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Abstract: First-principles calculations are performed to study the structural and 

electronic properties of Ni3Sn4 with additive elements. Cu atoms preferentially occupy 

the 4i sites in (Ni1-x Cux)3Sn4 structures. With the decrease of Cu content, the heats of 

formation (Hf) of (Ni1-x Cux)3Sn4 structures become lower. For the Ni3Sn4-based 

ternary structures with different alloying elements, a simple rule for the Hf is obtained. 

Comparing with alloying elements in groupⅠB (Cu, Ag, Au), those from group ⅧB (Co, 

Ni, Pd, Pt) are more helpful for the ternary structures to get lower Hf. For the alloying 

elements in the same group, the Hf becomes lower with the increase of atomic number. 

This rule is verified by calculating the Hf of Cu6Sn5-based and AuSn4-based ternary 

structures. 
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1. Introduction 

In electronic packaging, solder joints are not only served as the current path, but also 

used for the mechanical joining. Within these solder joints, the intermetallic 

compounds (IMCs) universally exist at the interface between solder and metal pads. A 

thin, continuous and uniform IMC layer can improve the joint strength, while too thick 

IMC layer may become a reliability issue due to its brittleness. Unfortunately, thick IMC 

layers have a tendency to form at the interface. As to this issue, alloying is a major 

solution, such as adding alloying elements into the solder and plating different metal 

layers on the pads. The effects of alloying elements on the interfacial reaction have 

been subjected to intensive studies by a large group of researchers. Meanwhile, an 

interesting phenomenon for the IMCs emerged, that is, some alloying atoms can 

occupy part of the crystal lattice sites of the IMCs without changing their original crystal 

structures (except for the AuSn4-based ternary structures). 
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In the Sn-Cu-Ni system, the interfacial reactions depend greatly on the Cu content. 

When the Cu content is low, only (Ni1-xCux)3Sn4 phase appeared; With the increase of 

Cu content, the coexistence of (Ni1-xCux)3Sn4 and (Cu1-xNi x)6Sn5 phases happens; As 

the content of Cu exceeds a threshold value, the (Cu1-xNi x)6Sn5 phase will become the 

only phase[1,2]. According to the relevant studies [1-4], the x values in (Ni1-xCux)3Sn4 

were not fixed and usually covered a wide range, approximately from 0.02 to 0.35. In 

addition, it can be noted that these alloying elements in IMCs mainly come from the 

groupsⅠB and ⅧB. It may be meaningful to find out what kinds of elements are 

preferred by these IMCs.  

First-principles density functional theory (DFT) methods have been proved to be an 

effective means to study the structural and electronic properties of IMCs. In this paper, 

we study the effects of alloying elements on the structural and electronic properties of 

Sn-based IMCs using first-principles DFT methods. These added alloying elements are 

Cu, Ag, Au (ⅠB) and Co, Ni, Pd, Pt (ⅧB). 

 

2. Calculation details 

The experimental structures of IMCs were chosen as the initial configurations. The 

detailed structural information is shown in Table 1. For the Ni3Sn4-based ternary 

structures, four (Ni1-xCux)3Sn4 structures were constructed based on the different Cu 

content and symmetric sites in Ni3Sn4 (2a and 4i sites), two Ni2CuSn4 structures with Cu 

in 2a and 4i sites, respectively and the other two Ni2.5Cu0.5Sn4 with Cu in the same sites. 

The primitive cell of Ni3Sn4 was used as the initial structure for the former two ternary 

structures, and the conventional cell was used for the latter two in order to increase the 

total number of atoms and decrease the Cu content. As for the ternary structures with 

other alloying elements, the structure of Ni2CuSn4 (Cu in 2a site) served as the initial 

structure, namely Ni2MSn4 (M=Ag, Au, Co, Pd, Pt; M in 2a site).  

Table 1 Structural information of the monoatomic crystal and binary IMCs, and the 

settings for the calculations. Energy cutoff Ec (eV). 

Phase Structure 
Space group 

(No.) 
Atom positions Ec Mesh 

β-Sn Tetragonal I41/amdS(141) Sn1 at 4a: 0, 0, 0 1000 8× 8× 8 

Cu Cubic 3Fm m  (225) Cu1 at 4a: 0, 0, 0 1000 
14× 14×

14 

Ag Cubic 3Fm m  (225) Ag1 at 4a: 0, 0, 0 1000 
14× 14×

14 

Au Cubic 3Fm m  (225) Au1 at 4a: 0, 0, 0 1000 
11× 11×

11 

Co Cubic 3Fm m  (225) Co1 at 4a: 0, 0, 0 1000 12× 12×
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12 

Ni Cubic 3Fm m  (225) Ni1 at 4a: 0, 0, 0 1000 
12× 12×

12 

Pd Cubic 3Fm m  (225) Pd1 at 4a: 0, 0, 0 1000 
11× 11×

11 

Pt Cubic 3Fm m  (225) Pt1 at 4a: 0, 0, 0 1000 
11× 11×

11 

η′-Cu6S

n5 
Monoclinic C2/c(15) 

Cu1 at 4a: 0, 0, 0 

Cu2 at 4e: 0, 0.16020, 0.25 

Cu3 at 8f: 0.1010, 0.4730, 

0.2024 

Cu4 at 8f: 0.3062, 0.5040, 

0.6097 

Sn1 at 4e: 0, 0.7989, 0.25 

Sn2 at 8f: 0.2852, 0.6550, 

0.3579 

Sn3 at 8f: 0.3911, 0.1625, 

0.5287 

330 4× 4× 3 

Ni3Sn4 Monoclinic C2/m(12) 

Ni1 at 2a: 0, 0, 0 

Ni2 at 4i: 0.22, 0, 0.35 

Sn1 at 4i: 0.428, 0, 0.675 

Sn2 at 4i: 0.18, 0, 0.8 

1000 7× 7× 5 

AuSn4 
Orthorhom

bic 
Aba2(41) 

Au1 at 4a: 0, 0, 0 

Sn1 at 8b: 0.1639, 0.3395, 

0.1208 

Sn2 at 8b: 0.3312, 0.1642, 

0.8591 

360 4× 4× 4 

AuSn4 
Orthorhom

bic 
Ccca(68) 

Au1 at 4a: 0, 0, 0 

Sn1 at 16i: 0.327, 0.125, 0.173 
360 4× 4× 4 

 

In the case of Cu4M2Sn5 and Au0.5M0.5Sn4, the structures of η′-Cu6Sn5 and AuSn4 (space 

group Ccca) were used as the initial configurations with Cu atoms at 8f (Cu3) site and 

Au atoms at 4a site substituted by alloying atoms, respectively. 

The calculations have been carried out using the CASTEP plane-wave code [5] in the 

scheme of generalized gradient approximation (GGA-PBE) [6]. The Vanderbilt ultrasoft 

pseudopotentials [7] were employed to treat the valence electrons for Sn (5s25p2), Cu 

(3d104s1), Ag (4d105s1), Au (5d106s1), Co (3d74s2), Ni (3d84s2), Pd (4d10), and Pt 

(5d96s1). Brillouin-zone integrations were performed using Monkhorst-Pack meshes [8]. 

The used energy cutoff and Monkhorst-Pack mesh for binary IMCs are listed in Table 1.  
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3. Results and Discussion 

3.1 Heat of formation 

Usually, the heat of formation per atom is evaluated relative to the 

composition-averaged energies of the pure elements in their equilibrium crystal 

structures. The heat of formation (Hf, at low temperature) for IMCs can be expressed 

by the following equation: 

[ ( )] ( )
A B Cm n l

T

f A B CH E mE nE lE m n l     
 

where is the total energy of IMC AmBnCl (A, B, and C are the composition 

elements; n, m, and l are the number of atoms), EA, EB and EC are the total energy per 

atom of A, B, and C single crystal structure, respectively. For binary IMCs, the Hf also 

can be calculated by using the equation above, with the number of atoms for one 

element setting to zero. The structural information of the monoatomic crystal is listed 

in Table 1. 

For ternary (Ni1-xCux)3Sn4 structures, the calculated Hf is a little bit beyond our 

expectation for the Hf is higher than that of Ni3Sn4, as listed in Table 2. It is similar to 

the case for Cu3Sn and Cu6Sn5. During the interfacial reaction for the Cu-Sn system, the 

first reaction product is usually Cu6Sn5, not Cu3Sn, but Cu3Sn has the higher Hf than 

Cu6Sn5. This may attribute to the sufficient supply of Sn atoms. Actually, (Cu1-xNi x)6Sn5 

also has higher heat of formation than Ni3Sn4 and (Ni1-xCux)3Sn4, as illustrated in Fig. 1. 

According to the review above, the final product in the Sn-Cu-Ni system depends 

greatly on the Cu content. It seems that the interfacial reactions are mainly controlled 

by the concentration gradient (strictly speaking, the chemical potential gradient), 

rather than Hf. 

 

 

Fig. 1 The variation trend for the heat of formation of ternary IMCs with certain sites 

substituted by different alloying elements. (M=Cu, Ag, Au, Co, Ni, Pd, Pt) 
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Table 2 The calculated lattice parameters and heat of formation for the Ni3Sn4-based 

ternary IMCs. Lattice constants (Å); Heat of formation Hf (kJ/mol (meV/atom)). 

Phase Lattice Constants Hf 

Ni3Sn4 
a=11.956, b=3.976 

c=5.143, β=104.97° 
-42.89 (-444.70) 

Ni2CuSn4(2a) 
a= 12.011, b= 4.076 

c= 5.114, β= 105.207° 
-32.3 (-334.88) 

Ni2CuSn4(4i)a  -33.5 (-347.36) 

Ni2.5Cu0.5Sn4(2a) 
a= 11.976816, b= 4.022277 

c= 5.132675, β=105.04° 
-37.85(-392.39) 

Ni2.5Cu0.5Sn4(4i) 
a= 11.98593, b= 3.993367 

c= 5.155542, β= 104.9847° 
-38.34 (-397.49) 

Ni2AgSn4(2a) 
a= 12.4584, b= 4.14391 

c= 5.19398, β= 104.252° 
-26.86 (-278.52) 

Ni2AuSn4(2a) 
a= 12.4042, b= 4.1444 

c=5.20627, β= 104.15° 
-34.37 (-356.40) 

Ni2CoSn4(2a) 
a= 12.0160, b= 3.93832 

c= 5.16455, β= 104.799° 
-34.72 (-359.94) 

Ni2PdSn4(2a) 
a= 12.2552, b= 4.03690 

c= 5.19702, β= 104.637° 
-46.17 (-478.69) 

Ni2PtSn4(2a) 
a= 12.2409, b= 4.05527 

c= 5.21120, β= 104.644° 
-51.62 (-535.20) 

aSince the addition of Cu atoms changes the symmetry of the primitive cell of Ni3Sn4, 

the lattice constants of conventional cell are difficult to obtain. 

In addition, (Ni1-xCux)3Sn4 structures with Cu atoms at 4i site have lower Hf  than those 

with Cu atoms at 2a sites, and with the decrease of Cu content, the Hf  becomes lower. 

The addition of Cu may increase the Hf of (Ni1-xCux)3Sn4 structures and has a adverse 

effect on the structural stability. 

The Hf of the Ni3Sn4-based structures with other alloying atoms is also calculated, as 

shown in Table 2 and Fig. 1. On the whole, the ternary IMCs with adding elements in 

Ⅷ B have lower Hf than those IMCs with adding elements in ⅠB. And in the same 

group, the Hf decreases with the growth of the atomic numbers, which is in accordance 

with the periodic law of elements. But there is an exception for Ag element in group

ⅠB. Ag3Sn and other ternary structures with Ag element have higher Hf in comparison 

to other IMCs 

In order to verify the simple rule above, we calculated the Hf of Cu4M2Sn5 and 

Au0.5M0.5Sn4 structures. The results show that the two ternary IMCs both follow this 
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rule, as shown in Fig. 1. In the practical experimental works, the ternary Sn-based 

IMCs with Ag addition are seldom detected. The reason that Ag element is contained in 

the (Cu, Au, Ag)6Sn5 phase  is that Au atoms may lessen the negative effects of Ag 

atoms on Hf. Certainly, the chemical potential gradient also plays an important role 

here. The Hf of these IMCs is also consistent with the binding energy of intermetallic 

dimmers SnM calculated by Pershina et al. [9] 

 

3.2 Electronic structures 

Based on the first-principles methods, the partial and total density of states (DOS) of 

these IMCs are calculated. The DOS of Ni3Sn4 is characterized by the strong main peak 

near to the Fermi level, as shown in Fig. 2. This peak is dominated by the localized Ni-d 

state, which approximately ranges from -5 eV to 2.5 eV. A strong hybridization for 

Sn-sp and Ni-sp states can be found, and the hybridized section covers a wide range 

approximately from -12 eV to 10 eV. At the Fermi level, the DOS is mainly derived from 

the Sn-p and Ni-d states. The population analysis indicates that most of the Ni-Sn 

bonds have the covalent nature, which may be caused by the interaction of Ni-d state 

and Sn-p state. The localized d state at or near the Fermi level is related to the 

brittleness of materials [10].  

 

Fig. 2 Total and partial density of state (DOS) for Ni3Sn4. 

 

Owing to the same basic structure, all the DOS patterns of the Ni3Sn4-based IMCs have 

a lot in common, such as the two main peak which is due to the contributions of Ni-d 
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and M-d states and strong hybridization for Ni-sp, M-sp and Sn-sp states. Therefore, 

only some representative DOS patterns for these IMCs are shown here. For the 

(NixCu1-x)3Sn4 structures, The total DOS below the Fermi level are mainly dominated Cu 

d and Ni d states. Except for the heavily hybridized Sn-sp and Ni-sp states, the strong 

hybridization for Cu-sp states also occurs. In Fig. 3 and Fig. 4, it can be found that the 

effect of Cu atoms on the stucture of Ni2CuSn4 (2a) is larger than that of Ni2CuSn4 (4i), 

which can be observed from the intensity of Cu-d states. With the decrease of Cu 

content, the effect of Cu atom on these structures become weak, as shown in Fig. 5. 

 

 

Fig. 3 Total and partial density of state (DOS) for Ni2CuSn4 (Cu at 2a site). 
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Fig. 4 Total and partial density of state (DOS) for Ni2CuSn4 (4i). 

 

 

Fig. 5 Total and partial density of state (DOS) for Ni2.5Cu0.5Sn4 (2a). 
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4. Conclusion 

In summary, the structural and electronic properties of Sn-based intermetallics with 

different alloying elements have been investigated. For the common binary IMCs, the 

calculated lattice constants agree well with the experimental values and the simulated 

heat of formation have the same tendency as the experimental values. For the 

Sn-based ternary structures with certain sites substituted by different alloying 

elements, a simple variation trend of their heat of formation is obtained. In the case of 

(NixCu1-x)3Sn4 structures, 4i sites are the preferential sites for Cu atoms, and the 

decreasing Cu content would lower the heat of formation.  

The DOS of Ni3Sn4 and Ni3Sn4-based ternary IMCs are characterized by the main peaks 

caused by d-states and the strong hybridized sp states. The localized Ni-d state at the 

Fermi level indicates the brittle nature of Ni3Sn4. 
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