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Abstract—In this and subsequent papers, we consider the
effects of the microstructure, in particular grain orientations,
and the associated anisotropy of Sn grains on electromigration
induced degradation in lead-free solder bumps. This paper
investigates the effect of the anisotropy of Sn grains on current-
driven self diffusion and the resulting atomic flux divergence
that is associated with material depletion at the cathode side of
the bump and ultimately failure. Finite element thermoelectric
simulations of a section of a chip scale package (CSP) and a
refined sub-model are carried out assuming single crystal and
bi-crystal solder bumps. Anisotropic material properties of β-Sn
are used in the simulations. By varying crystal orientation of
the solder bumps, the effect of grain orientation on the current
density, temperature, and atomic flux divergence is studied
and discussed. In future papers, we will consider the coupled
mechanical response including stress-driven diffusion.

Index Terms—electromigration, tin-based solder, diffusion, fi-
nite element analysis

I. INTRODUCTION

DURING service, solder bumps in microelectronic devices

are subjected to a combination of electrical, thermal, and

mechanical loads. The continuing push for higher performance

gained by reducing device dimensions leads to increased

current densities, which can lead to faster degradation and

failure. High current densities lead to a mass diffusion process,

referred to as electromigration, resulting from momentum

being transferred from conducting electrons to diffusing metal

atoms. As a result, material is depleted from the cathode end

and accumulates at the anode end, which, over time, results

in an increase in the resistance and may ultimately lead to

failure of the devices [1], [2], [3]. Due to environmental

concerns, tin (Sn) based solder bumps have replaced lead-

based solder bumps in most microelectronic devices. Sn-based

solder bumps consist of more than 95 wt% Sn and are usually

comprised of one or a few large β-Sn grains [4], [5], [6] after

solidification. β-Sn has a body-centered-tetragonal (BCT) lat-

tice structure and shows strongly anisotropic properties along

the crystal a and c axes. Thus, the grain structure and orienta-

tions of the grains have a large impact on the electromigration-
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induced degradation in Sn-based solder bumps, which is a

major reliability concern. This paper represents a first step in

understanding and modeling the effect of the microstructure on

the reliability of Sn-based solder bumps, that of investigating

the effect of Sn grain anisotropy on current density and

current-driven diffusion.

The effects of the microstructure, in particular the grain

orientations, on electromigration-induced failure have been

observed in recent experiments [7], [8], [9]. Using a bi-crystal

SnCu solder connection in a Cu-solder-Cu wire structure, Lu

et al. [7] observed two different degradation mechanisms in

the two grains of the solder connection, which they attributed

to the different Sn grain orientations. Mode-I degradation is

associated with Sn self-diffusion that results in voids generated

at the interfaces between intermetallic compounds (IMCs) and

the solder at the high current density region. Mode-II degra-

dation is associated with fast interstitial diffusion of the under

bump metallization (UBM) metals such as Ni and Cu in the

solder. They found Mode-I is the dominant failure mechanism

in SnAg(Cu) solder with at least 1 wt% Ag. Lee et al. [8] did

electromigration tests on Cu/Sn3.0Ag0.5Cu/Cu solder bumps

and observed remarkable difference in electromigration behav-

iors depending on crystallographic orientation of Sn. From

failure analysis of Sn2.5Ag solder bumps, Wang et al. [9]

showed the effects of Sn grain structure on void formation dur-

ing electromigration and further attributed electromigration-

induced failure modes to the alignment between the c-axis of

Sn grains and the current flow direction.

Substantial efforts have been devoted in modeling electromi-

gration in Sn-based solder joints. Basaran’s group [10], [11],

[12] and Liu and his coworkers [13], [14], [15], [16] have

done extensive work in developing finite element models that

solve the mass diffusion equation including the current density,

stress gradient, and temperature gradient as driving forces for

diffusion, coupled with the electrical, mechanical, and thermal

equations required to solve for the current density, stress, and

temperature fields. However, most of these models treat the

materials as homogeneous and do not account explicitly for

microstructure nor the associated anisotropy at the grain scale.

There are a few models in the literature that include the

effect of the grain structure [17], [18], [19], but typically do

not include the full effect of grain anisotropy. Povirk [17]

presented a model that accounts for diffusion through the

crystal lattice as well as along grain boundaries. His model

relates the rate at which material is deposited or depleted

on the grain boundary surface to the boundary normal stress
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and then converts it to inelastic strain rate within elements

adjacent to the surface. Bower and Wininger [18] proposed

a model in which grain boundary diffusion is modeled us-

ing a sharp-interface approximation and deformation of the

grain boundary is characterized by the normal components

of velocity discontinuity. Ceric et al. [19] proposed a way

to model a grain boundary as a vacancy source/sink and the

grain boundary is treated as a separate region which can trap

or release vacancies according to the flux divergence. None of

these models consider the intragranular thermal, electrical, and

diffusion anisotropy, which is strongly present in tin because

of the BCT crystal lattice.

The microstructure, especially the grain orientations because

of the high level of anistropy, significantly impacts the current

distribution and resulting current-driven diffusion (electromi-

gration) that may lead to voids or stress-induced cracking. This

paper deals primarily with the effect of the Sn grain electrical

anisotropy on the current-driven diffusion. To our knowledge,

it has drawn little attention in the literature. In this and

subsequent papers, we consider the effect of the microstructure

and grain orientations on electromigration-induced degradation

in Sn-based solder bumps. Subsequent papers will include

results from an experimental study, stress analysis including

a new crystal plasticity model, and coupled electromigration-

stress simulations of single and multi-crystal Sn-based solder

bumps.

In this paper, we consider Sn self-diffusion, which leads to

void formation at solder-metallization interface. Lu et al. [7]

refer to this as mode-I damage and found it to be the dominant

failure mechanism in SnAg(Cu) solder with at least 1 wt%

Ag. A thermal-electrical analysis is carried out for a chip

scale package (CSP), and then a sub-model is generated,

where more detailed simulations are performed considering

the grain orientation(s) of the critical solder bump. Both

single crystal and bi-crystal bumps are considered with varying

crystal orientations and grain boundary orientations. The effect

of the crystal orientation and grain boundary orientation on

the current density and temperature fields are investigated. In

addition, the rate of depletion and accumulation of material

resulting from current-induced diffusion throughout the solder

bump is studied and related to failure. The results are found

to be consistent with experimental electromigration failure

tests of a CSP reported in Gee et al. [20]. Based on the

simulations and correlation to experiments reported in the

literature, we are able to draw conclusions about the effect

of the crystal orientations on current-induced degradation in

Sn-based solder.

II. GOVERNING EQUATIONS

The governing, steady-state, coupled electrical-thermal

equations for the electric potential P and temperature T
distributions that result when a current is applied across the

conductors in a chip scale package, can be expressed as

follows:

∇ · j = 0 (1)

j = ρ−1
·E = −ρ−1

· ∇P (2)

∇ · (κ · ∇T ) + U = 0 (3)

U = E · j = (ρ · j) · j (4)

where Eqs. (1) and (3) represent conservation of charge and

energy, respectively, Eq. (2) is Ohm’s law, and Eq. (4) is Joule

heating. In addition, j is the current density, E = −∇P is

the electric field, P is the electric potential, and U is the

heat source due to Joule heating. The remaining terms are

the anisotropic, tensor valued, temperature dependent material

properties of electrical resistivity ρ and thermal conductivity

κ. While for crystals with cubic symmetry, the electrical

resistivity and thermal conductivity are isotropic and thus can

be treated as scalars, for materials such as β-Sn, which has

a BCT crystal structure, the electrical resistivity and thermal

conductivity show an anisotropic character (different along a
and c crystal directions). Letting the x̂3 axis be aligned with

the crystal c axis in the lattice frame (denoted with hat), the

only non-zero components in the electrical resistivity tensor

in the lattice reference are ρ̂11 = ρ̂22 = ρa and ρ̂33 = ρc and

similarly for the thermal conductivity κ̂11 = κ̂22 = κa and

κ̂33 = κc. We express the tensor components with respect to

the global frame by simply rotating the tensors from the lattice

to the global frame, which can be expressed indicially [21]

ρij = Rikρ̂klRjl , κij = Rikκ̂klRjl (5)

where R is the rotation matrix transforming components from

the lattice to the global frame. The temperature dependence of

the electrical resistivity along the a and c directions is treated

as linear with

ρq = ρqo [1 + αq(T − To)] (6)

where q is either a or c, ρqo is electrical resistivity at the

reference temperature To = 20◦C, and αq represents the linear

resistivity temperature coefficient. The temperature dependent

thermal conductivity is interpolated from literature data [22].

In addition to the governing equations (1)-(4) that must

be satisfied on the chip scale package domain B, heat flux

q = −(κ · ∇T ), current, temperature, and electric potential

boundary conditions are applied on the boundary ∂B of B as

follows,

q · n = h(T − T∞) , j · n = 0 on ∂B1 (7)

q · n = 0 , j · n = ĵ on ∂B2 (8)

q · n = 0 , P = P̂ on ∂B3 (9)

T = T̂ , P = P̂ on ∂B4 (10)

where n is the outward unit normal on ∂B, h is the convection

or film coefficient, T∞ is the ambient temperature, and T̂ ,

ĵ, and P̂ are prescribed temperature, current, and electric

potential boundary conditions. The domain boundary ∂B is

split without overlap such that ∂B1 ∪∂B2 ∪∂B3 ∪∂B4 = ∂B,

where ∂B1 represents the free surfaces, ∂B2, ∂B3, and ∂B4

represent various cut boundary planes, described in Section

III.
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The current density j leads to a mass diffusion process in

the region of the solder Bc ⊂ B, where the resulting atomic

flux can be expressed by

J = −
1

ΩkT
(eD ·Z⋆

· ρ · j) (11)

where Ω, k, and e are the scalar atomic volume, Boltzmann

constant, and elementary charge, respectively, and D and

Z⋆ are the diffusivity and effective charge number tensors,

respectively, with the same BCT symmetries with respect

to the a and c directions as the electrical resistivity and

thermal conductivity discussed earlier. The diffusivity tensor

is temperature dependent, where the diffusivities along the a
and c direction may be expressed as

Dq = Dqo exp

(

−
Qq

kT

)

(12)

where Dqo is the intrinsic diffusivity and Qq is the activation

energy for diffusion along the q direction. The effective charge

number Z⋆ is a measure of the momentum exchange that

results from the collisions of the electrons with diffusing

atoms. It can be thought of as the number of charges acting on

the moving atom to create the equivalent electrostatic force. In

this paper, we focus on self-diffusion of Sn atoms driven by

the current and leave the coupling with the resulting stress due

to confinement and stress-driven diffusion to our next papers.

The atomic diffusion results in accumulation or depletion

of atoms at a given location in Bc. Depletion is associated

with vacancies that over time coalesce to form voids. Mass

conservation gives the instantaneous rate of change of the

number of atoms per unit volume, at a given location by

taking the divergence of the atomic flux. Thus, the local rate of

change in the volume of atoms per unit volume in the absence

of stress, i.e. local inelastic dilatation rate, is then

∂Λem

∂t
= Ω

∂N

∂t
= −Ω∇ · J (13)

where Λem is the electromigration induced volumetric strain

(dilatation) and N is the number of atoms per unit reference

volume (i.e. initial local infinitesimal volume at a given lo-

cation). The local electromigration induced change in volume

of material, together with the stress, is critical in determining

void formation and propagation during electromigration [13],

[23], [24].

III. FINITE ELEMENT MODEL

We model a CSP based on that used in experimental

electromigration tests in Gee et al. [20]. The package contains

36 solder bumps (6 × 6 array) with a 500 µm pitch. The

20 perimeter solder bumps are connected in a daisy chain

layout with aluminum (Al) traces on the die side and copper

(Cu) traces on the substrate side. Due to the symmetry of the

structure, only a quarter of the whole package is modeled. The

quarter model with the finite element mesh is shown in Fig. 1.

The printed circuit board (PCB) substrate is 10 mm × 10 mm

× 0.8 mm and is made of FR-4. The silicon (Si) die is 3.2 mm

× 3.2 mm × 0.5 mm. The Sn-based solder bumps are 200 µm

high, have a 300 µm center diameter, and 220 µm diameter at

the top and bottom. The Al and Cu traces are 250 µm wide,

TABLE I
ANISOTROPIC MATERIAL PROPERTIES OF SN

Properties a-axis c-axis

κq (W/cm·◦C) [22]

0.742 (27◦C) 0.515 (27◦C)

0.715 (77◦C) 0.496 (77◦C)

0.693 (127◦C) 0.481 (127◦C)

0.664 (227◦C) 0.461 (227◦C)

ρqo (µΩ·cm) [26] 14.3 9.9

αq (/◦C) [26] 0.00447 0.00469

Z⋆
q [27] 16 10

Dqo (cm2/s) [28] 21.0 12.8

Qq (kJ/mol) [28] 108.4 109.0

TABLE II
THERMAL CONDUCTIVITY AND ELECTRICAL RESISTIVITY OF

MATERIALS IN THE CSP STRUCTURE [14] [29]

Materials κ (W/cm·K) ρo (µΩ·cm) α (/◦C)

Al 2.4 2.61 0.0042

Cu 3.93 1.58 0.0043

UBM 2.752 11.37 0

BCB 0.0029 1× 1025 0

die, Si 1.5 4.4× 108 0

PCB substrate 0.017 1.0× 1018 0

750 µm long, and have thicknesses of 12.5 µm and 38.1 µm,

respectively. The Benzocyclobutene (BCB) dielectric coating

is 5 µm thick and has 250 µm diameter openings for the solder

bump connections. The UBM on the die side is modeled by

simplifying the actual Al, Ni(V), and Cu layers into a single

layer with the same total thickness of 2.12 µm.

We solve the coupled electrical-thermal governing equations

(1)-(4) on the quarter model using the thermal-electric solid

model (SOLID69) capability in ANSYS finite element soft-

ware [25]. The domain is meshed with tri-linear, hexahedral

elements. A current density of ĵ = 5.44×104 A/cm2 is applied

to the Al trace on the symmetry plane (total current of 1.7 A),

and the electric potential is set to P̂ = 0 on the Cu trace at the

other symmetry plane (Fig. 1(b)), while the heat flux on these

boundaries is set to zero, Eqs. (8) and (9). The convection

coefficient is set to be hSn = 2.0× 10−4W/cm2·K on the

lateral surfaces of the solder bumps, h = 1.7× 10−4W/cm2·K

on all other free surfaces, and the ambient temperature is

set at T∞ = 50◦C, Eq. (7). The solder bumps are all

assumed to be single crystal Sn-based solder, oriented with

the c-axis aligned vertically (with the z-axis). The properties

used for the Sn-based solder are listed in Table I. Here, we

use the thermal-electrical properties of Sn, which may differ

some from Sn-based solder alloy properties, but the thermal-

electrical response and level of anisotropy is expected to be

similar. The remaining materials are treated as isotropic with

the properties listed in Table II. It should be noted that we

use equivalent material parameters for the UBM layer based

on the proportion of the thickness of the Al/Ni(V)/Cu layers

[16].

From the quarter model of the CSP, we obtain the temper-
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Fig. 1. Quarter model of the CSP package. (a) Finite element model with Si die and BCB layers hidden, showing solder bumps, Al and Cu traces, and
substrate. (b) Traces and solder bumps of daisy chain circuit showing electron flow direction (opposite current direction). (c) Two-dimensional diagram showing
dimensions and materials at a slice through the center of the first row of solder bumps in the daisy chain.

Fig. 2. (a) Sub-model and the mesh (b) local view of the solder bumps

ature T and electric potential P fields, which we then use

for boundary conditions on a more refined three bump sub-

model, shown in Figs. 1(a) and 2. In the sub-model, we vary

the microstructure of the solder bump in the corner (key bump,

marked in Fig. 2). The corner bump has both the highest

current density and thermal stress, and is thus most likely

to fail. We treat the key bump as either a single crystal or

bi-crystal with varying orientations as described next. The

key solder bump is meshed with 7,360 tri-linear hexahedral

elements. The governing equations and material properties for

the sub-model are the same as the whole model.

After solving for the current density and temperature field in

the sub-model, the current-driven diffusion flux is calculated

in the key bump using Eq. (11). When a current load is

applied, equilibrium in the electrical and thermal field is

reached much faster than that in the diffusion process, and

thus, the atomic flux can be treated as approximately constant.

Assuming blocking boundary conditions for the solder bump

(zero flux through the perpendicular direction of the bump

surfaces), the flux divergence of the Sn atoms is calculated

for use in Eq. (13) to obtain the dilatation rate. As discussed

in Section II, the atomic flux divergence determines the rate

of local accumulation or depletion of atoms, which is critical

in determining void formation and propagation during electro-

migration. The location in the solder bump with the maximum

atomic flux divergence (i.e. highest rate of depletion) indicates

the most likely location for void formation. By comparing

the results from different crystal orientations of the single

crystal solder bump, the effects of crystal orientation on the

current-driven diffusion and the associated degradation can be

investigated.

As mentioned before, in this paper, we only consider the

current-driven Sn self-diffusion, and neglect the effects of the

stresses. In a subsequent paper, we will consider the impact of

the resulting stresses in the diffusion process, and investigate

the effect on the maximum atomic flux divergence and its

location in the solder bump.

A. Single Crystal Bump

At first, the solder bumps in the sub-model are assumed to

be single crystal. To understand the effect of crystal orientation

on the distribution of current density and the current-driven

diffusion, the thermoelectric simulation is repeated for differ-

ent crystal orientations of the single crystal key bump. We use

Bunge Euler angles [φ1 Φ φ2] to represent crystal orientation.

Due to the symmetry of Sn crystal structure, the third angle

φ2 is set to zero and the the first two angles φ1 and Φ are

increased from 0 to 180◦ at 10◦ intervals.

B. Bi-Crystal Bump

To better understand the effect of microstructure on current

density at a grain boundary, four different bi-crystal configu-

rations are considered for the key solder bump and other two

solder bumps in the sub-model are treat as single crystal with

Bunge Euler angles [0 0 0]. The bi-crystals have a vertical

grain boundary (perpendicular to the substrate) through the

center of the grain oriented either perpendicular to the entering

current direction (Figs. 3(a), (b)) or parallel to the entering

current direction (Figs. 3(c), (d)). In each case, one grain is

oriented with the c-axis vertical (almost parallel to the current
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direction) and the other with the c-axis horizontal (almost

perpendicular to the current direction). The bi-crystal solder

bump for the key bump in Fig. 3(a) is modeled based on an

observed microstructure in [7]. The c axis of the left grain,

on the side where the electrons enter from, is almost parallel

to the current direction, while the c axis of the right grain is

perpendicular to the current direction.

IV. RESULTS AND DISCUSSION

A. Current Density and Temperature

The left figure in Fig. 4 shows the current density distribu-

tion in the sub-model when the a, b, c axes of Sn crystal

are aligned with the global x, y, and z directions (Bunge

Euler angles [0 0 0]). And the right figure shows a closer

view of current density in the key solder bump. The maximum

magnitude of current density in the key bump is 2.30 × 104

A/cm2 at the location where electrons enter the bump from

the Al trace, which is an order of magnitude higher than the

average current density magnitude in the bulk of the solder

bump.

To get an idea of the effects of grain orientation on the

current density, we examined the current density at two nodes

in the key solder bump with different grain orientations. As

shown in Fig. 5, node 325 is located at the upper left corner

of the cross section of the key solder bump where electrons

enter the bump from the Al interconnect and where the current

density is highest, while node 11710 is at the bottom right

corner. Figs. 6(a), (b), and (c) show the x and y components

and the magnitude of the current density at node 325 as

a function of the crystal orientation. Fig. 6(d) shows the

magnitude of the current density at node 11710. The current

throughout the solder bump is predominantly in the z direction

(with electrons moving in the opposite direction), and thus,

the magnitude of the current density is nearly the same as

the z component. From Fig. 6(c), it can be seen that the

angle φ1 has relatively little effect on the magnitude of the

current density and the current density is primarily impacted

by the orientation angle Φ, which specifies the rotation of

the c axis. The magnitude of the current density at node 325

ranges from 1.88× 104 to 2.30× 104 A/cm2, with an average

value of 2.12 × 104 A/cm2, which represents a variability of

about ±10% in the current density about the mean due to

variability in the crystal orientation. However, it is the atomic

flux divergence that is more directly related to the time to

failure, which is described in the next section.

In addition, the temperature field is obtained from the

electrical-thermal coupled analysis. The steady-state tempera-

ture is found to be nearly uniform at 140◦C when an ambient

temperature of 50◦C is specified, thus an increase of 90◦C is

predicted due to Joule heating. This is slightly less than the

reported experimental value of 150-155◦C in Gee et al. [20].

The under-prediction of the temperature is likely due to an

increase in the ambient temperature from heat in neighboring

solder balls, which is not considered in this analysis. The

minimum and maximum temperatures in the key solder bump

were found to be 139.84◦C and 141.95◦C, respectively. The

temperature gradient in the solder bumps is thus very low, with

a maximum gradient of 294 K/cm. Therefore, thermomigration

is negligible.

B. Dilatation Rate

As mentioned in section II, the atomic flux divergence,

Eqn. (13), indicates the rate of accumulation or depletion

of material at a given location in the bump and thus is a

very important factor in determining electromigration-induced

failure. Figs. 7(a) and (b) show the resulting dilatation rate

Λ̇em as a function of the crystal orientation at nodes 325 and

11710, respectively. At node 325, the dilatation is negative

because the solder is being depleted at this location, and

it is positive at node 11710 indicating accumulation of the

solder in this region. As expected, node 325 is a critical

location with the highest rate of depletion. We can see that

the crystal orientation of the solder bumps, especially the

second Euler angle Φ, strongly impacts the dilatation rate at

these two nodes. The maximum rate of depletion in the key

solder bump is 6.62 × 10−4/hr when the crystal orientation

is at φ1 = 140◦, Φ = 100◦ (c axis nearly perpendicular

to the current direction), while the maximum depletion rate

is a minimum with a value of 2.96 × 10−4/hr at the crystal

orientation with φ1 = 110◦, Φ = 10◦ (c axis nearly aligned

with the current direction). Thus, the maximum rate of material

depletion in the solder bump can vary by more than a factor of

two depending on the crystal orientation. The orientation effect

predicted in the simulation is consistent with the observation

of Lu et al. [7] for SnAg solder, who found that when Sn

self-diffusion dominates, failure occurs fastest when the c axis

is strongly misaligned, or nearly perpendicular, relative to the

current direction. In the experiments in Gee et al. [20], the time

to failure, defined as 15% change in resistance, was found to

range from 1500 to 2500 hours, which is a range consistent

with the range of material depletion rates found here.

Fig. 8 shows the contour of the depletion rate (rate of change

in volume per unit volume, −Λ̇em) in the key solder bump at

these two crystal orientations. We can see that the maximum

material depletion occurs where electrons enter the bump from

the Al interconnect, indicating the interface between the solder

bump and the Al interconnect being the mostly likely place

for void and crack formation. The region with the highest

depletion rate shown is consistent with the location of cracks

observed in the experiments in Gee et al. [20].

C. Grain boundary

Fig. 9 and Fig. 10 show the current density component in

the global z direction at the grain boundary for the different

bi-crystal solder bumps described earlier (Fig. 3) as well as

the distribution on the same plane in a [0 0 0] oriented

single crystal (c axis parallel to z direction). The bi-crystals in

Fig. 9 have the grain boundary aligned with the predominant

direction the electrons exits the solder bump, and thus, the

peak current density is at the lower right corner where the

electrons exit. Interestingly, the peak value for the current

density on the plane is lower in both bi-crystals (by 5.3%

and 4.7%) than in the single crystal, even though the single

crystal orientation is associated with a low peak current density
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Fig. 3. Finite element model of bi-crystal solder bump

Fig. 4. Current density in the sub-model when solder bump crystal orientation is set to [0 0 0] with a closer view of that in the key solder bump (Unit:
A/cm2)

Fig. 5. Examined nodes in the key solder bump

(Fig. 6) and the bi-crystals in Figs. 9(a) and (b) have one

grain, or half the solder bump, in an orientation associated

with a high peak current density. The same is seen in Fig.10,

where the grain boundary is aligned with the predominant

direction the electrons enter the grain boundary and contains

the critical point where the current density is highest. In this

case, both bi-crystals show a 7.0% lower peak current density

than the single crystal. Since the atomic flux is proportional

to the current density, Eq. 11, this result indicates that the

presence of a grain boundary can slow mass diffusion. Note,

we only considered current-driven lattice diffusion in Eq. 11.

At the grain boundary, we would also expect grain boundary

diffusion, which would follow a similar equation (atomic flux

proportional to current density component in the plane), but

have a different diffusivity.

To better understand the effect of a grain boundary on the

material depletion rate associated with void formation, we

examined the maximum depletion rate for the four different bi-

crystal solder bumps and two single crystal bumps, as shown

in Table. III. In all cases, the maximum depletion rate occurs

where the electrons enter the bump from the Al trace. In cases



IEEE TRANSACTIONS ON COMPONENTS, PACKAGING, AND MANUFACTURING TECHNOLOGIES, VOL. **, NO. *, MONTH 2018 7

Fig. 6. Current density as a function of the Euler angles φ1 and Φ, components in (a) x and (b) y directions at node 325, and magnitude (primarily along
z) (c) at node 325 and (d) at node 11710 (node locations shown in Fig. 5).

1 and 2, the grain boundary is far from the location where

the electrons enter the bump, and the peak rate of material

depletion is effectively the same as for single crystals (cases 5

and 6) with the same orientation as the crystal, in the bi-crystal,

where the electrons enter the bump. In cases 3 and 4, the grain

boundary passes through the location where the electrons enter

the solder bump and is parallel to the direction of electron flow.

In these two cases, the locations which have the maximum

depletion rate are near the grain boundary and in the grain

with the c-axis almost perpendicular to the current direction

(horizontal). Both bi-crystals have lower peak depletion rates

(by 12.2% and 5.5%) than the single crystal with the c-
axis almost perpendicular to the current direction (case 6).

The bi-crystal where the crystal with the c-axis parallel to

the predominant current direction is on the side where the

electrons flow to exit the crystal (case 3), shows the lower peak

depletion rate, which makes sense since the primary path for

TABLE III
THE MAXIMUM DEPLETION RATE FOR BOTH BI-CRYSTAL AND SINGLE

CRYSTAL BUMPS

Case Single/Bi-crystal −Λ̇em
max (/hr) Grain orientation

1 Bi-crystal 3.00× 10−4 Fig. 3(a)

2 Bi-crystal 6.53× 10−4 Fig. 3(b)

3 Bi-crystal 5.60× 10−4 Fig. 3(c)

4 Bi-crystal 6.06× 10−4 Fig. 3(d)

5 Single crystal 2.97× 10−4 [0 0 0]

6 Single crystal 6.40× 10−4 [0 90 0]

electron flow is in the crystal with the orientation associated

with lower current density and material depletion.
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Fig. 7. Dilatation rate Λ̇em per hour as a function of the Euler angles φ1 and Φ at (a) node 325 (b) node 11710.

Fig. 8. The contour of the material depletion rate in the key solder bump at orientation (a) [140 100 0] (b) [110 10 0] (Unit: 1/hr)

Fig. 9. Current density component in global z direction (a) at grain boundary of bi-crystal bump in Fig. 3(a) (b) at grain boundary of bi-crystal bump in
Fig. 3(b) (c) at the same section of single crystal solder bump at crystal orientation [0 0 0] (Unit: A/cm2)
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Fig. 10. Current density component in global z direction (a) at grain boundary of bi-crystal bump in Fig. 3(c) (b) at grain boundary of bi-crystal bump in
Fig. 3(d) (c) at the same section of single crystal solder bump at crystal orientation [0 0 0] (Unit: A/cm2)

V. CONCLUSION

This work presents thermoelectric simulations to study the

effect of grain orientations on current-driven self-diffusion

in tin-based solder bumps in a chip scale package. The

solder bumps are assumed to be single crystal or bi-crystal,

and anisotropic thermal and electrical properties are used

in our simulations for the solder bumps to account for the

anisotropy of the BCT crystal structure. By doing a thorough

thermoelectric simulations by variance of crystal orientation,

our results show quantitatively the effect of crystal orientation

on the maximum current density and on the rate of material

depletion associated with the atomic flux divergence at the

critical location in the solder bumps. The main conclusions

are

• The maximum current density is always occurring where

electrons enter the solder bump, and the maximum current

density can vary by ±10% due to variability in the crystal

orientation.

• For the geometry and conditions modeled here, while

there is considerable joule heating, the temperature vari-

ations and gradients are negligible.

• The rate of material depletion associated with the atomic

flux divergence at the critical location in the solder bump

where the electrons enter the bump may vary by more

than a factor of two depending on the crystal orientation,

with the fastest depletion rate occurring when the crystal

c axis is nearly perpendicular to the current direction

and the slowest depletion rate when the crystal c axis is

nearly aligned with the current direction. This orientation

effect is consistent with experimental observations in Lu

et al. [7], and the variability in material depletion rates

is consistent with time to failure tests in Gee et al. [20].

• In the bi-crystal studies, the presence of the grain bound-

ary lowered the peak current density from that observed

in a single crystal. When the grain boundary passes

through the critical location where the electrons enter

the crystal, the peak material depletion rate is reduced.

Thus, grain boundaries may act to hinder current-driven

diffusion. It is noted that the simulations here only

consider current-driven lattice diffusion. The effect of

grain boundary diffusion may also act to increase the

diffusion rate if there are many grain boundaries oriented

along the current direction.

This paper is our first one addressing the effect of mi-

crostructure on degradation in tin-based solder, and is focused

on the effect of the Sn grain electrical anisotropy on the

current-driven Sn self-diffusion. In future papers, we will

consider the coupled mechanical response including stress-

driven diffusion. The effect of microstructure on the stress

state will be discussed in our next paper, when we introduce

a new crystal plasticity constitutive model for tin-based solder

to account for the elastic and plastic anisotropy.
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