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Abstract: (Sn1−xZnx)57(In0.78Bi0.22)43 (x=0.10, 0.15, 0.20, at.%) quaternary alloys were designed and characterized based 
on the multi-principal-element mixing concept in order to develop a lead-free solder suitable for low temperature 
soldering in three-dimensional integrated circuit. The microstructure, thermal properties and wetting properties of the 
alloys were investigated using scanning electron microscope, X-ray diffractometer and differential scanning calorimeter. 
The results show that the alloys consist of intermetallic compounds (IMCs), BiIn2 and In0.2Sn0.8, and Zn-rich solid 
solution. With the increase of Zn content, the volume fractions of the BiIn2 and Zn-rich phases increase accordingly. 
The alloys exhibit low melting points of about 70 °C, due to the formation of the low-melting-point In0.2Sn0.8 and BiIn2 
IMCs. The alloys show good wetting properties with wetting angle of about 40°. At the solder joints between the alloys 
and Cu layer, a thin and tough Cu5Zn8 layer is formed, which is supposed to improve the joint reliability. It is 
demonstrated that the welding performance of solders can be effectively enhanced by designing solders through the 
multi-principal-element mixing concept. 
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1 Introduction 
 

According to the Moore’s law, the component 
in semiconductor industry is approaching its size 
limit [1−3]. Those semiconductor components are 
not be able to meet the requirement for performance 
and cost of manufacturing integrated circuits. The 
most promising way to break through the bottleneck 
encountered in the electronic packaging industry is 
to develop from a two-dimensional integrated 
circuit (2D integrated circuit, 2D-IC) to a three- 
dimensional integrated circuit (3D integrated  
circuit, 3D-IC) [4−6]. TSV (through silicon via) 
technology used in 3D-IC can vertically stack 
multi-layer silicon chips through micro-bumps 
(µ-Bumps) to reduce the interconnection length and 

then achieve low power consumption, high speed, 
and miniaturization [7−9]. Two key problems affect 
the application of 3D-IC. The first one is the silicon 
wafer warpage, which is caused by the mismatch of 
the thermal expansion coefficient as the thickness 
of the silicon wafer in the 3D-IC is reduced from 
200 to 50 μm [10,11]. The other problem is the 
reliability of solder joints caused by the excessive 
brittle IMCs [12−14]. Therefore, the research and 
development of novel solder materials with low 
melting point, low IMCs growth rate and good 
wettability has gained extensive attention. 

The most common binary eutectic solders in 
the field of low temperature soldering are Sn−Zn 
solder, Sn−Bi solder and Sn−In solder [15−18]. 
Their melting points are above 100 °C, and the 
wettability, mechanical properties and economics  
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cannot be well unified. Compositional design aided 
by the multi-principal-element mixing has been 
reported to be effective in improving the 
performance of solders [19−21]. For instance, it has 
been found that addition of 1 wt.% In to Zn30Sn to 
replace Zn reduces the melting point of the solder 
by 29.6 °C [22]. The In element added does not 
promote the formation of new IMCs, but dissolves 
in the Sn-rich phase to form β-Sn with a lower 
melting point. Similarly, the addition of 2 wt.% In 
to a Sn−Bi lead-free solder was demonstrated to 
further decrease the melting point by 10 °C, which 
is caused by the formation of InSn19 intermetallic 
compounds [23]. Nevertheless, the addition of a 
small amount of low melting point elements to 
further reduce the melting point of the solder does 
not meet the requirements of the modern electronic 
packaging industry. 

A ternary low-temperature solder In−32.7Bi− 
0.5Zn (In−Bi−Zn) with a melting point of only 
72 °C was reported [24]. However, due to the high 
cost of the main component In metal, the 
application of the solder is limited. Recently, it  
has been demonstrated that in an equi-atomic 
high-entropy alloy (HEA) consisting of Zn, Bi, In, 
and Zn, the melting point of the solder could be 
further lowered to about 80 °C, and the wetting 
angle was about 52 °C [25]. However, the 
precipitation of brittle Bi phase in the HEA may 
deteriorate mechanical and welding properties. 

In this work, based on the binary eutectic 
phase diagrams of three common low-temperature 
solders, Sn−Bi, Bi−In, and Sn−Zn, combined with 
the eutectic point composition in the eutectic phase 
diagram, a new type of (Sn1−xZnx)57(In0.78Bi0.22)43 
(x=0.10, 0.15, 0.20, at.%) quaternary low melting 
point solder was designed, aided by the multi- 
principal-element mixing concept, providing an 
alternative new solder for 3D-IC manufacturing. 
The synergic elemental interactions and        
the resultant microstructures were carefully 
investigated to correlate with the low melting 
characteristics observed for the alloy. 
 
2 Experimental 
 

Ingots with a nominal composition of 
(Sn1−xZnx)57(In0.78Bi0.22)43 (x=0.10, 0.15, 0.20, at.% 
Table 1) were prepared with high purity elements 
(larger than 99.99%) by induction melting and 

conventional casting (model IMCS−2000−E) under 
a high-purity argon atmosphere. A slight positive 
pressure (0.04 MPa) was kept to minimize the 
elemental evaporation. The ingots were remelted 
three times to ensure chemical homogeneity.     
To characterize melting characteristics of the  
solder alloy, a synchronous differential scanning 
calorimetry (DSC, STA449F5) was used to test the 
heat flow with a gas flow rate of 50 mL/min, 
temperature range of 30−150 °C and sample mass 
of 20−30 mg. 
 
Table 1 Nominal chemical compositions of (Sn1−xZnx)57- 
(In0.78Bi0.22)43 solder alloys (at.%) 

x Sn Zn In Bi 

0.10 51.30 5.70 33.54 9.46 

0.15 48.45 8.55 33.54 9.46 

0.20 45.60 11.40 33.54 9.46 
 

Crystal structure analysis of the solder alloys 
was carried out using an X-ray diffractometer 
(XRD) with a Cu target. The step length and 
scanning rate was 0.02 and 4 (°)/min, respectively. 
Microstructure analysis was performed using an 
environmental scanning electron microscope (SEM, 
Quanta 200) equipped with an X-ray energy 
spectrometer (EDX). A copper sheet with a 
dimension of 10 mm × 10 mm × 1 mm was utilized 
to analyze the wetting performance of the solder 
alloys. To remove the surface oxide, the copper 
sheet was mechanically polished using 1200#, 2000# 
and 5000# sandpapers and then placed in an ethanol 
for ultrasonic cleaning. 0.02 mL of N8860 type flux 
was taken and dropped on a copper sheet to make 
the test piece. Then, the test piece was placed on a 
heating plate, heated at 160 °C for 10 min, and 
cooled to room temperature. The wetting angle was 
directly measured from images taken by SEM. 
 
3 Results and discussion 
 
3.1 Microstructure 

Figure 1 displays the XRD patterns of 
(Sn1−xZnx)57(In0.78Bi0.22)43 alloys. The major phase is 
identified as In0.2Sn0.8 by combining XRD and 
spectrometric EDX analysis (Table 2). Similarly, 
two other minor phases, namely BiIn2 and Zn IMC 
phases, are also detected. Obviously, in the XRD 
pattern of the Bi−Sn−In−Zn solder, no visible peaks  



Tian-yu ZHANG, et al/Trans. Nonferrous Met. Soc. China 33(2023) 201−208 203

 

 
Fig. 1 XRD patterns of (Sn1−xZnx)57(In0.78Bi0.22)43 solder 
alloys 

of Sn and Bi are detected. The low-melting-point 
metallic element In in the Sn−Bi alloy system is 
added to form two low-melting-point IMCs, 
In0.2Sn0.8 and BiIn2, with Sn and Bi in the alloy. It is 
worth noting that Zn does not react with any 
constituent of the Bi−Sn−In−Zn solder to form 
IMCs containing Zn [26,27]. This is because of the 
hexagonal close-packed structure of Zn and its 
atomic radius of 134 pm, very unlike the other 
solder constituents [28]. 

Figure 2 shows backscattered electron (BSE) 
images of (Sn1−xZnx)57(In0.78Bi0.22)43 alloys. Three 
different morphologies are identified in all samples 
from the difference in their contrast. Combined with 
the corresponding elemental distributions of Bi, In,  

 

 
Fig. 2 SEM−BSE images and corresponding EDS mapping of (Sn1−xZnx)57(In0.78Bi0.22)43 solder alloys: (a) x=0.10;     
(b) x=0.15; (c) x=0.20 
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Table 2 Measured chemical compositions of phases in 
(Sn1−xZnx)57(In0.78Bi0.22)43 solder alloys (at.%) 

Alloy Element In0.2Sn0.8 BiIn2 Zn-rich 

x=0.10 

Sn 57.4±0.6 5.3±0.5 3.8±0.7 

Bi 7.7±0.2 27.6±0.3 1.0±0.2 

In 33.6±0.4 65.5±0.5 3.0±1.8 

Zn 1.3±0.3 1.6±0.5 92.2±2.7

x=0.15 

Sn 62.0±5.7 5.5±0.5 4.6±1.5 

Bi 5.9±1.3 27.6±0.1 0.5±0.2 

In 29.9±3.5 64.9±0.6 4.5±0.8 

Zn 2.2±1 2.0±0.9 90.4±2.4

x=0.20 

Sn 59.0±1.8 5.6±0.6 4.1±1.1 

Bi 6.8±0.6 27.9±0.1 0.7±0.5 

In 32.6±1.3 64.8±0.5 5.0±1.2 

Zn 1.6±0.2 1.7±0.4 90.2±5.0
 
Sn and Zn determined by SEM−EDX mappings, the 
needle-like regions in black are Zn-rich phases, the 
grey regions are In0.2Sn0.8 phases and white regions 
are BiIn2 phases. The Zn-rich phase exhibits 
needle-like morphologies and is precipitated  
along particular crystallographic directions. The 
observation of needle-like Zn-rich phase is 
consistent with that observed in the eutectic 
Sn−9Zn alloy [29,30]. In contrast, the BiIn2 and 
In0.2Sn0.8 phases interpenetrate and connect to  
form a network. This three-phase coexisting 
microstructure is similar to that of Sn−45Bi−2.6Zn 
and Bi53Sn26Cd, both of which are composed of two 
interpenetrating acicular Zn-rich phases [31,32]. It 
is worth noting that the single phase of Sn and the 
single phase of Bi are not found in the 
microstructure of the solder, which improves the 
reliability of the solder joints because Sn whiskers 
are easily formed in the pure Sn phase and cause 
short circuits. The pure Bi phase is brittle and prone 
to dendrite segregation and coarse structure during 
solidification. In these alloys, the precipitation of 
BiIn2 IMCs and Zr-rich phase increases with the 
increase of Zn content. The chemical compositions 
of phases were further obtained by EDX analysis. 
As shown in Table 2, Zn is not detectable with the 
BiIn2 and In0.2Sn0.8 IMCs, supporting the limited 
solubility of Zn in matrix and as a result, the 
precipitation of excessive Zn from the matrix can 
be well explained by the binary phase diagram [30], 
in which the Zn-rich phase is a solid solution 

containing small amount of low-melting-point 
elements. 
 
3.2 Thermal properties and phase formation of 

Sn−Bi−In−Zn alloys 
For the soldering materials, the melting 

temperature is a key characteristic of low 
temperature solder. The heating DSC curves of the 
(Sn1−xZnx)57(In0.78Bi0.22)43 alloys are shown in Fig. 3. 
Three distinctive endothermic peaks are detected, 
which correspond to the three phases in the alloys. 
The melting temperatures of the In0.2Sn0.8, BiIn2 and 
Zn-rich phases were identified to be 59.3, 69.7 and 
134.0 °C, respectively. Increasing the Zn addition, 
the melting temperatures of the BiIn2 and In0.2Sn0.8 
IMCs change slightly owing to the limited 
solubility of Zn. The melting temperature of Zn-rich 
phase changes due to solid solution of low- 
melting-point elements (Table 2). 
 

 

Fig. 3 DSC curves of (Sn1−xZnx)57(In0.78Bi0.22)43 solder 
alloys 
 

For the solidification process, the Zn-rich 
phase is supposed to precipitate first due to the 
highest melting temperature of Zn among the 
constituent elements in the alloys and limited 
solubility of Zn. Then, the BiIn2 IMCs precipitate 
owing to their higher melting temperature than the 
In0.2Sn0.8 IMCs (Fig. 3). Meanwhile, the BiIn2 IMCs 
are easier to form than other Bi−In IMCs based on 
the Bi−In binary phase diagram [33]. According to 
the following equation, the excessive In (Bi) in the 
alloy reacts with Sn to form the In0.2Sn0.8 IMCs with 
low melting temperature:  
Bi+In→BiIn2+In(Bi)                      (1)  
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From the DSC results, the solder matrix 
In0.2Sn0.8 IMCs begin to melt at about 60 °C, and 
BiIn2 IMCs melt at about 70 °C, indicating low- 
melting-point of the solder alloys and a certain  
flow ability. A small amount of Zn-rich phase 
precipitating in the matrix during the melting 
process has little effect on the performance of   
the solder. 
 
3.3 Wettability of Sn−Bi−In−Zn alloy 

Wetting angles were measured by placing the 
solder materials on a Cu sheet and heating up to   
a target temperature. It is widely accepted that   
the solder with a small wetting angle has better 
wetting performance during the soldering process. 
Therefore, a low-melting-point solder alloy with 
good properties requires good wetting properties  
at low temperatures. Figure 4 shows that when 
soldering at 160 °C, the wetting angle of the 
quaternary Sn−Bi−In−Zn alloy is very small, 
showing good wetting performance (compared to 
other Zn-containing solders). Owing to good 
wettability, the solder joints can fully contact the 
substrate, ensure the designed strength of solder 
joints, and reduce the occurrence of spots. 
Interestingly, the increase in the Zn content can 
slightly increase the wettability of the solder on the 
Cu board, which is slightly different from what we 
expected. The common Sn−Zn solder exhibits poor 
oxidation resistance because of high activity of  
Zn [34]. This results in a higher surface tension   
of the solder in the liquid state during the  
soldering process. The following formula shows the 
relationship between the wetting angle θ and    
γLF [35]: 
 

SF LS

LF
cos γ γ

γ
θ −

=                          (2) 

 
where θ represents the wetting angle; γLF , γSF and 
γLS represent the surface tensions of liquid solder/ 
flux, substrate/flux and liquid solder/substrate, 
respectively. Under the condition of wetting, the 
surface tension of liquid solder/flux is proportional 
to the wetting angle θ. In the present work, as the 
value of x increases (the Zn content increases), the 
wetting angle θ of the solder with x=0.15 and 
x=0.20 composition is slightly lower than that of the 
solder with x=0.10 composition. However, it does 
not decrease monotonously with the increase of Zn 
content in solder [36]. 

 

 
Fig. 4 Wetting angle of (Sn1−xZnx)57(In0.78Bi0.22)43 solder 
alloys 
 

As a result, the change in the Zn content is 
supposed to change the composition of the entire 
quaternary system, which reduces the surface 
tension of the liquid solder, thereby reducing its 
wetting angle; on the other hand, although it is not a 
surface-active element, when reacting with Cu, Zn 
has larger diffusivity than Sn, Bi and In. As the Zn 
content in Sn−Bi−In−Zn alloy increases, a lot of Zn 
atoms diffuse into the Cu substrate to form Cu−Zn 
IMCs, and the depth of IMCs is about 5 μm, as 
shown in Fig. 5. This difference in diffusivity 
breaks the static balance of the solder/copper 
interface [37] and ensures the soldering edge to 
extend outward, thereby improving the wettability 
of the solder on the Cu substrate. It is worth noting 
that in the quaternary system, after adding Zn, a 
uniform, thin, and tough Cu5Zn8 (IMCs) layer is 
formed and the thick and brittle Cu6Sn5 is 
completely suppressed [38]. In addition, since the 
compressive stress generated by Cu6Sn5 in the pure 
Sn phase is the main reason for the formation of 
whiskers, the solder has a safety hazard. On the 
contrary, the formation of Cu5Zn8 IMCs can avoid 
this problem and improve the reliability of solder 
joints. 
 
4 Conclusions 
 

(1) The melting point of the solder is about 
70 °C, and the wetting angle during the soldering 
process is about 40°, which possesses good wetting 
properties that are suitable as a soldering material 
for 3D-IC. 

(2) The (Sn1−xZnx)57(In0.78Bi0.22)43 alloys consist 
of three phases, BiIn2 IMCs, In0.2Sn0.8 IMCs and  
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Fig. 5 SEM-BSE image and corresponding EDX mapping of (Sn0.85Zn0.5)57(In0.78Bi0.22)43 solder alloy 
 
Zn-rich solid solution. With the increase of Zn 
content, the volume fraction of BiIn2 and Zn-rich 
phases increases accordingly. 

(3) The solders possess low melting point 
owing to the formation of the low-melting-point 
In0.2Sn0.8 (~60 °C) and BiIn2 (~70 °C) phases. The 
wetting angle of the (Sn1−xZnx)57(In0.78Bi0.22)43 alloys 
is measured to be 40°. The solders exhibit good 
wetting properties and are suitable as a soldering 
material for 3D-IC. 

(4) A thin and tough Cu5Zn8 IMCs layer is 
formed between the solder and Cu layer owing to 
the synergy between multiple elements, improving 
the welting performance of the solders and the 
reliability of solder joints. 
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(Sn1−xZnx)57(In0.78Bi0.22)43低熔点无铅焊料的 
微观结构表征 
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摘  要：为了寻求一种应用于三维集成电路低温焊接的无铅焊料，基于多组元混合的概念设计并表征(Sn1−xZnx)57- 
(In0.78Bi0.22)43 (x=0.10, 0.15, 0.20，摩尔分数，%)四元合金。采用扫描电子显微镜、X 射线衍射仪和差示扫描量热    
仪研究合金的显微组织、热性能和润湿性。结果表明，合金由金属间化合物 BiIn2、In0.2Sn0.8 和富 Zn 固溶体组      
成。随着 Zn 添加量的增加，BiIn2和富 Zn 相的体积分数增加。合金的熔点低至 70 ℃，源自低熔点金属间化合物  
In0.2Sn0.8和 BiIn2的形成；合金具有良好的润湿性，润湿角约为 40°。在合金和 Cu 板的界面结合处形成一种薄而

坚韧的 Cu5Zn8层，提高焊点可靠性。研究表明，通过多组元混合概念设计合金可以有效提高焊料的焊接性能。 
关键词：无铅焊料；多组元混合；低熔点；显微组织；热性能 
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