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Thermal design of electronic packages is an important topic in electronic manufacturing. Interfaces of dissimilar
materials in electronic packages are prone to crack initiations, leading to delaminations. Many of the predecessors’
works are based on overall simulations. But with one model to cover the entire package, the resolution of thermal
states near the interface is limited. In this paper, a multiscale model is proposed for interfacial thermal conductance
of dissimilar materials. In this coupled model, the continuum subdomain is used as a boundary model that provides
the low-frequency impedance and a sink for the energy associated with outgoing waves of the molecular dynamics
model. The boundary conditions can be applied to the finite element model more easily. The simulation results show
that the temperature distribution is nonuniform along the interface, with several places corresponding to a large
temperature difference and severe plastic deformation. In the meantime, the copper—copper interface is investigated
as an example. The corresponding vector-field results of atom displacements and the temperature distribution are
presented. The results show that the characteristic of atoms moving along the interface is caused by a dissimilarity of
material, which reveals the damage mechanism at the interface in heat transfer, and so the method can be used to

investigate other interfacial behaviors of dissimilar materials.

Nomenclature

C, = constant pressure specific heat

E; = kinetic energy of all atoms in the sphere

F;(p;) = embedding energy of atom i with electron density p;.

H = quadrature weight associated with point X,

h = heat transfer coefficient

1 = element.

Kiajp = integral in the definition of the stiffness matrix

k = thermal conductivity

kg = Boltzmann constant

M, = components of finite element mass matrix

m = mass

N, = number of atoms

N, = number of nodes in the finite element region

n = outward surface normal

(0] = volumetric heat source

q = atomic velocity

90 = displacement at the atomistic/continuum interface

T = separation distance between atoms i and j

T = temperature at the interface

Tt = temperature of the surrounding environment

t = time

r = transmission coefficient of the material of origin for
the mode of propagation

0 = angle of incidence

P = electron density

P = material density

¢;;(r;;) = two-body central potential between atoms i and j
with the separation distance r;;

Q, = volume
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I. Introduction

LECTRONIC packages usually consist of bonded materials

with different thermal and mechanical properties. Thermal
loading during various stages of the fabrication, assembly, and
qualification will induce high stresses in the electronic package. The
delamination of interfaces may occur because of high stresses. Some
literature discusses the various interfaces with different methods [1-
22]. A number of approaches have been developed to investigate
interfacial delamination. It is generally accepted that the propagation
of interfacial delamination can be evaluated by the fracture failure
criteria. However, the extent, location, and size of the delamination
or the crack cannot be easily determined in real packages; it thus
poses a problem for predicting failure at interfaces in integrated
circuit packages. Thermal stress in a metal system is most often
studied with the finite element method (FEM), which lies, in part, on
the continuum theory of elasticity. However, when the system
becomes extremely small, the atomistic effects have to be taken into
account correctly. The conventional FEM is not capable of
accurately capturing all of the information, especially when applying
it to the small dimensions. Ye et al. [1] reviewed the failure modes of
insulated gate bipolar transistors and presented a FEM analysis of a
multilayered insulated gate bipolar transistor packaging module
under cyclic thermal loading. The results showed that the thermal
cycling has a significant effect on the solder-layer reliability. A
natural approach to the simulation of multiscale processes is thus to
combine an atomic simulation for the critical regions within the
system with a continuum method for the remainder of the system. Ji
and Gao [2] discussed fracture mechanisms in biological
nanocomposites. In this paper, the virtual internal bond model has
been developed to investigate failures in bimaterial systems on both
macro- and microlevees. The virtual internal bond model is a
continuum mechanics method with a built-in phenomenological
atomic interaction potential. The constitutive law in the model is a
hyperelastic stress—strain law derived from the average property of a
virtual network of atomic bonds. Fan et al. [3] discussed a new
method to predict delamination in electronic packages. A model was
built to determine the interfacial energy between epoxy molding
compound and copper substrate by combining experimental data.
The interfacial material properties were evaluated by considering the
interaction energy between epoxy molding compound and Cu
substrate. The force-distance curve obtained directly by atomic force
microscopy is used to determine the interfacial material properties.
The properties were used in the multiscale model.


http://dx.doi.org/10.2514/1.35419

582 LIAO AND YANG

At the microscopic length scale, the molecular dynamics (MD)
method correctly takes into account these effects when the potential
is chosen correctly. In this paper, a novel hybrid MD/finite element
(FE) simulation approach is proposed to investigate the character-
istics at the interface of dissimilar materials during the heat transport
process. An atomic model is coupled with the finite element model at
the boundaries of atoms, so that boundary conditions could be
applied more readily to the model. There are few direct experimental
measurements of heat transfer through interface, because it is very
costly and the effects of such variables as temperature near the
interface, material properties, etc., are very hard to measure
experimentally. However, similar experimental results support the
conclusions in this paper.

II. Computational Methodology

In this paper, the embedded-atom method is used to describe the
interatomic interactions between Al-Al, Cu—Cu, and Al-Cu. The
embedded-atom method has been widely used to describe the
mechanical behavior of pure metals and alloys. Nowadays, it is
probably the most popular method to simulate mechanical properties
of metals at the atomic level [4-9]. The embedded-atom method
defines the energy E of the system as the sum of energies for each
atom i, with each atom having energy contributions from an
embedding function F that depends on a local electron density and a
pair potential, so that

E= ZF () +5 Z%(m) (1)

!#J

where ¢,;(r;;) is a two-body central potential between atoms i and j
with the separation distance r;;, and F;(p;) is the embedding energy
of atom i with the electron density p;. For the binary system, the pair
potential function of dissimilar materials ¢,,(r) is important to
describe the interfacial interactivities of atoms. In this paper,
Johnson’s alloy model [5] is used to describe the interatomic
potentials. The function ¢,;,(r) is summed to be a density-weighted
combination of monoatomic parallel to the interfaces. It can be
defined as follows:

RGN ACI
¢ab(r) - 2 I:[a(r) ¢a( ) +fh(r) ¢b( )] (2)

where a and b represent the two different materials.
The finite element modeling expression for the potential energy
can be yielded as follows [8]:

U= "UE 3)
1
U}:E 2 la/b l"tmujb (4)
Kuajss = Cact / @20 N, ()N, (x) 5)
Q

where the integral in the definition of the stiffness matrix K, is over
the volume €2; of element /. This integral can be calculated
analytically or numerically in some cases. The stiffness matrix is
assembled element by element for efficiency, so that there is a global
stiffness matrix given by [8]

ijh = E Kia_jb;l
1

III. Calculating Method for Thermal
Parameters in MD

The instantaneous temperature of each site at a certain time step is
taken as the mean temperature over a neighborhood of atoms
enclosed by a sphere of a radius r. For atom j, the instantaneous
temperature of each atomic site can be calculated by

_ 2K, ©)
77 3k
where kp is the Boltzmann constant, and E is the kinetic energy of all
atoms in the sphere.

The heat flux through a volume is calculated as follows [9]:

N
2V [Z m,vl v; + Z Z ¢,, Z Z(ri_jfij)vi] @)

i i

where the first and second terms related to summations of kinetic and
potential energy carried by a molecule i. The third term, the tensor
product of vectors r;; and f;, represents the energy transfer by the
pressure work. Because of the third term, the calculation of heat flux
is not trivial at all. The thermal conductivity can be calculated based
on the temperature gradient and heat flux as follows [9]:

A =q/(T/dz) ®)

In the last few decades, various theoretical models were developed
to explain thermal behavior at interfaces. For example, the acoustic
mismatch model [10] and the diffuse mismatch model [11], both
models were developed to describe how and why phonons are
interrupted at interfaces. The diffuse mismatch model differs from
the acoustic mismatch model mainly in the derivation of the
transmission probability. Molecular dynamics simulations can be
used as a means of investigating transport in more realistic
anharmonic crystal models. It can used to simulate interfacial thermal
transport dependence on temperature for the interfaces. In this MD
model, the expression of the thermal boundary resistance is given as
follows [6]:

2k 1
B —3
Ry =157 (ZU%’F”) a ©

where T is the temperature at the interface, and I'is the transmission
coefficient of the material of origin for mode of propagation j. I' is
defined as follows:

/2
;= / a(0),_,, cos() sin(0) do (10)
0=0
where 6 is the angle of incidence.

IV. Coupling Between Atomic and Finite
Element Models

A. Mixed Region of MD and FE

A key issue that needs to be carefully addressed is the consistent
treatment between the continuum and atomic descriptions.
Assuming that FEM and MD are the two specific computational
approaches being used, links need to be established to couple the two
methods. Applying various boundary conditions to the atomic model
is rather cumbersome. Therefore, it is beneficial to couple the atomic
model with the finite element model along the boundaries of the
atoms. Then boundary conditions can be disposed for the finite
element model more easily. To make the discrete atoms as a
continuous medium, the atomic model and the finite element model
of the continuous medium must be mixed properly. A widely used
approach is to implement the coupling through a so-called handshake
region, which is essentially the interface between the FEM and MD
regions [8,12]. For simplicity, by considering a two-dimensional
coupling between the two models, the same algorithm can be applied
to three-dimensional bodies. The intermediate domain is named the
coupled domain, in which both atoms and finite element meshes
overlap each other.

B. Temperature-Dependent Processes in FE/MD Region

In the model, the atomic temperature in the coupled region is
interpolated through the FEM shape function; the interpolated
atomic temperature is then used as the boundary condition for the
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MD region. The method proposed by Liu and Plumbridge [15] was
used to ensemble the kinetic energy in the FE region and to derive a
continuum (FE) temperature equation.

In multiscale coupling, a separate energy equation is needed in the
FE region. The propagation of the energy generated in the MD region
as heat into the FE region is important for accurately simulating the
dynamics. The ensemble average of the kinetic energy can be
calculated as follows [16]:

(K) = 3a" Mt + 3k T(N, — n,) (11)
where kj is Boltzmann constant, V,, is the number of atoms, N, is the
number of nodes in the FE region, and T is the temperature. The first
term on the right-hand side is simply the coarse-scale kinetic energy,
and the second term can be thought of as the contribution of
temperature to internal energy: that is, the kinetic energy that is not
represented by the coarse-scale (FE-region) description.

A continuum (FE) temperature equation can be deduced by using
the projection operator technique [13]. The information about MD
velocities and atomic masses is introduced as follows

1 .
> MyTy == N(X,)mq:H, (12)
J B

where the summation is performed over a discrete set of quadrature
points X,; M;; are the components of the FE mass matrix; T is the
nodal temperature matrix; and m, ¢, and H are, respectively, the
representative FE mass, atomic velocity, and quadrature weight
associated with point X,,. At those locations, where no direct MD
solution is available, the velocities can be calculated as follows [13]:

t
00 = [ (0= Dao(or e (13)
0
where ¢ is the displacement at the atomistic/continuum interface.

C. Solution Procedure

The atomic and finite element models are solved independently in
a staggered manner. The solution procedure for the coupled problem
is explained next:

1) Solve the finite element domain equation [K J{u;} = {Q/}.
Subscript f denotes the finite element.

2) Calculate the embedded-atom temperatures based on the finite
element nodal temperatures using the finite element shape functions
such as {ug} = [NJ{uj}. The superscripts a and e indicate,
respectively, the atomic region and embedded atoms or finite
elements containing such atoms, and [N] is the shape function matrix
of finite elements.

3) Obtain the new velocities of the embedded atoms according to
the results of step 2 by the temperature-bath method.

4) Calculate the new positions {r¢} of the embedded atoms.

5) Obtain the solution for the rest of the atoms’ new positions with
fixed embedded-atom positions using the atomic model.

6) Calculate the thermal flux { Q% } on the embedded atoms exerted
by all atoms.

7) Calculate the equivalent nodal thermal flux of the finite
elements containing the atoms by using

051 = [ riomav

where V¢ is the element volume containing the embedded atoms.
8) By using the aforementioned results, the new finite element
solution can be obtained. Then repeat the process from step 2.

V. Simulations and Analysis
A. Model Construction

The construction of the model is shown in Fig. 1. In the FE region,
the temperature distribution can be governed by the following
equation:

pCP%—f—V-(kVT)—on (14)

where p is the material density, C,, is the constant pressure specific
heat, ¢ is the time, k is the thermal conductivity, and Q is the
volumetric heat source. The first term in Eq. (14) represents the
energy accumulation term, the second term denotes the inlet/outlet
heat-flux difference over a unit volume, and the last term defines the
volumetric heat-source/sink term. Here, the uniform heat flux with
density ¢ is applied to the bottom surface of the FE region of Cu,
which is the heat source. The top surface of the FE region of Al is
convectively cooled and other surfaces are adiabatic. The boundary
conditions in the present model are defined by using the so-called
Neumann-type conditions that specify the outward heat flux,
n - (kV(T)), where n is the outward surface normal. At the top
surface of the FE region of Al, the outer heat flux is set equal to the
convective heat flux, #(T,; — T), where h denotes the heat transfer
coefficient and T, is the temperature of the surrounding
environment. No heat transfer by radiation is considered.

The MD model can be initiated by selecting Cu and Al as
simulation materials and formed as a face-centered cubic structure.
The total numbers of Cu and Al atoms are 13,824 and 9261,
respectively. And the numbers of nodes in the FE regions for Cu and
Al are 6022 and 5805, respectively. The embedded-atom method
potentials and their parameters for Cu and Al can be found based on
[7,14], respectively. The two dimensions in Fig. 2 are in x [1 0 0] and
7[0 0 1]. The velocity-Verlet algorithm was used to march the atoms
through time. The time-step size used in each simulation was
1 x 107 s1 fs. The cutoff distance in all cases was set as r, = 2.60.
Periodic boundary conditions are used except in the z direction
(normal to the interface). The distance between the Cu block and Al
block is initialized as the average of the characteristic length scale for
Cu and Al The coupled region is initialized as shown in Fig. 2, in
which both atoms and finite element meshes overlap each other.

B. Simulation Results

The temperature distribution near the interface is shown in Fig. 3a.
The average temperatures of the atomic layers are shown in Fig. 3b.

FE regionof A1

Compledregion

WD region of A1

WD region of Cu

Compled region

L.

Fig. 1 Construction of the model.

FE region of Cu

L * L * ¥ * L * L

Fig. 2 Configuration of coupled region.
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Fig. 3 Temperature distribution at 20,000 time steps.

These figures show that the temperature will drop suddenly at the
interface, owing to the interface thermal resistance. By the simulation
results, the interesting point that is to be noted is that right at the
interface, there is a jump in temperature. The interfacial temperature
increases at first and then decreases severely. It means a high-
temperature region exists at the interface.

Figure 4 shows the vector-field results of atom displacements. As
shown in Fig. 4a, the atoms of dissimilar materials near the interface
tend to move with reverse directions. The movements will generate
microcracks near the interface, which may give an explanation for
the crack-generation mechanics in the electronic packaging. In the
meantime, two blocks of Cu are chosen to build the interface. The
corresponding vector-field results of atom displacements are shown
in Fig. 4b. Figure 4b shows that the atoms of dissimilar blocks tend to
move toward the interface, but there is almost no movement along the
interface (x direction), which is different from the results shown in
Fig. 4a. So it can be concluded that the characteristic of atoms
moving along the interface is caused by a dissimilarity of material,
which reveals the damage mechanism at the interface in heat transfer.

The heat transfer across the dissimilar-materials interface takes
place through surface-asperity microcontacts and through air-filled
microgaps and is hence, associated with a significant thermal
resistance. A variety of materials commonly referred to as thermal
interface materials have been developed. These materials are used to
reduce or completely eliminate the air gaps from the contact
interfaces by conforming to the rough and uneven mating surfaces.
However, very few studies focus on how interatomic interactions at
the interface affect thermal resistance, whereas it can be easily
investigated here. As shown in Fig. 3, for a smooth interface, the
thermal resistance can also be generated by interatomic interaction.
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a) The atoms of dissimilar materials near the interface tend
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b) The atoms of dissimilar blocks tend to move toward interface
Fig. 4 Vector field results of atom displacements.

In the primary stage, the interfacial thermal resistance is unstable and
will become very large at a certain time. At the last stage, the change
of interfacial thermal resistance tends to be stable. The variation of
interfacial thermal resistance with time is quite similar to the
experimental results obtained by Massé et al. [16].

Diffusion bonding is a solid-state welding process with
coalescence of contacting surfaces. It is produced with minimum
macroscopic deformation by diffusion-controlled processes, which
are induced by applying heat and pressure. In this simulation,
diffusion bonding exists among the interfacial atoms of different
materials. The stage of thermal resistance decreasing could be
considered as an unstable process in diffusion bonding. For
electrically insulating materials, the macroscopic description of
thermal transport originates from the diffusive dynamics of phonons
that carry heat through the crystal. But for nanostructures, the
characteristic of microstructural length may become comparable
with the phonon mean free path. Hence, the thermal property is more
likely related to the interfacial properties than to the bulk properties
of the material. It is should be stressed that the interfacial thermal
resistance fluctuated all the time in the simulation, whereas the results
from experiments [19] changed smoothly and were unable to capture
the fluctuation. It is interesting that the friction force and block
temperature also fluctuate all the time in nanoscale sliding [21].

VI. Conclusions

Very few studies [9,22] have addressed the issue of dissimilar-
materials-interface effects on thermal properties. The issue of
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Fig. 5 Relation of interfacial thermal resistance and time steps.

determining interfacial thermal resistance by the multiscale method
does not appear to have been addressed in existing literature. In this
paper, a novel hybrid MD/FE simulation approach is proposed to
investigate the characteristics of the Cu—Al interface during the heat
transport process. An atomic model is coupled with the finite element
model at the boundaries of atoms so that boundary conditions could
be applied more readily to the model.

The simulations results show that the temperature distribution is
nonuniform along the interface, with several places corresponding to
a large temperature difference and severe plastic deformation. It
means that a high-stress region exists at the interface, which will
induce cracks eventually. At 20,000 time steps, with the heat
transferring through the interface, the average temperature of the Al
region and the temperature difference at the interface increase, and
the temperature jump in the Al region is more severe. It means that
the thermal stress near the interface will be raised. Moreover, the
atoms of dissimilar materials move with reverse direction along the
interface (x orientation), which will induce stress and voids at the
interface.

By the comparative investigation, the Cu—Cu interface is built up,
and the corresponding vector-field results of atom displacements and
the temperature distribution are presented. It shows that the
characteristic of atoms moving along the interface is caused by a
dissimilarity of material, which reveals the damage mechanism at the
interface in heat transfer. For thermal resistance, in the primary stage,
the interfacial thermal resistance is unstable and become very large at
a certain time; after 10,000 time steps, the interfacial thermal
resistance tends to be stable.

The present atomic-based multiscale model is a valid approach for
interfacial thermal conductance problems, and so it could be used for
investigation of other interfacial behaviors of dissimilar materials.
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