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Sn–Sb alloy is an ideal candidate for lead-free solder; however, its performance has been inferior to that of Sn–
Pb alloy. Here, the authors used ab initio molecular dynamics simulation to investigate the interatomic
interaction in Sn–Sb-based lead-free solders. By calculating the electron density distribution, bond population,
and partial density of states, the authors found that the Sn–Sb bonds are a mixture of nonlocalized metal and
localized covalent bonds. The covalent bond between Sn and Sb is easy to break at higher temperatures, so Sn–
Sb (6.4 wt%) had better fluidity than other studied Sn–Sb alloys. Furthermore, adding Cu or Ag into Sn–Sb
alloys can decrease the strength of covalent bonds and stabilize the metal bonds, which improves the
metallicity and wettability of the Sn–Sb–Cu and Sn–Sb–Cu–Ag systems when the temperature increases. These
results are all in good agreement with experimental findings and have significant value for the development of
new solder alloys.

Introduction
Tin is a key metal widely used in the electronic, manufactur-

ing, and maintenance industries, owing to its good properties

of low melting point, nontoxicity, high atmospheric corro-

sion resistance, good ductility, and wettability [1, 2, 3, 4].

Because of their low melting point and good wettability to the

welding matrix, tin–lead-based solders have been the most

popular material in electronic packaging [5, 6, 7, 8, 9].

However, in recent years, concerns about the lead toxicity

and potential lead pollution have made the development of

lead-free solders inevitable [10, 11]. The alloys to replace

lead-based solder mainly contain Sn and small amounts of

Sb, Cu, Ag, Bi, etc. [12, 13]. In general, the addition of the

latter metals to Sn can lower the melting point [14] and

enhance the mechanical and thermal properties [10, 15, 16,

17, 18]. Among them, Sn–Sb alloy solder is the most

promising because it resembles the Sn–Pb solder in many

properties, because of the diagonal relationship between Sn

and Pb in the periodic table [19, 20].

However, the properties of Sn–Sb solder remain poor

compared to the Sn–Pb alloy. For example, the contact angle

of Sn–37 wt% Pb solder on Cu ranges from 10° to 15° at the

melting point of 473 K [21], whereas that of Sn–5% Sb solder

on Cu plating is between 30° and 40° with an important

melting point of 533 K [13, 21, 22]. Dong et al. [23] found

that the content of Sb affects the property of lead-free Sn–Sb

solder. When the content of Sb was less than 6 wt%, the Sn–

Sb alloy was a single-phase solid solution. At higher Sn

contents, cubic solder is formed during solidification. The

brittle intermetallic compound SnSb in the lattice reduces the

solder weldability and liquidity. To improve the wettability of

Sn–Sb solder, it is necessary to add appropriate elements into

the Sn–Sb alloy [24, 25, 26]. Li et al. [27] added Cu into the

Sn–Sb binary alloy system and calculated the phase diagram
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of the Sn–Sb–Cu alloy series using the CALPHAD method.

They also analyzed the melting point, wettability, conductiv-

ity, and other properties of these alloys. The wetting angle of

the Sn–36 wt% Sb–xwt% Cu alloy decreased with increasing

Cu content (x), reaching a minimum at x 5 15. Esfandyar-

pour and Mahmudi [28] compared the tensile deformation

and fracture behavior of Sn–5 wt% Sb–1.5 wt% Bi, and Sn–5

wt % Sb–1.5 wt% Cu solders in a wide temperature range of

298–400 K, and studied the effects of adding Bi and Cu on the

tensile properties of the Sn–5 wt% Sb forging alloy. The result

showed that ductility of the Sn–Sb alloy was improved by the

addition of these two elements. EI-Daly et al. [29] investigated

the thermal and mechanical properties of Sn–5 wt% Sb solder

alloy by adding 0.7 wt% Cu and 0.7 wt% Ag into it. Using

OM, SEM, EDS, and tensile tests, they found that both Ag and

Cu can refine the microstructure.

Despite the many experiments investigating the influence

of alloy elements on the properties of lead-free solders, the

behavior mechanism of alloy elements in lead-free solders are

not sufficiently studied, and there is no comprehensive un-

derstanding on the microscopic behavior of alloy elements. To

improve the properties of solders and to develop new ones, it is

very important to unveil the interaction between the alloy

elements in lead-free solders on the level of electronic structure.

The density functional theory (DFT) has proven to be an

efficient and powerful tool to investigate the physical and

chemical properties of alloys, with the calculated results in

good agreement with experimental ones [30, 31].

In this work, the electronic structures of Sn–Sb, Sn–Sb–

Cu, and Sn–Sb–Ag–Cu alloys are studied systematically using

DFT [32] to investigate the interaction between alloy compo-

nents in lead-free solders with different compositions. The

results show that suitable alloying elements can weaken the

covalent bond in Sn-based alloys and improve the wettability,

which could significantly help the further development of new

solder alloys.

Results and discussion
Sn–Sb systems

Based on the work by Dong et al. [23], we calculated the

electronic structure of Sn–Sb alloys containing 4.8 wt%,

6.4 wt%, and 8 wt% Sb after the initial optimization and the

dynamic simulations at 673 K, to understand the observed

effect of Sb component on the properties of lead-free Sn–Sb

solder.

Structures of Sn–Sb alloys

Figure 1 shows the structures of the Sn61Sb3, Sn60Sb4, and

Sn59Sb5 alloy supercells after optimization and dynamic sim-

ulation, and Table I shows the corresponding bond lengths.

Figure 2(a) indicates that the bond numbers also changed after

optimization and ab initio molecular dynamics (AIMD) at 673

K. Taken together, these data reveal that Sn–Sn and Sn–Sb

bonds are the main types of bonds in all three Sn–Sb alloys,

whether in the initial optimized structures or after AIMD

simulation.

With increasing Sb content in the alloys, the number of Sn–

Sn bond decreases, from 113 to 110 and 105 in the optimized

Figure 1: The structures of Sn–Sb alloys after optimization and AIMD at 673 K. (a) Optimized structure of Sn61Sb3. (a9) Optimized structure of Sn60Sb4. (a0)
Optimized structure of Sn59Sb5. (b) After AIMD at 673 K. (b9) After AIMD at 673 K. (b0) After AIMD at 673 K.
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Sn61Sb3, Sn60Sb4, and Sn59Sb5 systems, respectively. The

average Sn–Sn bond length is the shortest, in Sn60Sb4 (2.848

Å with standard deviation of 0.029 Å), although the difference

is not so obvious (2.849 Å for Sn61Sb3 with standard deviation

of 0.026 Å and 2.869 Å for Sn59Sb5 with standard deviation of

0.03 Å). The number of Sn–Sb bond after structural optimi-

zation increases with increasing Sb content, and the average

Sn–Sb bond length changes in the same way. However, only the

Sn60Sb4 system contains one Sb–Sb bond with the bond length

of 2.924 Å.

After dynamic simulation at 673 K, the number of Sn–Sn

bonds in the different Sn–Sb systems is significantly reduced. In

Sn61Sb3, it decreases from 113 to 19, whereas the average bond

length increases to 2.920 Å with a standard deviation of 0.061

Å; in the Sn60Sb4 system, these values are 14, 2.903 Å, and

0.074 Å; and in the Sn59Sb5 alloy, they are 15, 2.904 Å, and

0.070 Å, respectively. It indicates that the interactions between

Sn–Sn in different Sn–Sb alloy systems are obviously weakened

when heated to 673 K. Compared to Sn61Sb3 and Sn59Sb5,

Sn60Sn4 has the fewest Sn–Sn bonds. At 673 K, the number of

Sn–Sb bond in the Sn61Sb3 alloy system is 2, the average bond

length is 2.888 Å with the standard deviation of 0.106 Å; for the

Sn59Sb5 system, these values were 5, 2.905 Å, and 0.072 Å,

respectively. The number of Sn–Sb bond in the Sn60Sb4 system

is 1, and the average bond length is 2.825 Å. It is easy to find

that the number of Sn–Sb bond in Sn60Sb4 system is the lowest.

When the temperature is 673 K, there is one Sn–Sb bond in

both Sn60Sb4 and Sn59Sb5 systems, with the respective lengths

of 2.918 and 2.794 Å.

The structural calculation results suggest that the bonding

in Sn60Sb4 alloy changes significantly after heating, and the

interactions between Sn–Sn and Sn–Sb in this system are

weaker than those in Sn61Sb3 and Sn59Sb5. Therefore, a Sn–Sb

alloy with 6.4 wt% Sb would have better wettability compared

to both Sn61Sb3 and Sn59Sb5, which is consistent with the works

of Dong et al. [23].

Electron density distribution and average
population

The Mulliken bond populations were calculated according to

the formalism described by Segall et al. [33, 34]. In addition

to objectively evaluating the bonding between atoms, the

overlap population may be used to assess the covalent or

ionic nature of a bond: a high bond population indicates

a covalent bond, whereas a low value indicates an ionic

interaction. A further measure of the ionic character is the

effective ionic valence, which is defined as the difference

between the formal ionic charge and the Mulliken charge on

the anion species. A value of zero indicates a perfectly ionic

TABLE I: Bond lengths and bond population of Sn–Sb alloys after optimization and AIMD at 673 K.

Temperature/K Alloy

Bond length (Å) Bond population

Sn–Sn Sn–Sb Sb–Sb
Sn–Sn Sn–Sb Sb–Sb

AVG SD AVG SD AVG SD AVG AVG AVG

Sn61Sb3 2.849 0.026 2.898 0.032 . . . . . . 0.778 0.535 . . .

273 Sn60Sb4 2.848 0.029 2.902 0.031 2.924 0 0.772 0.525 0.27
Sn59Sb5 2.869 0.032 2.892 0.020 . . . . . . 0.743 0.543 . . .

Sn61Sb3 2.920 0.061 2.888 0.106 . . . . . . 0.573 0.530 . . .

673 Sn60Sb4 2.903 0.074 2.825 0 2.918 0 0.561 0.410 0.530
Sn59Sb5 2.904 0.070 2.905 0.072 2.794 0 0.639 0.302 0.330

Note: average (AVG), standard deviation (SD).

Figure 2: (a) The bond number of Sn–Sb alloys after optimization and AIMD at 673 K. (b) The bond number of Sn–Sb–Cu alloys after optimization and AIMD at
673 K. (c) The bond number of Sn–Sb–Cu–Ag alloys after optimization and AIMD at 673 K.
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bond, whereas values greater than zero indicate increasing

levels of covalency [34].

The average bond populations of different Sn–Sb alloys

after optimization and dynamic simulation at 673 K are shown

in Table I. The populations of Sn–Sn and Sn–Sb bonds are

greater than zero. Combining the data in Table I with the

electron density distribution in Fig. S1, we can easily find that

the bonds of Sn–Sn and Sn–Sb are a mixture of nonlocalized

metal bond and localized covalent bond. After optimization,

the average population of Sn–Sn bond in Sn61Sb3 system is

0.778, whereas those in Sn60Sb4 and Sn59Sb5 are 0.772 and

0.743, respectively. It indicates that the average population

number of Sn–Sn bond decreases with the increase of Sb

content, and so the addition of Sb would reduce the localized

covalent component of the Sn–Sn bond. The average popula-

tion of Sn–Sb bonds are 0.535, 0.525, and 0.543 in Sn61Sb3,

Sn60Sb4, and Sn59Sb5 systems after the optimization, respec-

tively. Sn60Sb4 has the lowest covalent composition for the Sn–

Sb bond. Considering that there is only one Sb–Sb bond in this

system, the population is 0.27. The reason for the lowest bond

population in Sn60Sb4 should be related to the formation of Sb–

Sb bond.

When the temperature increases to 673 K, the average

population of Sn–Sn bond in the Sn61Sb3, Sn60Sb4, and

Sn59Sb5 systems is 0.573, 0.561, and 0.639, respectively. The

average population in Sn60Sb4 is the minimum, suggesting

that the Sn–Sn bond in this system has a lower localized

covalent composition than in the other systems. After

dynamic simulation at 673 K, the average population of Sn–

Sb decreases to 0.530, 0.410, and 0.302 in the Sn61Sb3,

Sn60Sb4, and Sn59Sb5 systems, respectively. At 673 K, the

Sb–Sb bond exists in both Sn60Sb4 and Sn59Sb5 systems, with

the average bond populations of 0.530 and 0.330, respectively.

It illustrates that temperature has a great influence on the

covalent component of the Sn–Sn and Sn–Sb bonds, because

the covalent bond itself has the characteristics of direction-

ality and saturation. The weakening of covalent bond with

temperature can improve the fluidity of the Sn–Sb alloys. For

the three Sn–Sb alloy systems, the covalent bond in the

Sn60Sb4 system weakened the most with the increase of

temperature, and so this alloy has the best fluidity, which is

consistent with the literature results [23].

Partial density of states (PDOSs)

Figure 3(a) shows that the PDOS of Sn64 are continuous at the

Fermi level, suggesting that the system is in a metallic state. For

this system, the PDOS from �11 to 1.7 eV can be divided into

two regions above and below �4.2 eV. There is a wide energy

band near the Fermi energy level between �4.2 and 1.7 eV, and

its occupied energy width is about 5.9 eV. Despite the

continuous PDOS (i.e., metallicity) of pure Sn, the splitting

of PDOS also shows the obvious feature of covalent bonding

when the Sn atoms bond with each other.

In Fig. 3(b), the energy space for pure Sb from �13 to 1.6

eV can be divided into two regions: �13 to �5.2 and �5.2 to

1.2 eV. There is a wide energy band near the Fermi energy level

(�5.2 to 1.2 eV) and its occupied energy width is about 6.4 eV.

As mentioned above for the pure Sn system, the continuity of

PDOS and its splitting of pure Sb also indicates both metallicity

and feature of covalent bonding.

Further, the calculated PDOS of Sn–Sb alloys are shown in

Fig. 4. The obtained PDOS, which range from 0.5 to 1.2 eV in

Figs. 4(a), 4(a9), and (a0) and located at the valence band of Sn

and Sb, are both continuous and show features of covalent

bonding. There is clear electron transfer between Sn and Sb,

because the valence band of Sn–Sb changed greatly compared

with those of pure Sn and Sb.

When the temperature is raised to 673 K, Figs. 4(b), 4(b9),

and 4(b0) show that the energy space between �11 and 1.2 eV

can be divided into two regions above and below �4 eV. The

energy band near the Fermi energy level is from �4 to 1.2 eV,

and the width is about 5.2 eV, mainly contributed by the 5p

orbits of Sn and Sb atoms. The energy band between �11 and

�4 eV is mainly composed of the 5s orbit of Sn and Sb, and

the energy width is 7 eV. On the other hand, the Sn-5s

and Sn-5p orbits are shifted negatively, and the Sb-5p orbit

expands near the Fermi level. In this case, the valence bands

show better continuity, and the PDOS of Sn and Sb exhibit

more obvious metallicity. However, the covalent features of

Sn–Sn and Sn–Sb bonds are not obvious. Compared with the

other two systems, Sn60Sb4 shows better continuity near the

Fermi level within the temperature range from 273 to 673 K,

indicating that this system has the weakest covalent bond and

the best fluidity. These analyses are consistent with the

previous reports.

Sn56Sb6Cu2 system

Li et al. [27] calculated the phase diagram of Sn–Sb–Cu system

longitudinal fracture plane with 2 wt% Cu, to explore the

wettability of Sn–10 wt% Sb–2 wt% Cu alloys. Other experi-

mental studies also showed that the addition of Cu can refine

the microstructure and improve the wettability of Sn–Sb alloy

[13, 24, 35]. To elucidate the role of Cu, the Sn–Sb–Cu alloy

system was examined in our study and discussed below.

Structures of Sn–Sb–Cu alloys

Figures 5(a) and 5(b) show the structures of the Sn56Sb6Cu2
supercell after optimization and dynamic simulation at 673 K,

and the corresponding bond lengths after optimization and

AIMD at 673 K are shown in Table II. Combining Table II with
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the structure in Figs. 5(a) and 5(b), the Sn–Sn, Sn–Sb, Sn–Cu,

and Cu–Sb bonds were identified in this system. In the

optimized structure, the number of Sn–Sn bond is 89 (average

bond length: 2.828 Å with standard deviation of 0.013 Å), that

of Sn–Sb bond is 32 (2.867 Å, 0.017 Å), that of Sn–Cu bond is 6

(2.516 Å, 0.025 Å), and that of Sb–Cu bond is 2 (2.506 Å, 0.001

Å). After AIMD at 673 K, the number of Sn–Sn bonds is

decreased to 17 (2.895 Å, 0.056 Å), and the numbers of Sn–Sb

and Sb–Cu bonds are both reduced to 1 (2.927 Å and 2.575 Å,

respectively). Although the bonding of Sn–Sn, Sn–Sb, and Sb–

Cu is weakened when the temperature rises to 673 K, the

number of Sn–Cu bond increases to 7 (average bond length

increases to 2.726 Å with standard deviation of 0.070 Å),

indicating that temperature enhances the bond of Sn–Cu in tin-

based alloys.

Comparing the optimized structures of Sn56Sb6Cu2 and

Sn60Sb4, the Sn–Sn bond is longer in the former and the Sn–Cu

bond length increases significantly. When the temperature rises

to 673 K, the bond lengths in Sn56Sb6Cu2 system at 673 K

change little from those in the optimized structure, whereas the

Sn–Sb bond length increases due to the formation of Sn–Cu

and Sb–Cu bonds. Therefore, the interactions between Sn–Sn

and Sn–Sb decrease with the addition of Cu in Sn–Sb alloys.

Average population in Sn56Sb6Cu2

To further explore the bonding in Sn56Sb6Cu2 alloys, its

Mulliken population was calculated and the results are shown

in Table II. The data indicate that the average population of

Sn–Sn bond in this system decreases obviously when the

temperature rises, whereas the population of Sn–Sb bond is

also greatly influenced by the temperature. The electron density

distribution diagram shows that the Sn–Sn and Sn–Sb bonds

are mixed metallic and covalent bonds. Combined with the

change of bond length before and after heating, it can be inferred

that an increase of temperature weakens the covalent component

of Sn–Sn and Sn–Sb bonds. Table II also indicates that the

average population of Sn–Cu and Sb–Cu bonds decreases with

the increase of temperature. Compared to Sn60Sb4, the average

populations of Sn–Sn and Sn–Sb bonds decrease significantly in

the Sn56Sb6Cu2 system. So, adding Cu into the Sn60Sb4 system

weakens the covalent interactions of Sn–Sn and Sn–Sb. As

Figure 3: The PDOS of Sn Sb Cu and Ag after optimization. (a) PDOS of optimized Sn. (b) PDOS of optimized Sb. (c) PDOS of optimized Cu. (d) PDOS of optimized
Ag.
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mentioned above, due to the directionality and saturation of the

covalent bond, its weakening can improve the fluidity of

Sn56Sb6Cu2 alloy compared to the Sn–Sb alloys.

PDOS

To further study the electronic structure of Sn–Sb–Cu alloys,

the calculated PDOS for Sn56Sb6Cu2 are shown in Fig. 6. For

comparison, the PDOS of pure Cu [Fig. 3(c)] show a wide

energy band from �4.2 to 1.5 eV, of which the occupied energy

width is about 5.7 eV. Therefore, the pure Cu has good

continuity and metallicity.

In Fig. 6, the energy space can be divided into two regions:

�11 to �4 eV and �4 to 1.2 eV. The energy band near the

Fermi energy level is from �4 to 1.2 eV, and the energy width

is about 5.2 eV. The energy band is mainly determined by the

orbits of Cu-4d, Sn-5p, and Sb-5p. The energy band between

�11 and �4 eV is mainly composed of Sn-5s and Sb-5s orbits,

and the width of occupied energy is 7 eV.

Figure 4: PDOS of Sn–Sb alloys at different temperatures. (a) Optimized structure of Sn61Sb3. (a9) Optimized structure of Sn60Sb4. (a0) Optimized structure of
Sn59Sb5. (b) Sn61Sb3 after AIMD at 673 K. (b9) Sn60Sb4 after AIMD at 673 K. (b0) Sn59Sb5 after AIMD at 673 K.
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Earlier we mentioned that in pure Sn and Sb, the valence

band in the range 0.5 to 1.5 eV in the PDOS indicates covalent

bonding. When Cu is added into the Sn–Sb alloy, the PDOS of

Sn and Sb in the optimized Sn–Sb–Cu alloy indicate an obvious

increase in metallicity, compared with the optimized Sn–Sb

alloys, because there are distinct interactions between the 4s,

4p, and 3d orbits of Cu and the 5s and 5p orbits of Sb. When

the temperature rises to 673 K, the PDOS of both 5s and 5p

orbits of Sb shift negatively, the interactions between 3d, 4s,

and 4p of Cu and 5s and 5p of Sb remain obvious, and the

continuity of the PDOS improves, which is consistent with the

structure and population results and previous experimental

findings [27].

Yuan et al. [13] found that the wetting angle of Sn–Sb–Cu–

Ag solder decreases by 3.75° compared to that of Sn–Sb–Cu

under the same soldering conditions, and that adding 1% Ag

can clearly improve the wettability of Sn–Sb–Cu solder alloy. In

addition, the Sn–30 wt% Sb–13 wt% Cu–11 wt% Ag alloy was

selected as a high-temperature lead-free alloy by calculating

and predicting the phase diagram of a series of longitudinal

sections of alloys and combining with the measured results [13,

27]. Therefore, theoretical calculation of the Sn–Sb–Cu–Ag

system will be carried out next to elucidate the role of Ag in this

alloy system.

Sn26Sb17Cu14Ag7

Structures of Sn–Sb–Cu–Ag alloy

Figures 5(c) and 5(d) show the structures of Sn26Sb17Cu14Ag7
supercell after optimization and dynamic simulation at 673

K. The bond lengths and the bond numbers in these

structures are shown in Table III and Fig. 2(c). This system

contains the Sn–Sn, Sn–Sb, Sn–Cu, Sn–Ag, Cu–Cu, Cu–Ag,

Cu–Sb, Ag–Sb, Ag–Ag, and Sb–Sb bonds. After optimization

and dynamic simulation, the bond numbers of Sn–Sn, Sn–

Cu, and Sn–Ag are not changed, but the corresponding bond

lengths are all reduced. On the whole, increasing the

temperature has little effect on the Sn–Sn, Sn–Cu, and Sn–

Ag bonds.

In the optimized structure of Sn26Sb17Cu14Ag7, the

number of Sn–Sb bonds, the average bond length, and

standard deviation are 16, 2.975 Å, and 0.027 Å, respectively.

After dynamic simulation at 673 K, the bond number and

average bond length were reduced (9, 2.897 Å, and 0.059 Å,

respectively). When the temperature rises to 673 K, the Sn–Sb

bond in tin-based alloys is obviously affected. In the opti-

mized structure of Sn26Sb17Cu14Ag7, the number of Sb–Sb

bond is 5, and the average bond length is 2.976 Å with the

standard deviation of 0.020 Å. At 673 K, these values changed

to 4, 2.904 Å, and 0.096 Å. After optimization, the number of

Ag–Sb bond, the average bond length, and standard deviation

are 10, 2.935 Å, and 0.041 Å, respectively. After dynamic

simulation at 673 K, the number of Ag–Sb bond is reduced to

6 (average bond length is 2.918 Å with standard deviation of

0.028 Å). An increased temperature weakens the Ag–Sb and

Sn–Sb bonds.

After optimization, the number of Cu–Cu bond, the

average bond length, and standard deviation are 6, 2.515 Å,

and 0.053 Å, respectively. After dynamic simulation at 673 K,

these values are 7, 2.562 Å, and 0.208 Å. For the Cu–Ag bond,

these values changed from 6, 2.728 Å, and 0.038 Å after

optimization to 9, 2.778 Å, and 0.117 Å after dynamical

simulation. In the case of Cu–Sb bond, they changed from

10, 2.649 Å, and 0.108 Å to 17, 2.716 Å, and 0.128 Å. On the

whole, the process of raising the temperature strengthens the

bonding of Cu–Sb in the alloy.

The structural results of Sn26Sb17Cu14Ag7 suggest that the

Cu–Sb bond in this system becomes more stable during the

Figure 5: The structures of Sn56Sb6Cu2 and Sn26Sb17Cu14Ag7 alloys after
optimization and AIMD at 673 K. (a) Optimized structure of Sn56Sb6Cu2. (b)
Optimized structure of Sn26Sb17Cu14Ag7. (c) Sn56Sb6Cu2 after AIMD at 673 K.
(d) Sn26Sb17Cu14Ag7 after AIMD at 673 K.

TABLE II: Bond length and bond population of Sn56Sb6Cu2 alloys after
optimization and AIMD at 673 K.

Temperature/K
273 K 673 K

273 K 673 K

Bond

Bond length (Å) Bond population

AVG SD AVG SD AVG AVG

Sn–Sn 2.828 0.013 2.895 0.056 0.814 0.575
Sn–Sb 2.867 0.017 2.872 0.055 0.593 0.170
Sn–Cu 2.516 0.025 2.726 0.070 0.715 0.376
Sb–Cu 2.506 0.001 2.751 0.012 0.575 0.440

Note: average (AVG), standard deviation (SD).
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heating process, which will increase the fluidity to some

extent because the Cu–Sb bonds have more features of

metallicity when heated. At the same time, the Sn–Sb bonds

are obviously weakened, which also promotes the mobility

because these bonds have more features of covalent bonds. As

a result, the mobility of the Sn26Sb17Cu14Ag7 system makes it

a better lead-free solder, which is consistent with the test

results [27].

Average population

To further explore the bonding of Sn26Sb17Cu14Ag7 alloy, its

Mulliken bond population was calculated and the results are

shown in Table III. When temperature rises, bonds are formed

between Sn–Cu, Sn–Ag, Cu–Cu, Cu–Ag, Cu–Sb, Sb–Ag, and

Sb–Sb. The Sn–Sn bond evolves from metal bond to the mixed

bond type that contains both nonlocalized metal bond and

localized covalent bond.

When the temperature increases from 273 to 673 K, the

average population of Sn–Sn bond increases from 0.616 to

0.620, whereas those of the Sn–Sb, Sn–Cu, Sn–Ag, Cu–Cu, Cu–

Ag, Cu–Sb, and Sb–Ag bonds all decrease (0.409–0.408, 0.482–

0.402, 0.444–0.381, 0.448–0.284, 0.397–0.291, 0.528–0.359, and

0.411–0.263, respectively). It shows that increasing the tem-

perature to 673 K has a greater influence on the interactions

between Sn–Ag, Cu–Cu, Cu–Ag, Cu–Sb, Sb–Ag, and Sn–Cu:

the covalent interactions in these bonds tend to decrease at

higher temperatures.

PDOS

To further study the bonding of Sn–Sb–Cu–Ag alloys, its PDOS

were calculated, and the results are shown in Fig. 7. As shown

in Fig. 3(d), the PDOS of Ag64 are continuous at the Fermi

level, suggesting a metallic state. There is a wide energy band

from �6 to 1.6 eV, and its occupied energy width is about 7.6

eV. The PDOS of pure Ag have better continuity and

metallicity than Cu.

In Fig. 7, the energy space of the PDOS in

Sn26Sb17Cu14Ag7 from �11 to 1.2 eV can be divided into

two regions above and below �4 eV. There is a wide energy

band near the Fermi level from �4 to 1.2 eV, and the width is

about 5.2 eV. This energy band is mainly contributed by the

Cu-4d orbit and the 5p orbits of Sn and Sb. The energy band

between �11 and �4 eV is mainly composed of Sn-5s orbit

and Sb-5s orbit, and the width of occupying energy is 7 eV.

Comparing the PDOS of optimized Sn26Sb17Cu14Ag7 with

Sn56Sb6Cu2, the metallic property in the former is more

obvious.

The PDOS of Sn, Sb, Cu, and Ag in the Sn–Sb–Cu–Ag

alloys show that this alloy system has more obvious metallic

property when heated, because the s and p orbits of Sn and Sb

tend to move to the left. The existence of Ag in Sn–Sb–Cu–Ag

system decreases the strength of mainly covalent bonds like

Sn–Sb and Sb–Ag, and stabilizes the mainly metallic bonds like

Figure 6: PDOS of Sn56Sb6Cu2 alloys at different temperatures. (a) Optimized structure of Sn56Sb6Cu2. (b) Sn56Sb6Cu2 after AIMD at 673 K.

TABLE III: Bond length and bond population of Sn26Sb17Cu14Ag7 alloy at
different temperatures.

Bond

273 K 673 K
273 K 673 K

Bond length (Å) Bond population

AVG SD AVG SD AVG AVG

Sn–Sn 2.979 0.010 2.867 0.054 0.616 0.620
Sn–Cu 2.725 0.067 2.790 0.136 0.484 0.402
Sn–Ag 2.878 0.047 2.822 0.076 0.444 0.381
Cu–Cu 2.515 0.053 2.562 0.208 0.448 0.284
Cu–Ag 2.728 0.038 2.778 0.117 0.397 0.291
Cu–Sb 2.649 0.108 2.716 0.128 0.528 0.359
Sn–Sb 2.975 0.027 2.897 0.059 0.409 0.408
Ag–Sb 2.835 0.041 2.918 0.028 0.411 0.263
Sb–Sb 2.946 0.020 2.904 0.096 0.233 0.288

Note: average (AVG), standard deviation (SD).
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Cu–Sb. So, adding Ag into the Sn–Sb–Cu system can improve

the wettability of the alloy.

In addition, the addition of Cu and Ag will increase the

melting point of the lead-free solder. The melting point of Sn–

Sb alloys ranges from 508 to 533 K [27], that of Sn–Sb–Cu

system is raised to 510 to 543 K [27], and that of Sn–Sb–Cu–Ag

system is between 571 and 595 K [27]. Among these three

kinds of alloys, our calculation results show that the Sn–Sb

alloy system possesses the strongest covalent interaction and

the lowest melting point, whereas the Sn–Sb–Cu–Ag alloy

system bears the weakest covalent interaction and the highest

melting point. It seems the addition of Cu or Ag not only

weakens the covalent bond of Sn–Sb to increase the fluidity of

lead-free solder alloys, but also increases the melting point of

these alloys. These changes are directly related to the change

of covalent bonds in lead-free solder alloy systems with

different compositions.

Conclusions
(1) Because the Sn–Sb bonds have mixed characters of

nonlocalized metal bond and localized covalent bond,

the bonding state of Sn–Sb alloy in the melted state is

easily affected by the amount of Sb. When the content of

Sb reaches 6.4%, the covalent bond between Sn and Sb is

easy to break, so this alloy has better fluidity with

increasing temperature than the other Sn–Sb alloys.

(2) After the addition of Cu, due to the interaction between

the 3d, 4s, and 4p orbits of Cu and 5s and 5p orbits of Sn

and Sb, the covalent bond between Sn–Sb is obviously

weakened, which leads to higher fluidity of the Sn–Sb–

Cu alloy after heating.

(3) Ag in the Sn–Sb–Cu–Ag system decreases the strength of

mainly covalent bonds like Sn–Sb and Sb–Ag, and

stabilizes the mainly metal bonds like Cu–Sb when the

temperature increases. So, adding Ag into the Sn–Sb–Cu

system can improve the wettability of the alloy.

(4) The low melting point of the Sn–Sb alloy is attributed to

the easy destruction of the Sn–Sb covalent bond during

heating, and the addition of elements such as Cu or Ag

to the Sn–Sb alloy can not only improve the metallizing

and wetting of the Sn–Sb-based alloy, but also can

increase its melting point. These results are very

consistent with existing experimental data.

Computational method
We used the Sn crystal (space group: Fd-3m, a 5 6.489 Å,

b 5 6.489 Å, c 5 6.489 Å; a 5 90°, b 5 90°, c 5 90°) [36] to

build the supercell. Some Sn atoms in the supercell were

replaced with Sb, Cu, or Ag to build the supercells of SnSb,

SnSbCu, and SnSbCuAg. The DFT method was used to

optimize the supercell to obtain the initial structure for

AIMD calculation. The DFT calculations were performed

using the program package CASTEP in the Materials Studio

software [37]. The electronic exchange and correlation were

described in the generalized gradient approximation (GGA)

using the Perdew–Burke–Ernzerhof (PBE) functional [38],

and the plane wave basis cut off energy was set as 250 eV.

Considering the computational cost and accuracy, the Bril-

louin sample mesh k-point was set at 2 � 2 � 2. The

convergence criteria for geometry optimization and energy

calculation were energy tolerance of 5.0 � 10�6 eV/atom,

maximum force tolerance of 0.01 eV/Å, and maximum

displacement tolerance of 0.005 Å. The AIMD simulations

were conducted on the optimized supercell structures of

SbSn, SbSnCu, and SbSnCuAg using the NVT ensemble at

the temperature of 673 K, the time step of 1 femtosecond,

and the simulation time of 2 ps. The Nosé thermostat was

Figure 7: The PDOS of Sn26Sb17Cu14Ag7 alloys at different temperatures. (a) Optimized structure of Sn26Sb17Cu14Ag7. (b) Sn26Sb17Cu14Ag7 after AIMD at 673 K.

Article

ª Materials Research Society 2019 cambridge.org/JMR 2551

j
Jo
ur
na
lo

f
M
at
er
ia
ls
Re
se
ar
ch

j
Vo
lu
m
e
34

j
Is
su
e
14

j
Ju
l2

8,
20
19

j
w
w
w
.m
rs
.o
rg
/jm

r

ht
tp

s:
//

do
i.o

rg
/1

0.
15

57
/jm

r.
20

19
.1

37
 P

ub
lis

he
d 

on
lin

e 
by

 C
am

br
id

ge
 U

ni
ve

rs
ity

 P
re

ss

http://multimediafluids.uam.elogim.com/JMR
http://www.mrs.org/jmr
https://doi.org/10.1557/jmr.2019.137


used to control temperature, with the Nosé Q ratio set to 1.0

and the wavefunction extrapolation scheme set 1st W. The

energy calculations included the properties of the density of

states, population, and electronic density.
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