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ABSTRACT: Detailed morphological observation of the Sn-3.0Ag-0.5Cu solder alloy were achieved by 
the aid of electrochemical etching. The removal of the β-Sn phase were conducted at a fixed potential of -
350 mV. The etched solder were subsequently investigated by the phase, structural, morphological and 
elemental analysis. Stable current responses at 0.00222 A were recorded for the etched Sn-3.0Ag-0.5Cu. 
The phase analysis reflects the selective removal of the β-Sn. Other phases of the Cu6Sn5, Ag3Sn and 
SnSO4 were also obtained by the etched Sn-3.0Ag-0.5Cu. The 120 s etching duration was observed to 
sufficiently remove the β-Sn phase for accurate observation on the IMC phases. Minor detection of SnSO4 
by-product were detected near the solder/substrate interface region. The removal of the β-Sn through 
electrochemical etching allow in-depth morphological acquisition and observation on the resultant IMC 
phases. Clear and accurate shape profile of the IMC phases were clearly obtained in comparison the un-
etched Sn-3.0Ag-0.5Cu solder alloy. 
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1. Introduction 
 

The Sn-3.0Ag-0.5Cu (SAC305) solder alloy from the tertiary Sn-Ag-Cu (SAC) solder family is widely 
applied in current electronic industries. Such prefer ability are due to the SAC305 excellent soldering 
properties and cost effectiveness [1]. The SAC305 eventually underwent numerous development in fulfilling 
the continuous demand in term of product miniaturization and complexity. Such approach in improving the 
SAC305 includes the addition of alloying elements [2], adjustment of substrates material [3, 4], heat treatment 
influences [5, 6] and the addition of reinforcing particles [7-11]. 

 
 

However, it is clear that such approaches were mainly focusing on the mechanical improvement of the 
SAC305. This is indeed parallel to the demand in miniaturization of solder joints; crucially required a better 
structural integrity and reliability [8]. Apparently, most of the improvement attained had a significant relation 
to the morphological refinement of the IMC phases in the SAC305 [12] [13]. This explains the higher 
mechanical properties recorded which were induced by the grain boundary strengthening mechanism in 
which the relatively larger boundaries of the IMC phases hindered larger dislocation movements [14]. Such 
alteration includes reducing the size and spacing between the intermetallic compound (IMC) phases [15]. 
This indeed were more favorable as finer IMC phases allow an improvement up to 34% in the hardness values 
[14]. Apart from that, slight increment in the tensile properties is also possible [16].  

 

It is clear that such reported improvement of the SAC305 clearly pointed that the main cause contributing 
to the positive results were due to the morphological alteration factors, mainly on the Ag3Sn and Cu6Sn5 
IMC phases. Thus, an in-depth morphological evaluation on the SAC305 solder alloy are indeed significant 
and crucial. To relate, an approach of removing the β-Sn matrix phase selectively through electrochemical 
etching had previously been reported [17]. Theoretically, absence of such dominant matrix should allow a 
better view on the remaining IMC phases. Plus, the surface boundaries of among the IMC phases will also 
be reveal and this will possibly provide an accurate observation of the shape profile for both Ag3Sn and 
Cu6Sn5.  

In this study, the selective electrochemical etchings were conducted by the chronoamperometry (CA) on 
the SAC305 solder alloy. The etched solders then undergo the phase and structural analysis to verify the 
removal of the β-Sn. Subsequent morphological and elemental analysis were conducted in investigating the 
performance of the electrochemical etching in aiding the overall morphological analysis of the SAC305 
solder alloy. 
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2. Experimental 
 

2.1 Preparation of the SAC305 solder alloy 
 

     The SAC305 used are the ALPHA CVP-390 (Alpha Assembly Solutions) SAC305 solder paste. Paste 
printing of 5 mm in diameter and 1 mm in thickness was applied onto a 2 cm × 3 cm FR4 substrate (Destiny 
Electronics). Subsequent reflow process was then conducted by a reflow oven (TYR-108C, Madell 
Technology). The reflowed composite solders then undergoes mechanical cutting by a diamond cutter 
(MICRACUT, Metcon), followed by the incorporation of electrical connection. Finally, the composite 
solders were mounted in epoxy prior to grounding (800, 1200, and 2000 grit silicon carbide papers) and 
polishing (1.0, 0.5, and 0.03 µm alumina suspensions). 
 
2.2 The electrochemical analysis 
 

     A three electrode setup with 1 % H2SO4 electrolyte was used for the electrochemical etching process. The 
cell consists of the prepared SAC305 (working electrode), a carbon rod (counter electrode) and a saturated 
calomel electrode (reference electrode, Koslow). The electrochemical etching process through CA were 
conducted by utilizing a potentiostat/galvanostat (Autolab, PGSTAT101). A fixed potential of -350 mV with 
etching duration of 120 s. 
 
2.3 Characterization of the etched SAC305 solder alloy 
 

The CA curves of the composite solders were obtained from the potentiostat operating software, NOVA 
11.1. Phase and structural analysis were conducted by X-ray diffraction (XRD, Bruker AXS D8 Advance) 
with monochromatized Cu Kα radiation (λ = 1.5406 Å) in the range of 10° < 2θ < 90°. Morphologies of 
etched composite solders were obtained by a field-emission scanning electron microscope (FESEM, 35VP, 
Zeiss SupraTM) in conjunction with energy dispersive X-ray (EDX). 
 
3. Results and discussion 
	

3.1 The selective electrochemical etching 
 

     The curves obtained from the CA for the SAC305 indicates a consistent performance throughout the entire 
120 s duration of etching process based from the relatively stable plateaus from the curve. The maximum 
recorded current obtained from the CA curves were recorded at 0.00222 A (Table 1). Initially, upon the 5 s 
stabilization delay, the current increased rapidly up to 10 s of initialization. Beyond this point, the current 
value then stabilized to near the maximum recorded current for the entire etching duration of 120 s (Figure 
1). Additionally, no fluctuation on the response of the current were observed during the CA procedures.  

Apparently, the behavior of the recorded current at the -350 mV etching potential as opposed by the 
SAC305 indicates a good consistency of the electrochemical system; absence of any current fluctuation 
mainly reflects a good stability in term of the etching process. The stable plateau of the CA curve reflected a 
continuous and consistent removal for the β-Sn matrix [18]. This condition is indeed favorable in allowing 
accurate observation on the resultant micrographs of the etched SAC305. The initial rapid increment on the 
current values are indeed favorable in order to ensure an almost spontaneous removal process of the β-Sn. 
Plus, such condition added with the good consistency of the β-Sn dissolution allow more control on the 
overall etching process; particularly on the etching duration parameters. This is crucial in order to allow close 
similarity of the etching qualities, especially in involving comparison among micrographs.  
 
 

Table 1: The current recorded by the chronoamperometry for the etched SAC305 solder alloys 
 

Material Sample 
designation 

Etching duration 
(s) 

Etching potential 
(mV) 

Maximum CA current 
(A) 

SAC305 Pristine - - - 
SAC305 Etched 120 -350 0.00222 
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Figure 1: CA curves for the SAC305 solder alloy 
 
 

3.2 Phase and structural analysis 
     The XRD curves obtained for both pristine and etched SAC305 solder alloy were initially normalized 
prior to investigation (Figure 2). The phase obtained for both compositions matched with the β-Sn (ICSD: 
98-009-1748), Cu6Sn5 (ICSD: 98-010-0986), Ag3Sn (ICSD: 98-000-1559) [16]. As for the etched SAC305, 
the SnSO4 (ICSD: 98-009-1957) was also identified. Additionally, significant observation on both spectra 
were the comparison of intensities for the phases where pristine SAC305 imposed relatively higher β-Sn 
counts compared to the etched SAC305 (reduction of 69.7 %). As for the IMC phases, the behavior were the 
opposite of the β-Sn; where the etched SAC305 indeed pose higher counts on both Cu6Sn5 and Ag3Sn IMC 
phases (average reduction of 52.3 up to 63.5 % for both IMC). 

The identification of similar phases (related to the SAC305) between the pristine and etched SAC305 
mainly reflects the relatively reliable etching process (no formation of new phases) [19]. This is much 
preferable as the tendency of any new formation will clearly disrupt the overall observation on the IMC 
phases. The SnSO4 was clearly the end by-product and this phenomenon were attributed to the usage of the 
non-metal based electrolyte which is the H2SO4. However, these by-product were clearly minor in 
comparison to the more obvious β-Sn, Cu6Sn5 and Ag3Sn. Correlating to the intensities of the peaks, the 
gradual reduction on the β-Sn counts by the etched SAC305 reflects to the removal of the β-Sn matrix. To 
relate, such claims suitably matched to the increment of the resultant IMC peaks which can be quantitatively 
relate to the corresponding IMC phases (caused by the further emergence of the IMC phases on the etched 
SAC305). Most importantly, the differences in peak intensities (mainly on the β-Sn) between the pristine and 
etched SAC305 indeed reflects the selective removal of the corresponding phases, thus indicating the 
effectiveness of the proposed technique.  
 
3.3 Morphologies of the etched SAC305 solder alloy 

The micrographs of the matrixes for pristine and etched SAC305 clearly signals the influence of the 
electrochemical etching process (Figure 3a-d). From the etched images, the images on the Cu6Sn5 were 
clearly visible as compared to the pristine SAC305. The actual size (less-thick) of the Cu6Sn5 rod were mainly 
revealed; providing a much more accurate interpretation on the SAC305 morphological behavior. Apart from 
that,  the  removal  of  the  surrounding  β-Sn  also  allow  easier  observation on the thread-like Ag3Sn for an  
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Figure 2: The XRD pattern of the pristine and selectively etched SAC305 solder alloy 

 

	
	

Figure 3: Micrograph of the matrix for the (a) pristine SAC305 (b) selectively etched SAC305 and 
elemental analysis (c) Cu6Sn5 of point mark in (a) and (d) Ag3Sn of point mark in (b) 
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accurate comparison. As for the etching performance, the 120 s etching duration were observed to yield a 
smooth and accurate edge profile for the IMC phases. The shape of the IMC phases were easily distinguish 
by such etching duration. In addition, the remaining Cu6Sn5 and Ag3Sn structures were clearly undamaged 
thus indicating an optimum etching process of the system. Nevertheless, the removal of the β-Sn also allows 
easier elemental detection for both the Ag3Sn and Cu6Sn5. 

The clear edges around the Cu6Sn5 as observed the etched SAC305 micrographs reflects the sufficient 
etching provided by the 120 s duration. Such condition is mainly the key in obtaining accurate observation 
of the particular IMC shapes. Detailed morphological behavior of the IMC phases were obviously revealed 
due to such condition; the absence of the surrounding β-Sn provide the observation deeper inside the cross-
sectioned surface. Apparently, the thread-like Ag3Sn were dominant near the Cu6Sn5 rather than in the matrix 
itself. In detail, these sufficient removal near the IMC edges resulted on a smooth and obvious depth 
perception between the IMC surface and the etched background [20]. This is important as excess removal of 
the β-Sn can actually weaken the IMC structures and thus affecting the overall comparison process on the 
micrographs. As for the elemental analysis, the emergence of the IMC phases indeed highlights 
corresponding surfaces which allow easier detection by the EDX; the detection of the relatively small Ag3Sn 
were difficult for the un-etched SAC305.  

Better morphological observation were also viewed from the comparison on the solder/substrate 
interfaces which visualized the accurate shape of the Cu6Sn5 IMC layer (Figure 4a-c). Similar to the matrix, 
the 120 s etching time clearly allow an accurate observation of the elongated Cu6Sn5 IMC layer. Optimal 
removal of the β-Sn from the selective etching had yielded smooth edges on the shape profiles of the Cu6Sn5. 
Near such region, the density of the thread-like Ag3Sn were observed to be denser as compared to the matrix. 
Additionally, apart from the element detection corresponding to the Cu6Sn5 and Ag3Sn, trace presence of 
SnSO4 were also identified on the etched surface.  
	

	
	

Figure 4: Micrograph of the interface for the (a) pristine SAC305 (b) selectively etched SAC305 and 
elemental analysis of (c) point mark mark in (b) 
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In the etched SAC305, the scallop Cu6Sn5 IMC layer was generally associated to the Cu diffusion from 
the FR4 substrate at the interfaces [21]. In other word, higher densities of Cu (near the Cu layer from the 
FR4) adjacent to the diffusion process were responsible in such behavior [22]. In relating to the duration of 
the etching, the 120 s duration yield a significant depth of field on the images which mainly translated to 
larger removal of the β-Sn. Such removal were considered sufficient as an excess removal can lead to the 
weakening of the retaining IMC phases (jeopardizing the structure which in turn resulting in unfavorable 
condition for morphological observation). This allow the Cu6Sn5 IMC layer structure to standout, thus 
revealing an accurate shape profiles for observation. Again, the detection of elements corresponding to the 
IMC phases were somehow made easier due to the emergence of such phases. Presence of the SnSO4 as 
detected by the EDX were observed to be minimal in the micrographs. This apparently do not pose a 
significant influence on the morphological evaluation of the etched SAC305. 
 
4. Conclusions 
     Detailed morphological comparison between the pristine and etched SAC305 were successfully obtained 
by the aid of the selective electrochemical etching. The etching potential applied had selectively removed the 
β-Sn phase. The current response recorded reflects the stability of the electrochemical system. Identical 
phases as matched by the structural analysis for both pristine and etched SAC305 were attained as the etching 
process does not impose any significant formation of new phases. The applied etching duration optimally 
removed the β-Sn and resulting into an accurate shape profile of the IMC phases. Clear observation on the 
IMC shape profiles were viewed for the etched SAC305 as compared to the pristine SAC305. The etching 
duration used allow the emergence of the IMC phases which provide easier elemental detection on the etched 
surface.  
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