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Abstract 

The through-silicon via (TSV) is widely adopted to achieve vertical connection between each chip and plays an important 
role in 3D packaging technology, while its failure mechanisms under thermal cycling needs to be further revealed. In the 
current study, the thermal expansion behavior and microstructure evolution of TSV under thermal cycling load is studied 
based on crystal plastic finite element method (CPFEM) where the temperature-related crystal plastic parameters and thermal 
expansion coefficients are introduced. Results reveal that under thermal cycling load, the stress-strain of Cu column is higher 
than that in silicon and silicon dioxide and the interleaved stated streaks of strain contour image is caused by the slip and 
interaction of slip systems. Scale effect of TSV is determined by both the continuous reduction TSV dimeter and the different 
cumulative shear strain distributions among different slip systems, and the maximum and minimum cumulative shear strain 
are observed in slip system (111) [110]  and (111) [011]  respectively. Thermal cycling load has more influence on the 
thermal expansion of TSV than the evolution of orientation. the mean Cu grain area increases from 55.4 2 to 65.74 2 
after thermal cycling, while the dispersion of grain area decreases significantly.  
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1. Introduction 

With the advent of the intelligent era, the high-performance electronic devices are increasing demand, 
advanced electronic packaging especially 3D packaging technology has appeared and attracted wide attention 
(Chen, 2021; Lancaster, 2019). As the essential interconnected microstructure, the through-silicon via (TSV) is 
widely adopted to achieve vertical connection between each chip, which can not only shorten the connection 
length and improve the connection density in the chip, which brings the advantages of low delay, high 
bandwidth, low power consumption, small size and high performance, but also provides the possibility for the 
heterogeneous integration of MEMS and microelectronics chips. Therefore, the TSV-based 3D packaging is 
called beyond Moore  packaging technology for it breaking of many limitations of two-dimensional chips. 

The traditional TSV consists of a silicon substrate, an insulating layer, an isolating layer, a filling material, 
and a redistribution layer, and seed layer should be introduced if the plating process is used. TSV microstructure 
is a typical multi-material and multi-interface microstructure, its dimensions are generally from a few microns to 
about 100 microns, and the scale from chip package to TSV spans multiple scales. When the size of the TSV 
decreased to about 100 size of Cu grain will even approach that of TSV after annealing, which results in 
the filling material presents strong anisotropy, so the influence of crystal plasticity and grain boundary 
movement becomes non-negligible. The scale effect is very obvious in micro- and nano-chip devices, while 
current evaluation methods of the reliability of micro and nano chip devices are often derived from the reliability 
analysis based on macroscopic electronic products, and ignore the change of performance degradation, failure 
mechanism and failure mode caused by scale effect. Therefore, the reliability analysis of TSV should not only 
consider the macroscopic mechanical behavior, but also pay attention to the evolution characteristics of 
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microstructures. Electron Backscatter Diffraction (EBSD) is a technique used to analyze the textures of materials 
and characterize grain size and boundaries. Song et al.  applied the EBSD technique to investigate the 
microstructure evolution of Cu under different annealing temperatures (Song, 2019). Zare et al. study the 
protrusion behavior of TSV during thermal annealing (Zare, 2020). Although EBSD technique is an effective 
technique to characterize microstructure evolution, but it is extremely costly, time-consuming and has certain 
limitations, therefore, the crystal plastic finite element method (CPFEM) comes into being and has been widely 
used. Based on the crystal plasticity theory, researches like fatigue damage (Liu, 2019), martensitic phase 
transformation (Park, 2019) and material forming (Hippke, 2020) are carried out. Raabe et al. (2007) and 
Cereceda et al. (2017) conducted crystal plastic finite element analysis of single crystal copper and single crystal 
tungsten based on CPFEM, which provided inspiration for the application of CPFEM to the failure mechanism 
analysis of TSV microstructure. Kumar et al. (2017) simulated the grain microstructure evolution of filler 
materials under thermal cycling through CPFEM and found that large shear stress generated along grain 
boundaries could drive grain boundary sliding (Sonawane, 2021) and copper crystal texture would affect copper 
expansion. These studies provide valuable reference for the failure analysis of TSV, but the crystal plastic 
parameters adopted by most of the studies are constant, which has great limitations for the investigation of the 
failure mechanism of TSV that is often used in the thermal cycle load environment. 

In this study, the thermal expansion behavior of TSV under thermal cycling load is studied by introducing 
temperature-related crystal plastic parameters and considering the thermal expansion coefficients of Cu, silicon 
and silicon dioxide, and the failure behavior and microstructure evolution of TSV is studied from the dimensions 
of macro-scale stress and strain to micro-scale grain orientation and cumulative shear strain of slip system, which 
can provide some reference for the failure mechanism analysis of TSV. 

2. Establishment of crystal plasticity constitutive model 

2.1. Kinematics for crystal plasticity 

The rate-dependent constitutive relies on the multiplicative decomposition of the total deformation gradient 
referred to the undeformed crystal configuration, F , into an inelastic component pF and an elastic component 

eF : 
e PF F F  (1)  

where eF  accounts for the elastic stretching and rigid-body rotations, and PF  associated with dislocation slip 
while the lattice remains undistorted and unrotated. From the kinematics of dislocation motion, rate of the 
inelastic deformation gradient is given as: 

 (2)  

0 0 0P m n  (3)  

where  is the slip rate in a slip system , 0m and 0n are the slip direction and the unit normal vector of slip 
plane in the reference configuration, respectively. The velocity gradient in the current state is: 

 (4)  

where D  was the symmetric part of L , representing the rate of stretching, and the antisymmetric part of L , 
representing the spin rate. D  and  can also be decomposed into an elastic part and a plastic part as follows: 

,e p e pD D D  (5)  

2.2. Constitutive laws for crystal plasticity 

Based on the research of Huang (Huang, 1997) about the single crystal plasticity, the resolved shear strain rate 
can be regard as the power function of the current strength g  and resolved shear stress on slip system : 

 (6)  



   

where  is the reference strain rate,  the value in this study is set as 0.001, and n  is the rate sensitivity 
parameter. Based on the Schmid's law, the relation between resolved shear stress  and stress  can be 
described as:  

 (7)  

where  is the Schmid factor, which can be expressed by the vectors normal to the slip plane ( im and jm ) 
and the slip direction ( is  and js ) in the slip system :  

1
2ij i j j is m s m  (8)  

The evolution of slip system strength  is determine by the isotopic hardening, and can be described by: 

 (9)  

where h  is the hardening moduli, indicating the yield stress increment caused by the shear strain increment of 
slip system, and  is the resolved shear strain rate on slip system . The model introduced in this study: 

2 0
0

0

( ) sech ( )
s

hh h h no sum on  (10)  

( )( )h qh  (11)  

where 0h  is the initial hardening modulus, and its value is set as 800 MPa. s  is the saturation stress and 0 is the 
initial value of slip system's strength. The ratio of latent hardening to self-hardening is defined as q , and its 
value for the FCC metals is set as 1. 

In this study, crystal plasticity constitutive parameters are derived from the study of Lei et al (Lei, 2022), in 
which Young  modulus E , rate sensitivity parameter n ,  initial strength on slip system 0g  and the saturation 
stress s are temperature-related, detailed value can be expressed by (12) to (15).  

0.1978 292.54s T  (12)  

0g 0.1577 215.67T  (13)  

0.0011 2.3366n T  (14)  

39.668 97361E T  (15)  

The crystal plastic constitutive is realized by the subroutine of Abaqus UMAT, the basic function realization 
can be referred to Huang's research (Huang, 1997). The macroscopic mechanical parameters of copper, silicon 
and silicon dioxide represented by typical through-silicon holes are shown in Table 1. 

Table 1. Material properties adopted in the FEA mode. 

Material Si SiO2 Cu 

Young's Modulus (MPa) 

162000, 273 K 

60100 UMAT 150000, 323 K 

140000, 373 K 

Poisson's ratio 0.23 0.16 0.3 

Thermal expansion coefficient (mm/K) 6E-7 6E-7 

1.52E-05, 200 K 

1.67E-05, 300 K 

1.75E-05, 400 K 

3. Construction of CPFE model 

3.1. Voronoi tessellation 

In this study, the reconstruction of Cu grains is based on the non-weighted Voronoi tessellation ( , 
1908), which associates each point in the domain uniquely to the nearest neighboring seed-point. To generate an 
m-dimensional, non-weighted Voronoi tessellation in space , n  seed-points, ( )kp x , with coordinates x  are 



   

randomly distributed based on RSA algorithm. The morphology of the Voronoi cells is depended on the 
distribution of the distance between seed-points, and the point set is described as: 

 (16)  

where 2 , k ln x x  for k l  and , 1,...,nk l I n . Then the m-dimensional Voronoi polytope based on
kp  can be written as: 

( ) | , ,k k l
nX p x x x x x for k l k l I  (17)  

The corresponding set of polytopes can be described as: 
1( ) ( ),..., ( )np X p X p  (18)  

Then a closed, periodic Voronoi diagram is obtained. The field of application of such a tessellated space ranges 
from single-phase grain arrangements where a crystallographic orientation is assigned to the individual grains or 
to study two or multiphase grain arrangements by assigning different phase-specific properties to selected grains. 

3.2. TSV Construction 

In this study, the Cu grains of TSV is reconstructed by python script based on Voronoi tessellation theory, and 
then the corresponding finite element model is created in Abaqus though running python script. The established 
TSV model is shown as Fig. 1. The TSV model consists of 120 Cu grains, SiO2 layer and Si substrate, the 
specific geometric dimensions of TSV model are recorded in Table 2. TSV model is mesh by CPS4R element, 
and the TSV model contains 29516 elements. The three degrees of freedom of the bottom edge of TVS model 
are restricted, and the degrees of freedom in the X direction of the two sides of the TSV model are restricted. To 
simulate the thermal cyclic loading, a predefined field is applied with initial temperature of 298 K, the maximum 
and the minimum temperature are set as 423 K to 233 respectively, the temperature increment and the total 
calculation time are selected as 500 K/s and 1 second. 

 

 
Fig. 1. TSV model created by python script. 

 



   

Based on the finite element model of TSV, the EBSD file can be constructed, and then can be processed by 
MATLAB plug-in MTEX (Hielscher, T, 2022), so more microscope information of TSV microstructure can be 
obtained, likes orientation density distribution (ODF), misorientation distribution, grain area distribution, grain 
boundary information and so on. The EBSD map of TSV under initial state is shown as Fig. 2a, and Fig. 2b is 
the orientation of Cu based on EBSD map, more information results can be obtained from Fig. 2. Based on the 
orientation data, the grain boundary can be restructure, and the TSV FEM model can be further generate by 
MTEX. In this study, the Si and SiO2 are treated as isotropic material, and the orientation of Cu grains are 
assigned with random orientation.  

Table 2. Specific geometric dimensions of TSV model. 

Items Value Items Value 

LCu 200  DCu 30  

LSiO2 201  DSiO2 32  

LSi 291  DSi 212  

 

Fig. 2. Micro information acquisition process based on MTEX: (a) EBSD map of TSV; (b) orientation of Cu grains based on EBSD map;  
(c) grains reconstruction; (d) FEM model based on MTEX; (e) Cu grains FEM model with different orientation. 

4. Results and discussions 

4.1. Mechanics property analysis of TSV 

Fig. 3 describes the mises stress and logarithmic strain distribution of Cu column, an obvious outburst 
phenomenon of Cu can be observed, it is mainly caused by the thermal mismatch between Cu, silicon and silicon 
dioxide under the action of thermal cycle load. Compared with silicon and silicon dioxide, the stress and strain 
inside Cu column are larger, and the dispersion of stress and strain are more obvious, which is consistent with 
the phenomenon obtained by Lei et al. (Lei, 2022). Compared with the traditional study based on Cu being 
isotropic material, this study reveals the phenomenon of stress concentration and stress non-uniform distribution 
at the interface between Cu column and silicon dioxide, as well as at the Cu grain boundary. As can be seen from 
the Fig. 3a, the maximum and the minimum mises stress are 376.1 MPa and 105.7 MPa respectively, 
corresponding to the stress range of 270.4 MPa. There are also great differences in strain, with the maximum 
logarithmic strain of 0.02339 and the minimum of 0.002801. It is interesting that some obvious streaks of 45 
degrees can be observed from the strain contour image, and these streaks present interleaved state. The 
interesting phenomenon is most likely caused by the slip of the slip systems and the interaction of slip systems. 
The activation of the slip system arises a high strain value around grain boundary, thus the strain peak value can 
be obviously obtained from Fig. 3b.  

(a) (b) (e)(c) (d)



   

 
Fig. 3. Stress-strain distribution among TSV: (a) Stress distribution; (b) Strain distribution. 

Fig. 4 has recorded the cumulative shear strain distribution of 12 slip system. It can be found that the 
cumulative shear strain distribution of each slip system is different, the maximum cumulative shear strain is in 
slip system (111) [110] , the minimum cumulative shear strain is located in slip system (111) [011] . Under the 
action of circulating thermal load, most of Cu grains are suffered thermal expansion, resulting in the bulging 
phenomenon of Cu grains, while some Cu grains are compressed by other grains, which expand under the 
thermal load, that is why some negative value of cumulative shear strain can be found in the cloud map. The 
existence of grain boundaries can block the flow deformation of material, then a serious cumulative shear strain 
will be generated near the grain boundaries, which is consistent with the cumulative shear strain distribution at 
B1, B2 and B3 labeled in Fig. 4. To characterize the influence of shear slip of different slip systems on the 
plastic deformation of TSV, the maximum cumulative shear strain and cumulative shear strain range of 12 slip 
systems are introduced as characterization parameter. Herein agreed that the greater the maximum cumulative 
shear strain, the greater the contribution of cumulative shear strain generated by the current slip system to TSV 
plastic deformation, and that the greater the cumulative shear strain range, the scale effect is present more 
strongly on current slip system. From results of Fig. 5, some conclusions can be obtained that the largest 
contribution to the deformation of TSV is slip system (111) [110] , followed by system (111) [0 11] , and the 
smallest is system (111) [011] . The scale effect is most obvious in slip system (111) [110] , followed by 
(111) [0 11] , and the one with the least scale effect corresponds to slip system (111) [011] . Based on the 
analysis above, some novel conclusions can be found that the scale effect of TSV is due to the continuous 
reduction of its size on the one hand, and the different cumulative shear strain distributions produced by different 
slip systems on the other hand, which provides a new perspective for us to understand the scale effect of TSV. 

It can be observed from Fig. 6 that the orientation distribution of Cu grains does not change greatly after 
suffered thermal cycling load, only one worth mentioning is some of the orientation has been weakened. In 
general, the influence of the thermal cycle load on the orientation distribution is not obvious, which can be 
explained as the results of the rotation of the grains is masked by their thermal expansion effect. The 
phenomenon can be further confirmed by the area distribution of grains. It can be seen from Fig. 7 that after 
thermal cycling, the mean grain area increases from 55.4 2 to 65.74 2, and the dispersion of grain area 
also decrease significantly, which may be due to the fusion and migration of grain boundaries under the thermal 
cycle load.  
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Fig. 4. Cumulative shear strain distribution among Cu column within different slip system:  

(a) (111) [-110]; (b) (111) [-101]; (c) (111) [01-1]; (d) (-111) [110]; (e) (-111) [101]; (f) (-111) [101];  
(g) (-111) [0-11]; (h) (1-11) [110]; (i) (1-11) [-101]; (j) (1-11) [011]; (k) (11-1) [101]; (l) (11-1) [011];. 

 

Fig. 5. Corresponding maximum cumulative shear strain and cumulative shear strain range under different slip systems.   
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Fig. 6. ODF. (a) before thermal cycle, after; (b) after thermal cycle. 

 
Fig. 7. Grain size distribution. (a) before thermal cycle, after; (b) after thermal cycle. 
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5. Conclusions 

In this study, the thermal expansion behavior of TSV under thermal cycling load is studied based on crystal 
plastic finite element method, here the crystal plastic parameters and thermal expansion coefficients are defined 
as temperature-related. The microstructure evolution of TSV is studied from the dimensions of macro-scale 
stress and strain to micro-scale grain orientation and cumulative shear strain of slip system. From the analysis, 
the following conclusions can be drawn: (1) Compared with silicon and silicon dioxide, the stress-strain of Cu 
column is higher and the stress-strain dispersion is larger. The strain contour image of Cu presents obvious 
interleaved stated streaks of 45 degrees, which is most likely caused by the slip and interaction of slip systems; 
(2) The maximum and minimum cumulative shear strain are observed in slip system (111) [110]  and 
(111) [011] respectively. The scale effect of TSV is determined by both the continuous reduction TSV dimeter 
and the different cumulative shear strain distributions among different slip systems. (3) Thermal cycling load has 
more influence on the thermal expansion of TSV than the evolution of orientation. After thermal cycling, the 
mean Cu grain area increases from 55.4 2 to 65.74 2, and the dispersion of grain area also decrease 
significantly.  
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