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Electromigration (EM) and thermomigration (TM) are processes of mass transport which are critical
reliability issues for next generation nanoelectronics and power electronics. The purpose of this
project is to develop a computational tool for simulating damage mechanics of EM and TM and their
interaction. In this paper, a model for EM and TM processes is proposed and has been implemented
in a general purpose finite-element code. The governing equations utilized for the model include
mass conservation, force equilibrium, heat transfer and electricity conduction. A damage evolution
model based on thermodynamics is introduced to evaluate the degradation in solder joints subjected
to high current densities and high temperature gradients. The simulation results are compared with

experimental data to validate the model.
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1. Introduction

The next generation ultra-large-scale integration (ULSI)
electronics and solder joints are expected to carry very
high current densities and operate under very high temper-
ature gradients. Under high current density, metals and al-
loys undergo electromigration (EM) and thermomigration
(TM). However, there is no commercially available com-
putational mechanics software that can analyze an elec-
tronic package’s degradation due to high current density
and high temperature gradients. The purpose of this study
is the development of such a computational mechanics
simulation tool.

Because of their low melting temperature and high dif-
fusivity, solder joints are the weakest link in the electronic
package. Solder joints failure is a process in which many
mechanisms work together. The major factors include
mass transportation, electrical conduction, heat transfer
and the corresponding mechanical stresses. In this study,
a model is developed and implemented by Finite Element
Method (FEM) that accounts for all these mechanisms.
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High current density and large temperature gradients
create four distinct diffusion driving forces.

1. Electrical current field forces include two driving
mechanisms. One is the electrostatic force of the
electric field. The other is the so-called electron
wind force as originally suggested by Skaupy [1].
The electron wind force refers to the effect of the
momentum exchange between the scattered mov-
ing free electrons and ionic atoms. This momentum
exchange happens because of the scattering of free
valence electrons. Scattered electrons collide with
metal atoms and gently push them in the direction
of electron flow [2, 3].

2. Thermal gradient is one of the strongest driving
forces. Joule heating generated by high electricity
current density is highly localized and consequently
results in a large thermal gradient in the medium,
which leads to TM. The physical explanation be-
hind TM is not well understood. However, recent
literature shows that TM could play a significant
role in EM-induced failure [4-8].

3. Stress gradient is another driving force of mass
transport. There is a strong interaction between the
stress gradient and the other driving forces. Stress
gradient can counteract or enhance the migration
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process [9—17]. However, in the absence of an exter-
nal stress gradient, as the mass moves from the hot
side to the cold side, compression on the cold side
and tension on the hot side develops. This coun-
ters the thermal gradient and electrical field induced
forces.

4. The atomic vacancy concentration gradient, which
is usually small at the beginning compared to the
former two items [18], increases significantly as the
mass migration progresses the vacancy concentra-
tion gradient between the hot and cold sides.

2. Governing Equations and Discretization

Electromigration is a diffusion-controlled mass transport
process. It is governed by the mass conservation equation.
The vacancy diffusion is governed by the vacancy con-
servation equation. The mechanical equilibrium is gov-
erned by the force equilibrium equation. Heat transfer is
governed by Fourier’s law. Finally, the electric field in a
conducting material is governed by Maxwell’s equation of
conservation of charge.

In the following presentation of the model develop-
ment, the governing equations will first be introduced and
discretized for FEM application. Tang and Basaran’s [19]
viscoplastic model for solder alloys is then introduced,
which can simulate the viscoplastic behavior under a high
current density well.

2.1 Mass Conservation

Electromigration is governed by the following vacancy
conservation equation, which is equivalent to the mass
conservation equation:

oc
CVOE"'v-q_G:O (])

where Cy is the equilibrium vacancy concentration in
the absence of stress field, c(= Cy/Cyy) is the normalized
vacancy concentration, Cy is vacancy concentration, ¢ is
time and q is vacancy flux [18, 20, 21]. Vacancy flux is
defined:
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where Dy is vacancy diffusivity, Z* is vacancy effective
charge number, e is electron charge, ¢ is electrical poten-
tial, j is current density (vector), f is vacancy relaxation ra-
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tio (ratio of atomic volume to the volume of a vacancy), Q
is atomic volume, k is Boltzmann’s constant, 7" is absolute
temperature, ¢*” (= trace(c;;)/3) is the spherical part of
stress tensor, O is heat of transport (the isothermal heat
transmitted by moving the atom in the process of jumping
a lattice site, less the intrinsic enthalpy) and G is vacancy
generation/annihilation rate, defined:

e - exp (158)

Ts

G =—-Cyyg
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where 7 is characteristic vacancy generation/annihilation
time.

2.2 Finite Element Method Implementation

Implementing Equation (1) using the method of weighted
residuals, we can write:

P
/5C(Cvo—c+v~q—G)dV=O. (4)
v o1

By taking the derivative with respect to normalized va-
cancy concentration ¢, we can write
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By taking the derivative with respect to temperature 7,
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By taking the derivative with respect to displacement u,
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where B is the strain-displacement matrix.

2.3 Force Equilibrium

Note that
Oij,j = 0. (17)

The incremental stress-strain constitutive model is estab-
lished as
o0 =C(e, &) (6 —¢ep—eTE) (18)

where ¢ is the total strain, ¢p is strain due to electromi-
gration and thermomigration, 7 is strain due to thermal
expansion and C (g, ¢) is the tangential viscoplastic strain-
stress constitutive tensor.

Integrating the weak form of Equation (17), we obtain

/ 5uaij,jdV =0. (19)
14

By taking the first-order derivative with respect to u, we
obtain

[Ku ] = / B'C (¢, £)BdV. (20)
v
By taking the derivative with respect to ¢, we have
Rl
[Kai] = / B ® g Ndv. (1)
14 Cn+1

By taking the derivative with respect to T, we have

ooy
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2.4 Heat Transfer
Heat transfer is described by
oT
pCPE—V(thT)—pQ:O (23)

where p is density of the material, C;, is specific heat and
ky, is the coefficient of heat transfer. Q is the heat generated
within the body, which can be expressed

0=0,+0pr+ 0Ov (24)
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where Q) is heat due to Joule heating, Qp is the heat gen-
erated by plastic deformation and Qy is the heat due to
vacancy flux.

Q; can be written

1
Q=+ N Qy (1) dr. (25)

Using linear assumption, Equation (25) can be expanded
as

1 1
QJ == En-HEEn-H - n+l RAEn-H
1
+ 3 AEnﬂ AEnH (26)

R is electrical resistance, where E is the electrical field
intensity, defined as

9¢
E=——. 27
o 27)
By Ohm’s law, the flow of electrical current is described

. E 10
J=o =% (28)
R R 0x

QOp is the heat generated by plastic deformation at step
n + 1 and can be written

Op =0np1: &0, (29)

where éP! is the plastic strain rate.
Qy can be expressed

Oy =q:F (30)

where q is vacancy flux as in Equation (2) and Fy is the
effective driving force which is defined

Q*

, T
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Equation (30) can be expanded at step n + 1 as
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and by using the weighted residuals method, Equation
(23) can be rewritten as

/ ST (/)Cp% — ¥ (kyVT) — pQ) v =0. (33)
14
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By taking the derivative with respect to T we obtain
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and we can write
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By taking the derivative with respect to ¢, we obtain
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By taking the derivative with respect to u, we obtain
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By taking the derivative with respect to ¢, we obtain
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2.5 Electrical Conduction Governing Equations

The electrical field in a conducting material is governed
by Maxwell’s equation of conservation of charge. Assum-
ing steady-state direct current and no internal volumetric
current source, the equation reduces to

/ JndS =0 42)
S

where S is the surface of a control volume, » is the outward
normal to S and J is the electrical current density defined
in Equation (28).

The divergence theorem is used to convert the surface
integral into a volume integral:

0
/ 2 Jdv =o. (43)
Vv ox

The equivalent weak form is obtained by introducing an
arbitrary, variational, electrical potential field d¢ and inte-
grating over the volume:

0
/ Sp—JdV =0. (44)
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By taking the derivative with respect to ¢ we have
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By taking the derivative with respect to T we obtain
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Finally, we obtain the Jacobian matrix:
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3. Viscoplastic Material Model

The complexity of this problem comes from the coupling
terms between different governing equations. Because of
the nonlinear behavior of the material, a local integration
scheme is also needed. The return mapping algorithm is
utilized for integration of material model. The strain-stress
constitutive model in the absence of viscosity is estab-
lished as

o = (C(slotal — &yisoplastic — Ediffusion — Blhermal) (48)

where .
C=x1®1+4+2u <I—§1®1>,

% is bulk modulus, u is shear modulus,

r1 0 0 0 0 01 r 1

01 0 0 0 O 1
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L0 0 0 0 0 0] L 0 |

The tensor trace of €gifrusion can be described by the fol-
lowing [21]:

agtr'a‘c‘e'A
— 2 =QCy(fva+ f'G) (49)
where f'=1— f.
Using Equation (1), we can transform Equation (49)
into

delfie, 0
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Establish a trial state by assuming elastic behavior at cur-
rent step n + 1, i.e.

1
il =2y (I -3l® 1) (g8 —&f)) (51)

where s is the deviatoric stress.
Taking into account kinematic hardening, the effective
stress can be defined as

trial __ _trial
n+1 — Sn+1 - Xn (52)

where X,, is the back stress tensor that defines kinematic
hardening, given by

0X &

Py H'(a )m (33)

where H'(a) is the kinematic hardening modulus and a is
equivalent plastic strain given by

2
o :/\/gé{}éipjdt.

Yield function is defined by

2
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The viscoplastic flow rule is given by
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The stress can then be updated as
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where o7, is defined as

O':EH = oP+x (Tr (As;"f})

_ Tr (A dlffusmn) Tr (A thermal)) ) (58)

n+1 €yl

After simple manipulation, the contribution of the dis-
placement to the Jacobian can be expressed by Equations
(59) and (65). Fori,j=1, 2, 3:
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where
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From Equation (58) we can obtain
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By inserting Equation (3) into Equation (66), we obtain
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By solving the above equations, we obtain
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By taking the derivative of Equation (58) with respect to
T, and considering that

aATn+l . a(Tn+1 - Tn) —1
0Ty1 0T
we can obtain
oo? At 1—£f)Qo?
9Onp1 _ —kQCyo— exp —( P01
6Tn+1 Ts anJrl

X

(l—f)Q( I 602‘11_02’11)

k Tn+1 aTn+1 Tn2+1

— 3ok. (69)
Solving this, we can write
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4. Thermodynamics-based Damage Mechanics
Model

It has been shown by Basaran et al. [18, 22-25] that the
damage in solids can be quantified by entropy production,
which can be accomplished by tracking the change in dis-
order parameter in Boltzmann’s equation. A variable D is
defined as the ratio of the change in disorder parameters
to the original reference state, as follows:

N N
D:Dcr <] — exp (N_(())k_N_Ok>> (72)

where D,, is the critical damage parameter used to define
the failure of a specific application, sy and s are the en-
tropy of a unit volume at the reference and current state,
respectively, and k is Boltzmann’s constant. Ny is Avo-
gadro’s number. D,, is also used in a function form to cor-
relate entropy production with specific mechanical prop-
erty degradation. The D value starts at zero and reaches
D = D,, at the final stage.

Expanding the exponent term in this equation to Tay-
lor’s series, and ignoring the higher order terms, yields the
simplification:

D = Dy [1 —exp(;vAl:)]. (73)
0

The entropy produced in an irreversible process caused by
TM can be expressed as

| CyDy
As = —cVT : VT F,
) /to (TZC + T2 k

1,
Fk =+ ?0' 1 & de. (74)

The damage evolution formula can be derived by substi-
tuting Equation (74) into Equation (73):

D = Do [1 —exp

— i (FrevT 9T+ LB Bt dro 6P )ar s
X ok .(75)

Using principles of continuum damage mechanics, Equa-
tion (75) can be implemented in the elasticity stress-strain
relations [26]:

do = (1 — D) Cde. (76)

Making use of the strain equivalence principle, the hard-
ening rule and viscoplastic rule finally have the forms

F=|S=X||-(-D) \/%5 (a) 77

and )
X = (1= D) (c1&] — c2Xa). (78)

The model described in the preceding sections was im-
plemented using general purpose Finite Element Method
(FEM) code a commercial FEM software ABAQUS, by
means of user-defined element User Element interface
provided (UEL) by ABAQUS and user-defined material
model User MATerial interface (UMAT).

5. Testing and Finite Element Simulation

The test vehicle used in this study is a 27 mm x 27 mm x
0.97 mm flip-chip package, which involves a 7.62 mm x
7.62 mm x 0.74 mm silicon die interconnected to a
0.3 mm thick two-layer substrate with 720 solder bumps
shown in Figures 1 and 2. The diameter of the solder
bump is 140 gm while the standoff is 100 #m. The alu-
minum trace interconnect on the die is 1 gm thick and
the copper trace on the Printed Wiring Board (PWB) sub-
strate is 15 um thick. The solder alloy is 95.5 Sn-4 Ag-
0.5 Cu (SnAgCu solder Alloy (SAC) 405 in wt %) which
is bonded with 96.5 Sn-3 Ag-0.5 Cu (SAC 305) presolder.
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Figure 1. Circuit and solder joints on flip-chip test vehicle

Figure 2. Electrified daisy chain and direction of current

The layout of circuits and solder joints on the flip-chip
test vehicle is shown in Figure 1. Only a single daisy
chain at the edge of the die on the encompassed region
is electrified with a constant electric current of 2.5 A. The
configuration of the daisy chain and the path of the cur-
rent and solder joint numbers are shown in Figure 2. Dur-
ing testing, the daisy chain (Figure 2) was connected to a
constant DC power supply with the positive terminal con-
nected to V1+ and the negative terminal to P—, as shown
in Figure 1.

A series of specimens were tested in the thermal cham-
ber with ambient temperatures of —20, —30, —40 and
—50°C. The purpose of running the experiments in low
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temperatures is to be able to run very large current
densities.

Failure is defined as when the system electrical resis-
tance exceeds 1 ohm in all stressing cases, in order to
avoid melting of solder joint, consequently destroying the
microstructure.

Thermal properties for the materials used in analysis
are listed in Table 1 [27]. In damage evolution analysis,
the molar heat flux of SAC 405 alloy is 22.16 kJ mole™!
[28] and the temperature dependent diffusivity is [29]:

—48953
Dy = 272exp (T) x 10® (m*s7").
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Table 1. Thermal material property

SAC 405 Copper Aluminum
Density (kg zm—3) 7.39 x 10715 8.92 x 10715 2.70 x 10715
Thermal conductivity (W gm~! K=1) 57.3 x 107 4.16 x 1074 2.38 x 107*
Electrical conductivity (O~ xm~1) 6.67 59.17 38.17
Specific heat (J kg~! K~1) 200 385 902
1 —
—8— Solder #6 @-20°C *
—%— Solder #7 @-20°C 3
08 | Solder #10 @-20°C

8

206 r
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0 20 40 60 80 100
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Figure 3. Damage evolution of three solders at -20°C

The rest of the material properties used in this paper are
taken from Lin [30].

6. Discussion of Results

After a preliminary coupled thermal electrical analysis us-
ing ABAQUS standard, it is concluded that solder #7 and
solder #10 are those with the maximum current density in
the entire model. Solder #6 has the highest temperature at
die side, as its top is located at a right angle junction of the
Al trace which acts as a current crowding area. However,
as can be seen in Figure 2, the current flow does not pass
through solder #6. Therefore EM cannot happen in solder
#6. TM dominates the mass transport process (TM only)
in solder joint #6. In solder #7, current enters the solder
joint from the copper trace in the base, passes through the
solder ball, and flows out through the aluminum trace on
the crown. The electrons move in the opposite direction to
the current. Considering the downward temperature gradi-
ent, we conclude that the overall effect in solder #7 is the

superimposition of TM and EM in the downward direction
(TM + EM). In solder #10, current flows from the top to
the bottom. The electron flow results in an electron wind
force which is pushing mass upward. At the same time,
thermal gradient drives atoms from top to bottom. Hence,
solder #10 experiences TM and EM in the opposite direc-
tions (TM - EM).

From Figure 3 we see that solder #7 is the critical com-
ponent in the entire test vehicle. When solder #7 fails
(D = D,,), the damage parameters in solder #6 and sol-
der #10 are still far below failure criteria. The comparison
of three solder balls show that although TM alone (solder
#6) does not produce damage as fast as EM, it can slow
down (solder #10) or hasten (solder #7) the EM process
significantly, as seen in Figure 3.

By comparison of the simulated time to failure (TTF)
in solder #7 at different levels of ambient temperature
(=20, =30, —40 and —50°C) with the experimental result,
as is shown in Figure 4, we observe that the finite element
simulation is a good match for the experimental results. It
is obvious that below —30°C, time to failure increases very
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Figure 4. Comparison of experimental and simulation results

sharply. It is well known that TM and EM are diffusion-
driven mechanisms. Hence, it is expected that lower tem-
peratures result in a longer time to failure. However, a
sharp increase in TTF below —30°C needs to be studied
further at the atomic scale by means of molecular dynamic
simulations.

7. Conclusions

A fully coupled diffusion-mechanical-thermal-electrical
damage model for simulating EM and TM-induced dam-
age processes has been presented. The partial differen-
tial equation (PDE) forms of governing equations are
discretized for FEM implementation. In this model, we
have also embedded a coupled kinematic/isotropic hard-
ening model with the flow rule from Tang and Basaran’s
[19] viscoplastic model for solder alloys, used to consider
the viscoplastic behavior under high current density. The
commercial FEM software ABAQUS is adapted to solve
these PDE models by coding the user interface UEL and
UMAT. This model provides a platform to simulate ther-
mal field, electrical field, strain-stress field and diffusion
progressing for solder joints and ULSI interconnects.
Based on this platform, a thermodynamics-based dam-
age model is embedded to study the reliability of intercon-
nections under service conditions. Using this code, simu-
lations have been employed to investigate the damage evo-
lution process under a series of complicated service con-
ditions: TM only, TM + EM and TM — EM. The results
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are compared with the experimental data to validate the
model.
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