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ABSTRACT

To enhance semiconductor efficiency, it is imperative to develop a die-bonding material possessing
exceptional thermal conductivity and stress-shielding capabilities to safeguard semiconductor
components from detrimental heat and destructive stress. In this study, we employed a multi-
objective topology optimization approach to design a porous microstructure for the die-bonding
layer of semiconductors, targeting high thermal conductivity and low shear modulus. The finite
element analysis method for a representative volume element (RVE) facilitates computational
evaluations of macroscopic mechanical and thermal properties arepsilong from a periodic micro-
structure. Our investigation commenced with the creation of an RVE generator for obtaining
periodic microstructures featuring randomly distributed pores with controlled morphological
features. A high-throughput evaluation of numerous generated microstructures explored the
impact of volume fraction and pore connectivity on macroscopic shear modulus and thermal
conductivity. Despite the high-throughput evaluation indicating that pore connectivity has mini-
mal effect on properties, the multi-objective topology optimization, addressing the conflict
between maximizing thermal conductivity and minimizing shear modulus, revealed that con-
nected pores and dispersed distribution in the architected microstructure contribute to improved
material performance. In this optimization process, we employed a weighted sum method to find
optimal compromised microstructures. Anisotropic and orthotropic microstructures were
designed, and the effects of volume constrains and weight factors on microscopic morphology
were explored. Despite the high-throughput evaluation suggesting a limited impact of pore
connectivity, the results from multi-objective topology optimization underscored the significance
of connected pores and dispersed distribution in achieving superior material performance.
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® Design of optimal microscopic morphology using computer-oriented design approach.
® Proposed multi-objective topology optimization to design periodic porous microstructure.
® Compared architected microstructure designed by topology optimization with microstruc-

ture containing randomly distributed pores.

1. Introduction

Die-bonding materials, an important part of a power
module, attach the semiconductor die to its package or
substrate. A die-bonding material with outstanding
thermal conductivity, such as copper, can facilitate
the removal of the heat generated from semiconductor
components. Additionally, an excellent stress-
shielding ability is required for the die-bonding mate-
rial to avoid transmitting destructive stresses to the
semiconductor components; easily deformed porous
microstructures consisting of interconnected pores or
channels have been introduced to aid this process.
Recently, experimental investigations on the charac-
terization and fabrication of porous microstructure
have been widely reported [1,2]. Owing to the time
and cost requirements, performing straightforward
experimental measurements on numerous porous
materials with different volume fractions, pore con-
nectivity, and morphologies is barely feasible. In this
context, computational analysis and the design of por-
ous microstructures [3-5] have emerged as promepsi-
long approaches.

Topology optimization, a sophisticated design
approach for structures, has been applied in various
research fields, including compliant mechanisms [6,7],
fluid flow devices [8,9], and actuators [10,11]. The
density-based topology optimization method pro-
posed by Bendsee [12] enables the wide adoption of
the conventional solid-void material interpolation
scheme in commercial engineering software, such as
Altair OptiStruct (Altair Engineering Inc., U.S.A.) and
OPTISHAPE-TS (Quint Co., Japan). In addition,
level-set-based topology optimization has also been
proposed [13-16] and shown to be successful in both
structural designs for macrostructures [17-19] and
microstructures [20,21]. Previous studies have com-
putationally designed microstructures to improve sin-
gle-objective performance by wusing topology
optimization [22-27]. For instance, materials with
negative Poisson’s ratios [28,29] and extremal thermal
conductivities [30] have been reported. Although the
designed microstructure has a complex morphology,
designs with customized mechanical properties can be
effectively fabricated using three-dimensional printing
[31]. Nevertheless, the advancement in single-
objective performance design fails to seek
a compromise between two conflicting performances
of die-bonding materials. In die-bonding material
design, a porous microstructure with a reduced shear

modulus favors stress-shielding capability but is detri-
mental to thermal conductivity. Considering the con-
flicting objective between the shear modulus
minimization and thermal conductivity maximization
of a porous microstructure [32], multi-objective topol-
ogy optimization is required to achieve an optimal
design with compromised properties for semiconduc-
tor die-bonding materials.

Previous studies have successfully applied different
multi-objective optimization techniques to solve real-
world macrostructure design problems [33-36], and
more recently, microstructure design problems
[37,38]. A representative volume element (RVE) is the
smallest periodic unit of a material that enables efficient
evaluation of the macroscopic properties, such as the
shear modulus, conductivity, and permeability of the
entire structure [39,40]. Topology optimization has
been incorporated with numerical homogenization to
obtain multi-objective designs of RVE to tailor the
desired macroscopic properties [41-43]. For instance,
a multi-objective topology optimization method has
been developed to design a periodic microstructure
considering thermo-mechanical coupling [44] and
multifunctional metamaterials with tunable thermal
expansion and phononic bandgap [45]. Additionally,
Alacoque et al. [46] used topology optimization meth-
ods to generate multiphase materials with periodic
microstructures, which simultaneously achieved
a high stiffness and a negative thermal expansion coef-
ficient. These studies demonstrated the applicability of
topology optimization in multi-physics design pro-
blems. However, the application of multi-objective
topology optimization in the design of semiconductor
die-bonding materials has not yet been reported.

In this study, we employed a computer-oriented
design approach based on finite element analysis
for a periodic microstructure, to design a porous
microstructure in the die-bonding layer of semi-
conductors. Boundary value problems for both
mechanical and thermal aspects were addressed
through solution methods. Initially, the morpholo-
gical impact of the microstructure on macroscopic
material performance was examined via a high-
throughput evaluation, wherein a generator of
microstructures with varying morphological fea-
tures was developed to investigate the relationships
between microscopic morphology and macroscopic
properties by using finite element analysis. Next,
microstructures having optimized morphology
were calculated using multi-objective topology
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optimization, wherein the objective function was
defined with weighted sum of two objective func-
tions based on macroscopic strain and temperature
gradient modes. Weight factors and constraint con-
ditions for controlling the compromised optimiza-
tion outcomes were explored. Finally, to showcase
the effectiveness of the multi-objective optimiza-
tion, the performance of the architected micro-
structures was compared with that of the
generated microstructures containing randomly
distributed pores.

2. Finite element analysis for periodic
microstructure

Utilizing the finite element analysis method for peri-
odic microstructure enables the characterization of
macroscopic material properties while considering
the intricate geometry of a microstructure. The for-
mulation of boundary value problem is based on
a mathematical homogenization method [47,48],
wherein the macroscopic boundary value problem is
conceptualized solely as a constitutive relationship
[49,50]. In this study, this method was applied to
assess macroscopic shear modulus and thermal
conductivity.

2.1. Boundary value problem for the mechanical
problem

Boundary value problem for a periodic microstructure
is formulated as follows:

J o Vyl']udQY =0 v”]u S Wperiodim (1)
Qy

where Y denotes the micro-scale coordination; dQy
indicates the differential volume of the periodic
microstructure; Woeriodic Tepresents the Sobolev space
of periodic functions; u and #, denote the periodic
displacement and its variation, respectively; and o
indicates the Cauchy stress. The displacement field u
of the micro-scale is defined as follows:

u=¢Y +u, (2)

where € denotes the macroscopic strain. The micro-
scopic strain € can be formulated as

€= Vyu =€+ Vyﬁ (3)

In this formulation, a periodic microstructure lacks
a defined scale; in other words, the length at the
micro-scale is unspecified. Considering point A on
one side of the face and its mapping point B on the
opposite face, the displacement difference between the
two points is satisfied using the following equation:

Uy, — ug = E(YA — YB) (4)
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The macroscopic stress ¢ is defined by the volume
average of stress at micro-scale in the following
manner:

1

o= o ngade. (5)

Utilizing Equations (4) and (5), the components of the
macroscopic stress ¢ or strain € were controlled to
solve the boundary value problem expressed by
Equation (1) using finite element method.

2.2. Boundary value problem for the thermal
problem

The thermal equilibrium can be formulated as
J q: VyﬂTde =0 vﬂT S Whperiodic (6)
Qy

where q denotes the heat flux, and wperiogic Tepresents
the functional space similar to Wyeriodic- T(Y) is the
temperature field at the micro-scale, which is defined
as follows:

T(Y) = To + AT(Y), (7)

where, Ty is the temperature basis, and AT(Y) is the
temperature difference from the temperature basis.

AT(Y) = GY + AT(Y), (8)

where G indicates the temperature gradient associated

with the macro-scale, and AT(Y) represents
a fluctuating part originating from the heterogeneities
at the micro-cale. The temperature gradient at the
micro-scale G can be obtained as

G=G+AyT(Y). )

Based on the periodic boundary condition, the micro-
scopic problem can be solved by governing the tem-
perature gradient at the macro-scale, as follows:
Considering point A on one side of the face and its
mapping point B on the opposite face, the following
equation similar to Equation (4) is obtained:

ATy — ATy = G(Y, — Y3) (10)

The heat flux at macro-scale g is calculated using the
volume average of the heat flux at micro-scale q as

1
1= [ qdQy (11)

Y Qy

Using Equations (10) and (11), components of the
macroscopic temperature gradient G or heat flux g
were controlled to solve the boundary value problem
expressed by Equation (6) using finite element
method.
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3. High-throughput evaluation of
microstructure effect

The finite element analysis for a periodic microstruc-
ture efficiently characterizes the impact of microscopic
morphology on macroscopic material properties.
Coupled with a microstructure generation algorithm
encompassing varied morphological features, a high-
throughput system was established to assess the rela-
tionship between microscopic heterogeneity and
macroscopic material performance.

3.1. RVE generator

To perform high-throughput evaluation based on
finite element analyses, RVEs of the porous micro-
structure, characterized by the pore connectivity and
pore volume fraction, were randomly generated by
inserting pores with various radii using Boolean sub-
traction in a periodic cube design space. The pore
connectivity was defined as

N
Na’

c= (12)
where N, denotes the number of connected pores, and
Nap indicates the total number of pores. The pore
fraction is represented as the volume fraction, which
refers to the proportion of the solid part of the model.
The volume fraction of the solid part is defined as
follows:
Qsolid

V= o (13)
where Qg and Qy denote the volumes of the solid
part and the entire cube, respectively.

To control pore connectivity, we first created an
abundance of connected pores and then randomly gen-
erated separated pores. Here, we began by randomly
generating a seed point near the Y; = 0 surface, as
shown in Figure 1. The radius of the first pore was
defined to ensure that it intersected the Y3 = 0 surface.
Random increments were then introduced along the
Y), Y2, and Y; axes to determine the position of
the second seed point, with the radius ranging from
the previous pore radius to the maximum possible
value. The newly created pore radius was defined to
ensure that this pore intersected the previous pore, and
this process was repeated until the seed point was out-
side the cube. The distribution of the seed points is
shown in Figure 1, and the creation of the connected
pores is illustrated in Figure 1. After generating the
connected pores, we randomly created several addi-
tional pores in areas that were not in contact with the
interconnected pores, as depicted in Figure 1, to control
the pore connectivity. To ensure that the resulting
porous microstructure did not exhibit extreme aniso-
tropy, seed points were required to grow in the

J. ZHOU et al.

dendritic branches. When a seed point triggered the
growth of dendritic branches, a branch of connected
pores was produced, which tended to avoid generation
along the Y3-direction. Figure 2 shows the generation of
a trunk path of connected pores, Figure 2 illustrates the
growth of a branch from the trunk, and Figure 2 depicts
the growth of a sub-branch from the first branch. Also,
to ensure that the RVEs were periodic, the pores in
contact with the side of the cube were copied to the
opposite side. Each pore was individually copied and
pasted onto the opposite side of the face to ensure
periodicity. An example of a randomly generated RVE
is shown in Figure 3(a), and symmetrical pore distribu-
tions on one side and its opposite side are illustrated in
Figure 3(b), confirming the successful establishment of
the RVE generator.

3.2. High-throughput evaluation

In this study, a total of 332 RVEs with different pore
connectivities and volume fractions were generated
using the RVE generator. On the basis of the mechan-
ical and thermal problems outlined in Section 2, we
conducted finite element analyses on 332 RVEs to
assess the macroscopic shear modulus and thermal
conductivity. Finite element meshes were created
using automated meshing function of Altair
HyperWorks (version 2020, Altair Engineering, Inc.,
U.S.A.) utilizing four-node tetrahedral elements, in
which the mesh resolution is defined as enough fine
to reproduce the generated geometry and reduce
numerical discretization error as shown in
Figure 3(a). To set up periodic boundary conditions,
the surface nodes on the opposite sides were generated
as the same arrangement.

3.2.1. Effects of microstructure on shear modulus

To assess the macroscopic shear modulus, finite ele-
ment analysis was performed by imposing the pre-
scribed macroscopic strain for pure shear to an RVE:

0 0 o0.01
€= 0 0 |. (14)
sym 0

Macroscopic shear modulus can be calculated as
follows:

0013
deis

,a13 = 61313 =2 (15)
In finite element analysis, the generalized Hooke’s law
was employed for the constitutive model of the solid
part, wherein the stress at the reference configuration
can be defined as

c=C:e¢ (16)
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Figure 1. Process of constructing representative volume elements. (a) Generation of the first seed on the surface of Y3 =0. (b)
Generation of abundant seeds. (c) Radius distribution of seeds to obtain interconnected pores. (d) Random generation of

separated pores.

(@)

Y
Y11/T 2

Figure 2. Control of pore connectivity and anisotropy in porous microstructures.

where C represents the fourth-order elastic tensor.
Copper was considered as the constitutive material,
with a Young’s modulus of 120 GPa and Poisson’s
ratio of 0.35.

We conducted a high-throughput evaluation to
obtain the shear modulus distribution of the RVEs
with different pore connectivities and volume frac-
tions (Figure 4). The different colored dots in the
figure represent the shear modulus values of the
RVEs. Our analysis showed that the shear modulus
increased with an increasing volume fraction, indi-
cating a strong positive correlation between the
two. We displayed different structures with the
similar volume fraction of V =~ 50% but different
pore connectivities as an illustrative example
(Figure 5). Microstructure with pore connectivities
of 30.75%, 67.24%, and 85.40% had shear modulus
values of 26.75, 25.57, and 31.57 GPa, respectively.

Despite the significant difference in pore connec-
tivity, we observed no significant proportional rela-
tionship between shear modulus and pore
connectivity. This result suggests that the dominant
factor controlling the shear modulus was the
volume fraction in such microstructures containing
randomly distributed pores.

3.2.2. Effects of microstructure on thermal
conductivity

For the assessment of macroscopic thermal conduc-
tivity, finite element analysis was performed by apply-
ing the designated macroscopic temperature gradient
to each RVE:

(17)

Q!
I
- o o
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Figure 3. (a) Generated representative volume element. (b) Geometric periodicity on one side face and the corresponding
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Figure 4. Shear modulus of the generated representative volume elements using high-throughput evaluation.

Macroscopic thermal conductivity along the Y3-
direction of a periodic microstructure was calculated
using the following equation:

- 93
K33 = G, (18)
where g; and G; and denotes the macroscopic heat flux
and temperature gradient in the Y3-direction. In finite
element analysis, the matrix material is considered as
copper, with a thermal conductivity of 397 W/(m - K).
Figure 6 illustrates the distribution of the thermal con-
ductivity in the RVEs with varying pore connectivities

and volume fractions obtained through the high-
throughput evaluation. The dots in the figure represent
the thermal conductivities of RVEs. The analyses indi-
cated that the thermal conductivity of the RVEs
increased with an increase in the volume fraction,
which means a positive correlation between thermal
conductivity and volume fraction. Additionally, no sig-
nificant relationship was observed between thermal
conductivity and pore connectivity. This result indi-
cates that the dominant microstructure feature control-
ling the thermal conductivity is the volume fraction
same as the macroscopic shear modulus.
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(@)
Generated
RVEs
Y,
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c [%] 30.75 67.24 85.40
115 [GPa] 26.75 25.57 31.57
R 33 [W/(m-K)] 280.65 294.02 297.92

Figure 5. Representative volume elements (RVEs) with identical volume fractions (V ~ 50%) but different pore connectivity.
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Figure 6. Thermal conductivity of generated representative volume elements using high-throughput evaluation.

4. Multi-objective topology optimization

The outcomes of the high-throughput evaluation,
depicted in Figure 7, highlight the inherent conflict
between minimizing shear modulus and maximiz-
ing thermal conductivity in microstructures featur-
ing randomly distributed pores. In this section, an
architected microstructure was devised through
topology optimization which is a computer-
oriented design approach based on finite element
method. Based on finite element analysis for peri-
odic microstructure, a multi-objective topology
optimization problem was formulated to address
the conflict between two objective functions, utiliz-
ing the weighed sum method.

4.1. Multi-objective topology optimization problem

The mathematical description for multi-objective
topology optimization can be presented in a general
form using the macroscopic strain mode in ¢ and
temperature gradient mode in G; as follows:

Find : p= {p} o<pe<1

Minimize : ‘I’ Z ¥, = Z g (C s,,
Maximize : =Y Ny, =3NG -

Subject to : QLY pdQy =V € (Vigw, Vup),

Y

(19)

where p° denotes the element density with values ran-
ging from 0 to 1 and V), and V,, are lower and upper
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Figure 7. Relationship between the shear modulus and thermal conductivity.

bounds of the volume fraction, respectively. In this
study, SIMP (Solid Isotropic Material with
Penalization) method [12] was used to force the final
design to be represented by densities of 0 or 1 for each
element, in which a power-law equation of density was
employed for the penalization. In multi-objective
topology optimization, the mechanical compliance in
¥, and thermal compliance in ¥, are used to measure
the properties of the microstructures. For the die-
bonding material design, the objective was to mini-
mize the mechanical compliance and maximize the
thermal compliance. In a previous study, the sum of
macroscopic strain modes was successfully applied to
define the objective functions in microstructure design
[26], and we extended this to solve the multi-objective
optimization problem in this study. More specifically,
the mechanical compliance ¥ is defined as a sum of
individual compliances ¥;, which is obtained under
the imposed strain mode ¢;; and &; is corresponded to
components of the strain tensor € as follows:

€= 1{81,8,8,8,85, 6} = {€11, €, €33, €12, €23, 31 }.
(20)

That is, ¥y, Y5 and ¥ are the shear compliance
values when shear loading is applied along the Y5,
Y15, and Y3 directions, respectively. For each spe-
cific design problem, i indicates the imposed strain
mode, and N; is the total number of imposed strain
modes involved in the design problem. Similarly,
the thermal compliance ¥, is defined as the sum of
the individual thermal compliances ¥, which is
obtained under the temperature gradient mode
G;; i represents the applied temperature gradient
mode, and N; is the total number of temperature
gradient modes involved in the design problem.
When thermal problems along the Y3, Y3, and Y3
directions are considered, ¥;;, ¥, and ¥, are
included in the equation, respectively. In addition,
the optimization problem is subject to a volume
constraint.

The weighted sum method [51-53] is a classical
approach for solving multi-objective topology optimi-
zation problems by assigning weight factors w; to the
normalized objective functions, where Y w; = 1 was
always satisfied. The values of the weight factors reflect
the design priority, and a unique optimized design can
be obtained by solving the optimization problem with
different weight factor combinations. Using the
weighted sum method, the mathematical description
of the multi-objective topology optimization is con-
verted to:

Find : p=1{p}, 0<p° <1,
1
Minimize : F = [(wif)* + (wofy)’]2,
Ny
where, fi= N% Z \I;‘{I:;ik )
i St
N,

t
f —1-1 Wi
t N, i bk )

Subject to : QLyJ pdQy =V e (Viows Vup)7

Qy

21

where f; and f; denote the normalized shear compliance
and normalized thermal compliance, respectively. ‘I";.“lk
and PPk represent the shear and thermal compliance
values of the constituent material, i.e. copper, and were
calculated as WK =4.44 x 10" Pa -m/m for
i€ {4,5,6} and Y2 =99.25W/m? - K - K*/m for
i € {1,2,3}, respectively.

The multi-objective topology optimization problem
was resolved using Altair OptiStruct (version 2020,
Altair Engineering, Inc., U.S.A.). The design space was
discretized with a 32 x 32 x 32 meshes, consisting of
8-node cubic hexahedral elements under periodic
boundary conditions. The dual method, recognized
for its efficiency and robustness in addressing quasi-
convex optimization problems [54,55], was employed
as the algorithm for solving the optimization problem.
Also, the software employs a filtering algorithm to
avoid the mesh dependency. In the weighted sum
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method, the sensitivity of the objective function of the
multi-objective  problem was straightforwardly
obtained as the sum of the two objective functions for
mechanical and thermal problems, formulated through
the adjoint variable method. The pore parts were mod-
eled as a low-density material (p® = 0.01) to avoid
a computational singularity. The element density in
the design space, as illustrated in Figure 8, was itera-
tively updated to minimize the objective function, uti-
lizing finite element analysis for a periodic
microstructure, dual method, and the sensitivity. The
initial state was defined as a homogeneous state and
non-design space was set as solid at the center
2 X 2 x 2 elements of the design space.

4.2. Multi-objective topology optimization for an
anisotropic microstructure

The multi-objective topology optimization approach
aimed to improve the thermal conductivity along the
Y; direction by increasing ¥;; and simultaneously
reduce the stress transmitted along the axis by
decreasing W5 and ¥s. The normalized shear com-
pliance and thermal compliances are defined as
follows:

— l \I’SS \YSG
f=3 (e

(22)

Initialization
'

Prescription of weight factors

Evaluation of properties using
finite element analysis

Topology updation based on
dual method

lYES

Visualize optimal result

Figure 8. Flowchart of the multi-objective topology optimiza-
tion process.

J. ZHOU et al.

In this optimization problem, we fixed the values of the
weight factors to observe the influence of the volume
fraction constraint on the optimized microstructures.
The weight factors, denoted as w; and w,, were both set
to an identical value of 0.5. This intentional choice
serves to denote equal significance placed on the two
critical objectives of our study: minimization of the
shear modulus and maximization of the thermal con-
ductivity. We conducted multi-objective topology opti-
mization of porous microstructures under various
volume fraction constraints by setting to Vigy = V.
Each optimal design represents a unique configura-
tion that optimizes the performance within the speci-
fied material usage requirements (Figure 9). The
objective of the optimization process is to achieve the
desired properties, particularly in the Y;-direction. We
found that the optimized structures suggested a non-
identical material distribution feature in different direc-
tions, reflecting the anisotropic properties desired for
the application. The optimized designs exhibited speci-
fic structural characteristics to achieve an optimal com-
promise between the two objectives. The material was
distributed more continuously in the Y3-direction to
ensure a favorable thermal conductivity. Meanwhile, in
the Y, and Y;-directions, the material distribution
demonstrated reduced continuity compared to the Y3-
direction. The optimal designs aimed to maximize the
utilization of the limited material by allocating more of
it along the Y3-direction to enhance the thermal con-
ductivity. This allocation resulted in relatively lower
material continuity along the other two directions, Y;
and Y3, consequently reducing shear compliances. As
a result, the geometry feature of the surface perpendi-
cular to Y; is different from that of the surface perpen-
dicular to Y; and Y,, and a microstructure with
anisotropic properties is generated. By imposing differ-
ent volume fraction constraints on the multi-objective
topology optimization platform, we were able to tailor
the microstructure for different application scenarios
accordingly. Instead of randomly generating micro-
structures using an RVE generator, the topology opti-
mization allowed us to effectively achieve the desired
performance while considering resource constraints.

4.3. Multi-objective topology optimization for an
orthotropic microstructure

Next, We designed an orthotropic microstructures
similarly to the anisotropic microstructures. To obtain
orthotropic microstructures, shear compliance and
thermal compliance in the three directions were con-
sidered. The normalized shear and thermal com-
pliances are expressed as follows:

i€ {4,56}

fi= N%Zf\k \y\g‘i’ik (23)
fi=1-F3 Vo i€{1,2,3}
ti
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Figure 9. Multi-objective topology optimization using different volume fraction constraints: optimized structures and their

properties for wy =w, =0.5.

For optimizing the orthotropic microstructures, the
volume fraction remains unconstrained, indicating
that Vi, and V,, were assigned values of 0 and 1,
respectively. The unconstrained volume fraction
allows for a more comprehensive exploration of the
design space and can potentially lead to efficient mate-
rial distributions and novel designs. To generate var-
ious optimized microstructures, we utilized different
weight factors for topology optimization by varying
wi. Specifically, an increased weight factor of the shear
modulus w; indicates an increased prioritization of
minimizing the shear modulus. When w; exceeded
the threshold of 0.5, the resulting optimized structure
was classified as a design that prioritized shear-
modulus minimization. Conversely, by setting w; to
be less than or equal to 0.5, we obtained a design that
prioritized the maximization of thermal conductivity.
Figure 10(a) shows the convergence history for multi-
objective topology optimizations with different weight
factors. The optimization process begins with the
initial design of a homogeneous solid state that exhi-
bits maximal shear and thermal compliance. As the
iterations progressed, the objective function decreased
drastically in the early stage, and the design was itera-
tively updated until the variation in the objective func-
tion was eventually stable. In this study, the
optimization was terminated when the variation in
the objective function between successive iterations
was less than 107° for at least three consecutive itera-
tions. The objective function update history indicated
that the objective function reached a stable value
within 200 iterations for each case. The update his-
tories for the shear compliance denoted by Y,
(Figure 10(b)) and thermal compliance denoted by
WV, (Figure 10(c)) demonstrate the effectiveness of the
optimization algorithm. We also obtained the volume
fraction update history (Figure 10(d)), which indicates
a strong correlation between the volume fraction with
shear compliance and thermal compliance. In the

optimization calculations, the shear compliance was
decreasing because it corresponds to decrease the
macroscopic shear modulus; simultaneously, the ther-
mal compliance was increased together with the
macroscopic thermal conductivity. Also, the suitable
volume fractions dependent on the weight factors
were searched in consideration of the conflict between
minimizing the macroscopic shear modulus and max-
imizing the macroscopic thermal conductivity.

After the optimization, we smoothed the generated
microstructures by setting a density threshold of 0.5
(Figure 11). We found that the weight factors had
a significant influence on the optimized microstruc-
tures. From the microstructural properties, we observed
that in the design that prioritized the minimization of
the shear modulus, the shear modulus was significantly
lower than that in the design that prioritized maximiza-
tion of the thermal conductivity, at the cost of the
thermal conductivity. From the design that prioritized
the minimization of the shear modulus to the design
that prioritized the maximization of the thermal con-
ductivity, an increased volume fraction of the optimized
microstructure was observed. Our high-throughput
evaluation results indicated that a higher volume frac-
tion was advantageous for thermal conductivity max-
imization but detrimental to shear modulus
minimization, which might be the reason for the varia-
tion in the volume fraction observed among designs
that prioritized minimizing the shear modulus and
maximizing the thermal conductivity. Previous findings
in our evaluation results are in line with the volume
fraction tendency observed in the designs obtained
from multi-objective topology optimization.

To gain further insights into the optimized micro-
structures, we performed a finite element analysis to
visualize the stress and heat flux distributions of the
optimized designs (Figure 12), where the finite ele-
ment meshes were generated using automated mesh-
ing function with four-node tetrahedral elements in
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Figure 11. Multi-objective topology optimization using different weight factors: optimized structures and their properties under

orthotropic assumptions.

consideration of the periodic boundary conditions
same as Section 3.2. The volume fraction of the opti-
mized structure varied when different design priorities
were selected, which affected the microstructure stress
and flux distribution. From the stress distribution, it is
apparent that the stress was smaller in the design with
a low volume fraction. This phenomenon could be
attributed to the ability of the reduced volume fraction
to facilitate the formation of easily deformable struc-
tures, thereby enhancing the stress-shielding capabil-
ities, and consequently reducing the stress within the
die-bonding material. This result is in accordance with

the general concept that a porous microstructure with
a low shear modulus is favorable for stress shielding,
indicating that the optimization platform provides
reasonable results. From the heat flux distribution
(Figure 13), the heat flux was higher in the design
that prioritized the maximization of thermal conduc-
tivity, indicating a beneficial effect for reducing the
harmful heat generated from semiconductors. The
designed microstructure that prioritized the maximi-
zation of thermal conductivity featured a higher
volume fraction, resulting in improved thermal
conductivity.



Sci. Technol. Adv. Mater. Meth. 4 (2024) 12

(a) w4 =0.35 w, =0.65
Contour Plot
Grid Point Stresses (Prop 1)(vonMises)
Analysis system
2.000E+05
[ 1.778E+05
1.556E+05
— 1.333E+05
1.111E+05
8.889E+04
6.667E+04
4.444E+04
2.222E+04
0.000E+00

Ys

v
Yz

(c) wq =0.65 w, =0.35

Contour Plot

Grid Point Stresses (Prop 1)(vonMises)

Analysis system
2.000E+05

[ 1.778E+05
1.556E+05

— 1.333E+05
1.111E+05
8.889E+04
6.667E+04
4.444E+04
2222E+04
0.000E+00

J. ZHOU et al.

(b) w; =050 w,=0.50

Contour Plot
Grid Point Stresses (Prop 1)(vonMises)

Analysis system
Ys
Y
Yz

(d)w; =0.80 w,=0.20

1.556E+05
— 1.333E+05

1.111E+05

8.889E+04

6.667E+04

4.444E+04

2.222E+04

0.000E+00
Contour Plot
Grid Point Stresses (Prop 1)(vonMises)
Analysis system

2.000E+05
[ 1.778E+05

1.556E+05
— 1.333E+05

1.111E+05

8.889E+04

6.667E+04

4.444E+04 Y,

v S
Yz

2.222E+04
0.000E+00

Figure 12. Effect of weight factor on von mises stress of the optimized microstructures under the imposed macroscopic strain mode €s.

(a) wq = 0.35 w, =0.65
Contour Plot
Element Fluxes
Analysis system

2.000€-03
[ 1.778€-03
1.556E-03
— 1.333e-03
1.111E-03
8.889E-04
6.667E-04
4.444E-04
2.222€-04
0.000E+00

Y
1) Y,

(c)wq =0.65 w, =0.35

Contour Plot
Element Fluxes|
Analysis system
2.000E-03
[ 1.778€-03
1.556E-03
— 1.333E-03
1.111E-03
8.889E-04
6.667E-04
4.444€-04
2.222€-04
0.000E+00

Ys

Y
1) Y2

(b) w; = 0.50 w, = 0.50

Contour Plot
Element Fluxes(:
Analysis system
2.000€-03
[ 1.778€-03
1.556€-03
— 1.333e-03
1.111E-03
8.889E-04
6.667E-04
4.444E-04
2222€-04
0.000E+00

(d) wq = 0.80 Wy = 0.20

Contour Plot
Element Fluxes(Z)
Analysis syster
2.000€-03
[ 1.778€-03
1.556€E-03
= 1.333e-03
1.111E-03
8.889E-04
6.667E-04
4.444E-04
2.222€-04
0.000E+00

Ys

Y,
1) Y,
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temperature mode G;.

4.4. Comparison with results of randomly
generated microstructures

Multi-objective topology optimization is developed
with the aim of intelligently designing optimal struc-
tures with the best compromise between two conflict-
ing properties. To validate the effectiveness of the
multi-objective topology optimization, we calculated

the shear modulus and thermal conductivity of the
optimized microstructure and compared them with
the corresponding values of randomly generated
RVEs shown in Section 3. In Figure 14, the squares
and circles represent the shear modulus and thermal
conductivity of the optimized structures and gener-
ated RVEs, respectively. When the shear moduli of the
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optimized microstructures and generated RVEs were
at the same level, the thermal conductivities of the
optimized structures were always higher than those
of the randomly generated RVEs. The results revealed
the advantage of multi-objective topology optimiza-
tion compared with the RVEs generator: it can find the
optimal design with the best compromised properties.
Furthermore, the multi-objective topology optimiza-
tion can design architected microstructures with
a lower shear modulus compared to designs generated
by the RVE generator. To illustrate, the multi-
objective topology optimization generated micro-
structures with a shear modulus of 12.88 GPa, which
was attributed to the iterative design capability of the
optimization algorithm. In contrast, the RVE genera-
tor randomly designed microstructures, and none of
the microstructures in this study approached this
range. Deep-learning studies indicated that random
generation algorithm can cover microstructures with
extreme properties [56]; however, massive data over
10,000 are usually required for deep-learning. In con-
clusion, the multi-objective topology optimization is
effective in generating designs with compromised
properties, and microstructures with a considerably
lower shear modulus can be obtained more easily
using our multi-objective topology optimization
platform.

5. Conclusion

In this study, we investigated the effect of microscopic
morphology on porous microstructures for the die-
bonding layer of semiconductors. We employed finite
element analyses for periodic microstructure and
designed architected microstructures, aiming for
a balanced compromise between minimizing shear
modulus and maximizing thermal conductivity
through the solution of a multi-objective topology
optimization problem. Initially, a high-throughput eva-
luation was conducted using an RVE generator,

generating numerous microstructures with randomly
distributed pores while controlling pore volume frac-
tion and connectivity. The results indicated that the
volume fraction had a significant positive correlation
with the macroscopic shear modulus and thermal con-
ductivity, leading to a conflict between the shear mod-
ulus minimization and thermal conductivity
maximization. Furthermore, in the high-throughput
evaluation, pore connectivity exhibited an insignificant
correlation with those properties; however, the multi-
objective topology optimization yielded microstruc-
tures with enhanced material performance. This sug-
gests the efficacy of the optimized design in improving
material performance. Consequently, the findings of
this study hold the potential to contribute to the
enhancement of objective material performance.
While the microscopic morphology is controllable to
some extent within a fabrication process, reproducing
the architected microstructure as is remains challen-
ging. Hence, additional research and development of
fabrication processes are imperative to effectively uti-
lize the outcomes of computer-oriented design.
Simultaneously, the establishment of a computational
design method, considering constraints from the fabri-
cation process, is essential for practical applications.
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