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Abstract 

Due to geometric scaling, the heterogeneous and anisotropic microstructures 

present in through-silicon vias and microbumps must be considered in the stress 

management of 3D integrated circuits.  In this study, a phase-field model is developed 

to investigate the effects of stress and electromigration on microstructural evolution in 

a Cu/Sn-microbump/Cu structure at 150°C.  External compressive stress is observed 

to accelerate the growth of Cu3Sn grains and cause the separation of continuous 

interfacial Cu6Sn5 grains by b-Sn grains, while tensile stress promotes the growth of 

Cu6Sn5 grains and the formation of a continuous Cu6Sn5 layer.  The roughness of the 

b-Sn-Cu6Sn5 interface under compressive stress is greater than that under tensile 

stress.  The morphological evolution of the b-Sn grains is also affected by stress.  An 

external shear or compressive stress favors the growth of b-Sn grains with their c-axis 

particular to the Y direction.  Furthermore, the interdiffusion flux driven by 

electromigration increases the roughness of the interfacial Cu6Sn5 grains at the 

cathode.  The strain caused by electromigration results in larger b-Sn grains, enabling 

faster interdiffusion along the current direction.  The preferential growth of the b-Sn 

grains under stress or electromigration decreases the shear modulus of microbumps. 

Index Terms:   

Interconnections, tin compounds, modeling, stress, electromigration. 
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I. INTRODUCTION  

Currently, a promising solution for enabling higher functional density and 

heterogeneous integration of circuits is to design devices and packages with a 2.5D or 

3D architecture.  The management of stresses occurring at multiple scales is a key 

issue that must be addressed to ensure the high performance and reliability of 3D 

integrated circuits (ICs) [1]-[5].  At the package level, stresses can cause failures 

within bumps, cracks within dies, delaminations from dielectric layers, etc.  At the 

chip level, stresses can change the mobility of carriers, i.e., holes and electrons, in 

devices [6]-[8].  In addition, effects from chip-package interaction (CPI) become 

stronger in 3D ICs due to the compact integration of chips and interconnects.  CPI-

induced stress can exacerbate the degradation of materials via processes such as 

electrical breakdown in inter-metal dielectric, electromigration (EM), and stress 

migration (SM) [9].  Efficient chip/package co-analysis of mechanical stress has been 

enabled by lateral and vertical linear superposition (LVSI) methods developed by 

Jung et al. [8].  However, high- fidelity predictions of stress distribution across chips 

and packages are still restricted by the lack of a database of multi-scale and time-

dependent materials properties [1], [10].  In particular, knowledge of microstructure-

dependent properties still remains scarce. 

In a microbump through-silicon via (TSV) structure, the properties of the 

microbump are strongly related to the crystallographic orientations of the b-Sn grains 

and the morphologies of the intermetallic compounds (IMCs) [11], [12].  For example, 

a microbump as small as a few microns may contain only one or a few grains, which 

leads to an anisotropic elastic modulus.  In addition, the morphology of the IMCs 

becomes increasingly important because the volume fraction of the IMCs in a 

microbump will be substantially increased if the temperature and time of the reflow 
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remain at the same level as that in the processing of flip-chip solder joints [11].  In 

this case, the large number of microbumps in 3D ICs may exhibit non-uniform 

properties and scatter in reliability performance data.   

It is challenging to predict the microstructure within microbumps because the 

microstructural evolution is influenced by the stresses caused during fabrication and 

those under subsequent service conditions of the ICs [13]-[16].  For example, Zhou et 

al. observed that the c-axis of the b-Sn grains in a Sn3.5Ag solder joint rotated toward 

a direction parallel to the interface between the solder joint and the under-bump 

metallization (UBM) due to thermo-mechanical stress [13].  Abdelhadi et al. reported 

faster growth of the Cu3Sn IMC in smaller Sn3.5Ag solder joints and attributed this 

result to the effect of stress on the diffusion rates of Sn and Cu. [15].  EM also affects 

the microstructure within microbumps [17]-[19].  Ke et al. reported the formation of a 

serrated interface between the solder and Cu6Sn5 IMC layer at the cathode due to 

electromigration [17].  Wu et al. observed the rotation of b-Sn grains under current 

stressing [18].  Although recent studies on stress analyses of 3D ICs have considered 

static microstructures such as Cu grains drawn artificially [20], [21] or generated by 

the Voronoi algorithm [22], microstructural evolution has not yet been coupled for 

analyses carried out with existing design platforms. 

The lack of understanding of the mechanisms underlying stress-driven and EM-

driven microstructural evolution is a bottleneck that restricts the accuracy of stress 

predictions for 3D ICs.  Phase-field (PF) models have been used to study 

microstructural evolution coupled with stress and EM for multiphase materials [23]-

[26].  However, no such modeling technique has yet been employed to study 

microbumps in 3D ICs.  On the other hand, PF models of the Sn-Cu binary system 

have been used to study the mechanisms underlying the morphological evolution of 
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interfacial Cu6Sn5 and Cu3Sn IMCs without stress coupling [27]-[30].  The PF models 

mentioned above are combined and extended in this study to develop a 

comprehensive PF model to study the effects of stress and EM on microstructural 

evolution of Cu/Sn-microbump/Cu structures.  

II. MODELING METHODOLOGY 

A. Initial settings of the model structure  

The complete set of phases in the Sn-Cu binary system that are 

thermodynamically stable at 150°C, i.e., b-Sn, Cu6Sn5, Cu3Sn, and a-Cu, are 

considered in the two-dimensional PF model used in this study.  Each of these four 

phases can be set to consist of multiple grains with different crystallographic 

orientations.  The cross-section of the Cu/Sn-microbump/Cu structure with its initial 

microstructure is illustrated in Fig. 1.  The pad size, standoff height, and initial 

thicknesses of the interfacial Cu6Sn5 grains, Cu3Sn grains, and Cu UBMs are set to 10 

µm, 20 µm, and 1 µm, 0.6 µm, and 3.4 µm, respectively.  The widths of the interfacial 

Cu6Sn5 and Cu3Sn grains in the X direction are set to 1 µm.  Bulk Cu6Sn5 particles 

with a uniform diameter of 1 µm are distributed in a square array in the Sn 

microbump, as illustrated in Fig. 1, to study the morphologies of the bulk Cu6Sn5 

particles at different locations in the microbump.  The distance between the two 

nearest Cu6Sn5 particles is 3 µm, which corresponds to a volume fraction of 8.7% 

with an assumption that the microbump and the Cu6Sn5 particles are of a truncated 

sphere and sphere geometries, respectively.  The b-Sn grains are set as hexagonal 

shapes with a side length of 3 µm such that the b-Sn grain boundaries (GB) meeting at 

a triple junction are oriented at 120° with respect to each other. 

B. Modeling technique for microstructural evolution 
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The four phases in the system are represented by a set of nonconserved order 

parameters hri, whose values range from 0 to 1.  The first subscript, r, refers to the 

phase, and the second, i, refers to the crystallographic orientation.  Using hri, the 

phase fraction fr at any location can be calculated according to the following 

relationship [29]: 
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where nr is the number of orientations set for phase r and fr(X) = 1 indicates that 

location X is fully occupied by phase r.  In addition to hri, another set of variables is 

required to account for the interdiffusion process: the local mole fraction of Sn, 

denoted as c, and the mole fraction of Sn in different phases, denoted as cr.  The mole 

fractions and the phase fractions are inter-related [29]: 
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The temporal evolution of the two sets of variables is driven by minimizing the free- 

energy functional of the system as follows [30]: 
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free-energy densities, respectively; the last term in the integral is used to impose the 

constraint (2), and µ is a Lagrange multiplier, which is also the interdiffusion potential 
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where m, gri,aj, and k are constants related to the energy and thickness of the grain 

boundaries or the interfaces between different phases; fr is the chemical free-energy 

density of phase r retrieved from a thermodynamic database developed by NIST [31]; 

e
rr  is the electrical charge density of phase r; je is the electric potential; SnZr  and 

uCZr  are the effective charge numbers of Sn and Cu in phase r, respectively; Fe is 

Faraday’s constant; Vm = 6.71´10-5 m3/mol is the average molar volume of the system; 

ekl is the total strain tensor; Cri,klrs is the stiffness tensor of phase r with orientation i; 

and *
kle  is the eigenstrain tensor arising from the Cu dilatation effect, i.e., the volume 

expansion caused by the supersaturation of Cu atoms in the phases.  The formula used 

by Chen [23] to calculate the eigenstrain of a two-phase system is extended to a 

multiphase system as follows: 
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where ec = -0.01; eqcr  is the value of cr when phase r is in thermodynamic equilibrium; 

and 
1 0
0 1

I æ ö
= ç ÷
è ø

, indicating that the eigenstrain *
kle  is assumed to be an isotropic 

volume strain.  The Lagrange multiplier µ can be obtained by solving dF/dcr = 0 for r 

= 1, 2, 3, 4 together with (2) and (8), which results in the following equation: 
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where e ef fr r rr j¢ = +  and sH is the hydrostatic stress.  Equation (9) indicates that a 

local mechano-electro-chemical equilibrium is assumed, where µ is the interdiffusion 

potential.  It can be noted that µ is irrelevant to the deviatoric stress, because I in (8) is 

assumed to be a unit matrix.  If the off-diagonal components of I are not equal to zero, 

the contribution of the stress to µ, i.e., ecsH, should be replaced by ecIklskl, where 
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governing equations for the microstructural evolution can be written as follows [29]: 
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where L = 1.60´10-9 m×s/kg is a constant related to the GB mobility; M is the 

interdiffusion mobility, which is proportional to the interdiffusion coefficients of Sn, 

i.e., ( )2 2= eqchem c
M D f c

r
¶ ¶ , and ( ) ( )* *

, ,= 2i mech kl kl i klrs rs rsf Cr re e e e- -  is the strain 

energy of phase r with orientation i under the total elastic strain.  The interdiffusion 

coefficient D at the grain boundaries or the interfaces between different phases is set 

to 100 times the interdiffusion coefficient in the interior of the grains.  Finally, the 

stress and electric potential are calculated by solving the equation for the stress 

equilibrium and the continuity equation of a steady-state current at every time step of 

the simulation [23], [26]: 
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where ij ijkl klCs e=  is the stress tensor and r
rr  is the electrical resistivity of phase r. 

The boundary conditions for the governing equations, i.e., (10)-(13), are listed in 

Table I.  Three boundary conditions for the external stress, i.e., tensile, compressive, 

and shear stresses, are considered in this study.  These conditions can occur due to 

thermal expansion mismatch between chips and interconnects, warpage of the chips, 

or misalignment of the microbumps [32]-[34].  The magnitude of the stress applied to 

the top boundary of the Cu/Sn-microbump/Cu structure ranges from 300 MPa to 2 

GPa.  This high stress, which may not occur in real microbumps, is used in this study 

to highlight the effects of stress on microstructure.   

C. Material parameters 

The material parameters of the model are set in reference to the published 

experimental data [28], [35]-[41] and are listed in Table II.  An isotropic 

interdiffusion coefficient for Sn, D, is used in studies of the interaction between 

external stresses and microstructural evolution.  The interdiffusion coefficient is 

calculated using the intrinsic diffusion coefficients of Sn and Cu reported by Chao et 

al. [36] and the formula for calculating interdiffusion coefficients derived by Darken 

[42].  For the multiple grains of all phases considered in this model, various 

crystallographic orientations are established.  The orientations of the b-Sn grains are 

represented by a set of Eulerian angles (q, f, g), as schematically plotted in Fig. 2, 

where the two-dimensional domain of the Cu/Sn-microbump/Cu structure is located 

in the XOY plane.  The orientation-dependent physical properties of the phases in the 
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XOY plane, e.g., the stiffness tensor and the interdiffusion coefficient matrix, are 

obtained by rotating the tensors of the physical properties in 3D space according to 

the Eulerian angle (q, f, y) and then calculating the X and Y components of the 

rotated tensors. 

III. RESULTS AND DISCUSSION 

A. Effects of stress on the morphology and growth rate of interfacial IMCs 

The microstructure in a Cu/Sn-microbump/Cu structure free of stress after 

isothermal aging at 150°C for 6000 s is shown in Fig. 3(a).  This microstructure will 

be used as a benchmark for comparisons with the microstructure in the microbumps 

formed under stress to clearly reveal the effects of stress on microstructural evolution.  

An external tensile stress in the positive Y direction with a magnitude of sY = 2 GPa 

and a compressive stress in the negative Y direction with a magnitude of sY = -1 GPa 

are applied to the top boundary of the structure, resulting in the microstructures 

observed in Figs. 3(b) and (c).   

A root mean square (RMS) roughness parameter, defined as follows, is used to 

represent the morphology of the interfacial Cu6Sn5 grains [43]: 

( )2
1

N

rms i
i

R Y Y N
=

= -å , (14) 

where N is the number of sampling points on the interface between the interfacial 

Cu6Sn5 grains and the b-Sn grains; Yi is the Y coordinate of the ith sampling point; and 

Y

 

is the average value of Yi.  It has been observed that the roughness of the interfacial 

Cu6Sn5 grains under tensile stress, i.e., 0.37 µm, is similar to their roughness in the 

stress-free case, i.e., 0.30 µm.  In contrast, when compressive stress is applied, the 

interfacial Cu6Sn5 grains are transformed from a continuous layer into many separated 

Cu6Sn5 grains, as illustrated in Fig. 3(c), whose roughness is 0.62 µm.  The tensile 
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stress also results in a slightly smaller bulk Cu6Sn5 particle sitting at the triple junction 

of the b-Sn GBs, indicated by the arrow in Fig. 3(b), whereas the bulk Cu6Sn5 particle 

marked by the arrow in Fig. 3(c) is larger under compressive stress.   

In addition to morphology, stress also affects the growth rates of the interfacial 

Cu6Sn5 and Cu3Sn grains.  Fig. 4 plots thickness as a function of time for the 

interfacial Cu6Sn5 grains, Cu3Sn grains, and Cu UBMs in the microbumps, as 

illustrated in Fig. 3.  The thickness of each phase is calculated by averaging the 

thicknesses of the phase at the top and bottom of the microbump.  As shown in Fig. 

4(a), the growth of the interfacial Cu6Sn5 grains is accelerated under tensile stress, but 

impeded under compressive stress.  In contrast, Fig. 4(b) demonstrates that the 

interfacial Cu3Sn grains are thicker under compressive stress but thinner under tensile 

stress.  The change in thickness of the interfacial Cu6Sn5 grains is greater than the 

change in thickness of the interfacial Cu3Sn grains; therefore, the entire IMC layer 

consisting of both Cu6Sn5 and Cu3Sn is thicker under tensile stress, resulting in faster 

consumption of the Cu UBMs, as illustrated in Fig. 4(c).  

Two factors incorporated in our model may affect the microstructural evolution.  

One is the difference in the strain energy caused by the difference in the Young’s 

moduli of the phases, hereinafter called the “strain energy factor”.  Under external 

stress, higher von Mises stresses tend to concentrate in phases with larger Young’s 

moduli, i.e., the Cu6Sn5 and Cu3Sn phases in Figs. 5(a) and (b).  Such a stress 

concentration results in a higher strain energy in the Cu6Sn5 and Cu3Sn phases than in 

the b-Sn and a-Cu phases.  When a phase with a smaller Young’s modulus, e.g., b-Sn, 

is transformed into a phase with a larger Young’s modulus, e.g., Cu6Sn5, the change in 

the strain energy will be 
6 5 , , 0Cu Sn mech Sn mechf fb -- > .  In this case, the kinetics 

6 5Cu Sn th¶ ¶  will slow down according to (10), i.e., the growth of the Cu6Sn5 phase 
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will be slower than that in the stress-free condition.  Therefore, the difference in the 

strain energy of the phases cannot explain the enhanced growth of the interfacial 

Cu6Sn5 phase under tensile stress as illustrated in Fig. 3(b).  The different 

morphologies of the Cu6Sn5 and Cu3Sn phases in Figs. 3(b) and (c) should be 

attributed to another factor, i.e., the interdiffusion of Sn and Cu driven by the gradient 

of the hydrostatic stress.  This factor is hereinafter called the “stress gradient factor”.  

According to (9) and (11), the interdiffusion flux is written as follows: 

( )1 1
c

Hj M f c e s¢é ù= - Ñ ¶ ¶ - Ñë û . (15) 

The mole fraction of Sn is distributed homogeneously inside the grains of each 

phase and varies only at the interfaces between different phases before a stress is 

applied.  Therefore, ( )1 1f c¢Ñ ¶ ¶  vanishes inside the grains, and thus, the gradient of 

the hydrostatic stress sH will promote interdiffusion after a stress is applied according 

to (15).  More specifically, the interdiffusion flux tends to flow toward locations with 

a lower tensile stress, i.e., a smaller value of Hs  when sH > 0, or a higher 

compressive stress, i.e., a larger value of Hs  when sH < 0, because ec < 0 is assumed 

in the model.  The redistribution of Sn due to the interdiffusion driven by the stress 

gradient in turn changes the strain energy and chemical energy and thus affects the 

evolution of the order parameters hri according to (5), (8), (9), and (10).  

To more clearly demonstrate the interdiffusion driven by the stress gradient, a 

simpler system with only two Cu6Sn5 grains between a b-Sn and a Cu3Sn grain in a 

rectangular domain is studied.  The initial setting and boundary conditions of the 

model are shown in Fig. 6(a).  The top boundary of the system is stretched or 

compressed along the Y direction by a stress of 1 GPa.  Figs. 6(b) and (c) show the 

microstructures formed under tensile and compressive stresses, respectively, at t = 
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1000 s.  The distributions of the hydrostatic stress in the systems in Figs. 6(b) and (c) 

are presented in Figs. 6(f) and (g), respectively, where the streamlines represent the 

interdiffusion flux.  The stress distributions in the system are not homogeneous when 

external stresses are applied due to the difference in the Young’s moduli of the phases.  

In Fig. 6(f), the hydrostatic stress over the entire domain is observed to be tensile, i.e., 

sH > 0, with the minimum tensile stress located in the region that separates the two 

Cu6Sn5 grains.  The interdiffusion flux tends to flow away from the top boundary and 

into the region between the two Cu6Sn5 grains, which is driven by the gradient of sH 

according to (15).  Consequently, more Sn atoms are available at the interface 

between the b-Sn and Cu3Sn grains to react and form a new Cu6Sn5 phase.  Therefore, 

the two Cu6Sn5 grains grow toward each other and become a continuous layer, as 

illustrated in Fig. 6(d).  In contrast, the maximum compressive stress is observed in 

the region between the two Cu6Sn5 grains as depicted in Fig. 6(g) when the 

compressive stress is applied.  In this case, the interdiffusion flux is driven away from 

the region that separates the two Cu6Sn5 grains by the stress gradient.  Therefore, the 

growth of the two Cu6Sn5 grains near the region is impeded, and thus, the grains 

remain separated by the b-Sn grain up to t = 10000 s, as shown in Fig. 6(e).  

B. Effects of stress on the orientation evolution of the b-Sn grains 

An external compressive stress in the negative Y direction with a magnitude of 

sY = -300 MPa and an external shear stress in the positive X direction with a 

magnitude of sX = 300 MPa are applied to the top boundary of the Cu/Sn-

microbump/Cu structure without bulk Cu6Sn5 particles.  The effect of stress on the 

preferential orientation of the b-Sn grains is illustrated in Fig. 7.  Fig. 7(a) shows the 

initial microstructure, and Fig. 7(b) plots the orientations of the b-Sn grains in Fig. 

7(a), which are represented by the angle between the Y direction and the c-axis, i.e., 
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the angle q.  Three different orientations represented by the Eulerian angles of (90°, 

0°, 0°), (60°, 90°, 90°), and (30°, 90°, 90°) are set for the b-Sn grains, denoted as the 

G1, G2, and G3 grains in Fig. 7(b).  That is, the q angles of the G1, G2, and G3 grains 

are 90°, 60°, and 30°, respectively.  Figs. 7(c) and (d) show the microstructure and the 

corresponding b-Sn grain orientations in a microbump free of stress at t = 10000 s, 

where the morphology of the b-Sn grains is nearly symmetric about the line Y = 10 

µm.  In contrast, the preferential orientation of the G1 grains is observed when an 

external stress is applied.  Figs. 7(e) and (g) show the microstructure within the 

microbumps under a compressive stress of sY = -300 MPa and a shear stress of sX = 

300 MPa, respectively, with the corresponding orientations of the b-Sn grains shown 

in Figs. 7(f) and (h).  Both Figs. 7(f) and (h) suggest that the G1 grains grow faster 

with the consumption of the G2 and G3 grains.  In particular, the G1 grains 

completely consume the G2 and G3 grains and merge into one grain in the 

microbump under the shear stress, as illustrated in Fig. 7(h).  This result is comparable 

to experimental observations, such that the c-axis of the b-Sn grains is rotated in the 

direction parallel to the solder-UBM interface in response to the shear stress generated 

during thermal cycling [13].   

The evolution of the order parameter of the b-Sn grains with the ith orientation, 

i.e., -Sni tbh¶ ¶ , is determined by the interfacial energy and strain energy according to 

(10) because fb-Sn equals 1 and fa equals 0 within the b-Sn grains and at the b-Sn 

GBs.  Due to its body-centered tetragonal crystal structure, b-Sn has stronger 

anisotropy than the other phases.  The anisotropic stiffness tensor of b-Sn causes a 

relatively lower von Mises stress in the two G1 grains in the top half of the 

microbumps than in the G2 grains in the tensile or compressive stress scenarios, as 
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shown in Figs. 8(a) and (b).  Therefore, the two G1 grains have lower strain energy 

than the G2 grains, which promotes the growth of the former, as illustrated in Figs. 7(f) 

and (h).  

The effect of compressive stress on the morphology of the interfacial Cu6Sn5 

grains is consistent with the result discussed in Section III-A.  That is, the 

compressive stress increases the roughness of the interface between the interfacial 

Cu6Sn5 grains and the b-Sn grains, as can be observed by comparing Figs. 7(c) and (e).  

In contrast, the morphology of the Cu6Sn5 grains at the top interface of the microbump 

is not clearly altered when shear stress is applied.  However, the Cu6Sn5 grains 

adjacent to the left and right boundaries at the bottom interface of the microbump are 

consumed by the b-Sn phase because higher stress concentrates at the two locations 

marked by the arrows in Fig. 8(b), which increases the strain energy of the Cu6Sn5 

grains at these locations.  

C. Effects of electromigration on orientation evolution of b-Sn grains 

In addition to the external stresses, EM is also a process that affects the 

microstructural evolution within microbumps.  The combined effects of EM and the 

internal stress caused by EM on the microstructure of the Cu/Sn-microbump/Cu 

structure are discussed in this section.  An electric current in the negative Y direction, 

jY = -1.27´104 A/cm2, is imposed at the top boundary of the microbumps.  The initial 

microstructure and orientations of the b-Sn grains in the model are shown in Figs. 9(a) 

and (b), respectively.  Three different orientations are set for the b-Sn grains, i.e., the 

G4, G5, and G6 grains with the Eulerian angles (0°, 90°, 0°), (90°, 90°, 90°), and (60°, 

45°, 90°), respectively, as shown in Fig. 9(b).  Both the electrical resistivity r
rr  and 

the interdiffusion coefficient D of the b-Sn grains are dependent on the orientations  A 

special case considering the anisotropy of the interdiffusion coefficient D, i.e., Dc = 
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500Da, is studied, and the microstructures formed at t = 10000 s are shown in Fig. 

9(c).  The roughness of the b-Sn-Cu6Sn5 interface adjacent to the G4 grain of the 

microbump is greater than the roughness adjacent to the G5 and G6 grains.  This 

result is most likely due to the faster interdiffusion along the Y direction in the G4 

grain, according to the study by Hong et al. on the morphology of interfacial Cu6Sn5 

grains under a stress-free condition [27].  The roughness of the interface at the anode 

of the microbump in Fig. 9(c) is 0.67 µm, which is controlled by the interdiffusion 

flux driven by EM. The current density is higher in the G5 and G6 grains than in the 

G4 grain because the electrical resistivity along the c-axis of the b-Sn grain is greater 

than the electrical resistivity along the a-axis by approximately 53% according to 

Table II.  The direction of the electric current is determined by the geometry of the 

microbump and is slightly affected by the anisotropy of the electrical resistivity.  The 

interdiffusion flux caused by the EM process can be calculated as follows according 

to (7), (9), and (11): 

( )1 1 1
1

e
Sn Cu eelec

elec
m

f MFj M Z Z
c V

f j¶
= - Ñ = - Ñ

¶
. (16) 

The effective charge densities of Sn and Cu in the b-Sn phase are 1
SnZ  = 18 and 

1
CuZ  = 3.25, respectively, as listed in Table II.  Equation (16) indicates that the electric 

current flowing in the negative Y direction across the microbump drives the 

interdiffusion flux to flow in the same direction, i.e., toward the cathode.  The 

interdiffusion driven by EM along the Cu6Sn5 GBs is faster than the interdiffusion 

within the Cu6Sn5 grains, resulting in fewer Sn atoms available for the growth of the 

Cu6Sn5 grains near the Cu6Sn5 GBs.  Therefore, the roughness of the interface at the 

anode is increased as the roughness of the interface at the cathode is decreased.   
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Fig. 9(d) shows the orientations of the b-Sn grains in Figs. 9(c).  It is evident that 

most of the b-Sn grains are occupied by G4 grains after EM for 10000 s.  This result 

indicates that the b-Sn grains with their c-axis parallel to the direction of the electric 

current tend to grow preferentially when Dc = 500Da.  This difference in the 

interdiffusion coefficients of two neighboring b-Sn grains results in a variation in the 

interdiffusion mobility M across the b-Sn GBs.  Thus, the mole fraction of Sn at the 

GBs deviates from the mole fraction of Sn in the b-Sn grains according to the 

following equation derived from (11):   

2+c M M
t

µ µ¶
=Ñ ×Ñ Ñ

¶
. (17) 

The deviation of the mole fraction of Sn causes strain at the b-Sn GBs according 

to (8).  The strain favors the growth of the G4 grains because a replacement of the b-

Sn GBs by the G4 grains can decrease the strain energy at the b-Sn GBs, which is 

calculated by the following expression: 

( )( )4, 4 5 4 6+G mech mech G G G Gf f h h h h- , (18) 

where fmech is the strain energy density at any location in the microbump; fG4,mech is the 

strain energy density when the grain or GB at the same location is completely 

transformed into a G4 grain; and ( )4 5 4 6+G G G Gh h h h  is used to represent the GBs 

connected to the G4 grains, i.e., ( )4 5 4 6+ 0G G G Gh h h h >  at the GBs and 

( )4 5 4 6+ 0G G G Gh h h h ®  inside the b-Sn grains.  The preferential orientation of b-Sn 

grains predicted in this section is different from the experimental result of Wu et al. 

[18], who observed the alignment of the c-axis perpendicular to the direction of the 

electric current.  This difference most likely occurs because vacancy diffusion is not 

considered in this study.  The distribution of the strain energy caused by vacancies is 



 18 

different from the distribution of the strain energy caused by the interdiffusion 

between Sn and Cu, because the interdiffusion between Sn and vacancies along the a-

axis of the b-Sn grains is faster, i.e., Da > Dc [18].  In this case, the strain energy may 

be minimized by growing b-Sn grains with their c-axis perpendicular to the current 

direction.   

D. Microstructure-dependent shear modulus of the microbumps 

The purpose of studying the microstructural evolution under stress is to directly 

predict the mechanical properties of the microbumps based on the simulated 

microstructure.  In this section, a shear stress in the positive X direction, i.e., sX = 10 

MPa, is applied to the top boundary of the microbumps with the simulated 

microstructure obtained in Sections III-A to III-C.  Then, the shear modulus of the 

microbumps is calculated as follows: 

( )X XG h ds= , (19) 

where sX is the shear stress imposed on the top boundary of the microbumps; dX is the 

displacement of the top boundary along the X direction; and h is the standoff height.  

The shear modulus of the microbump is related to the orientation-dependent shear 

modulus of the four constituent phases, which is calculated as follows [44]: 

( )11, 12, 44,
1 2
4i i i iG C C Cr r r r= - + , (20) 

where C11,ri, C12,ri, and C44,ri are the components of the stiffness tensor of phase r 

with orientation i in Voigt notation.  The stiffness tensor of each grain of phase r is 

obtained by rotating the stiffness tensor of phase r listed in Table II according to the 

Eulerian angles of the grain.  The average shear modulus of a phase can be calculated 

as follows using (20): 
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=1

n
ii

G G nr
r r r=å , (21) 

where nr is the number of crystallographic orientations set for phase r.  Fig. 10 plots 

the shear modulus of the microbumps as a function of time during microstructural 

evolution from t = 0 s to 10000 s.  A slight increase in the shear modulus of the three 

microbumps is observed when bulk Cu6Sn5 particles are considered.  This increase is 

caused by the growth of the interfacial Cu6Sn5 and Cu3Sn grains.  The average shear 

moduli of the Cu6Sn5 and Cu3Sn grains are calculated by (21) to be 50.6 GPa and 53.6 

GPa, respectively, which are greater than the shear moduli of the b-Sn and a-Cu 

grains, i.e., 19.6 GPa and 45.1 GPa, respectively.  Therefore, it is more difficult to 

deform a microbump with thicker Cu6Sn5 and Cu3Sn grains by applying shear stress.  

However, the difference in the shear modulus of the three microbumps with bulk 

Cu6Sn5 particles is negligible because the effect of stress on the thicknesses of the 

interfacial Cu6Sn5 and Cu3Sn grains is negligible, i.e., as small as < 1 µm, as observed 

in Figs. 4(a) and (b).  In contrast, when the bulk Cu6Sn5 particles are not considered, 

the shear modulus of the microbump marked by the solid square symbols in Fig. 10 

decreases by approximately 30% due to the faster growth of the G1 grains under the 

shear stress, as illustrated in Fig. 7(h).  The shear moduli of the G1, G2, and G3 grains 

calculated by (20) are 14.4 GPa, 23.6 GPa, and 20.7 GPa, respectively.  Therefore, the 

G1 grains deform more easily than the G2 and G3 grains under the same external 

shear stress.  For the same reason, the preferential growth of the G1 grains under 

compressive stress, as shown in Fig. 7(f), also decreases the shear modulus of the 

microbump marked by the solid triangle symbols in Fig. 10.  However, the decrease in 

the shear modulus of the microbump at t = 10000 s is smaller under compressive 

stress than under shear stress because the two G2 grains still exist in the microbump, 

as observed in Fig. 7(f).  Finally, the shear modulus of the microbumps during EM 
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also decreases due to the evolution of the morphology of the b-Sn grains; however, 

the decrease is only approximately 2% at t = 10000 s because the morphological 

evolution under EM is even slower than that under external stresses. 

IV. CONCLUSIONS 

The effects of external stress and EM on the microstructure of Cu/Sn-

microbump/Cu structures at 150°C were studied using a phase-field model.  The 

responses of the microstructures to stress and EM can be summarized as follows: 

1. The morphology and thickness of interfacial Cu6Sn5 grains are affected by the 

direction of the external stress applied: a compressive stress favors the separation 

of interfacial Cu6Sn5 grains by b-Sn grains, whereas a tensile stress promotes the 

formation of a continuous layer of Cu6Sn5 grains.  The roughness of the b-Sn-

Cu6Sn5 interface increases under compressive stress and decreases under tensile 

stress. 

2. b-Sn grains with their c-axis perpendicular to the Y direction grow preferentially 

under an external shear or compressive stress.  

3. The roughness of the interfacial Cu6Sn5 grains at the cathode is increased by the 

interdiffusion flux driven by EM.  In addition, the b-Sn grains with a larger 

interdiffusion coefficient along the direction in which the electric current flows 

grow faster under the EM-induced stress. 

4. The decreases in the shear modulus of the microbumps under external stresses or 

EM are caused by the preferential growth of the b-Sn grains, which deform more 

easily under a shear load. 
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LIST OF FIGURE AND TABLE CAPTIONS 

Fig. 1. The geometry and initial microstructure of the Cu/Sn-microbump/Cu structure. 

Fig. 2. A schematic plot of the Eulerian angles (q, f, y) used to represent the  

orientation of the b-Sn grains.  The Cu/Sn-microbump/Cu structure is located in the 

XOY plane. 

Fig. 3. The microstructure of the Cu/Sn-microbump/Cu structure under (a) a stress-

free condition, (b) a tensile stress of sY = 2 GPa, and (c) a compressive stress of sY = -

1 GPa at T = 150°C and t = 6000 s. 

Fig. 4. The thicknesses of the interfacial (a) Cu6Sn5 grains, (b) Cu3Sn grains, and (c) 

Cu UBMs as a function of time during the microstructural evolution of the Cu/Sn-

microbump/Cu structure in Fig. 3. 

Fig. 5. The distribution of the von Mises stress in the Cu/Sn-microbump/Cu structure.  

The microstructures corresponding to (a) and (b) are shown in Figs. 3(b) and (c), 

respectively. 

Fig. 6. The effect of stress on the morphological evolution of two Cu6Sn5 grains 

between a b-Sn and a Cu3Sn grain at T = 150°C.  (a) The initial microstructure and the 

boundary conditions. (b) and (d) The microstructure formed under a tensile stress of 

sY = 1 GPa at t = 1000 s and 10000 s, respectively. (c) and (e) The microstructure 

formed under a compressive stress of sY = -1 GPa at t = 1000 s and 10000 s, 

respectively.  (f) and (g) The distributions of the hydrostatic stress in (b) and (c), 

respectively, with the streamlines indicating the interdiffusion flux. 

Fig. 7. The effect of stress on the preferential orientation of the b-Sn grains.  (a) The 

initial microstructure.  The microstructure formed under (c) a stress-free condition, (e) 

a compressive stress of sY = -300 MPa, and (g) a shear stress of sX = 300 MPa at T = 
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150°C and t = 10000 s.  (b), (d), (f), and (h) The angle between the Y direction and the 

c-axis of the b-Sn grains in (a), (c), (e), and (g), respectively. 

Fig. 8. The distribution of the von Mises stress in the Cu/Sn-microbump/Cu structure 

at t = 1000 s under (a) a compressive stress of sY = -300 MPa and (b) a shear stress of 

sX = 300 MPa. 

Fig. 9. The combined effect of EM and stress on the morphological evolution of the 

interfacial Cu6Sn5 and b-Sn grains. (a) The initial microstructure. (c) The 

microstructure formed under an electric current of jY = -1.27´104 A/cm2 at t = 10000 s 

and T = 150°C for Dc = 500Da.  (b) and (d) The angle between the Y direction and the 

c-axis of the b-Sn grains in (a) and (c), respectively. 

Fig. 10. The plots of the shear modulus of the Cu/Sn-microbump/Cu structure as a 

function of time during microstructural evolution under stress and EM. 

Table I THE BOUNDARY CONDITIONS FOR THE GOVERNING EQUATIONS OF THE MODEL. 

Table II MATERIAL PARAMETERS USED IN THE MODEL.a 
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Fig. 1. The geometry and initial microstructure of the Cu/Sn-microbump/Cu structure.  
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Fig. 2. A schematic plot of the Eulerian angles (q, f, y) used to represent the  

orientation of the b-Sn grains.  The Cu/Sn-microbump/Cu structure is located in the 

XOY plane.   

(Single column image) 
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(c) 

Fig. 3. The microstructure of the Cu/Sn-microbump/Cu structure under (a) a stress-

free condition, (b) a tensile stress of sY = 2 GPa, and (c) a compressive stress of sY = -

1 GPa at T = 150°C and t = 6000 s.   

(Single column image) 
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(c) 

Fig. 4. The thicknesses of the interfacial (a) Cu6Sn5 grains, (b) Cu3Sn grains, and (c) 

Cu UBMs as a function of time during the microstructural evolution of the Cu/Sn-

microbump/Cu structure in Fig. 3.   

(Single column image) 
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(a) 

 
(b) 

Fig. 5. The distribution of the von Mises stress in the Cu/Sn-microbump/Cu structure.  

The microstructures corresponding to (a) and (b) are shown in Figs. 3(b) and (c), 

respectively.   

(Single column image) 
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(b) (c) 

  
(d) (e) 

  
(f) (g) 

Fig. 6. The effect of stress on the morphological evolution of two Cu6Sn5 grains 

between a b-Sn and a Cu3Sn grain at T = 150°C.  (a) The initial microstructure and 

the boundary conditions. (b) and (d) The microstructure formed under a tensile stress 

of sY = 1 GPa at t = 1000 s and 10000 s, respectively. (c) and (e) The microstructure 

formed under a compressive stress of sY = -1 GPa at t = 1000 s and 10000 s, 

respectively.  (f) and (g) The distributions of the hydrostatic stress in (b) and (c), 

respectively, with the streamlines indicating the interdiffusion flux.   

(Double column image) 
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(a) (b) 

  
(c) (d) 

  
(e) (f) 

  
(g) (h) 

Fig. 7. The effect of stress on the preferential orientation of the b-Sn grains.  (a) The 

initial microstructure.  The microstructure formed under (c) a stress-free condition, (e) 

a compressive stress of sY = -300 MPa, and (g) a shear stress of sX = 300 MPa at T = 

150°C and t = 10000 s.  (b), (d), (f), and (h) The angle between the Y direction and the 

c-axis of the b-Sn grains in (a), (c), (e), and (g), respectively.   

(Double column image) 
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(a) 

 
(b) 

Fig. 8. The distribution of the von Mises stress in the Cu/Sn-microbump/Cu structure 

at t = 1000 s under (a) a compressive stress of sY = -300 MPa and (b) a shear stress of 

sX = 300 MPa.   

(Single column image) 
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Fig. 9. The combined effect of EM and stress on the morphological evolution of the 

interfacial Cu6Sn5 and b-Sn grains. (a) The initial microstructure. (c) The 

microstructure formed under an electric current of jY = -1.27´104 A/cm2 at t = 10000 s 

and T = 150°C for Dc = 500Da.  (b) and (d) The angle between the Y direction and the 

c-axis of the b-Sn grains in (a) and (c), respectively.   

(Double column image) 
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Fig. 10. The plots of the shear modulus of the Cu/Sn-microbump/Cu structure as a 

function of time during microstructural evolution under stress and EM.   

(Single column image) 
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LIST OF TABLES 

TABLE I 
THE BOUNDARY CONDITIONS FOR THE GOVERNING EQUATIONS OF THE MODEL. 

Equation Boundary Boundary condition 

Phase field, (10) and (11) all no-flux 
   

Stress equilibrium, (12) 
left and right free deformable 

top a stress along the X-axis or Y-axis 
bottom fixed 

   

Continuity equation of a steady-state 
current, (13) 

left and right electrically insulated 
top an inflowing current along the Y-axis 

bottom Grounded 
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TABLE II 
MATERIAL PARAMETERS USED IN THE MODEL.a 

Phase D (m2/s) C11 (GPa) C22 (GPa) C33 (GPa) C44 (GPa) C55 (GPa) C66 (GPa) C12 (GPa) C13 (GPa) 

b-Sn 2.00´10-15 75.29 75.29 95.52 21.93 21.93 23.36 61.56 44.00 

Cu6Sn5 1.61´10-16 168.57 165.39 186.08 45.95 54.7 45.98 69.11 67.15 

Cu3Sn 2.87´10-17 204.84 164.50 218.98 60.73 64.01 39.25 94.18 106.43 

a-Cu 8.00´10-19 169.00 169.00 169.00 75.30 75.30 75.30 122.00 122.00 

 C23 (GPa) C15 (GPa) C25 (GPa) C35 (GPa) C46 (GPa) r
rr  (10-8 W×m) ZSn ZCu  

b-Sn 44.00 0 0 0 0 13.3 (a-axis), 20.3 (c-axis) 18 3.25  

Cu6Sn5 67.59 17.02 34.45 28.05 -2.92 17.5 36 26  

Cu3Sn 106.40 0 0 0 0 8.9 23.6 26.5  

a-Cu 122.00 0 0 0 0 1.7 18 7  

aD is the interdiffusion coefficient [36], Cij is the stiffness tensor in Voigt notation [35], [40], [41], r
rr  is the electrical resistivity [37]-[39], 

ZSn and ZCu are the effective charge numbers of Sn and Cu, respectively [36]. 
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