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Abstract: In this paper, a thermal-stress coupling optimization strategy for coaxial through silicon via
(TSV) is developed based on the finite element method (FEM), artificial neural network (ANN) model
and particle swarm optimization (PSO) algorithm. In order to analyze the effect of design parameters
on the thermal-stress distribution of coaxial TSV, the FEM simulations of coaxial TSV are conducted
by COMSOL Multiphysics. The structure of coaxial TSV is symmetric. The mapping relationships
between the design parameters and performance indexes are described by ANN models based on the
simulation data of FEM. In addition, the multi-objective optimization function is formulated based on
the desired performance indexes, and then the design parameters are optimized by the modified PSO
algorithm. Based on the optimized design parameters, the effectiveness of the developed method is
validated by FEM simulations. The simulated performance indexes agree well with the desired ones,
which implies that the design parameters of coaxial TSV can be optimized to control the thermal-
stress distribution. Therefore, the thermal-stress coupling optimization of coaxial TSV can achieve
thermal-stress management to improve its reliability.

Keywords: artificial neural network; coaxial through silicon via; particle swarm optimization algorithm;
thermal-stress coupling design

1. Introduction

With the rapid development of the semiconductor industry, a high-reliability inte-
grated system is required. Due to the advantages, such as high performance, high integrated
density and low interconnect length, a three-dimensional (3D) integrated system [1–4] has
become an effective technology for the development of integrated circuits beyond Moore’s
law. In addition, through silicon via (TSV) [5–7] is adopted to achieve vertical interconnec-
tion between different integrated circuits. However, the TSV can generate thermal strain
and stress during temperature changes, which leads to serious reliability problems for the
3D integrated system [8,9]. Therefore, it is valuable to develop an effective design method
for coaxial TSV to improve its performance.

Due to the advantages, such as suppressing signal crosstalk, reducing transmission
loss and signal transmission delay, coaxial TSV has been investigated by many researchers.
Zhao et al. [10] proposed an equivalent lumped element circuit model of coaxial TSV, which
can predict the characteristic impedance. Compared to the circular and square coaxial
TSV, Zhao et al. [11] proposed an equivalent lumped element circuit model of coaxial TSV,
which analyzed the parasitic capacitance value, characteristic impedance and s parameters
under different frequencies and temperatures. In addition, Qian et al. [12] proposed a high-
precision distributed transmission line model based on the extracted electrical parameters
of coaxial TSV and finite element method (FEM). The effects of various material properties
and physical parameters on the electrical performance of coaxial TSV are investigated by
the developed method. Based on the FEM and experiment, Dixit et al. [13] analyzed the
thermal strain and thermal deformation of the TSV structure under the temperature cycling

Symmetry 2023, 15, 264. https://doi.org/10.3390/sym15020264 https://www.mdpi.com/journal/symmetry

https://doi.org/10.3390/sym15020264
https://doi.org/10.3390/sym15020264
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-5065-4374
https://orcid.org/0000-0002-6896-4717
https://orcid.org/0000-0001-6118-7401
https://orcid.org/0000-0002-3827-8820
https://doi.org/10.3390/sym15020264
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym15020264?type=check_update&version=2


Symmetry 2023, 15, 264 2 of 11

condition of 25–125 ◦C. The experiment results show that the shear strain between the
copper and silicon is the major potential factor affecting the reliability of TSV. Tsai et al. [14]
investigated the thermal-stress distribution of TSV based on finite element analysis. The
simulation results show that the maximum stress is increased by about 300 MPa as the
diameter ratio increases from 0.6 to 0.9. In the traditional design method, the FEM software
is used to obtain the design scheme through iterative computation and comparison. The
traditional design methods based on FEM rely on the experts’ experience, and the design
parameters cannot be effectively optimized to control the thermal-stress distribution of TSV.
Therefore, the thermal-stress coupling optimization should be investigated to control the
thermal-stress distributions and further improve the reliability of coaxial TSV.

Recently, the artificial neural network (ANN), has been widely used in the model
predicted control [15–17], image processing [18–20] and optimization algorithms [21–23].
In addition, the particle swarm optimization (PSO) algorithm has been utilized in the
topology optimization for compliant mechanisms [24,25], the optimal design parameters of
electronic components [26] and the optimal parameters of the filtering algorithm [27,28].
Therefore, the PSO algorithm can be adopted to obtain the optimal design parameters
of coaxial TSV based on the thermal-stress coupling physics field for high-efficiency
thermal-stress management.

In this paper, a thermal-stress coupling optimization of coaxial TSV is proposed to
control the thermal-stress distribution. The novelty can be summarized as follows:

(1) The mapping relationships between design parameters and thermal-stress perfor-
mance indexes are described by ANN models to increase the efficiency of
simulation design.

(2) Based on the PSO algorithm, the thermal-stress coupling optimization method is
proposed to control the thermal-stress distribution of coaxial TSV.

In Section 2, the FEM model of coaxial TSV is presented, then the simulation results
are presented. Section 3 describes the thermal-stress coupling optimization method of
coaxial TSV. In Section 4, the implementation and discussion of the proposed method are
presented. Finally, Section 5 makes a conclusion.

2. Finite Element Simulation of Coaxial TSV
2.1. Thermal-Stress Coupling Model

Due to the difference in the coefficient of thermal expansion, the architecture will
expand or contract during temperature changes and generate thermal stress. Elastic me-
chanics is the foundation and branch of solid mechanics. Based on Hooke’s law, the elastic
stress model can be expressed as

Aσ + f = ρµ + µ
∧
µ (1)

ε = Lµ (2)

σ = Dε (3)

A =

∣∣∣∣∣∣∣
∂

∂x 0 0 ∂
∂y 0 ∂

∂z
0 ∂

∂y 0 ∂
∂x

∂
∂z 0

0 0 ∂
∂z 0 ∂

∂y
∂

∂x

∣∣∣∣∣∣∣ (4)

where µ, σ and ε are displacement, stress and strain. A is the differential operator. L is
equal to AT. f is the force. D is an elastic matrix, which is determined by Poisson’s ratio
and Yang’s modulus of the material itself. ρ represents the density of the material.

2.2. Finite Element Model of Coaxial TSV

The schematic of coaxial TSV is shown in Figure 1, which is composed of a TSV copper
column and coaxial cylinder. Obviously, the structure of coaxial TSV is symmetric. The
electrical signal is transmitted by a copper column, and the coaxial cylinder is a shield layer.
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The signal and shield layers are filled with different materials. In addition, the height of
the coaxial TSV is 50 µm. r1 is the radius of the copper column. r2 is the thickness of the
dielectronic layer. r3 is the thickness of the coaxial cylinder. t1 is the thickness between the
copper column and the dielectronic layer. t2 is the thickness between the dielectronic layer
and the coaxial cylinder. t3 is the thickness between the coaxial cylinder and the substrate.
The finite element simulation software is COMSOL Multiphysics, which can accurately
present the thermal-stress distribution of coaxial TSV. The materials and parameters used
in the FEM simulation are shown in Table 1, which shows the ideal material properties of
Cu, SiO2 and Si. These material properties are idealized. Due to the good conductivity
and compatibility with CMOS processes of Cu material, coaxial TSV conductive filling is
currently generally achieved by copper plating. The goal of electroplating is low stress,
with no holes and voids during the manufacturing of coaxial TSV. In the manufacturing of
coaxial TSV, the critical material property deviation can make experiments deviate from the
simulation and optimization [29–31]. Therefore, the material property deviation between
actual and ideal conditions should be minimized.
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Figure 1. Schematic of coaxial TSV: 3D view and the cross-sectional view of coaxial TSV configuration.

Table 1. Materials and parameters used in the FEM simulation.

Materials Cu SiO2 Si

Thermal conductivity (W/(m*K)) 401 1.4 130
Thermal expansivity (ppm/K) 17 0.5 2.3

Young modulus (GPa) 110 71 130
Poisson ratio 0.35 0.16 0.28

2.3. Simulation Results

In this study, the design parameters of coaxial TSV include r1, r2, r3, t1, t2 and t3.
Basically, the performance indexes are affected by the design parameters of coaxial TSV.
The orthogonal experiment was conducted to reduce the number of experiments. The
ranges of r1, r2 and r3 are [3, 10], [1, 8] and [1, 4.5] µm, respectively. The ranges of t1, t2
and t3 are [0.1, 0.8] µm. The performance indexes are the peak temperature (PT) and peak
stress (PS1) of the whole model, the peak stress of the copper column (PS2) and the peak
stress of the coaxial cylinder (PS3). The current density of the copper column is set to
8 × 1010 A/m2. Based on different design parameters, the thermal-stress coupling sim-
ulation results can be obtained, as shown in Figures 2 and 3. The ranges of PT, PS1, PS2
and PS3 are [321.48, 364.89] K, [80.559, 200.84], [24.825, 111.38] and [4.2823, 89.42] MPa,
respectively. Based on current research, it can be seen that the design parameters of coaxial
TSV have a large impact on its performance indexes. With the increase of r3, the peak
temperature is firstly increased and then decreased. Based on different design parameters,
the differences between the maximum and minimum values of PT, PS1, PS2 and PS3 are
43.41 K, 120.281, 86.555 and 85.1357 MPa, respectively. Therefore, the performance indexes
are affected by the design parameters. The PT, PS1, PS2 and PS3 are varied with the design
parameters, and the relationship between design parameters and performance indexes is
irregular and complex, which indicates that high-reliability coaxial TSV is hard to design.
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Therefore, it is necessary to optimize the design parameters for thermal-stress coupling
coaxial TSV to improve its reliability.
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3. Thermal-Stress Coupling Optimization of Coaxial TSV

In this study, a thermal-stress coupling optimization for coaxial TSV was developed
based on the ANN model and PSO algorithm. The flowchart of the proposed method
for coaxial TSV is shown in Figure 4. Based on the orthogonal design, the thermal-stress
coupling simulation data were obtained by FEM. Then, the mapping relationships between
design parameters and performance indexes were described by ANN models. Then, the
design parameters were optimized by the modified PSO algorithm. Finally, the optimal
design parameters of coaxial TSV were obtained by the proposed strategy. The details of
the developed strategy are described as follows.
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3.1. ANN Models for Performance Indexes

In this study, the mapping relationships between the design parameters and the
performance indexes are described by ANN models. The architecture of the ANN model
is shown in Figure 5, which is composed of an input layer, hidden layer and output layer.
The inputs are the coaxial TSV design parameters (r1, r2, r3, t1, t2 and t3). The outputs
are the performance indexes (PT, PS1, PS2 and PS3). According to the manual experience,
the number of neurons in the hidden layer is 13. The equations of the ANN model for
performance indexes can be calculated by

h1(k) = W1(k) · [r1 f (k); r2 f (k); r3 f (k); t1 f (k); t2 f (k); t3 f (k)] (5)

h2(k) =
1− e−h1(k)

1 + e−h1(k)
(6)

PT f (k)/PS1 f (k)/PS2 f (k)/PS3 f (k) = W2(k) · h2(k) (7)

where W1 and W2 represent the weight matrices. h1 and h2 are the input and output of the
hidden layer. The ANN model is trained by a back propagation neural network algorithm,
and the weights update formula can be expressed as

W1(k) = W1(k) + η · h2(k)[1− h2(k)]h1(k)∑m
k=1 W2(k)ek (8)

W2(k) = W2(k) + η · h2(k)ek (9)

where η represents the learning velocity of the ANN model. m is the number of nodes of
the output layer. e is the error between the desired output and the predicted output.
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In addition, the weight-updating formula of the hidden output can be expressed as

∆Wp2i = −η
∂E

∂Wp2i
= −η

∂E
∂ym(k + 1)

∂ym(k + 1)
∂np2

∂np2
∂Wp2i

(10)

where

∂E
∂ym(k + 1)

= −[y( k+1)−ym(k + 1)],
∂ym(k + 1)

∂np2
= ym(k + 1)× (1− ym(k + 1)),

∂np2
∂Wp2i

= hp1i (11)

y(k+1) is the practical output of the thermal-stress coupling system. ym(k+1) is the output
of the ANN model. Thus, the weight-updating formula ∆Wp2i can be expressed by

∆Wp2i = η × [y(k + 1)− ym(k + 1)]× ym(k + 1)× (1− ym(k + 1))× hp1i (12)

Similarly, the bias-term-updating formula of the hidden-output layer can be expressed as

∆bp2 = −η
∂E

∂bp2
= −η

∂E
∂ym(k + 1)

∂ym(k + 1)
∂bp2

∂np2
∂bp2

(13)
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where ∂np2
∂bp2 = 1. Therefore, ∆bp2 can be computed as

∆bp2 = η × [y(k + 1)− ym(k + 1)]× ym(k + 1)× (1− ym(k + 1)) (14)

The weight-updating formula of the input-hidden layer can be expressed as

∆Wp1i j = −η
∂E

∂Wp1ij
= −η

∂E
∂ym(k + 1)

∂ym(k + 1)
∂np2

∂np2
∂hp1i

∂hp1i
∂np1i

∂np1i
∂Wp1i j

(15)

where ∂np2
∂hp1i

= Wp2i,
∂hp1i
∂np1i

= hp1i × (1 − hp1i),
∂np1i

∂Wp1i j
= Uj. Thus, ∆Wp1i j can be

expressed by

∆Wp1ij = η × [y(k + 1)− ym(k + 1)]× ym(k + 1)× (1− ym(k + 1))×Wp2i × hp1i × (1− hp1i)×Uj (16)

Similarly, the bias-term-updating formula of the input-hidden layer can be expressed as

∆Wp1ij = η × [y(k + 1)− ym(k + 1)]× ym(k + 1)× (1− ym(k + 1))×Wp2i × hp1i × (1− hp1i)×Uj (17)

∆bp1i = −η
∂E

∂bp1i
= −η

∂E
∂ym(k + 1)

∂ym(k + 1)
∂np2

∂np2
∂hp1i

∂hp1i
∂np1i

∂np1i
∂bp1i

(18)

where ∂np1i
∂bp1i

= 1. Therefore, ∆bp1i can be computed as

∆bp1i = η× [y(k + 1)− ym(k + 1)]× ym(k + 1)× (1− ym(k + 1))×Wp2i × hp1i × (1− hp1i) (19)

3.2. Multi-Objective Optimization Function

In this study, the performance indexes are the PT, PS1, PS2 and PS3. Therefore, the
multi-objective optimization function can be expressed as

F = α(
PT − PTdes

PTmax − PTmin
)

2
+ β(

PS1− PS1des

PS1max − PS1min
)

2
+ γ(

PS2− PS2des

PS2max − PS2min
)

2
+ λ(

PS3− PS3des

PS3max − PS3min
)

2
(20)

where α, β, γ and λ represent the weight coefficients. PTdes, PS1des, PS2des and PS3des
are the desired PT, PS1, PS2 and PS3, respectively. PTmax, PTmin, PS1max, PS1min, PS2max,
PS2min, PS3max and PS3min represent the maximum and minimum of PT, PS1,
PS2 and PS3, respectively.

3.3. Optimize Parameters by Particle Swarm Optimization Algorithm

In this study, the modified PSO algorithm was adopted to optimize the design param-
eters of coaxial TSV, as shown in Figure 6. The parameters of the developed strategy are
presented in Table 2. The flowchart of the modified PSO algorithm can be expressed.

Table 2. Parameters of the developed thermal-stress coupling optimization for coaxial TSV.

Parameters of the multi-objective
optimization function

Desired performance indexes PTdes = 325, PS1des = 85,
PS2des = 25, PS3des = 16

Weight coefficients α= 0.2,β= 0.3,γ= 0.3,λ= 0.2

Parameters of PSO algorithm

Constant parameters c1 = c2 = 2
Maximum generation MG = 100

Population size N= 50
Range of inertia weight w ∈ [0.4, 0.9]

Range of particle position xr1 ∈ [3, 10], xr2 ∈ [1, 8], xr1 ∈ [1, 4.5],
xt1,t2,t3 ∈ [0.1, 0.8]

Range of particle velocity vr1,r2,r3 ∈ [−1, 1], vt1,t2,t3 ∈ [−0.1, 0.1]
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Step 1. The parameters of the PSO algorithm should be initialized, and the desired
performance indexes should be determined.

Step 2. The performance indexes can be predicted by the established ANN model.
Step 3. The fitness can be calculated based on the established multi-objective criteria.
Step 4. The individual and global optimal particles at the current generation can be

determined by comparing the fitness of particles.
Step 5. The position and speed of individual particles should be updated to

vi(t + 1) = w(iter)vi(t) + c1r1(pi − xi(t)) + c2r2(pg − xi(t)) (21)

xi(t + 1) = xi(t) + vi(t + 1) (22)

w(iter) =
itermax − iter

itermax
(wmax − wmin) + wmin (23)

where c1 and c2 represent the learning factor. pi and pg represent the best previous positions
of the ith individual and all particles in the current generation. r1 and r2 are the random
values uniformly distributed in the range of [0, 1]. w, wmin and wmax represent the inertia
weight, and its lower and upper bounds, respectively. iter is the current iteration of the
algorithm; itermax is the maximum number of iterations.

Step 6. Determine whether the stop conditions have been reached. If it is not satisfied,
return to the second step. Otherwise, go to the next step.

Step 7. The optimal design parameters are obtained.
From Figures 2 and 3, it can be seen that the ranges of PT, PS1, PS2 and PS3

are [321.48, 364.89] K, [80.559, 200.84], [24.825, 111.38] and [4.2823, 89.42] MPa, respec-
tively. In order to control the thermal-stress distribution, the desired PT, PS1, PS2 and PS3
are 325 K, 85, 25 and 16 MPa. In this study, these values of desired performance indexes
were determined based on data analysis and were within manageable limits.
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4. Implementation and Discussion

In order to verify the effectiveness of the developed thermal-stress coupling optimiza-
tion strategy for coaxial TSV, the FEM simulation experiment was conducted. In addition,
the design efficiency of coaxial TSV is discussed.

4.1. Implementation

In order to verify the effectiveness of the developed thermal-stress coupling opti-
mization of coaxial TSV, the COMSOL Multiphysics software was used to simulate the
thermal-stress coupling coaxial TSV at the optimized parameters. In case A, the optimized
design parameters (r1, r2, r3, t1, t2 and t3) of coaxial TSV are 3.02, 1.02, 1, 0.103, 0.103 and
0.103, respectively. The simulation results of coaxial TSV under the optimized parameters
are shown in Figure 7. The PT, PS1, PS2 and PS3 of FEM simulation at the optimized
parameters are 323.38 K, 85.28, 26.46 and 16.41 MPa, respectively. The PT, PS1, PS2 and
PS3 of FEM simulation at the optimized parameters agree well with the desired ones
(325 K, 85, 25 and 16 MPa). In order to better test the effectiveness of the developed strat-
egy, different constraints have been imposed on the developed strategy. In case B, the
optimized r1, r2, r3, t1, t2 and t3 of coaxial TSV are 3, 1, 1.46, 0.1, 0.1 and 0.1, respectively.
The PT, PS1, PS2 and PS3 of FEM simulation at the optimized parameters are 321.58 K,
80.51, 24.96 and 15.6 MPa, respectively. The PT, PS1, PS2 and PS3 of FEM simulation at the
optimized parameters of case B also agree well with the desired ones. Therefore, the devel-
oped strategy can efficiently optimize the design parameters of coaxial TSV to control the
thermal-stress distribution.

4.2. Comparison and Discussion

In this research, the desired, optimized and simulated performance indexes of thermal-
stress coupling optimization for coaxial TSV are shown in Table 3. The optimized perfor-
mance indexes agree well with the desired ones. In case A, the errors of PT, PS1, PS2 and
PS3 between the desired and simulated results are 0.49%, 0.33%, 5.8% and 2.56%, respec-
tively. In case B, the errors of PT, PS1, PS2 and PS3 between the desired and simulated
results are 0.49%, 0.63%, 16.8% and 3.85%, respectively. This is because the error between
the ANN model and FEM existed. However, the simulated and optimized performance
indexes also agree well with the desired ones, which indicates the high reliability of the
developed thermal-stress coupling optimization strategy for coaxial TSV. So, the developed
strategy can control the temperature and stress distributions to improve the reliability of
coaxial TSV. Compared with the reported work in ref. [32], it can be seen that the peak
stress is about 562 MPa when the cylindrical metal diameter is 7 µm. However, the peak
stress of the developed method is 85.28 MPa. Therefore, the developed method can control
thermal-stress performance indexes of coaxial TSV.

Table 3. Performance indexes of desired, optimized and simulated.

Indexes
Case

A B

Desired

PT (K) 325 320
PS1 (MPa) 85 80
PS2 (MPa) 25 30
PS3 (MPa) 16 15

Optimized

PT (K) 323.42 321.94
PS1 (MPa) 85.71 81.08
PS2 (MPa) 26.61 29.74
PS3 (MPa) 16.33 19.47

Simulated

PT (K) 323.38 321.58
PS1 (MPa) 85.28 80.51
PS2 (MPa) 26.46 24.96
PS3 (MPa) 16.41 15.6
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In addition, the CPU of the computer is Intel(R) Core (TM) i5-10500. The random-
access memory is 8 GB. The run time of the ANN model is 0.05 s, while the run time of
FEM software is 170 s. Obviously, the FEM software is time-consuming and inefficient,
which can increase the development cycle and cost. However, in the developed method,
the ANN model was used to replace the FEM software, which can reduce the run time. In
addition, the PSO algorithm was used to optimize the design parameters, which does not
require manual iteration optimization. Moreover, the optimized parameters of case A are
almost at the boundary. In future research, the range of design parameters will be expanded
to improve the effectiveness of the developed method. Different sets of constraints have
been imposed on the developed thermal-stress coupling optimization strategy to test its
effectiveness to deliver a suitable configuration. When the PT and PS1 are decreased,
the FEM simulation results and optimized results are close to the desired performance
indexes. However, the design parameters of coaxial TSV are almost determined at the
design boundary, which indicates that the range of design parameters is limited. In future
research, the range of design parameters will be expanded to investigate the high-reliability
thermal-stress coupling optimization design scheme.

5. Conclusions

This paper presented a thermal-stress coupling optimization for coaxial TSV based
on the ANN model and modified PSO algorithm. The developed strategy can control the
thermal-stress distribution of coaxial TSV. Based on COMSOL Multiphysics software, the
finite element model of coaxial TSV was established to analyze the relationship between
design parameters and performance indexes. In addition, the ANN model was utilized to
describe the mapping relationships between the design parameters and the performance
indexes. Under the framework of the PSO algorithm, the thermal-stress coupling optimiza-
tion for coaxial TSV was developed to optimize the design parameters and further improve
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its reliability. The performance indexes (323.38 K, 85.28, 26.46 and 16.41 MPa) of FEM
simulation at the optimized parameters agree well with the desired ones (325 K, 85, 25 and
16 MPa). Therefore, the design parameters can effectively be optimized by the developed
thermal-stress coupling optimization strategy to control the thermal-stress distribution of
coaxial TSV.
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