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ARTICLE INFO ABSTRACT
Keywords: Eutectic Sn—Ag—Cu lead-free solder has limited applications due to cost and reliability issues.
Sn-Ag-Zn Sn—Ag-Zn solder has the advantages of low melting point, good mechanical properties and reli-

Lead-free solder
Interfacial reaction
Low silver solder
Solder joint

able welding interface. However, the research system of low silver content Sn-Ag-Zn solder is
incomplete. In this paper, Sn-2.0Ag-1.5Zn low silver content alloy solder is soldered to different
substrates. The interfacial reaction after soldering and the microstructure and reliability under
different aging treatment conditions are studied. Sn—2.0Ag-1.5Zn solder is made into solder balls
by direct melting method. The solder balls are placed in a solder strength tester to be heated and
welded to the substrate, and then the solder joints are placed in a heating furnace for aging
treatment. The results show that the solder is soldered to the bare Cu substrate, and a dense
double-layer Intermetallic Compound (IMC) structure of CusZng and AgsSn is formed at the
interface after aging treatment. The double-layer structure blocks each other, limiting the
development of copper-tin IMCs. The solder is soldered with the Cu substrate electroplated with
Ni barrier layer, and the soldering interface forms a thin layer of Ni3Sn4 metal compound. After
aging for 1000 h, the thickness of Ni3Sny is about 1 pm, the thickness of Ni barrier layer is kept at
2-3 pm, and the barrier effect of Ni barrier layer is stable. Sn—2.0Ag-1.5Zn solder has excellent
loss performance in long aging treatment. It has good heat-resistance aging treatment, good
quality of solder connection, high interface reliability and less environmental pollution. The low
silver content in Sn—2.0Ag-1.5Zn solder results in a significant cost reduction. Coarse IMC AgsSn
is not easily formed. The optimized ratio of Ag and Zn in Sn-2.0Ag-1.5Zn solder improves the
strength and toughness of the solder joint. The performance has been improved, and it is a very
promising alloy solder.

1. Introduction

Lead-free solder is one of the current research hotspots [1,2], developed from the fusion of microelectronics technology and
environmental protection requirements. Sn—Ag based solder cannot meet the development requirements of packaging technology due
to its high melting point and high cost [3-6]. In order to improve the comprehensive properties of Sn—-Ag based solders, many re-
searchers have obtained lead-free solders with excellent performance by adding other elements. Sn—Ag-Cu based and Sn-Ag-Zn based
alloy solders are considered to be the most promising of lead-free solders [7-10]. Sn—Ag—Cu eutectic solder still has some problems, for
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example, the high cost, the coarser and larger IMC and the higher melting point which greatly reduce the reliability [11-15]. [16]
studied the addition of TiN nanoparticles to Sn—-Ag—Cu solder and found that it significantly enhanced the wettability and mechanical
properties of the solder joints. Wang et al. [17,18] studied the Sn—Ag-Cu Ternary Metal Coating Solder, they found that with the
increase of Ag content, the elongation will decrease obviously, and the alloy strength will increase. This is because the number of Ag3Sn
particles will increase during the aging process, causing cracks to form along the particle interface [19] found poor thermal cycling
performance and impact resistance of low silver content Sn—-Ag-Cu solders. After adding Cu components to Sn—-Ag-Cu solder, the
comprehensive properties of all aspects have been greatly improved, but the wettability has decreased significantly high, which is quite
different from Sn—-Pb solder [20-22]. Solder joint reliability can be improved by adding zinc to lead-free solder. Wang et al. [17,18]
found that the addition of 0.2 and 0.4 wt% Zn significantly inhibited the growth of IMC thickness in Sn-10 Bi/Cu solder joints during
aging [23] studied the microstructure changes after adding a small amount of Ag to Sn—9Zn solder, which improved the toughness of
the solder alloy [24] found that with the increase of Ag content in Sn-9Zn solder, the melting point and melting range of the solder
increased, and Zn combined with the Intermetallic Compound (IMC) formed with the corrosion-resistant element Ag can improve the
corrosion resistance of the solder. The addition of the third element Zn to Sn—Ag based solders is less studied, and Sn-Ag-Zn based
solders with low silver content are the current research focus. Xiong and Zhang [25] found that Sn-3.5Ag-2Zn alloy solder has high
strength, but poor plasticity compared with Sn—Ag-Cu based solder. Element Zn inhibits the growth of IMC at the solder joint interface
and improves the reliability of the solder joint interface connection. Low silver content Sn—Ag-Zn solder has low melting point, good
mechanical properties, good reliability of solder joint interface, and Zn has strong metallicity and good toughness, which ensures the
mechanical properties of solder. There are few reports, and it has great development prospects [26-28].

The objective of this paper is to address the reduction in wettability and mechanical properties caused by the reduced silver content
in low silver solders. According to the wetting properties of Sn—Ag-Zn solder, an optimal proportion of solder Sn-2.0Ag-1.5Zn was
selected, and Sn—2.0Ag-1.5Zn alloy solder was soldered with electroplated nickel barrier copper substrates and bare copper substrates,
the interface structure of the solder joint and the interface structure at 220 °C at different aging treatment time were analyzed, and the
types and properties of the IMCs at the solder joint were analyzed. Sn—2.0Ag-1.5Zn/Cu solder joints have good strength and toughness.
However, severe interfacial reactions occur after prolonged aging. Solve the problem of interfacial brittleness of solder joints by plating
Ni with copper solder pans. Sn—2.0Ag-1.5Zn/Ni/Cu solder joints have good toughness and excellent loss performance in long aging
treatment.

2. Experiment

Pure tin (Sn), pure zinc (Zn) and pure silver (Ag) were added into the crucible by mass ratio and melted. The temperature was set to
600 °C, and the time was set to 30 min. The raw materials used are shown in Table 1. The metal surface in molten state was covered
with KCI-LiCl and stirred well to obtain a homogeneous Sn—-Ag-Zn alloy. 1 g of the alloy was weighed and melted into the rosin
solution, and the heating temperature of the rosin solution was set to 260 °C. After the solder was melted, it is formed into a spherical
shape under the action of surface tension. Diameter of the solder ball is about 0.8 mm. After the solder ball was formed, it was cooled in
quenching oil, washed with acetone, and dried for storage.

Solder spreading test was conducted with reference to China national standard GB11364-89. A copper plate with a size of 150 mm
x 150 mm was rinsed with deionized water after degreasing, and then corroded in 10% HCI for 10 s to remove the oxide film, rinsed
with deionized water, and dried. 1 g of solder ball was placed on a copper plate, and then placed on a hot plate for 180 s. The tem-
perature of the hot plate was set to 260 °C. After waiting for the solder to cool, measure its the area of solder spread and take the
average of 3 data for each alloy solder.

Take a bare copper substrate with a size of 50 mm x 50 mm and a copper substrate with an electroplated Ni barrier layer, and use a
Rhesca PTR-1102 soldering strength tester with a heating plate to conduct soldering experiments. The substrate was fixed on a heating
plate and heated to 220 °C, and the prepared alloy solder balls were dipped in flux and placed on the substrate. The soldering time was
set to 30 s to make the solder fully spread. The schematic diagram of copper substrate soldering with Ni barrier layer is shown in Fig. 1.
After the soldering was completed, the substrate was left to cool at room temperature. The solder joints solded to the surfaces of
different substrates were placed in a heating furnace at 220 °C for aging for 10, 100, and 1000 h, respectively.

The residual solder at the solder joint was polished to 1 pm with sandpaper, and the remaining solder was removed by etching with
10% HNOj5 to expose the metal compound at the cross-section. Secondary electron imaging (SE) and backscattered electron imaging
(BSE) with a scanning electron microscope (SU8220, Hitachi, JAPAN), energy dispersive spectrometer (INCA OXFORD), Rigaku D/
MAX-IIIA X-ray polycrystalline diffractometer (The target Cu Ka, A = 0.15418 nm) were used to characterize the morphology and
quantitatively analyzed the microstructure of the solder joint interface after reflow soldering and aging treatment. The samples of
secondary electron imaging were etched with a volume fraction of 2% HNOj5 after polishing, and the backscattered electron samples
were not etched after polishing.

Table 1

Physical data of raw materials.
Element Atomic number Melting point (°C) Density (g/cm>) Material shape Purity Manufacturer
Sn 50 231.9 7.298 Ingot casting 4N Yunnan Tin Group
Zn 30 419.6 7.134 Granular 35N Sinopharm

Ag 47 961 10.5 Flakes 4N Sinopharm
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Fig. 1. Soldering diagram of copper substrate plated with Ni barrier layer.
3. Test results and discussions
3.1. Sn-Ag-Zn alloy solder wettability

The wettability of the solder alloy is evaluated by measuring the solder ball spreading area. Fig. 2 shows the test results of the
spreading area of the Sn—Ag-Zn alloy solder with low Ag content. It is found that the content (mass fraction) of Ag in the Sn-Ag-Zn
solder has great influence on the wettability. The wettability maintaines a decreasing trend with the decrease of Ag. When the Ag
content is 3%, the wettability of the solder is good and stable, and the spreading area of the solder is comparable to the commercial
solder SAC105. When the Ag content decreases to 2%, the wettability of the solder decreases sharply. After the Zn content exceeds
1.5%, with the increase of Zn content, the surface tension of the solder melt increases and the increase of Zn oxide results in a decrease
in wettability. However, when the Zn content is 1.0%~1.5%, the wettability increases to a certain extent with the increase of Zn
content, which is because the increase of Zn content reduces the liquidus temperature and the surface tension. When the Ag content is
1%, the wettability of the Zn content of 1%-1.5% is better, and the Zn content is lower than that of the commonly used Sn-Zn solder,
but the melting point of the sample is increased, which is not conducive to the wetting effect. Although low Ag content deteriorates the
wettability of Sn—-Ag-Zn solder, low Ag content lowers the melting point of the solder, making it difficult to form coarse IMCs. The
slight addition of Zn element can reduce the surface tension of tin-based solder and improve the wettability. Zn has good toughness,
excellent mechanical properties, and can inhibit the growth of IMCs at the soldering interface. Considering the melting properties, the
optimal solder composition Sn-2.0Ag-1.5Zn solder is selected.

3.2. Interface morphology of Solder and optical copper substrate

Fig. 3 the microstructure of Sn—2.0Ag-1.5Zn alloy solder soldered to bare copper substrate for 30 s at 220 °C is shown. In Fig. 3(a), a
layer of uniform IMC is formed between the Sn—2.0Ag-1.5Zn solder and the bare copper substrate after soldering, with a thickness of
about 2 pm and good flatness. Further from Fig. 3(b), it is found that it is not a single IMC, but a complex IMC layer. The energy
spectrum analysis of the AB line segment in Fig. 3(b) (Fig. 3(c)) found that Cu, Ag, Sn, Zn elements all exist at the interface, and higher
at the interface of Zn and Ag elements, The content of Cu and Sn elements is low. In Fig. 3(d), XRD analysis was used to analyze the
IMCs at the interface, and the IMCs contained in the interface were Ag3Sn, AgZns, and CusZng. Among them, the IMC mixed with AgsSn
and AgZng is on the side near the solder, the contrast is relatively shallow, and there is a tendency to advance to the inside of the solder.
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Fig. 2. Wettability of low silver Sn—-Ag-Zn solder.
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Fig. 3. Interface morphology between solder and light copper substrate: (a) secondary electron image; (b) backscattered electron image; (c) energy
dispersive spectrum analysis; (d) XRD pattern.

The contrast of CusZng is deep, and it is on the side close to the Cu substrate.

3.3. Solder and light copper substrate solder joint reliability

The cross-sectional morphology of the interface in contact with the solder joint after aging for 10 h is shown in Fig. 4(a). Compared
with the morphology of the just-welded interface in Fig. 2, the welded interface after aging treatment for 10 h has a very prominent
delamination phenomenon. AgsSn pushes the extension into the solder. This single-layer structure after soldering will evolve into a
layered structure. The line scan analysis of the soldering interface is carried out, as shown in Fig. 4(b), Since other elements are not
enriched near the interface, it is concluded that there are no other kinds of IMCs at the interface. The secondary electron morphology
was observed on the top-view interface of the solder joint, as shown in Fig. 4(c). According to the results of EDX analysis in Table 2, It
was found that the prominent secondary phase particles Ag3Sn are evenly distributed, and there was a layer of flat IMC CusZng below
the granular Ag3Sn.

Aging treatment extended time to 100 and 1000 h, respectively, and the interface morphology is shown in Fig. 5. After 100 h, the
interface morphology further evolves on the double-layer structure in Fig. 5(a). A bilayer structure covering this interface is formed.
The amount of Ag3Sn with lower contrast increases, and the coverage area continues to increase. In Fig. 5(b), The volume and number
of granular AgsSn increased after aging for 100 h. In Fig. 5(d), after 1000 h of aging treatment, AgsSn basically covered the entire
interface. AgsSn completely coverd the CusZng at the bottom, but the thickness increment of AgsSn was very small and remained
around 4 pm. With the increase of aging, the morphology of CusZng basically does not change, the flatness and thickness are relatively
stable. The Ag3Sn and CusZng composed two-layer structure which producing a similar effect as a barrier layer. As shown in Fig. 5(c),
The morphologies of the IMCs are obviously different when the aging treatment time reaches 1000 h Ag3Sn continuously penetrates
toward the inside of the solder, separates from CusZng, and its density becomes significantly thinner. Decomposition of CusZng
produces a new intermetallic product CueSns, which is 6 pm thick. Both the separation of AgsSn and CusZng can be clearly observed,
and the newly combined copper-tin compound can be seen. The boundary of the IMC at the interface of the solder joint is not obvious,
which is due to the diffusion of Cu element to form a dispersed IMC.

Table 3 is a statistical table of the thickness of IMCs (IMC) of each phase obtained by selecting 9 samples from each group and taking
the average value under different heat treatment conditions. It is speculated that the thickness of the IMCs (AgsSn, CueSns) at the
soldering interface is relatively stable at about 11 pm after long-aging treatment.
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Fig. 4. The interface morphology of the solder-bonded light copper substrate after aging for 10 h: (a) backscattered electron image; (b) energy
spectrum line scanning analysis; (c) secondary electron morphology of solder joint from top view.

Fig. 6 shows the thickness of interfacial IMCs of solder and Cu solder joints as a function of aging time. The IMC gradually thickens
with increasing aging time. The decrease in the increase of Cu-Zn IMC thickness after 100 h of aging is due to the decomposition of
CusZng at high temperature. The AgsSn thickness increases slowly and is obviously inhibited by the CusZng below. The interfacial IMC
growth rate is calculated from the linear law [29-31] to be about 2.3718 m2/s. The increase in the interfacial Cu-Sn or Cu-Zn IMC
growth rate is much smaller compared to that of Sn—Ag—Cu solder or Sn—Zn solder [32-34]. This indicates that the double-layer IMC
formed by the solder and the Cu substrate inhibit each other’s growth. The possibility of failure of the solder joint interface due to
thickening of the brittle IMC with reduced flatness is reduced.

Calibrated by XRD for compounds on the interface surface. As shown in Fig. 7, the IMCs mainly include AgsSn, CueSns, with
CusZng. This result is consistent with that obtained using energy spectroscopy to analyze elemental content.

As shown in Fig. 8(a), after completing the aging treatment for 1000 h, the etch pit morphology appeared at the interface in some
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Table 2
EDX analysis results in Fig. 4(c).
Location Element Atomic percentage/%
1 point Cu 28.73
Zn 24.63
Ag 30.43
Sn 16.21
2 point Cu 36.56
Zn 58.09
Ag 423
Sn 1.12

Fig. 5. Morphology of bare copper substrate and solder: (a) backscattered electron image of interface morphology after aging treatment time
reaches 100 h; (b) secondary electron morphology of solder joint from top view after aging for 100 h; (c) backscattered electron image of interface
morphology after aging for 1000 h; (d) secondary electron morphology of solder joint from top view after aging for 1000 h.

Table 3
Statistical table of IMC thickness of each phase after different aging treatments.
Aging time/h MC Average thickness/pm
0 IMC(AgsSn, AgZns, CusZng) 2.033
10 AgsSn 1.989
CusZng 2.012
100 AgsSn 3.245
CusZng 3.435
1000 AgsSn 4.011
CusZng 1.078
CusSng 5.992

areas. Where the alloyed solder is bonded to the Cu substrate, islands of AgsSn are located within the Sn-rich structure, while CugSns is
dispersed around the AgsSn. Below the interface, the tin in the solder reacts with the copper substrate to form IMCs of copper and tin. In
Fig. 8(b), the dotted island-shaped erosion pit is the initial contact position between the solder and the copper substrate. Sn erodes to
the depth of the earliest contact interface, forming a copper-tin IMC below the original interface. After removing the easily corroded Sn
solder, two points were taken at the bottom of the erosion pit for elemental analysis, as shown in Table 4. It can be seen that the content
of Zn and Ag at the bottom of the cavity is relatively low, The copper-tin IMC formed by Sn atoms and Cu atoms according to the
composition ratio should be CugSns.
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Fig. 6. Variation of IMCs thickness at Sn—2Ag-1.5Zn solder/Cu substrate interface with aging time at 220 °C.
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Fig. 7. XRD pattern of interface between solder and copper substrate.

*

° N °
,M_WJ;JW_N L}w “.v‘ll:\\m\"’fvu.'n'kf.m«w!'m.:w

| ¢ Ag.Sn

m CuZn,

® CuSn,

*

N‘:‘f#lﬂ( M&M\JMMP LM,J&

1] Lodh 1o |

04-0800
Ag,Sn

\ | Ly

T

41-1435
CuZn,

04-8306
Cu

‘45-1488

10 20 30 40 50 60

2 6/(°)

70 80

Cu,Sn,

Fig. 8. Corrosion pits of solder and copper substrates at the interface: (a) Interfacial distribution morphology. (b) Top view morphology.

3.4. Solder connection to copper substrate electroplated with Ni barrier layer

Sn-2.0Ag-1.5Zn solder was aged at 220 °C for a long time, which will corrode the copper substrate. Ni plating was used to solve the
problem of solder corrosion. Fig. 9(a) shows the surface of the electroplated Ni barrier layer with excellent surface flatness and density.
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Table 4
Scanning analysis results of corrosion pits at bottom points.
Location Element Atomic percentage/%
1 point Cu 52.20
Zn 8.50
Ag 1.62
Sn 37.68
2 point Cu 50.13
Zn 7.96
Ag 1.73
Sn 40.18

Fig. 9(b) shows the cross-sectional morphology of the interface between Sn-2.0Ag-1.5Zn alloy solder and the substrate plated with Ni
barrier layer after soldering for 30 s at 220 °C. The thickness of the Ni layer is 4 pm. The upper and lower sides of the Ni barrier layer are
solder and copper substrates, respectively, and no IMCs are formed, it shows that the Ni barrier material has excellent barrier effect.
Fig. 9(c) is the line scan analysis result of the tissue at line AB in Fig. 8(b). There is no enrichment of Sn, Zn, Ag and other elements in
the interface area between the solder and the Ni layer. There is no IMC formed at the interface between the Ni barrier layer, the Cu
substrate and the solder.

Sn-2.0Ag-1.5Zn alloy solder balls were soldered on Cu substrates plated with Ni layer barrier. When the aging treatment reaches
10 h at 220 °C, the shape of the weld is shown in Fig. 10(a). The alloy solder and the nickel barrier layer form the IMC NizSn4. As the
aging time increases, the thickness of NizSn4 becomes slightly thicker. The thickness of the barrier layer was reduced, but the soldering
interface layer did not thicken, and the barrier effect was excellent. The nickel atoms did not diffuse to either side of the interface. The
matrix Cu atoms and the alloying elements Zn, Sn, and Ag in the solder stop at the barrier isolation layer continue to diffuse. Although
the content of Zn element in the solder is 2.5%, there is no obvious aggregation of Zn element at the interface of the solder joint, and Sn,
Ni and Ag are uniformly distributed at the interface of the solder joint. As shown in Fig. 10(b)-(d), the aging treatment time was
extended to 1000 h, and the microstructure of the interface was observed after 240, 480 and 1000 h, respectively. We found through
research that the thickness of the IMC NigSng, which acts to connect the barrier spacer and the solder balls, increases with the pro-
longing of the aging treatment time. Because the barrier layer grows more slowly, its thickness is also reduced. This can be thought of
as the behavior of the reaction at consuming the barrier interface. The thickness of the barrier layer remained around 2-3 pm after
1000 h of aging treatment at 220 °C. The blocking effect, morphology and state of the Ni blocking layer are basically stable, and there is
no reaction to other IMCs. It is presumed that after further prolonging the aging treatment time, there is no accumulation of alloying
elements near the barrier layer. No other IMCs are formed, and each alloying element is uniformly distributed in the solder joint. The
barrier layer effectively blocks the interface reaction between the alloy solder and the Cu substrate, and the interface morphology is
relatively stable.

According to the relevant literature [25,35], when the Sn—Ag-Cu solder and the copper substrate coated with Ni barrier layer are
aged at 250 °C for 4 h, the formation of granular CugSns IMC will spread to the entire interior of the solder, producing the phenomenon
of the solder dissolving most of the substrate.

Scanning electron microscopy was used to observe IMCs on the interface surface after etching away the solder. Shown in Fig. 11(a)
is the morphology of its interface after an aging treatment time of 1000 h. A granular IMC Ag3Sn at the interface can be observed. The
particulate compound above the barrier-coated copper plate interface was less than more particulate than the bare copper substrate
interface. The IMC AgsSn produced during the aging treatment should be formed by the diffusion of internal elements in the metal
solder. The amount of AgsSn at the interface of the substrate coated with the Ni barrier layer is small. It is speculated that the formation
of AgsSn metal compounds is inhibited to some extent due to the formation of Ni3Sn4, which consumes Sn atoms, above the barrier
layer.

In some positions of the top view of the interface after removing the solder, it is found that there is a phenomenon of lamellar
shedding of the organization. Fig. 11(b) is the energy spectrum data of point 1. By testing the element content magnitude and dis-
tribution state, it is known that the main elements in the structure below the interface are Sn and Ni. Combined with the ratio of atomic
numbers, the NizSny layer has a relatively flat structure with a very low content of other metallic elements. Fig. 11(c) is the energy
spectrum data of the point 2 region selected from the region after the exfoliation of the lamellar tissue. The detected elements are
mainly Ni and Cu, and the good isolation effect of Ni isolation layer is further reflected. From the above, it can be inferred that the top
of the layered structure is NigSny, and the bottom is the Ni isolation layer. The isolation layer effectively inhibits the growth of the
interfacial layer and prevents the interpenetration of atoms in the Sn—2Ag-2.5Sn alloy solder and the copper substrate. Thus, further
erosion of the copper substrate by the alloy solder is prevented.

4. Conclusion
4.1. Based on the results and discussions presented above, the conclusions are obtained as below
Sn-2.0Ag-1.5Zn has good wetting performance and forms complex IMCs at the interface between solder and the bare copper

substrate. The interface starts to appear as a multi-layered structured IMC in the early stage of aging at 220 °C and forms CusZng and
Ag3Sn sequentially along the soldering direction. A two-layer IMC structure with good flatness covering the interface is formed after
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Fig. 9. Morphology of solder and Ni plated barrier layer: (a) surface of Ni plated layer; (b) interface morphology; (c) energy spectrum line scan-

ning analysis.

the aging time is extended to 100 h. These two layers form a barrier-like effect. The interface between Sn—2.0Ag-1.5Zn alloy solder and
Cu substrate coated with the Ni separator layer forms Ni3Sny. The thickness of the Ni3Sny increases slowly during aging treatment.
NisSns with a thickness of about 1 pm has a relatively flat surface after an aging treatment time of more than 1000 h. The nickel
separator layer is stable and has ideal result of loss in long-term aging process. The low Ag content in the Sn—2Ag-1.5Zn solder results

in a significant cost reduction and improved performance, making it a very promising alloy solder for application.
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Fig. 10. Surface morphology between nickel-plated barrier substrate and solder after aging: (a) aging for 10 h; (b) aging for 240 h; (c) aging for 480
h; (d) aging for 1000 h.
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EDS analysis; (c) area 2 point EDS analysis.
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