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Supplementary Information I: Derivation of the condition for the MG to fill the cavity 

between Ag particles 

Kumar et al. modified Hagen-Poiseuille’s law to decribe the nano-moulding process using 

metallic glass (MG)
16

: 
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Here, η is the viscosity of MG, t is the filling time of MG, l is the length of a channel, D is the 

diameter of the channel, γ is the surface energy of the MG, θ is the contact angle between the 

MG and the mould, and P is the required pressure.  

The equation (S1) suggested by Kumar et al.
16

 was modified to derive the condition for the 

MG to fill the gap between Ag particles in Ag electrode paste during the firing process. We 

assumed that the aspect ratio (l/D) of the cavity between Ag particles is 
2

3
 (Supplementary 

Fig. SI-1), since the length (l) of the cavity is r
2

3
 and the diameter (D) of the cavity is r, 

while r is the radius of the Ag particles:  
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Supplementary Figure SI-1. Schematic diagram of the cavity between Ag particles. D is 

diameter of the channel, l is length of the channel, and r is radius of the Ag particles.  
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The diameter of the cavity (D) could be substituted by d/2, where d is the diameter of the Ag 

particles: 

dt
P

 cos824
                         (S3) 

Since there is no external pressure during the firing process, the required pressure (P) is zero:  

dt

 cos824
0                          (S4) 

The filling time (tfill) of MG into the gap between Ag particles is derived as below from (S4): 
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

cos

3 d
t fill                             (S5) 

Since the MG can flow effectively only in the supercooled liquid (SCL) state, the time for the 

MG to stay in the SCL region during the firing process, tSCL, should be larger than the filling 

time, tfill. tSCL can be described as below: 
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Here, ΔTx is the SCL region of the MG and Rheat is the heating rate during the firing process. 

As mentioned above, tfill should be smaller than tSCL for the MG to completely wet into the 

gap between the Ag particles: 

SCLfill tt                               (S7) 

Using (S5), (S6) and (S7), the equation of the condition for the MG to fill the cavity 

between the Ag particles is derived as below: 
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Supplementary Information II: Method for the measurement of the viscosity 

Deformation rate, d(Δl)/dt, of the Al85Ni5Y8Co2 MG ribbon was measured by Thermo 

Mechanical Analysis (TMA) under the tensile mode at heating rates of 5, 10, 20, and 40 

K/min in an Ar atmosphere. Deformation rate was divided by the length of the MG ribbon to 

calculate the strain, ε=[d(Δl)/dt]/l. The viscosity of the MG was derived by equation (S9). 

 3/                                 (S9) 

η is the viscosity of the MG and σ is tensile stress (1 MPa). The viscosity at a heating rate of 

75 K/s was evaluated by extrapolating the experimental results following the previous report 

which showed that the viscosity varies in proportional with the logarithmic scale of the 

heating rate
18

.  

 

Supplementary Figure SII-1. Temperature dependence of viscosity of Al85Ni5Y8Co2 MG at 

heating rate of (a) 5, (b) 10, (c) 20, and (d) 40 K/min. 
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Supplementary Information III: Thermal properties of MG 

III-1. Thermal properties of MG 

Glass transition temperatre (Tg), crystallization temperature (Tx) and supercooled liquid 

region (ΔTx) were measured using a differential scanning calorimeter (DSC) with a heating 

rate of 5, 10, 20, 40 K/min in Ar atmosphere. 

 

Supplementary Figure SIII-1. DSC curves of Al85Ni5Y8Co2 MG for various heating rate.  

 

III-2. Prediction of Tg and Tx at heating rate of 75 K/s 

To predict Tx at a heating rate of 75 K/s, Kissinger equation
19

 was used 
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b is the heating rate, Ec is an activation energy, and C is constant. Activation energy and 

constant of crystallization were calculated by plotting 









2

ln
xT

b
 versus 

xT

1000
 based on Tx 

values obtained at the heating rate of 5, 10, 20, 40 K/min. From the slope of the plot and y-

intercept, the activation energy (Ec) and the constant were derived (Supplementary Fig. SIII-
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2a). Tg at heating rate of 75 K/s was derived by same procedure as that of Tx (Supplementary 

Fig. SIII-2b). Tg and Tx at the heating rate of 75 K/s are 564 and 604 K, respectively, while 

the details of the effect of the heating rate on Tg and Tx of Al85Ni5Y8Co2 MG are described in 

Supplementary Fig. SIII-3. 

 

 

 Supplementary Figure SIII-2. Kissinger plot corresponding to (a) Tx and (b) Tg in the DSC 

curves obtained from the Al85Ni5Y8Co2 MG 

 

 

Supplementary Figure SIII-3. Effect of heating rate on Tg and Tx of Al85Ni5Y8Co2 MG. 
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 Supplementary Information IV: Simulation of the deformation behaviour of MG 

The calculation system consists of 4 layers of close packed MG and Ag particles on the Si 

substrate. The diameter of MG and Ag particles in this system is 2 μm. Each of the first three 

layers from the bottom contains one MG particle and 32 Ag particles, while the fourth layer 

consists of only Ag particles (Supplementary Fig. SIV-1a). Each MG particle is surrounded 

by six of Ag particles in the first, second, and third layers from the bottom (Supplementary 

Fig. SIV-1a, 1b, 1c, 1d, 1e). The top layer consists of only Ag particles (Supplementary Fig. 

SIV-1f). 

 

 
 

Supplementary Figure SIV-1. (a) MG/Ag paste simulation model. (b) Si substrate layer. MG 

particle surrounded by six of Ag particles in the (c) first, (d) second, and (e) third layers from 

the bottom. (f) Top layer consists of only Ag particles. Grey and red balls represent silver and 

MG particles, respectively. Dark brown plate is the Si substrate layer. 

 



8 

The computational mesh was constructed by 552,252 tetrahedral cells (Supplementary Fig. 

SIV-2a). Supplementary Figure SIV-2b, 2c, and 2d show the cross sections of the MG/Ag 

pile where the position of MG particle in each layer is indicated.  

 

 
 

Supplementary Figure SIV-2. (a) The computational mesh of the MG/Ag pile. Cross sections 

of the MG/Ag pile where the MG particle is located on the (b) first layer, (c) second layer, 

and (d) third layer from the bottom. Light grey and dark red meshes represent silver particles 

and Si substrate layer, respectively.  

 

Volume of fluid (VOF) multiphase model was applied to solve pressure-velocity coupling 

equation using PISO (Pressure-Implicit with Splitting of Operators) algorithm. The solution 

methods for gradient, pressure, momentum, and volume fraction are listed in Supplementary 

Table SIV-1. To control the solution convergence, the under-relaxation factors for pressure, 

density, body forces, momentum, and volume fraction were set as 0.3, 0.3, 0.5, 0.3 and 0.3, 

respectively.  
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Supplementary Table SIV-1. Solution methods of CFD simulation 
 Solution Method 

Gradient Least Squares Cell Based 

Pressure PRESTO! 

Momentum Second Order Upwind 

Volume Fraction Second Order Upwind 
 

 

The space between Ag-Ag particles and between Ag-MG particles was assumed to be 

filled with air with the density of 1.225 kg/m
3
 and the viscosity of 1.7894 x 10

-5
 Pas.  

Time step size was set to be 10
-6

 s, and 50 steps were calculated for the MG wetting 

simulation. Therefore, the total simulation time is 0.05 ms. In addition, the viscosity of the 

MG was set to be 10 Pa·s for this simulation. According to the equation (S11)
S1

, the viscosity 

change is proportional to the elapsed wetting time. 
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R(t) is radius of spreading droplet, λc is constant, γ is interfacial tension, V is liquid 

volume, η is liquid viscosity, and t is spreading time. By multiplying the viscosities of the 

MG and the simulation time by a 10
4
 factor, it was possible to investigate the deformation 

behavior of the MG having viscosities of 10
5
 Pas, while the wetting time is 0.5 s.  

 

References 

S1. Starov, V. M., Velarde, M. G. & Radke, C. J. Wetting and Spreading Dynamics (CRC 

Press, Boca Raton, FL, 2007). 
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Supplementary Information V: Calculation of surface tension of Al-MG and interfacial 

energies of MG/Ag and MG/Si.  

Since the wetting capability of MG on Ag and Si is very influential in forming a good contact 

between the Ag electrode and the Si wafer, the contact angle of the Al-based MG on Ag and 

Si surface were calculated from the computational data. The contact angle is one of the 

indices which can estimate the wettability of the substance. Basically, to calculate the contact 

angle of the liquid on the solid substrate, surface tension of each phase and interfacial energy 

between liquid and solid phases are required. Since, it is difficult to directly measure the 

surface tension and interfacial energy when the MG is in the SCL state, we have performed 

ab initio calculations based on the density functional theory (DFT). The Vienna Ab-initio 

Simulation Package (VASP)
S2

 is used for DFT and molecular dynamics (MD) simulations. 

We carried out MD simulations to obtain the atomic structures of MG. The initial 

Al85Ni5Y8Co2 structure comprised of 200 atoms is introduced per unit supercell. The 

supercell was melted and equilibrated at 2000 K for 6 ps to obtain the liquid phase. The liquid 

phase is cooled to 200 K with a cooling rate of -400 K/ps. The density of the MG was 

calculated by a simple proportional method using the density data of each element in the solid 

state. Since the previous simulation results show the volume difference between glass and 

crystal of Cu-Zr alloy is approximately 2 %, the cell volume of the Al-MG was increased by 

2% from that of the crystal state
S3

. The solidified structure of MG has a cell parameter of 

15.23 Ǻ. The atomic structure of Ag was optimized using DFT simulation. The energy cutoff 

for the plane-wave expansion is 269.5 eV for the DFT simulatioin and 202.2 eV for the MD 

simulation. The projected-augmentedwave psedopotential
S4

 was used to describe electron-ion 

interactions. Also, Perdew-Burke-Ernzernhof (PBE) functional of the generalized gradient 

approximation (GGA) was adopted for the exchange correlation energies between electrons
S5

. 

Monkhorst-Pack
S6

 k-points are sampled on 2x2x1, 2x2x1, 2x2x2, 2x2x1, 12x12x12, and 
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4x4x4 meshes for MG/Ag interface, MG/Si interface, Al-MG, MG slab, Ag, and Si structures, 

respectively. The structures are relaxed until the maximum Hellmann-Feynman force is less 

than 0.02 eV/Å . Surface structures of Ag(100), Ag(110), and Ag(111) are formed to calculate 

interfacial energies of Ag/MG. To match the lateral periodicity, we adjust the lattice 

parameter of MG to that of Ag, while maintaining the same cell volume of MG. Using DFT 

simulation, MG/Ag interface (Supplementary Fig. SV-1a), Ag structure, and modified MG 

structure were optimized considering the atomic relaxation. The MG/Ag interfacial energy, 

γMG/Ag is defined as: 

AEEE AgMGAgMGAgMG 2/)( //                       (S12) 

where EMG/Ag, EMG, and EAg are the total energies of MG/Ag interface, MG structure, and Ag 

structure, respectively. A is the area of MG/Ag interface, and the factor 2 accounts for the two 

interfaces in the MG/Ag cell. The MG/Si interfacial energy was calculated using the same 

method as that for MG/Ag case. Surface structures of Si(100), Si(110), and Si(111) were 

considered for calculating interfacial energies of MG/Si. To form the MG/Si interface 

structure, the cell parameters of MG were adjusted to match with those of Si surface 

structures, while maintaining the same cell volume of MG. Then, MG/Si (Supplementary Fig. 

SV-1b), Si, and modified MG structures are optimized using DFT simulation to calculate the 

MG/Si interfacial energies. The average interfacial energies of MG/Ag and MG/Si are 181.8 

and 961.6 mN/m, respectively.  

A single slab structure of MG separated by vacuum (20 Ǻ) was made to calculate the surface 

tension of MG. The surface tension of MG, γMG is defined as:  

AEE MGSlabMG 2/)(                      (S13) 

where ESlab and EMG are the total energies of slab MG and bulk MG, respectively. The 

energies of the slab structures were calculated by DFT without atomic relaxations. A is the 
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area of the MG slab surface, and the factor 2 accounts for the two surfaces in the MG cell. 

The average surface tension of MG was calculated to be 1045.7 mN/m.  

 

 

 

 

Supplementary Figure SV-1. Atomic structures by DFT simulation. (a) Interface structure of 

Al85Ni5Y8Co2 MG with Ag. (b) Interface structure of Al85Ni5Y8Co2 MG with Si. Orange, 

green, red, blue, grey, and dark brown balls represent Al, Ni, Co, Y, Ag, and Si atoms, 

respectively.  
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Supplementary Information VI: Interfacial energies calculation between Al-Ag eutectic 

and Ag, and between Al-Ag eutectic and Si by DFT simulation  

The atomic structure of Al-Ag alloy was calculated by first-principles molecular dynamics 

calculation based on the density functional theory. Al60Ag40 alloy consists of 60 atoms of Al 

and 40 atoms of Ag in a cubic cell with periodic boundary condition, which has the cell 

parameter of 11.92 Ǻ. The cell was melted and equilibrated at 2000 K for 6 ps to obtain the 

liquid phase. An interface structure of Al-Ag alloy/Ag is obtained by attaching the Al-Ag 

alloy with the Ag structure (Supplementary Fig. SVI-1a). To match the lateral periodicity, the 

lattice parameters of the Al-Ag alloy are adjusted to that of Ag, while the cell volume of the 

Al-Ag alloy is maintained. Three interfacial structure were considered; Al-Ag alloy/Ag(100), 

Al-Ag alloy/Ag(110), Al-Ag alloy/Ag(111). Using DFT simulation, Al-Ag alloy/Ag interface, 

Ag structure, and modified Al-Ag alloy structures were optimized considering the atomic 

relaxation. The interfacial energy of Al-Ag alloy/Ag, γAl-Ag/Ag is defined as 

AEEE AgAgAlAgAgAlAgAgAl 2/)( //                  (S14) 

EAl-Ag/Ag, EAl-Ag, and EAg are the energies of Al-Ag alloy/Ag, Al-Ag alloy, and Ag structures, 

respectively. A is an interface area of Al-Ag alloy/Ag, and the factor 2 accounts for the two 

interfaces in the interface structure. An average interfacial energy of the Al-Ag alloy/Ag is -

56.5 mN/m. An atomic structure and interfacial energies of Al-Ag alloy/Si interface are also 

calculated in a similar way as mentioned above (Supplementary Fig. SVI-1b). Three 

interfacial structure were considered; Al-Ag alloy/Si(100), Al-Ag alloy/Si(110), and Al-Ag 

alloy/Si(111). An average interfacial energy of the Al-Ag alloy/Si is 746.0 mN/m. All 

structures are calculated using the projected-augmented-wave psedopotential to describe 

electron-ion interactions, and the energy cutoff for the plane-wave expansion is 249.6 eV for 

DFT simulation and 187.4 eV for MD simulation. Perdew-Burke-Ernzernhof (PBE) 
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functional of the generalized gradient approximation (GGA) was adopted for the exchange 

correlation energies between electrons. Monkhorst-Pack k-points are sampled on 2x2x1, 

2x2x1, 2x2x2, 12x12x12, and 4x4x4 meshes for Al-Ag/Ag interface, Al-Ag/Si interface, Al-

Ag alloy, Ag, and Si structures, respectively. The structures are relaxed until the maximum 

Hellmann-Feynman force is less than 0.02eV/Ǻ.  

 

 

Supplementary Figure SVI-1. (a) Interface structure of Al60Ag40 alloy with Ag. (b) Interface 

structure of Al60Ag40 alloy with Si. Orange, grey, and dark brown balls represent Al, Ag, and 

Si atoms, respectively. 
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Supplementary Information VII: Simulation of the fluidic behaviour of Al60Ag40 alloy 

 

The fluidic behavior of the Al60Ag40 alloy in the Ag electrode was calculated using CFD 

simulation. Same calculation system (Supplementary Fig. SIV-1) and same computational 

mesh (Supplementary Fig. SIV-2) described in Supplementary Information IV were used for 

prediction of fluidic behavior of the Al60Ag40 alloy in the Ag electrode except that the MG 

balls are substituted by Al-Ag balls. Volume of fluid (VOF) multiphase model was applied to 

solve pressure-velocity coupling equation using PISO algorithm. The solution methods for 

gradient, pressure, momentum, and volume fraction are same as those listed in 

Supplementary Table SIV-1 in Supplementary Information IV. Time step size was set to be 

10
-5

 s, and 30 steps were calculated for Al-Ag alloy flow simulation. Viscosity, density, and 

surface tension of the Al-Ag alloy are calculated by simple proportional method described in 

Supplementary Table SVII-1. 

 

Supplementary Table SVII-1. Density, viscosity, and surface energy of Al60Ag40 alloy 

Input parameters  Ag (Liq. 873 K)
20

  Al (Liq. 873 K)
20

  Al60Ag40 alloy  

Density (g/cm
3
)  9.67  2.40  5.31  

Viscosity (mPa∙s)  9.65  1.45  4.73  

Surface energy (mN/m)  960.7  935.0  945.3  

 

 

 


