about 0.5 and 5.0 μm in thickness for the 

Sn3.0Ag0.5Cu (Sn-Ag-Cu) and Sn3.0Ag0.5Cu0.1In 

(Sn-Ag-Cu-In) samples, respectively. The solder 

balls of each composition were bonded to the CSP 

substrate using a water soluble flux in a reflow oven. 

The reflow conditions were as follows: preheating was 

performed for 2 min at 150oC, the peak temperature 

was 235oC, and the dwell time was 60 sec. After one 

reflow, the solder balls were analyzed or subjected to 

further multiple reflow of up to 5 times. XPS spectra 

were obtained using a PHI 5700 spectrometer with a 

monochromatic Al Kα (1486.6 eV) source. XPS was 

utilized to check the thickness of the oxidized layer 

and to examine the chemical composition of the ball 

surfaces. We assumed that the thickness of the 

oxidized layer could be defined by an oxygen 

concentration of under three atomic percent. A 

wetting balance test was performed using a Rhesca 

SAT-5000 solder checker. Test conditions were as 

follows: immersion time was 5 sec, speed was 5 

mm/sec, and depth was 3 mm.

III. Results and Discussion

Results of a comparison of the Sn-Ag-Cu and 

Sn-Ag-Cu-In solder alloy balls after a five-time 

reflow test are shown in Fig. 1. The color of the 

Sn-Ag-Cu solder alloy balls changed to yellow, as 

can be seen in Fig. 1(a); however, the color of the 

Sn-Ag-Cu-In solder alloy balls did not change and 

remained a pristine metal color, as can be seen in 

Fig. 1(b). This lack of change of color of the 

Sn-Ag-Cu-In solder alloy balls must originate from 

the fact that the Sn-Ag-Cu-In solder alloy is less 

oxidized and has an oxide layer on its surface thinner 

than that of the Sn-Ag-Cu solder alloy; thus, we 
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Figure 2. Sn 3d and In 3d photoelectron spectra for: (a) Sn-Ag-Cu after one reflow cycle, (b) Sn-Ag-Cu-In after
one reflow cycle, (c) Sn-Ag-Cu after five reflow cycles, and (d) Sn-Ag-Cu-In after five reflow cycles.
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Figure 3. Schematic representation of the reflowing 
mechanisms for: (a) Sn-Ag-Cu solder alloy
and (b) Sn-Ag-Cu-In solder alloy.

checked the thickness of the oxidized layer of the 

Sn-Ag-Cu and Sn-Ag-Cu-In solder alloys using XPS 

[14]. XPS is a powerful tool to investigate the surface 

characteristics of materials. Fig. 1(c) shows the 

oxygen atomic densities of the Sn-Ag-Cu and 

Sn-Ag-Cu-In solder alloy balls after five-time 

reflow. Although both alloys have similar oxygen 

densities on the surface, the oxygen density of the 

Sn-Ag-Cu-In solder alloy decreased to about zero, 

while that of the Sn-Ag-Cu solder alloy remained at 

about 10∼20% after approximately 13 nm sputtering. 

The oxygen density of the Sn-Ag-Cu solder alloy 

decreased to about zero after 20 nm sputtering, 

which means that the Sn-Ag-Cu solder alloy had an 

oxide layer that was twice as thick as that of the 

Sn-Ag-Cu-In solder alloys after five-time reflow. A 

thick oxidized layer increases the melting point and 

leads to a worse wettability, which in turn leads to a 

reliability issue in electronic packaging. Therefore, it 

is necessary to solve this oxidation problem of 

Pb-free solder alloys before replacing the conventional 

tin-lead (SnPb) eutectic solder. 

In this regard, Sn-Ag-Cu-In solder alloy is a good 

candidate to solve the oxidation problem; therefore, 

it is important to determine the thermal oxidation 

mechanism and characteristics of the alloys. We 

investigated the surface oxidation of the solder alloys 

using XPS. Fig. 2 shows the XPS results for 

Sn-Ag-Cu and Sn-Ag-Cu-In solder alloys. Figs. 

2(a) and (b) show the Sn 3d and In 3d core level 

spectra of the Sn-Ag-Cu and Sn-Ag-Cu-In solder 

alloys after the first reflow, respectively. Sn 3d peaks 

are detected but no In 3d peak can be observed in 

either of the solder alloys. The reason why the In 3d 

peak is not detected in both alloys is that the In 

quantity is miniscule. Figs. 2(c) and (d) show the Sn 

3d and In 3d spectra, respectively, of both alloys 

after the fifth reflow. The Sn 3d and In 3d peaks of 

the Sn-Ag-Cu solder alloy after the fifth reflow (Fig. 

2(c)) are almost the same as those after the first 

reflow (Fig. 2(a)). However, an In 3d peak is detected 

in the Sn-Ag-Cu-In solder alloy after the fifth 

reflow (Fig. 2(d)), while no such peak can be observed 

after the first reflow (Fig. 2(b)). This means that 

more In atoms are distributed on the solder surface 

after the fifth reflow than are distributed there after 

the first reflow. The In atoms are segregated and 

diffuse to the solder surface at reflow temperature 

(＞200oC); thus, thin InOx is additionally formed with 

SnOx on the solder surface. It is of fundamental 

importance to study the segregation and diffusion of 

In atoms at high temperatures.

A schematic representation of the reflow mechanism 

is shown in Fig. 3. All elements are distributed evenly 

without segregation before the reflow process for 

both alloys. However, after the reflow process for the 

Sn-Ag-Cu solder alloys, Ag3Sn compounds are 

created in the solder bulk due to Ag segregation [15] 

and the thickness of the surface oxide layer (SnOx) 

becomes greater than before. For the Sn-Ag-Cu-In 

solder alloys, even after reflow all elements are 

distributed evenly, as with the Sn-Ag-Cu solder alloy 

before reflow. However, during the reflow process, 

Ag3Sn compounds are created and, additionally, In 
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Figure 4. Results of wetting balance test for the Sn-Ag-Cu
and Sn-Ag-Cu-In solder alloys.

atoms diffuse to the surface. Because the melting 

point of In is lower than that of Sn, liquid In, which 

has a lower density than that of metallic Sn, diffuses 

to the solder surface. As a result, very thin InOx 

compounds surround the solder surface after multiple 

reflow processes and the surface InOx thickness 

becomes slightly larger after each reflow process; 

thus, the surface InOx has a dramatic effect, 

preventing the additional oxidation of the Pb-free 

solder surface. As mentioned before, Sn-Ag-Cu-In 

solder alloys that have InOx on their surfaces have a 

thinner oxide layer than that of the Sn-Ag-Cu solder 

alloys. Because InOx compounds prevent the Pb-free 

solder surface from continuing oxidation during 

additional reflow processes, the Sn-Ag-Cu-In solder 

alloy does not show a discoloring problem even after 

more than five reflow processes. 

Based on these results, we also performed a wetting 

balance test. A wetting balance is an instrument that 

provides instantaneous quantitative information 

on the wettability of various configurations of 

components [16]. This instrument has been used for 

the examination of the solderability of different 

combinations of solder alloys, components, and fluxes 

[17,18]. The key wetting balance parameters measured 

were T0 and FmaxㆍT0 is the time to the buoyancy 

corrected force line. The smaller the value of T0 is, 

the more quickly the solder will wet to the coupon. 

Fmax is the maximum wetting force exerted by the 

solder on the coupon and is directly proportional to 

the height the solder climbs up the coupon. Fig. 4 

shows measured (a) T0 and (b) Fmax with varying of 

the solder temperature for the two solder alloys. The 

Sn-Ag-Cu-In solder alloy has a lower T0 and higher 

Fmax than those values of the Sn-Ag-Cu solder alloy. 

This means that the Sn-Ag-Cu-In solder alloy has a 

better wettability than that of conventional Pb-free 

solder at the same temperature. The Sn-Ag-Cu-In 

solder alloy has a thinner surface oxide layer due to 

InOx, which surrounds the solder alloy surface at 

high temperature and improves the wetting property. 

The surface oxide layer thickness affects the wetting 

property.

IV. Conclusions

Sn-Ag-Cu solder alloys are leading candidates for 

use as Pb-free solders. However, the Sn-Ag-Cu 

solder alloys still have certain problems related to 

their manufacture. Among these problems, the most 

critical is that Sn-Ag-Cu solder alloy is easily 

oxidized at high temperature and has poor wettability. 

To prevent the oxidation problem of Pb-free solder 

alloy, Sn-Ag-Cu-In solder alloys have been developed; 

however, the mechanism of thermal oxidation has not 

yet been studied. Therefore, we have reported on the 

surface oxidation mechanism of Pb-free solders in 

this paper. This mechanism has been investigated 

using X-ray photoelectron spectroscopy after multiple 

reflow. It was found that the solder surface of 

Sn-Ag-Cu-In solder alloy is surrounded by a thin 
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InOx layer that protects the metallic surface from 

thermal oxidation after reflow processes. Based on 

this result, we have performed a wetting balance test 

at various temperatures. The Sn-Ag-Cu-In solder 

alloy shows better characteristics for both thermal 

oxidation and wetting balance. Therefore, Sn-Ag-Cu-In 

solder alloy will be a good candidate to solve the 

oxidation and wetting problems, which are the most 

critical problems of this Pb-free solder alloys.
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