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ABSTRACT: Morphological comparisons of the etched Sn-3.0Ag-0.5Cu and Sn-3.0Ag-0.5Cu-TiO2 with 
the 1812 surface mount device capacitor were achieved by the aid of electrochemical etching. The removal 
of the β-Sn phase were successfully attained at a fixed potential of -350 mV for 120 s. Stable current 
responses at 0.00223 A were recorded for the Sn-3.0Ag-0.5Cu and 0.00235 A for the Sn-3.0Ag-0.5Cu-
TiO2. The phase analysis indicated the selective removal of the β-Sn. The TiO2 reinforcement particles were 
detected near the Cu6Sn5 intermetallic compound layer in the Sn-3.0Ag-0.5Cu-TiO2. Removal of the 
surrounding β-Sn allow clear observation on the intermetallic compound size refinement by the TiO2. The 
package displacement measured for the Sn-3.0Ag-0.5Cu-TiO2 was 78.6 µm. Voids formation were obvious 
in between the capacitor and the FR4 substrate for the SAC305. The presence of the TiO2 favored higher 
formation of the Ag3Sn network which improves the joint reliability between the capacitor and the FR4 
substrate. 
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1. Introduction 
The Sn-Ag-Cu (SAC) solder system particularly the Sn-3.0Ag-0.5Cu (SAC305) posed excellent soldering 

performance in current electronic assemblies [1]. In coping with future demand of the industry (product 
miniaturization, enhances performance, increased features), concern on the reliability of the joints however 
arises. It is known that apart from providing electrical connectivity, the main purpose of solder joints is to act 
as a structural support for electronic packages/components [2]. Packages such as capacitor especially the 
surface mount device (SMD) capacitor are the most widely found components in electronic devices. Failures 
of retaining these components in place will indeed resulted in reduced performance or even product 
malfunction. 

Varying approaches such as alloying modification [3], heat treatment [4, 5], and incorporating 
reinforcement particles [2, 6-9] had been studied in improving the mechanical properties of the SAC305. The 
addition of reinforcement particles such as the titanium dioxide (TiO2), producing composite SAC305-TiO2 
had allow an improvement up to 34% in the hardness values [10]. Presence of the non-interacting particles 
significantly refined the morphologies of the SAC305 [11, 12]. This includes the alteration on the size and 
spacing of the Ag3Sn and Cu6Sn5 IMC phases [13]. Such refinement induced the grain boundary 
strengthening mechanism (due to large grain boundary) which in turn improves the overall mechanical 
properties of the SAC305-TiO2. However, the flux activation during reflow expelled portion of the 
reinforcement particles upon solidification [14]. This rises new concern especially on the placement of the 
resultant packages/components bear by the SAC305-TiO2 joints. An in-depth morphological observation of 
the joints was clearly significant and the idea of selectively removing the β-Sn phase indeed provide such 
access [15]. Apart from determining any package displacement induce by the TiO2, such condition also allow 
better observation on the IMC phases and layers especially near the solder/capacitor interface. 

Thus, in this study, the selective electrochemical etching was conducted by the chronoamperometry (CA) 
on the SAC305 and SAC305-TiO2 solder alloy with the 1812 SMD capacitor package. The phase and 
structural analysis were carried out on both etched solders in validating the removal of the β-Sn. Subsequent 
morphological and elemental analysis were performed in investigating the morphological behavior of the 
solders and the placement of the 1812 SMD capacitor. 

 
2. Experimental 
2.1 Preparation of the SAC305 solder alloy 

ALPHA CVP-390 (Alpha Assembly Solutions) SAC305 solder paste obtained from Jabil Circuit with 
TiO2 nanoparticles (16.65 nm) synthesized by the sol-gel method were used in producing the SAC305-TiO2 
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[16]. Homogenous mixing was achieved through ball milling (10 mm stainless steel ball) by a planetary ball 
mill (Pulverisette 5, Fritsch) for 10 min at 300 rpm. The ratio used was 1 g of TiO2 per 100 g of SAC305 
paste for every batch.  

Aluminum stencil with 5 mm in diameter and 1 mm in thickness was used to print the solder paste onto a 
2 cm × 3 cm FR4 substrate (Destiny Electronics). The SMD capacitor (1812, Xuanx) was manually placed 
onto the printed paste. Reflow process was then conducted by a reflow oven (TYR-108C, Madell 
Technology). The reflowed solders then undergoes mechanical cutting by a diamond cutter (MICRACUT, 
Metcon), followed by the incorporation of single core Cu electrical connection. The sectioned solders were 
then 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 consists of the prepared SAC305/SAC305-TiO2 (working electrode), a carbon rod 
(counter electrode) and a saturated calomel electrode (reference electrode, Koslow) was used. The 1 % H2SO4 
electrolyte was utilized to complete the electrochemical cell. The electrochemical etching were conducted by 
a potentiostat/galvanostat (Autolab, PGSTAT101) in CA mode. Fixed potential of -350 mV was applied for 
120 s during the etching process. 

 
2.3 Characterization of the etched SAC305 solders 

The CA curves for the SAC305/SAC305-TiO2 were obtained from the potentiostat operating software, 
NOVA 11.1. An X-ray diffraction (XRD, Bruker AXS D8 Advance) with monochromatized Cu Kα radiation 
(λ = 1.5406 Å) in the range of 10° < 2θ < 90° was used in analyzing the phase and structural properties of the 
etched solders. Morphologies of etched 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 CA curves for both SAC305 and SAC305-TiO2 generally posed similar trend and behaviour during 

the etching process (Figure 1). Both curves initiates with a rapid increment on the current after the 5 s 
stabilization delay. The curves then stabilized (after 10 s mark) throughout the entire 120 s of etching 
duration. Slight differences however were attained on the maximum recorded current. The highest recorded 
current of 0.00235 A were obtained by the SAC305-TiO2 in comparison to the 0.00223 A for the SAC305 
(Table 1). Absence of any obvious current fluctuation indicates a consistent etching performance for both 
SAC305 and SAC305-TiO2. 

The initial rapid increment as observed from both curves indicate a relatively spontaneous dissolution of 
the β-Sn [17]. Such conditions is favourable in attaining consistent effects of the etching with respect to the 
time parameter. The stable region in the CA curve represent the continuous removal for the β-Sn. Higher 
current obtained by the SAC305-TiO2 can best be attributed to the morphological refinement effect by the 
TiO2 reinforcement [9]. Larger grain boundaries (due to smaller grains) as opposed by the SAC305-TiO2 
promote larger dissolution as compared to the SAC305. Plus, the absence of any fluctuation from the CA 
curve suggested that the presence of the TiO2 do not pose any other influence to the etching process (apart 
from enhancing the β-Sn dissolution). 
 
3.2 Phase and structural analysis 

The XRD curves for the SAC305 and SAC305-TiO2 were normalized prior to the comparison to the XRD 
of the TiO2 reinforcement (Figure 2). The phase detected for both XRD curves matched well to the β-Sn 
(ICSD: 98-009-1748), Cu6Sn5 (ICSD: 98-010-0986), Ag3Sn (ICSD: 98-000-1559) and SnSO4 (ICSD: 98-
009-1957) [16]. Few peaks were un-matched to the ICSD database but possibly can be associated to the 
(Cu,Ni)6Sn5 [18]. The TiO2 peaks (2θ = 25.33°) identified from SAC305-TiO2 also correlates towards the 
XRD pattern of the TiO2 reinforcement used (ICSD: 98-000-5226). No significant differences were observed 
on the intensities of the β-Sn peaks between the SAC305 and SAC305-TiO2. Peaks for the IMC phases 
however were slightly higher as observed for the SAC305-TiO2. 
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Figure 1: CA curves for the SAC305 and SAC305-TiO2  
 
 
 

 
 

Figure 2: The XRD pattern of the TiO2 reinforcements, the selectively etched SAC305 and SAC305-TiO2 
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Table 1: The current recorded by the chronoamperometry for the etched SAC305 and SAC305-TiO2  
 

Materials Etching duration (s) Etching potential (mV) Maximum CA current (A) 

SAC305 120 -350 0.00223 

SAC305-TiO2 120 -350 0.00235 

 
 
The absence of any new phase formation (identical phase detection) in either SAC305 and or SAC305-

TiO2 reflects the reliability of the selective etching procedures [19]. Formation of the (Cu,Ni)6Sn5 were 
sourced by the SAC305 and Ni based plating of the capacitor. The used of the mild H2SO4 electrolyte were 
indeed responsible for the minor trace detection of SnSO4 in both solder alloys. This end by-product however 
were minimal in comparison the other IMC phases detected in the XRD curves. Correlation on the TiO2 peaks 
between the TiO2 reinforcement and the SAC305-TiO2 mainly validated the successful blending of the TiO2 
in the SAC305 [20]. Higher counts attained by the IMC peaks in the SAC305-TiO2 also reflects the influence 
of the TiO2 in favouring further emergence of the IMC phases near the cross-sectioned surface (providing 
better morphological observation).  
 
3.3 Morphologies of the etched SAC305 and SAC305-TiO2 solder alloy 

The SEM images and the elemental analysis of the etched SAC305 clearly reflect the influence of the 
selective electrochemical etching process (Figure 3). Micrographs of the solder/substrate interface shows a 
significant removal of the β-Sn phase (Figure 3a). Remaining β-Sn were only observed to retain in small 
area especially distanced from the IMC phases. Distinct shape of the Cu6Sn5 (rod-like) and Ag3Sn (thread-
like) IMC phases were clearly obtained with the absence of the surrounding β-Sn. The growth of the Cu6Sn5 
IMC layer inward the solder alloy can also be clearly observed. In comparison to the solder/substrate 
interface, the (Cu,Ni)6Sn5 IMC layer dominates near the region of the solder/capacitor interface.  

Absence of any large trace for the β-Sn and the clear edge profile observed for the IMC phases mainly 
signals the sufficient 120 s etching duration used in this process. The finding of the remaining β-Sn far from 
the Ag3Sn and Cu6Sn5 indicates that the area were dominantly consist of large β-Sn region before the etching. 
Due to such larger grain (lesser grain boundary), dissolution of the β-Sn is relatively slower compared to the 
region near the IMC phases (larger grain boundary) [21]. Obvious depth between the background and the 
IMC surface were responsible for the clear observation on the shapes of the Ag3Sn and Cu6Sn5 [15]. The 
elemental (Cu for the substrate and Ni for the capacitor) sources near the interfaces can best explained the 
formation of the two different Cu6Sn5 and (Cu,Ni)6Sn5 IMC layer at the particular regions. 

The 120 s etching duration was also found to sufficiently remove the β-Sn phase in the SAC305-TiO2 
(Figure 4a-b). Similarly, the β-Sn were found to be majorly removed near the presence of the IMC phases. 
The rod-like Cu6Sn5 and thread-like Ag3Sn were clearly observed from the micrographs. Refinement on the 
sizes of both IMC phases were indeed obvious in comparison to the SAC305. The IMC layers at the interfaces 
consist of the Cu6Sn5 (substrate/solder) and the (Cu,Ni)6Sn5 (capacitor/solder) which had been confirmed by 
the elemental analysis. Elements corresponded to both the TiO2 reinforcement particles and the SnSO4 by-
product were detected near the Cu6Sn5 IMC layer at the substrate/solder interface region. 

 Smaller β-Sn region in the SAC305-TiO2 micrographs indicate higher removal than that of SAC305. 
Plausible reason are due to the grain refinement opposed by the TiO2 nanoparticles. Thickness of IMC layer 
for the SAC305-TiO2 was also reduced indicating the lower densities of Cu diffusion which can be caused 
by the presence of the TiO2 near the region [22]. This is due to that the growth of the IMC layer were generally 
dependant by the Cu diffusion from the source (in this case the FR4 substrate) [23]. Similar observation near 
the capacitor/solder interface also signal similar explanation for the (Cu,Ni)6Sn5 IMC layer. Trace detection 
of both the TiO2 and the SnSO4 clearly reflects the relatively easier elemental evaluation with the absence of 
the β-Sn phase. 
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Figure 3: Micrograph for the etched SAC305 at (a) FR4 interface, (b) capacitor interface and elemental 
analysis of (c) point mark in (a) and (d) point mark in (b)  
 
 

 
 

Figure 4: Micrograph for the etched SAC305-TiO2 at (a) FR4 interface, (b) capacitor interface and elemental 
analysis of (c) point mark in (a) and (d) point mark in (b) 
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3.3 Package displacement of the 1812 SMD capacitor 
The micrographs attained at 100x magnification clearly visualized the placement of the 1812 SMD 

capacitor for both SAC305 and SAC305-TiO2 (Figure 5a-b). The capacitor reflowed with the SAC305 was 
observed to mostly come in to contact with the FR4 substrate. In comparison, an average distance of 78.6 µm 
between the capacitor and the substrate were observed with the SAC305-TiO2. Images near the bottom region 
of the capacitor revealed the formation of voids in between the capacitor and the FR4 substrate (Figure 5c). 
In the contrary, morphologies for the SAC305-TiO2 at similar area was observed to contain a high density of 
Ag3Sn network (Figure 5d). This clearly provide better structural integrity and connection between the 
capacitor and the substrate.  

The package displacement attained with the SAC305-TiO2 can be associated to the condition of the flux 
activation. The TiO2 nanoparticles as impurities in the SAC305 moves in accordance to the flux movement 
during activation [24]. This imposed higher surface tension energy near the capacitor surface, inhibiting the 
gravitational descend upon solidification. The voids observed as in the SAC305 were mainly due to the 
entrapped gases during reflow [25]. Such defects indeed weaken the joints between the capacitor and the FR4 
substrate. Higher densities of the Ag3Sn phases as observed for the SAC305-TiO2 were favored by the 
dominant TiO2 presence in this area. The TiO2 act as additional heterogeneous nucleation sites which in turn 
promotes IMC phase formation [26]. 

 

 

Figure 5: The 1812 SMD capacitor package displacement comparison for the (a) SAC305 and (b) SAC305-
TiO2 and micrograph at the capacitor/substrate interface for the (c) SAC305 and (d) SAC305-TiO2 

 
 
4. Conclusions 
     Package displacement of the 1812 SMD capacitor were been compared and observed with the aid from 
the selective electrochemical etching. The fixed potential applied had selectively removed the β-Sn phase for 
both SAC305 and SAC305-TiO2. The current responses for both SAC305 and SAC305-TiO2 reflects the 
stability of the electrochemical system. Similar phases as matched by the structural analysis verified the 
insignificant influence of the TiO2 and the etching towards the phase formation. Refinement and shape profile 
of the IMC phases were clearly observed with the absence of the surrounding β-Sn. The presence of the TiO2 
was observed to allow a sufficient package displacement between the capacitor and the FR4 substrate. High 
density of Ag3Sn network in between the capacitor and the FR4 substrate also provide better structural 
integrity for the joint interconnection. 
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