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ARTICLE INFO ABSTRACT

Keywords: To achieve high-density, high-reliability integrated packaging interconnects, 3D packaging technology has
Electronic packaging interconnect structures become a focus of current research, where Through-Silicon Via (TSV) and Through-Glass Via (TGV) technologies
Phase-field model

are key interconnect technologies. However, in TSV and TGV structures, the mismatch in thermal expansion
coefficients among various materials and the complexity of the interconnect structures can lead to significant
thermal stress during production and use, severely affecting device performance and reliability. In this study, a
thermomechanically coupled phase-field model that considers mixed-mode fracture is proposed to study the
mechanical performance and fracture behavior of interconnect structures. The approach to studying coupled
thermo-mechanical-damage models can indeed be divided into two parts, focusing first on microstructure gen-
eration using Voronoi polygons and second on conducting phase field simulations to analyze mechanical and
fracture behaviors. The framework was applied to model the fracture of interconnect structures under thermal
cyclic conditions, demonstrating the formation of distinctive crack patterns and complex crack networks. The
cracking behaviors observed in the experiments and simulations are remarkably similar to each other. This
research provides an efficient and reliable simulation method for enhancing the reliability of interconnect
structures in 3D packaging technology.

Thermomechanical coupling problems
Crack initiation and propagation

1. Introduction

Since Moore’s Law was proposed in 1965, it has continuously driven
the development of integrated circuit technology towards miniaturiza-
tion [1,2]. However, at the current stage, the scaling of transistors and
the limitations of leakage currents lead to the failure of Moore’s Law,
presenting an insurmountable limit [3]. Three-dimensional (3D) pack-
aging technologies are currently seen as a promising avenue for
extending Moore’s Law [4]. Within this realm, the interposer integration
approach, leveraging Through-Silicon Vias (TSVs), is key to advanced
system integration, facilitating the high-density 3D integration of
numerous chips [5,6]. TSV technology allows for vertical connections
between chips, efficiently minimizing the space required for

interconnects and enhancing interconnect density. In TSV structures, the
difference in thermal expansion coefficients between copper and silicon
is significant. This thermal mismatch between materials can lead to
thermal stress, causing interface delamination and the protrusion of
filled copper in TSV structures. These issues limit the application of TSV
interconnect structures in microsystems [7]. As a semiconductor inter-
connect structure, TSV technology necessitates the deposition of
dielectric layers, which subsequently increases production costs. More-
over, silicon, being the semiconductor material in use, exhibits a rela-
tively high loss tangent value. This characteristic significantly
contributes to conductive and dielectric losses within the silicon sub-
strate, adversely affecting the signal integrity of the TSV structure. Glass,
with its adjustable coefficient of thermal expansion (CTE), excellent
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Fig. 1. Schematic diagram of system-level packaging based on a glass interposer.

surface flatness, high resistivity, and low cost, has become an attractive
interposer material. The emergence of Through Glass Vias (TGV) pro-
vides another option for advanced manufacturing and packaging. As
illustrated in Fig. 1, there’s a schematic representation of a system-level
packaging that utilizes a glass interposer. Similarly to TSV structures,
the formation of metallized TGVs introduces thermal-mechanical chal-
lenges, due to the CTE mismatch between the glass substrate and the
metal fill. The difference in CTE leads to high stress, resulting in various
failure modes for TGVs, such as cracks in the glass substrate and
delamination at the glass-Cu interface, among other destructive
behaviors.

Researchers have spent many years investigating TSV structures and
their reliability issues through experimental schemes. Okoro et al.
investigated the reliability of TSV daisy chains under thermal cycling
conditions and discovered that as the number of thermal cycles
increased, cracking and voids occurred in the sidewall interconnect
structures of TSVs [8]. Chen et al. studied the impact of different
annealing rates on the protrusion of TSV-Cu [9]. They annealed TSV-Cu
at 400 °C with heating rates of 0.1 °C/min, 1 °C/min, and 10 °C/min,
respectively. After annealing, the protrusion morphologies exhibited
characteristics of bulging at the edges, center, or overall, with the pro-
trusion heights ranging between 0.4-0.7 pm. Additionally, as the heat-
ing rate increased, the protrusion height first increased and then
decreased. In the literature [10], two different grain sizes of copper fill
were used to study the impact of the microstructure of the filled Cu on
the protrusion and mechanical properties of TSVs. It was found that the
grain size of Cu has a direct correlation with the mechanical properties
of TSVs. The results showed that the grain size of the filled Cu decreased
after annealing, and this reduction in grain size can effectively reduce
protrusion damage, thereby enhancing the reliability of TSVs. A
comparatively recent development in the literature is the move to TGV
analysis. The study in reference [11] investigated the impact of elec-
troplating copper rings of different thicknesses inside TGV holes on
structural cracking. The results indicated that the threshold thickness for
the copper rings is 12 pm, meaning that when the thickness of the copper
rings is less than 12 ym, no microcracks were observed, defining this as
the crack-free copper ring thickness region. The studies mentioned
above primarily caused failures in interconnect structures through cyclic
thermo-mechanical reliability tests, with a focus on identifying and
observing failure points. However, experimental research faces certain
limitations, mainly because of lengthy experimental cycles, significant
costs, and the reality that typically, only simpler interconnect structures
can be prepared for testing. This approach often falls short of providing a
comprehensive understanding of the failure mechanisms.

Numerical simulation offers a cost-effective solution capable of
applying various loads and boundary conditions, enabling the acquisi-
tion of stress and displacement data across different regions and times.
Its substantial value lies in monitoring, predicting effects, and opti-
mizing structures, making it an effective complement and extension to
experimental approaches. In reference [12], the authors investigated the
steady-state energy release rate expressions for pre-embedded cracks at
the Cu/Si interface in TSVs using a finite element method (FEM) based

on fracture mechanics. They analyzed the impact of crack depth, TSV
size, and filler materials on the energy release rate of interface cracks.
DEMIR and collaborators [13,14] utilized finite element simulation to
analyze the thermo-mechanical stress and strain in TGVs of different
structures. Zhao and collaborators [15] investigated the evolution of
thermal stress under different geometric and material parameters during
the annealing process of TGVs. They conducted a numerical study based
on a finite element model to analyze the stress distribution in TGV-Cu of
different thicknesses. Such numerical simulation work primarily involve
creating finite element models to calculate the stress and strain at crit-
ical locations within TGV/TSV models, using these metrics to analyze
failure in the TGV/TSV models. However, due to the complex mechan-
ical and thermal loads that interconnect structures must endure during
manufacturing and use, various forms of failure, such as interface
delamination and structural cracking, frequently occur. Merely relying
on the aforementioned numerical simulation scheme is insufficient to
obtain detailed information about the damage state, failure modes, and
crack initiation locations of the structures. Therefore, there’s a pressing
requirement for a numerical simulation methodology capable of exam-
ining the real damage in interconnect structures. This would enable an
investigation into preventing crack formation within the structure or
exploring how cracks continue to evolve after their formation.

The phase-field method (PFM) stands out as a promising technique
for pinpointing failure locations and understanding the modes of failure
in interconnect structures subjected to mechanical and thermal stresses
[16]. It adeptly handles mixed-mode fractures, enabling precise calcu-
lations of mechanical behaviors and the progression of cracks, including
interface cracking in TSVs and substrate cracking within the glass matrix
of TGVs. The most prominent advantage of the phase-field model lies in
its use of the diffuse approach to continuous variables around the crack,
eliminating the need for separate treatment of the crack surface and
avoiding the crack tip singularity problem commonly found in discon-
tinuous interface methods. Furthermore, the diffusion process trans-
forms material damage into a field variable, enabling the direct
determination of material failure states and crack patterns through the
solution of control equations. With its advantages, the phase-field
method has garnered significant attention from the research commu-
nity and has been widely applied to various coupled damage scenarios
[17], including thermo-mechanical coupling damage [16,18,19], ther-
moelastic coupling damage [20], chemo-mechanical coupling damage
[21], chemo-mechanical-thermal coupling damage [22], electro-
mechanical coupling damage [23], hydro-chemo-mechanical coupling
damage [24], and hydro-poromechanical coupling damage [25], among
others. In [26], Li and colleagues develop a phase-field approach to
simulate hydrothermally induced crack extension in hot poroelastic
media. In [27], the authors present the phase-field fracture model, de-
tailing fatigue theory and its numerical implementation. In [16], Bad-
nava and co-authors introduced an h-adaptive thermo-mechanical phase
field model for fracture. They employed a predictor-corrector mesh
refinement strategy within their mesh refinement algorithm, specifically
tailored for applications in thermo-mechanical fracture models. The
paper presents several thermo-mechanical examples to demonstrate the
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Fig. 2. Separation of solid crack faces and their diffuse characterization.

efficacy of the phase-field method.

Drawing on the unified phase-field theory developed by Wu et al.
[28], and integrating the mixed-mode fracture phase-field model that
includes the unified tensile fracture criterion outlined by Wang et al.
[29], this paper introduces a thermomechanical damage coupling model
designed for mixed-mode failure situations. This model effectively re-
duces the phase-field model’s sensitivity to the length scale parameter Iy,
enhancing its applicability and accuracy in simulating complex fracture
behaviors. The proposed phase-field model is capable of simulating
Mode I fracture, Mode II fracture, and mixed-mode fracture (Mode I/II).
Given that almost all devices in the field of electronic packaging are
influenced by temperature, leading to complex thermal stress effects on
electronic devices during service, applying the phase-field model to
simulate failure and damage in the interconnect structures of TGV and
TSV within electronic packaging is of significant importance for
enhancing the reliability of packaging structures. The annealing tem-
perature of TGV/TSV-Cu during actual manufacturing processes ranges
from room temperature to 400 °C. To simulate the manufacturing
environment of TGV/TSV-Cu, we selected the same temperature range.
Although previous research has demonstrated that the mechanical
properties of TGV/TSV-Cu are sensitive to temperature changes [30], in
actual production, failure in the TGV/TSV structure primarily occurs in
the glass substrate, which possesses brittle material properties and is not
sensitive to temperature variations. This initial study focused on eval-
uating the feasibility of analyzing the package interconnect structure
using the phase field model. To simplify the model and enhance
computational efficiency, we assumed that material properties remain
constant despite temperature changes, allowing us to easily observe the
impact of factors such as TGV/TSV shape and copper wall thickness.

This paper is organized as follows: Section 2 introduces the basic
principles of the thermomechanically coupled phase-field model,
including its governing equations and related historical fields. Section 3
presents the numerical solution scheme for the phase-field model, as
well as the modeling method for the microstructure of Cu in TSVs. In
Section 4, the given scheme is used to study the cracking and failure
behavior of the TGV model under temperature cycling. Based on the
provided algorithm, Section 5 conducts a numerical analysis of the
interface damage during the annealing of the TSV structure. The paper is
concluded with some discussions and closing remarks.

2. Phase field framework for fracture
2.1. Mathematical description for phase field

Consider an elastic continuum body QCR™im (ngiy, = 1,2) containing
a crack I'; (as shown in Fig. 2), where the elastic body is subjected to
displacements 11, temperature T, traction forces t, and heat flow 7. These
forces act on Dirichlet-type boundaries (0Q,,0Qr) and Neumann-type
boundaries (0Q,0Q;) respectively, with dQ, N0Q; = ¢, 0Q, UdQ; =
092, 0QT N 0Qy = ¢, 0Qr U 0Q;, = 012. Here, 0L2 represents the external
boundary of Q, and n denotes its outward normal vector to the boundary
0Q.
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To avoid various issues encountered in simulating sharp cracks I,
the phase field model diffuses the crack within a band of finite width,
transforming the discontinuous field on either side of the crack I'; into a
continuous field within the localized damage band ©cQ, where the
phase field ©(x) is defined such that d ranges from 0 to 1. Areas outside
the localized damage band (/@) are unaffected by the crack. In the
phase-field model, a length scale parameter [ is introduced to charac-
terize the width of the diffuse local band. When (l,—0), a sharp crack is
reproduced. Within the damage band I';, the variable d characterizes the
degree of damage at a certain location within the solid. When d = 0, it
indicates that the material is undamaged, whereas d = 1 signifies that
complete fracture has occurred at that location.

The energy functional for damage simulation can be expressed as the
sum of the solid’s strain energy and the crack surface energy, that is
[31]:

M, T,) = /y/o(s(u))d.QJrGC/ drf/ tudo — /E.ud.q o)
Ja Ie 0 Ja

where G, represents fracture toughness of material; u is the displace-
ment field, and v, is the elastic strain energy density, which can be
calculated through the strain tensor &(u):

1
W = 2 (/181-[-5,-,- + 2,ueijeij) 2
in which A and y are the Lamé constants, with y being the shear modulus.
The components of the strain tensor can be expressed as:

1
& =5 (wij +u3) 3
u;; and u;; are the displacement gradients.
To track the evolution of cracks, a crack surface density function can
be introduced to regularize the crack surface, which can be expressed as:

B — [ dr. = / +(d, Vd)do @
[C]

Tc

where y(d, Vd) is the crack surface density function used to diffuse the
crack, and its specific form is as follows:

/(d, Vd) = % E a(d) + lo|Vd|2] )

where Vd is the gradient of the damage variable d, and [, is the length
scale parameter intrinsic to the material, which governs the width of the
diffuse damage zone (shown in Fig. 2). ¢¢ is a normalization constant
that ensures the correct energy contribution in the limit as I, approaches
zero, ensuring that the model recovers the sharp crack limit. ¢y can be
expressed as

1
co= 4 /0 Jap)dp ®)

where a(d) is a function related to the damage variable d, and can be
expressed as

a(d)=9d+(1-9)d>>0 ,vde[0,1] )
and
a(0)=0, a(l)=1, o(d)>0 ®

where § € [0, 2] and «(d) is the derivative of a(d) with respect to d.
Currently, there are two types of phase field models, energy
decomposition and non-decomposition, and many papers have proved
that the results are similar [32]. For simplicity, we use the second type.
When using this model, it is possible to achieve highly accurate
computational results without the need to separate the elastic energy
into compressive and tensile components. In this work, we adopt the
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hybrid model to study the damage and failure of material. The expres-
sion for the elastic potential energy can be written as:

[wolew).dda = [o@pew .ae ©

v, (e(u),d) is the degraded elastic potential energy density, which
depends on both the strain tensor ¢(u) and the damage variable d. w(d) is
the degradation function and

1
D=1 @
_ aldP(d)

P(d) =1+ azd+ Clg,d2 +

where p > 2 is the exponent; P(d) > 0 is a continuous polynomial; a; (i =
1,2,3, ) are coefficients determined by material properties. It should
be noted that the values of w(d) smoothly decrease with the increase of
the phase field d, and must satisfy the following properties:

(1) =0,

In traditional phase field models, a significant issue of crack scale
sensitivity may arise: as the crack scale decreases, the ultimate bearing
capacity (peak load) of the structure increases. To avoid such problem,
this work adopts the form a(d) = d(2 — d) derived in the unified phase
field model proposed in [28]. Using Eq. (6) the values of ¢, can be
determined to be 7.

Based on the method from the literature [28], for the energy
degradation function, this paper adopts a quadratic form, that is, @; = 0
(i> 3). For q; (i =1,2,3), it is represented as follows:

w(0)=1, w(l)=0, o(d) <0

4 EG,
_ 4 10
a b (10)
2
1 16z G,
az—z{(—?)?ko> +1]—(P+1) an
0, p>2

(12)

H |2

In the formula, ko (< 0) is the initial slope of the selected softening
curve, w, is the final crack opening when the stress at the crack tip
disappears, and f; is the material’s tensile failure strength. It should be
noted that if more accurate calculation results are desired, one can opt
for higher-order polynomial forms of P(d), but this will significantly
increase the computational effort.

The initial slope of the selected softening curve and the final crack
opening can be calculated using the following formula:

Co f2

_ Jt _113/2
ko= ~fgr G l2@ +p+1) ~1] (13)
we 2:;; V2P(1) lim (1 )P (14)
0Jt

where P(1) =1 + az + as + -+ is the value of the polynomial P(d) when
d = 1. Once the required material properties and the type of softening
curve are determined, the parameters in P(d) and the final form of the
degradation function can be established. The simulations discussed in
this paper all use a linear softening model for the degradation function,
with the parameter values as follows:

2G. 1
kO:—f:z we = 7 P=2 > a= —Q,agzo (15)
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The phase field model adopted in this work significantly reduces the
sensitivity of the phase field model to the parameter [, by introducing
the tensile failure strength into the degradation function. This is a
serious issue in some traditional phase field model theories, where the
mechanical response of the material tends to be highly sensitive to I,
[33]. Using the tensile failure of a 1D long rod, it can be concluded that
when a point undergoes fracture failure, the maximum critical tensile
stress reached at that point is [34]:

4EG.
Coy lo

=f; (16)

From the above Eq. (16), it can be observed that the value of the
critical stress is equal to the tensile failure strength and is independent of
lo.

3. The governing equation for the crack phase field-
displacement field

By using Egs. (4) and (9), and introducing the phase field variable d,
the regularized form of Eq. (1) can be obtained as follows:

H(u,d):/ﬂ (e(u ))d.Q+G/ (d,vd)de — /

02

f‘ud(mf‘/g-udﬂ
17

Taking the variation of the total potential energy of the elastic body
with respect to the displacement field u and the phase field d, one can
obtain:

oll(u,d) = /U(U,d) :59d9+/0‘/’(5=d) sddo

od
dy(d, vd) oy(d,vd)
+/GC{ od od + ovd 5(Vd) |de (18)
/ t-sudo2 — /b -sudQ
02
where o(u,d) = "“’f,id is the stress tensor that depends on both the

displacement field u and the phase field d, and J¢ is the variation of the
strain tensor. Applying the principle of minimum energy and the
divergence theorem to Eq. (18), the governing equations of the phase
field model are derived as follows:

dive(u,d) +b=0 in Q (19)
(d, vd) H(d.Vd) ope.d
GEV»( Ser ) - ML WD o, sd>0
(d, vd) w(d,vd) (e, d) o
v\d, y(d, (€, _
GV~< e )—GC LY WD o, sd=0
(20)

By substituting Eq. (4) into Eq. (20), the following set of equations is
derived, valid within the domain ©:

26, G d(d) - o'(d)w, =0, §d>0
Co Col()
2G. @D
== d(d) - o' (d)w, <0, sd=0
Co Colo

The boundary conditions for the system are specified as follows:

{o‘(u, dn=t on 9 22)

Vdneg >0 on 00

where Vd is the gradient of the phase field, and ne is the outward
normal vector to the boundary d6. Eq. (19) is referred to as the elasticity
equation, used to solve for the displacement field, while Eq. (21) is
known as the crack evolution equation, utilized to calculate the
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distribution of the phase field.
3.1. Phase-field model for mixed-mode tension-shear failure

The phase-field model for tension-shear failure involves using phase-
field theory to simulate material behavior under simultaneous tension
and shear stresses. This model is crucial in materials science and struc-
tural engineering, as it helps researchers understand and predict how
materials fail under complex stress conditions. Based on the mixed-mode
phase field theory for tension-shear mixed failure modes proposed in
[29], the energy density function is decomposed using two different
degradation functions as:

Vo = o () + on( iy + vy 23)

in which y; is the tensile strain energy density caused by the normal
tensile stress at a point on the plane, y{; is the shear strain energy
density caused by the shear stress on the same plane, and y, represents
the remaining strain energy. w; and wy correspond to the degradation
functions for the tensile strain energy y¢; and the shear strain energy
W respectively. For the plane stress state, the components of the strain
energy density can be calculated as follows:
@)? ..
e = SE if >0 (24)
0 if <0

@m)? 7 _
—=— if 67>0

wor=14 2u 2 ! (25)
0 if 5<0

Wo =Wo— Vo —Won (26)

where r and m respectively represent the unit normal vector and the unit
tangential vector on the plane. 6" and ¢ are the effective normal stress
and effective shear stress on the plane, respectively. &; is the first
principal stress of the effective stress tensor &, and the relationship be-
tween ¢ and ¢ can be obtained from the following equation:

1
—_— 0
- 1 2
Eml wI( ) O.rm
1
0 -
a)H(d)
in which
1
0 =— (28)
1 + fﬂl(d>
1
_ 29
1T (@ @

The crack evolution equation for the tensile-shear failure mode is

oW W L 2BV2d — o (d)
w;(d) G_(: + wy(d) G(C)Z 2 OT

(30)

G and Gy are respectively the fracture toughnesses for pure tensile
failure and pure shear failure, and can be expressed as:

_ colo (/’,(0) 52

T 2E o(0) ¢ @D
2
E
Gar = "765, (32)
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where o, is the critical tensile failure strength; y is the ratio of the critical
shear strength 7, to the critical tensile strength o;. For more details,
please refer to reference [29].

3.2. Irreversibility of damage

To prevent the phenomenon of crack healing in computation, it is
necessary to use a strain energy history function
SH = max (170, max l_/n) (33)

nel0,T]

to replace y,(e(u),d) in the crack evolution Eq. (21) to express the
irreversibility of damage, i.e., d > 0. The strain energy history function
2 is a historical state variable, also known as a history field variable. It
characterizes the maximum tensile strain energy reached at a given
location throughout the loading history. This ensures that the damage
evolution model accounts for the cumulative effect of loading, reflecting
the material’s irreversible nature of damage under mechanical stresses.
By tracking the highest level of strain energy experienced, .# effectively
prevents the artificial healing of cracks and ensures that the damage
progression in the material is consistent with physical observations and
the thermodynamic principles governing fracture mechanics. Y is the
initial strain energy density or a reference strain energy density value.
Y. represents the strain energy density at any previous time n within the
interval [0, T]. Yo and Y, can respectively be expressed as:
7 1 »__d0)

Yo = 3865 = o (0) e

- 1

_ — \2
Yn = TEGC <O'1> (35)

Therefore, the governing equations of the phase field model can be
further rewritten as:

dive(u,d) +b =0 in Q
202d _ of (36)
o (d)ow = 2,Vid — a(d) in ®
Colo

In practical implementation, the phase field model can indeed be
viewed as a multi-field coupling problem of the displacement field and
the phase field. Consequently, the elasticity equation and the crack
evolution Eq. (36), along with their boundary conditions (22), can be
rewritten in a similar form:

Ve+b=0 in Q

{ on=t onof G7)
V-q+Q(d) =0 in ©

{ gng >0 on 00 (38)

Eq. (37) provided is indeed the elasticity equations for solving the
displacement field problem, which ensure mechanical equilibrium
within the material domain Q. Eq. (38) represents the crack evolution
equations for solving the phase field problem within the domain ®. The
flux vector q could be related to the gradient of the phase field variable
d, and Q(d) represents the source term that is dependent on the damage
or phase field variable d. g and Q(d) can be obtained by following

q= ZC—IOVd
’ ) (39
Q(d) = —a'(d)# — —-d'(d)
Colo

3.3. The thermal-mechanical-damage coupling model

To describe the process of heat conduction in solids, the following
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Fig. 3. The interaction relationships among the field variables in a coupled
thermo-mechanical-damage model.

Crack driving force

partial differential equation is introduced:

{chT +V-h=7 inQ 40)

An=~nhn on 09,

where p is the density of the material; cy is the specific heat capacity at
constant pressure. T represents the time derivative of the temperature
field T, indicating how the temperature changes over time within the
solid. V-# denotes the divergence of the heat flux vector #, representing
the rate at which heat is flowing out of or into a given volume. 7 cor-
responds to any internal heat sources or sinks within the domain Q. The
second equation specifies the boundary condition on 0Q;, the part of the
boundary where heat flux is prescribed. Here, #i-n represents the heat
flux across the boundary, with n being the outward normal vector, and #
is the prescribed heat flux on the boundary. The heat flux # can be ob-
tained through the following Fourier’s law:

= —kVT, kr=g(dko (41)

where VT is the temperature gradient, the rate at which temperature
changes with distance within the material. kr represents the degraded
thermal conductivity, which ensures that there is no heat flow across the
crack as it opens. It is determined by a degradation function g(d)
controlled by the phase field variable d. k is the thermal conductivity of
the material, a measure of its ability to conduct heat. This work adopts a
commonly used form of the degradation function, which is g(d) = w(d).

According to the principles of kinematics, the strain under the
assumption of small deformations can be expressed as:

6= % (Vut (Vu)") “42)

where ¢ is the strain tensor, Vu is the gradient of the displacement
vector u, (Vu)” is the transpose of the gradient of the displacement
vector.

For thermo-mechanical coupling problems, the total strain & can be
decomposed into elastic strain (¢.) and thermal strain (e7) components.
This can be expressed as:

e=¢€,ter (43)

The thermal strain component is often modeled as proportional to
the temperature change (AT = T — Tj,) from a reference temperature or
initial temperature T, typically using the linear thermal expansion co-
efficient (ay) of the material:

er = aoATI

where I is the identity tensor, ensuring that the thermal strain is
isotropic (uniform in all directions).

Therefore, the thermo-mechanical-damage coupled equations can be
derived by combining Egs. (37), (38) and (40). The coupled partial
differential equations for a thermo-mechanical-damage model can be
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written as:

Vio+b=0 in Q
perT+V-i=7 in Q (44)
V-q+Q(d)=0 in ®©

and its boundary conditions are:

on= f_ onoQ,
Ain=h onoQ, (45)
qne >0 ond@

In the computation, there are three fundamental field variables to be
determined: the displacement field u, the phase field d, and the tem-
perature field T. The diagram in Fig. 3 showcases the interactions among
these field variables, where thermal strain induced by temperature
changes leads to alterations in deformation. Subsequently, the growth in
deformation increases the effective crack driving force, further pro-
moting crack evolution. In turn, these cracks cause the degradation of
material properties, thereby affecting the stress distribution and the heat
conduction process within the simulated object. In the multi-field
coupled phase field model proposed in this work, 9 material proper-
ties need to be obtained in advance as input parameters for the calcu-
lation. These variables are: elastic modulus E, Poisson’s ratio v, tensile
failure strength f,, fracture toughness G., mass density p, thermal con-
ductivity ko, specific heat capacity cr, thermal expansion coefficient ay,
critical shear-to-normal stress ratio y.

4. Implementation of the phase field scheme

To develop a finite element model, it is essential to convert the strong
forms of the governing equations into their corresponding weak forms.
The weak form is obtained by multiplying each equation in Eq. (44) by
an appropriate arbitrary test function and then integrating over the
domain. Following partial integration, the weak forms are then articu-
lated as follows:

/a:va,,dv+/5-5udV—/i.5udA:0,
Q Q Q

/ perTsy dv + / 1V (6r) dV — / 76:dV — / RodA =0, (46)
Q Q Q [N
/(q-vad — Qs dv=0.

(€]

For a 2D FEM where each node has four degrees of freedom (DOFs),
comprising two for the displacement field (u, and u,), one for the tem-
perature field (T), and one for the phase field (d), the approximation of
these field variables and their derivatives at any point x within an
element e with I nodes can be expressed using shape functions and nodal
values. Here’s a general form for these approximations:

e Displacement field u(uy,uy):

I
Ux(X) = ZNi(x)ux_i
' “47)

Ni(x)uy,
i1

where uy; and u,; are the displacement components at node i, and Nj(x)
is the shape function associated with node i.

e Temperature field T:

T(x) =Y Ni(X)T; (48)

I
i=1

where T; is the temperature at node i.
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e Phase field d:
I
d(x) =Y Ni(x)d; (49)
i=1

where d; is the damage variable at node i.

The gradients or partial derivatives of these fields can be approxi-
mated similarly by taking the derivatives of the shape functions with
respect to spatial coordinates.

e Displacement gradient:

I
Vi (x) = Z VN;(x)uy;

i:11 (50)
Vi, (x) = Z VNi(x)uy,;

-1
e Temperature gradient:

1
VT(x) =Y VNi(X)T; (51)
i=1

e Damage gradient:

1
Vd(x) = > VNi(x)d; (52)
i=1
These approximations are fundamental in the finite element analysis,
allowing the transformation of the continuous problem into a discrete
one that can be solved computationally. The shape functions N;(x) are
chosen based on the element type (e.g., linear, quadratic) and determine
the accuracy and convergence of the solution. The gradients of the shape
functions VN;(x) are used to compute the strain and heat flux within the
element, which are critical for evaluating the element’s stiffness matrix,
force vector, and other properties related to the problem’s physics.
Based on the finite element discretization described earlier, and
aiming to drive the residuals towards zero, the residual vectors for
displacement (g,), temperature (g;), and damage (g;) within the
context of a coupled thermo-mechanical-damage finite element model
can be formulated as follows:

e Displacement residual vector (g,):
g, = - / BiocdV =0 (53)
Q

o is the stress tensor calculated from the current state of strain in the
material, and B, is the displacement-strain matrix that relates nodal
displacements to strains. ;" is the external force vector acting on the
system and can be expressed as

£ = / N'bdV + / N'tdA (54)
Q 0Q

where N! is the transpose of the shape function matrix for the
displacement field, mapping the effects of forces to nodal displacements.
b represents the body force vector per unit volume, acting throughout
the material’s volume Q. t denotes the surface traction vector applied on
the boundary 0Q.

o Temperature residual vector (g;):

g = f;’“+/gB}‘hdvfc’T:0 (55)

By is the temperature gradient matrix, and T = dT/dt is the rate of
change of temperature at the nodes. C is the heat capacity matrix, and

International Communications in Heat and Mass Transfer 159 (2024) 108033

Cc= / pcrNIN7dV (56)
Q

Here, Ny is the shape function matrix for the temperature field, used
for interpolating temperature values within each finite element from
nodal temperatures. N denotes the transpose of the temperature shape
function matrix. In Eq. (55), f;* is the external heat flux vector and can
be obtained by two main parts: the internal heat generation within the
domain Q and the heat flux across its boundary dQ,. Here’s a breakdown
of the equation:

2 = / Ni7dV — / NihdA (57)
JQ 0Qp

e Damage residual vector (g,):
8= /NZdef /ngdv =0 (58)
Q [C]

Ny is the shape function matrix for the damage variable, Q represents
the source term for damage evolution, and q is the damage flux, indi-
cating how damage spreads within the material. B, relates the gradients
of the damage variable to nodal values.

Driving these residuals in Egs. (53), (55) and (58) to zero ensures that
the simulated responses (mechanical deformation, temperature distri-
bution, and damage evolution) accurately reflect the physical behavior
under given loading and boundary conditions.

When the computation process is discretized into N sub-time step

[ta, tat1] (n = 0,1, 2,-+,N — 1), the rate of change of nodal temperature T
within sub-time step i can be defined as:

+ Toq—T
T:% with At =ty — b (59)

where Ty 1 is the nodal temperature vector at the end of the current time

step n+ 1. T, is the nodal temperature vector at the end of the previous
time step n. At is the duration of the time step.

Therefore, the residual vector for the temperature field in Eq. (55)
can be approximated in the following form:

g, = A 1 At / BIAAV — (s — T,) = 0 (60)
Q

The equation essentially balances the external thermal loads and the
change in internal thermal energy against the heat conduction within
the material for a discrete time step. The goal is to find 7",.“, the nodal
temperature vector for the current time step, such that the thermal
equilibrium condition represented by g, = 0 is satisfied. This involves
solving for T,., that minimizes the residual, thus ensuring that the
simulated temperature distribution aligns with the physical behavior
dictated by the heat conduction and storage within the material under
the applied thermal loads.

Due to the nonlinear nature of the equations in the coupled thermo-
mechanical-damage problem, to enhance the numerical solution’s
convergence, a staggered iterative solution algorithm is adopted in
solving the control equations. This approach involves alternately solving
subsets of the coupled equations with the aim of achieving convergence
in a stepwise manner. Dividing the control equations into thermo-
mechanical coupling subproblems and damage subproblems, and then
alternately fixing the thermo-mechanical coupling subproblems and the
damage subproblems, represents a staggered approach to solving the
coupled system.

Initially, by fixing the phase field variables, one can solve for the
displacement and temperature variables (u, T). Subsequently, the ob-
tained displacement and temperature fields are further utilized to
calculate the phase field d. This sequential approach delineates a clear
path for solving coupled problems in a staggered manner, enhancing
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both computational efficiency and convergence stability in simulations
involving complex interactions between mechanical deformation, ther-
mal effects, and material degradation. Here’s a step-by-step breakdown
of this process for the jth step of interval [t,, th1]:

Step 1: Evaluation of displacement and temperature fields.

Start the iteration by treating the phase field d as known or fixed,
either from initial conditions or from the previous iteration’s results.
Then, we can solve the following equations of the thermo-mechanical
coupling problem to obtain the displacement and temperature fields.

=) . t ~G) &) U1
8u (un+1> = u)‘(n+1 - /ﬂBlfﬂdV =0, o= 0'(11"“ s Th :dn+1 )

()

g (T,l+1 ) = A+ At/BlT'th —C(Ts —Tn) =0, h= h(Tn+1 ,
Q

The sub-problem is solved using the Newton-Raphson method, and
its linear equation can be formulated as follows

Kuu KuT 5g _ 8u
a8 ©
and
Ky = / B! (a—"> B,dV (63)
a oe

International Communications in Heat and Mass Transfer 159 (2024) 108033

It’s important to note that the proposed model takes into consider-
ation the strain induced by temperature changes and assumes that
strain/stress does not affect the heat conduction process. This is the
reason why Ky, = 0 while K, # 0 in the Eq. (62).

Step 2: Update phase field.

With ﬁfﬁl and T,(fll now known, proceed to update the phase field.

And solve the damage evolution equation to compute aﬁ{ll, considering
)

the influences of mechanical stresses (derived from u,, ;

) and temper-

(61)

~(-1)
n+1 )

ature (TU)

+1) Dy the following equation:

84 (a:il ) = /S;NdeV* /@BquV =0, Q= Q(ﬁr(lijrl 771311 a;(j)ﬂ )v q
= Q(agll )
(66)

The above process is repeated in a loop within each load step until
the final solutions for all fields (u, T, d) converge to within a specified
tolerance. More details on the staggered iterative solution strategy are
presented in Algorithm 1 [35].

Algorithm 1 Staggered Minimization for Coupled Thermo-Mechanical-Damage Model

1: Input: Initial conditions for 7', u, and d; material properties; external forces and thermal loads; tolerance e.
2: Output: Converged solutions for 7', u, and d fields.
3: Initialization: Set initial conditions for Ty, ug, and dp. Initialize iteration counter: j = 0.
4: while convergence not achieved do
5: j=7+1
6: Step 1: Solve Thermo-Mechanical Subproblem
T Fix dj,1 .
8: Solve for T; and u; considering the fixed d;_1:
9: Thermal Analysis: Solve the heat conduction equation to update T}.
10: Mechanical Analysis: Solve the mechanical equilibrium equations to update w;.
11: Step 2: Solve Damage Subproblem
12: With T} and u; fixed, solve for d;:
13: Damage Analysis: Update d; using the damage evolution model based on current states of T; and wu;.
14: Step 3: Check Convergence
15: Calculate residuals for 7', u, and d.
16: if ||gr|| < € and ||gu|| < € and ||g4|| < € then
17: Convergence achieved; break.
18: end if
19: end while
20: Post-Processing: Analyze and visualize the converged fields T, u, and d.
21: End Algorithm.
(06 There are two types of phase field models based on the solution
Kur = /ﬂBu (aﬁ*) Nrdv (©4) strategy: implicit and explicit. Since the cases addressed in this work is a
kind of static problem, the commonly used implicit solver is employed.
In [36], the authors provide an overview of both implicit and explicit
Krr = At /SZB;kTBT dv+c (65) phase field models for quasi-static failure processes, including detailed

discussions on their theories and implementation in the commercial
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Fig. 5. The scheme of proposed simulation.

software ABAQUS. Interested readers can refer to this work for further
information.

5. Numerical scheme for phase field simulation of thermoelastic
microstructure

In this section, the approach for phase field simulation of thermo-
elastic microstructure of the seed layer was proposed, as shown in Fig. 5.
The approach to studying coupled thermo-mechanical-damage models
can indeed be divided into two parts, focusing first on microstructure
generation using Voronoi polygons and second on conducting phase
field simulations to analyze mechanical and fracture behaviors. This
division allows for a detailed examination of material properties from a
microstructural perspective, followed by an exploration of how these
microstructures influence macroscopic properties under various loading

conditions.

Voronoi polygons are a way of dividing space into regions based on
distances to a specified set of points. These regions, or Voronoi cells, are
defined such that every point in a given cell is closer to its corresponding
site point than to any other site point. Generating Voronoi polygons can
be approached through several computational steps, typically involving
algorithms designed to efficiently partition space. Here’s a simplified
overview of the process and a model of Voronoi polygons is shown in
Fig. 4:

e Set Up the Points (Sites): The process begins with a set of points in a
plane, which will serve as the sites for the Voronoi diagram.

e Determine the Edges: For each pair of points, find the perpendicular
bisector of the line segment connecting them. The perpendicular
bisectors will serve as potential edges of the Voronoi cells.
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(a) Schematic of the model.
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Fig. 6. The considered TGV model.

Table 1

Material parameters used in the computation [37,38].
Material Glass Cu
Young’s modulus E (GPa) 77.80 128.00
Poisson’s ratio v 0.17 0.30
Density p (kg/m®) 2200.00 8960.00
Thermal conductivity coefficient (W m~! K1) 1.53 393.50
Specific heat capacity (J kg™' K1) 600.00 386.00
Thermal expansion coefficient ay (ppm/°C) 0.48 17.00
Tensile strength (MPa) 50.00 209.00
Fracture toughness (N/m) 8.00 690.30
Critical shear ratio y 0.60 1.00

o Identify the Vertices: The intersection points of the edges determined
in the previous step serve as vertices of the Voronoi polygons. Each
vertex is equidistant from at least three site points.

e Construct the Voronoi Cells: For each site point, construct a polygon
(Voronoi cell) by connecting the vertices that are closest to that point
and lie on the perpendicular bisectors determined earlier. The edges
of these polygons are parts of the perpendicular bisectors.

e Handle Unbounded Regions: In many cases, some Voronoi cells will
be unbounded, meaning they extend infinitely in certain directions.
These need to be handled based on the specific requirements of the
application, possibly by limiting the diagram to a large but finite
bounding box.

e Optimization and Clean-up (Optional): Depending on the algorithm
used and the specific requirements of the application, additional
steps may be taken to optimize the structure of the Voronoi diagram
or clean up artifacts from the computational process.

In this scheme, we employ Abaqus CAE for several key tasks: con-
structing the geometric model, defining material properties, applying
boundary conditions, and meshing the model. After these steps, the
model’s input file can be exported using Abaqus CAE. Subsequently,
phase field sets are incorporated into the input file. The resulting input
file comprises two types of elements: the built-in coupled temperature-
displacement elements and the user-defined elements (UEL) phase
field elements. This combination allows for the comprehensive simula-
tion of materials undergoing both physical displacements and phase
changes.

The phase field simulation is carried out with Abaqus and its UEL in a
two-tiered approach. Initially, Abaqus and the USDFLD subroutine
tackle coupled temperature-displacement issues using the built-in
solver. Then, the UEL subroutine calculates damage at material points
based on historical energy data and determines the phase field value,
which is then fed back to the initial layer. This iterative process facili-
tates the degradation of material properties and the evolution of the
phase field. As a result of this approach, the simulation outputs the

10

Fig. 7. Mesh of the TGV model.
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Time (s)

Fig. 8. Temperature loading curve.

stress-strain response and phase field values for thermoelastic solids,
revealing the mechanical and fracture characteristics of studied mate-
rials. The scheme of phase field simulation of thermo-elasto-damage is
shown in Fig. 5.

6. Numerical discussions
6.1. Crack propagation in TGV interconnect structures

Fig. 6a and b illustrate a cross-sectional view and the geometric
parameters and boundary conditions of the considered TGV model. In

this model, the thickness of the glass interlayer is 230 pm, and the di-
ameters of the internal and external openings of the through hole are 25
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Fig. 9. Contours obtained by the present method when the temperature is 125 °C.
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Fig. 10. Displacements U along the path 1 (red dashed curve shown in Fig. 6b).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

pm and 60 pm, respectively. Unless specified otherwise, the unit of all
geometric dimensions mentioned in this paper is um. For ease of
description, the filled Cu in TGV will be referred to as TGV-Cu hereafter.
As shown in Fig. 6b, the interface between TGV-Cu and glass is set to be
fully bonded (ignoring friction). Symmetrical boundary conditions are
applied to the left and right surfaces of the glass matrix, and the lower
left corner node is fixed in all directions to prevent rigid body move-
ment. Unless specifically stated in this paper, room temperature is
considered to be 25 °C, at which temperature all components are in a
stress-free state.

The material properties used in the finite element model are listed in
Table 1 [37,38], and the mesh is as illustrated in Fig. 7. To more accu-
rately capture the path of crack propagation, the mesh near the area

11
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Fig. 11. Displacement u, at points A and B influenced by the values of I,.

where the crack may extend is refined to a size of 0.001 mm. The mesh
contains 46,687 UEL quadrilateral elements and 46,687 coupled
temperature-displacement quadrilateral elements. The model is sub-
jected to a loading curve as shown in Fig. 8. The temperature starts
increasing from 25 °C at a heating rate of 10 °C/min. After 2400 s of
heating, the temperature is maintained at 400 °C for 1600 s, and then it
is cooled at a rate of 13.3 °C/min until it reaches room temperature. It
should be noted that the time increment At for the calculation in this
case is 0.25 min. The crack length scale [, is 0.005, satisfying the rela-
tionship between mesh size and crack length scale as required in liter-
ature [17]: the crack length scale is greater than twice the minimum
mesh size.

At present, most researchers and engineers analyze TGV issues pri-
marily by calculating stress and displacement at the contact interface to
assess potential damage. Fig. 9 also presents the contours of
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Fig. 12. Crack paths at different length scale parameters.

damage damage

0.00 0.02 0.04 0.06 0.08 0.10

0.00 0.01
ﬂ |\

(b) t=735 s and temperature is 147.5 °C

E

(a) t=405 s and temperature is 92.5 °C
damage damage
0.00 0.20 0.40 0.60 0.80 1.00 0.00 0.20 0.40 0.60 0.80 1.00

(c) t=2055 s and temperature is 367.5 °C (d) t=6000 s and temperature drops to 25 °C

Fig. 13. Fracture pattern predicted by the proposed model at different loading stages.
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Fig. 14. The pattern of micro-crack observed during the experimental process[39].
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Fig. 16. Crack initiation time and temperature for different copper wall
thicknesses 8.

displacement and stresses for the TGV and the substrate when the
temperature rises to 125 °C. Fig. 9a shows the displacement cloud dia-
gram of the model. The maximum expansion of TGV-Cu at the top and
bottom reaches 0.15 pm, which is one of the significant reasons for the
failure of the TGV interconnect structure. Displacements along the top
surface, represented by path 1 (depicted as a red dashed curve in Fig. 6b)
are presented in Fig. 10. As shown in Fig. 9b and c, the expansion of
copper results in the glass being subjected to radial compression and
axial tension, respectively. Furthermore, in Fig. 9d, extreme values of
shear stress appear at the upper and lower corner surfaces (domains
inside the black dashed circle) of the TGV through-hole. This is one of
the main causes of cracking in the glass substrate and may also lead to
cracking at the interface between TGV-Cu and glass.

To verify the sensitivity of the used phase field model to the
parameter lp, two points A and B (shown in Fig. 6b) are selected for
analysis. Fig. 11 presents the displacements at points A and B over time
when [ is set to 0.01 and 0.005, respectively. From the figure, it can be
observed that the displacements are minimally affected by variations in
lo, highlighting the advantage of the adopted phase field model: its low
dependency on the parameter [y. Fig. 12a and b show the final crack
evolution paths obtained using various internal length scales l. The
crack diffusion width does not affect the final crack evolution state, with

| |
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Fig. 17. TGV with different through-hole shapes.
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Fig. 18. Fracture pattern predicted by the proposed model at different loading stages for double trapezoidal via.
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Fig. 19. Fracture pattern predicted by the proposed model at different loading stages for vertical via.

the centerline of the localized damage zone representing the actual crack
development path. For [y values of 0.005 mm and 0.01 mm, the modeled
crack initiation times are 2040 s and 1995 s, respectively. This small
difference in initiation times demonstrates that the adopted phase-field
analysis model is relatively insensitive to changes in the I, parameter.

Actually, merely analyzing the stress in the TGV structure does not
suffice to determine the damage domain and failure path of the struc-
ture. That’s the reason why we propose the phase field model to analyze
the failure of this structure. As shown in Fig. 13a, when the temperature
increases to 92.5 °C, damage first occurs on the upper and lower side
walls of the interface between TGV-Cu and the glass substrate. From the
magnified section of Fig. 13a, we can find that damage is also observed
at the edge of the RDL layer. As the temperature further rises to 147.5 °C,
the damaged area expands, showing a tendency to extend towards the
edge of the RDL layer. When the temperature reaches 367.5 °C, the crack
damage value d hits 1.00, and the crack begins to propagate, forming
surface micro-cracks along the sidewall of the TGV as shown in Fig. 13d.
It should be noted that Fig. 13d presents the final results after the
temperature has returned to room temperature 25 °C. This is similar to
the crack propagation path observed by Zhao et al. [39] in their ex-
periments. (See Fig. 14.)

6.2. The impact of copper thickness on crack formation in TGV

Here, we will study the impact of varying copper thickness § on the
reliability of TGV structures, where the 5 denotes the thickness of copper
adhering to the inner walls of the through-hole, as depicted in Fig. 15.
Here, six models with copper wall thicknesses of &y to &5 are examined,
with §p being 30 pm representing a fully copper-filled model. From §; to
8s, their thicknesses are 27.5 pm, 22.5 ym, 17.5 ym, 12.5 ym, and 7.5
um, respectively. For the 5 case, the hole is a through-hole, and only a
layer of copper is adhered to the walls of the TGV.

In the numerical analysis, all the models are subjected to a heating
rate of 10 °C/min, with an ambient temperature of 25 °C. The time
increment, mesh division strategy, and length scale [, are consistent with
those mentioned in section 6.1. The temperature corresponding to the
phase field damage value d = 1.00 is designated as the crack initiation
temperature, and the corresponding time is defined as the crack initia-
tion time. Fig. 16 illustrates the crack initiation temperatures and times
for varying copper wall thicknesses &. It is observed that reducing the
thickness of copper increases both the crack initiation temperature and
time. Notably, when the copper thickness is s, the copper walls on both
sides of the TGV separate (shown in Fig. 15), significantly raising both
the crack initiation temperature and time. The results indicate that
reducing the thickness of TGV-Cu is a key factor in enhancing the

I

(b) t =1440 s

(a) t =720s

\

(c) t = 4800 s

Fig. 20. Fracture pattern predicted by the proposed model at different loading stages for single trapezoidal via.
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Table 2
Crack initiation temperature and time for TGVs with different through-hole
shapes.

Shapes of through-hole Double Vertical Single
trapezoidal trapezoidal
Crack initiation temperature 2565 1995 1515
(s)
Crack initiation time (°C) 452.5 357.5 277.5

reliability of interconnect structures during use. However, it’s important
to note that this analysis neglects the direct strength implications
resulting from this thickness reduction. Previous research has also
shown that the mechanical properties of TGV-Cu are sensitive to tem-
perature variations (from room temperature to 400 °C) [30]. Future
work should focus on exploring the relationship between these factors
and their impact on the overall reliability of the structure.

6.3. The impact of TGV through-hole shape on reliability

Influenced by via formation technologies, TGV through-hole shapes
vary, mainly including: double trapezoidal via, vertical via, and single
trapezoidal via. Due to the significant difference in the thermal expan-
sion coefficients between copper and glass, thermal stress during sub-
sequent process steps can cause interface delamination or substrate
cracking, thereby directly impacting reliability. Therefore, investigating
the impact of through-hole shape on TGV structure is of significant
importance. As shown in Fig. 17, models of three different through-hole

g
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shapes are established, with the area of TGV-Cu in each model being the
same, at 9775 pm?. A global heating rate of 10 °C/min and an ambient
temperature of 25 °C are applied, with other variables being the same as
in Section 6.1.

Figs. 18, 19 and 20 present the fracture pattern predicted by the
proposed model at different loading stages for TGVs with different
through-hole shapes. As shown in Figs. 18a, 19a and 20a, when the
temperature reaches 145 °C (t = 720 s), damage begins to occur in the
glass substrate, with the primary damage in the TGV structures of the
three models concentrated at the sidewalls of the upper and lower
openings. As illustrated in Figs. 18b, 19b and 20b, as the temperature
further increases to 265 °C (t = 1440 s), the damage within the glass
substrate extends further. It is observable that the damage of the single
trapezoidal via is mainly concentrated on the sidewalls at both sides of
the lower base of the trapezoid. As the temperature continues to rise,
cracks begin to propagate (when the damage value reaches 1), ulti-
mately forming the crack morphology shown in Figs. 18¢, 19¢ and 20c.
The cracks in both double trapezoidal and vertical vias extend inward
from the sidewalls of the openings at both ends, whereas the cracks in
the single trapezoidal via propagate upwards from the lower base to-
wards the upper base.

By comparing the crack initiation times and temperatures of TGV
interconnect structures with three different through-hole shapes (listed
in Table 2), it is found that under the same volume of filled copper,
double trapezoidal via perform better than vertical via, with single
trapezoidal via being the least favorable. It is important to note that the
crack initiation time for the double trapezoidal via with the RDL layer is

(b) Mesh used in the numerical model

Fig. 21. Parameters and mesh used in the TGV model.

(a) t =600 s

(b) t = 960 s

damage

(c) t =2250 s

Fig. 22. Fracture pattern predicted by the proposed model at different loading stages.
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2055 s (given in Fig. 16), whereas it is 2565 s for the double trapezoidal
TGV via without the RDL layer. This indicates that the inclusion of the
RDL layer exacerbates the damage to the TGV via.

6.4. Circumferential and radial cracks simulation in TGV structure

TGVs experience thermo-mechanically induced failure modes, pri-
marily attributed to the mismatch in material properties, particularly
the coefficient of thermal expansion, between the glass substrate and Cu.
There are two distinct types of thermo-mechanically induced crack
systems in the TGV substrate: radial and circumferential cracks. Radial
cracks emerge during the heating stage of an annealing cycle, whereas
circumferential cracks develop during the cooling phase.

6.4.1. Circumferential cracks during the cooling process

To validate the effectiveness of the proposed numerical scheme, we
will conduct tests and analysis on the crack patterns mentioned in
literature [40] by using the phase field method. The FE model and mesh
are as shown in Fig. 21a and b, respectively. As shown in Fig. 21a, all
edges of the model are subjected to symmetrical boundary conditions.
The temperature load decreases from 400 °C to room temperature
(25 °C), with all structures being in a zero-stress state at 400 °C. The
cooling rate is set to 10 °C/min, with each time increment At being 0.25
min. To better capture the cracks, the mesh around the Cu is refined,
with a mesh size of 0.001 mm. The crack length scale [, is 0.0015, the
fracture energy G. is 3 N/m, and the critical shear ratio y is 1.0 x 10°, to
simulate the cooling-induced crack propagation in TGV through-holes.

(a) t =1080 s

(b) t = 2160 s

(c) t =2760 s

Fig. 24. Fracture pattern predicted by the proposed model at different loading stages for heating stage.
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Fig. 25. Schematic diagram of the TGV architecture used in this study.
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Fig. 26. Fracture pattern predicted by the proposed model at different loading stages: (a)-(c) in the case only one TGV (D = Oum); (d)-(f) D = 75 pm; (g)-() D =
100um; (j)-(1) D = 200um.

When the TGV through-hole is subjected to a cooling load, the dif- further decreases, the damage progresses and eventually leads to the
ference in thermal expansion coefficients between TGV-Cu and the Glass formation of circumferential cracks as shown in Fig. 22c. The conclu-
substrate causes the glass substrate to experience tensile stress. This sions of this case are consistent with the experimental findings in liter-
results in the formation of a circumferential damage zone at the edge of ature [40], indicating that the proposed scheme can effectively simulate
the glass substrate, as shown in Fig. 22a and b. As the temperature TGV failure issues.
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Fig. 27. Initiation time and temperature of cracking corresponding to different
TGV distance D.

6.4.2. Radial cracks during the heating stage

Under heating load, the TGV structures witness radial cracks as
shown in the reference [41]. Here, we will analyze the crack patterns
utilizing the proposed phase field method. The computational model is
given in Fig. 23, with all edges of the model subjected to symmetrical
boundary conditions. The annealing profile having constant heating
rates 8.7 °C/min which varied from 25 °C to 425 °C. Here, the time
increment At = 1.5 min and the remaining parameters are consistent
with those in Section 6.4.1.

Fig. 24 illustrates the fracture pattern predicted by the proposed
model at different loading stages during the heating phase. In this phase,
the expansion of Cu, which has a higher CTE, is constrained by the
surrounding glass substrate, leading to stress accumulation within the
model. This stress induces tensile stress in the circumferential direction,
and damage in the TGV structure initially manifests at the interface
between the glass substrate and TGV-Cu, as depicted in Fig. 24a. As the
temperature continues to rise, the area of damage further expands, ul-
timately resulting in the condition depicted in Fig. 24b and c, where
radial cracks are formed. The conclusions of this numerical example are
consistent with the experimental findings in literature [41].

6.4.3. The impact of TGV-Cu spacing on crack propagation in the glass
matrix

For packaging structures based on glass vias, the distance between
the vias can influence the crack patterns in the packaging structure.
Here, we will study the impact of the spacing between glass vias on the
crack patterns in TGV packaging structures by using the model given in
Fig. 25. Fig. 25a gives the distribution of TGV in the computational
model. In this part, a model with 3 x 3 circular TGVs with diameter =

International Communications in Heat and Mass Transfer 159 (2024) 108033

50 pm is considered. The distance from the center of the outermost TGV
to the edge of the model is fix at 150 pm. The spacing between two TGVs
is denoted by D. The ambient temperature is set at 25 °C, with a heating
load of 8.7 °C/min applied. The other conditions are consistent with
those in section 6.4.2.

Fracture pattern of TGVs with 4 different distance values 0 pm, 75
pm, 100 pm and 200 pm is compared in Fig. 26. Figs. 26a-26¢ show the
crack pattern of the model when there is only one TGV (D = Oum). The
cracks radiate from the TGV interface and spread outward. The inter-
action between TGVs and the crack pattern inside the model becomes
apparent in cases where D # Oum (from Fig. 26d to 261). As the distance
D between the TGVs increases, the interaction between the cracks de-
creases. When D = 200um, it can be observed from Figs. 26j-261 that the
interaction disappears. Fig. 27 presents the initiation time and temper-
ature of cracking corresponding to different TGV spacings. From this
figure, it can be observed that as the distance between the through holes
continually increases, the initiation time and the initiation temperature
for the cracks gradually increase.

6.5. Crack propagation in TSV interconnect structures

Fig. 28 presents a schematic of a TSV interposer, primarily consisting
of a Si substrate, SiO; insulation layer, diffusion barrier layer (usually
TiW, TiN, or Ta), and filled Cu supporting electrical connections. For
convenience in the following text, the filled Cu in the TSV will be
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Fig. 29. TSV computational model.
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Fig. 28. Schematic of a TSV interposer.
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Fig. 30. Mesh used in the numerical model.
Table 3
Material parameters relevant to the TSV structure.
Material Si Glass Cu Interface
layer
Young’s modulus E (GPa) 130.00 77.80 128.00 77.80
Poisson’s ratio v 0.28 0.17 0.30 0.17
Density p (kg/m®) 2330 2200 8960 2200
Thermal conductivity coefficient 130.00 1.53 39350 1.53
(Wm™? K"
Specific heat capacity (J kg ™' K1) 700 600 386 600
Thermal expansion coefficient ag 2.80 0.48 17.00 0.48
(ppm/°C)
Tensile strength (MPa) 1600 50 209 40
Fracture toughness (N/m) 3.0 8.0 690.3 3.2
Critical shear ratio y 0.05 0.6 1.0 0.6

referred to as TSV-Cu. The material of the TSV interconnect structure
exhibits significant differences in the coefficient of thermal expansion
(CTE). Specifically, the CTE of TSV-Cu is 17.0 ppm/°C, while the CTE of
the Si substrate is 2.8 ppm/°C, meaning the CTE of TSV-Cu is nearly 6
times that of Si. The CTE of TSV-Cu also differs substantially from that of
SiO, and the barrier layer, with the insulation layer SiO, having a CTE of
0.48 ppm/°C and the barrier layers (Ti, Ta, TiW) having CTEs in the
range of approximately 1 to 6 ppm/°C [42]. The circuit layer of the TSV
interconnect is on the micro to nanometer scale, while the diameter of
the TSV-Cu is several tens of micrometers, and its depth can even reach a
hundred or two hundred micrometers. In the fabrication process of the
interconnect structure, the TSV structure involves multiple temperature
loads in the range of 200-450 °C. The significant temperature difference
during the fabrication process can cause substantial expansion or
contraction in the volume of TSV-Cu, leading to failure modes such as
deformation, delamination, or fracture of the circuit layer above it.
Here, we will utilize the phase-field model proposed in this paper to
investigate the failure behavior of the TSV interconnect structure.

6.5.1. TSV-Cu protrusion

Fig. 29 shows the computational TSV model. To simplify the
computational model, the influence of the thinner barrier layer is
ignored. The thickness of the SiO; layer is 0.5 ym. A 0.2 pm thick
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interfacial layer is inserted between TSV-Cu and SiO, to characterize the
bonding behavior at the interface between TSV-Cu and SiO,. The
interface layer is assigned properties according to those of SiO,, with the
difference being in its fracture energy and tensile strength. The left and
right boundaries of the model are set to symmetrical boundary condi-
tions, and the bottom right corner of the model are fixed. The model
applies a heating condition of 10 °C/min to simulate the annealing
process of the TSV structure, with a time increment step of 0.25 min. The
mesh used in the computation is shown in Fig. 30, with a refined mesh at
the TSV interface. The element size of the interface layer is 0.00003 mm,
and the crack length scale [; is 0.00015 mm. When H = 100 ym and R =
15 pm, the model contains 114,442 UEL quadrilateral elements and
114,442 coupled temperature-displacement quadrilateral elements. To
facilitate the description of the relationship between TSV size and reli-
ability, an aspect ratio of the TSV structure is defined here as the ratio of
the height H of TSV to the diameter R of TSV-Cu (H/2R). The material
parameters used for the numerical calculations are presented in Table 3
[42-46].

When the TSV structure is annealed and heated to 125 °C, the
displacement distribution of the TSV are as shown in Fig. 31. As can be
observed from Fig. 31a, significant expansion occurs in TSV-Cu, which is
primarily caused by the mismatch in the CTE between TSV-Cu, Si, and
SiO,. From Fig. 31b, it is observed that radial compressive stress occurs
at the top of the SiO; insulation layer. Additionally, in Fig. 31c and d,
due to the protrusion of TSV-Cu under the heating load, significant
tensile and shear stresses are generated in the SiO, insulation layer and
the silicon substrate. At the same time, shear stress peaks are formed
near the top of the SiO, insulation layer and TSV-Cu.

To further explore how the size of TSV-Cu in TSVs influences its
protrusion behavior, the following sections will investigate the effects
from different perspectives, specifically focusing on the radius R and the
height H of TSV-Cu, to discern the patterns of how these dimensions
affect TSV protrusion.

6.5.2. The impact of radius R on the protrusion of TSV-Cu

With H fixed at 100 ym, the values of R are 2.5 ym, 5 ym 10 pm, 15
um, 20 pm, and 25 pm, respectively. Fig. 32 shows the protrusion height
of TSV along path 2 when the temperature is 425 °C. As can be observed
from Fig. 32, the protrusion of TSV-Cu takes a shape that is lower in the
middle and higher at both ends. With the increase of radius R, the height
of the protrusion also continually increases. From Fig. 33, it can be seen
that as the aspect ratio increases, the maximum protrusion of TSV
gradually decreases. When the aspect ratio exceeds 4, the change in
protrusion amount significantly diminishes. Thus, it can be concluded
that when the height H of TSV-Cu is fixed, the amount of protrusion is
not directly proportional to the aspect ratio of the TSV structure. Fig. 34
shows us the initiation time and initiation temperature of cracking in the
interface layer under different aspect ratios. As can be seen from the
Fig. 34, the larger the aspect ratio, the higher the initiation time and
initiation temperature for cracking in the TSV structure. When the
aspect ratio exceeds 4, the growth trend significantly decreases.

6.5.3. The impact of height H on the protrusion of TSV-Cu

In this section, the protrusion behavior of TSV-Cu is investigated by
varying the height H. When R = 15um, the selected values for H are 30
pm, 50 ym, 75 ym, 100 ym, 125 pm, 150 pm, and 250 pm. Fig. 35 dis-
plays the protrusion height of TSV along path 2 at a temperature of
425 °C for various heights H. It can be observed that as the height H
increases, the protrusion height of TSV along the path also continuously
increases. Fig. 36 presents the protrusion height along the path under
different aspect ratios when R is fixed. As the aspect ratio increases, the
maximum protrusion of TSV gradually increases. When the radius R of
TSV-Cu is fixed, the protrusion amount shows a positive correlation with
the aspect ratio of the TSV structure, meaning the higher the height of
TSV-Cu, the greater the amount of protrusion. When R is fixed, Fig. 37
illustrates the initiation time and initiation temperature of cracking in
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Fig. 31. Displacement and stress distribution during the annealing process.
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the interface layer under different aspect ratios. From Fig. 37, it can also
be deduced that the larger the aspect ratio, the smaller the initiation
time and initiation temperature for cracking in the TSV structure. When
the aspect ratio exceeds 4, the trend of decrease significantly levels off,
implying that when R is fixed, the larger the aspect ratio, the weaker the
resistance of the interface layer to damage, making the structure more
susceptible to failure.

6.5.4. The impact of interface roughness on TSV structure

During the fabrication of TSV, the highly efficient Bosch etching
process is commonly used. This process results in the formation of a
scallop-like morphology on the TSV walls, characterized by a certain
degree of roughness [47]. To analyze the impact of different roughness
levels on the cracking of the interface layer, two parameters, 4 and h, are
selected to quantitatively describe the interface roughness, as shown in
Fig. 38. They represent the wavelength and peak amplitude of the
scallop-shaped interface, respectively. Hence, the interface roughness
can be expressed as h/A.
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takes values of 0.2ym, 0.4um, 0.6pm, 0.8ym, and 1.0um, respectively.
2600 Fig. 39a and b shows us the fracture pattern predicted by the pro-
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Fig. 39. Fracture pattern predicted by the proposed model at different loading stages when h/2 = 0.2.
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Fig. 40. The initiation time and temperature of the interfacial layer under
different interface roughnesses.

To study the impact of different interface roughness levels, 6
different roughness conditions will be considered for analysis. With H =
100ym and R = 15um, the first condition has no roughness, i.e., A = f 00
100ym and h = Oum. For the remaining 5 conditions, 4 = 1ym, and h

(a) Cu grain boundary

(b) Voronoi polygons with a thick grain boundary and a locally magnified mesh

Fig. 41. Schematic diagram of Voronoi polygons.
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Fig. 43. When the grain size is 500 nm, three grain boundary models are considered.
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Fig. 44. Propagation of cracks within the seed layer.

when the roughness is 0, the initiation time and temperature of cracking model incorporates copper grain boundaries. Additionally, the mesh of
are the highest. However, when the roughness is not 0, the interfacial the copper grains and grain boundaries is also presented in the Fig. 41b.
initiation time and temperature decrease first until reaching a certain The mesh size is 0.00001 mm, the crack length scale Iy is 0.00005 mm,
threshold. After that, as the roughness further increases, the interfacial the average grain size is 500 nm, and the thickness of the grain boundary
initiation time and temperature increase again. is 40 nm. Its tensile strength is 193 MPa [48], the fracture energy G¢ is 3

N/m, and the shear-to-stretch ratio y is 0.6. The remaining parameters
are consistent with those shown in Table 3. Fig. 42 presents the FE model

6.6. Interfacial cracking within the seed layer of the TSV blind hole, with the TSV-Cu and Si interface set as fully
bonded and the interface roughness at 0.2. Three different models, as
Influenced by the fabrication process of the TSV structure, it is shown in Fig. 43, are established to simulate intergranular fracture with
necessary to deposit an additional copper seed layer on the barrier layer cracks propagating in different grain orientations. As shown in Fig. 43a,
before the electroplating filling of Cu. Chen et al. [43] discovered that the model includes 457,432 quadrilateral UEL elements and 457,432
when TSV-Cu bulges, its cracks may propagate along the Cu seed layer. coupled temperature-displacement quadrilateral elements. A global
They also found that this crack propagation is closely related to the heating rate of 10 °C/min is applied to the model, with a time increment
microstructure of the TSV-Cu seed layer. To investigate the relationship At of 0.25 min. The remaining conditions are consistent with those in
between crack propagation in the seed layer and grain orientation, this Table 3.
section explores the influence pattern by constructing models with Fig. 44 shows the crack propagation path of the grain orientation
different grain orientations within the TSV-Cu seed layer. model corresponding to Fig. 43a when the temperature is raised to
Fig. 4la presents a schematic diagram of the copper seed layer. 485 °C. It can be seen from the figure that the damage within the grain
Fig. 41b is a Voronoi polygons model used for numerical calculation. In boundary layer mainly occurs at the junctions of the grain boundaries

the TSV, the cracks propagate along the grain boundaries; hence, the
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Fig. 47. The propagation of cracks within the seed layer and interface layer.

near the TSV-Cu and Si interface. As the temperature further increases,
cracks form near the interface within TSV-Cu (as shown in Fig. 44b), and
the cracks tend to propagate along the sidewall grain boundaries. Fig. 45
presents the initial crack positions for the grain orientations in Fig. 43.
Comparing the crack initiation positions of the 3 models reveals that the
damage occurs closer to the interface. Furthermore, the smaller the axial
angle of the grain boundary with the x, direction, the more prone it is to
crack formation.

6.7. Crack mixed propagation at the seed layer and TSV interface

To further investigate the failure modes of TSV structures during
thermal annealing, this section utilizes the proposed phase field model
to compute the mixed crack propagation behavior occurring at the seed
layer and interface layer. Fig. 46 depicts the computational model
employed in this section, which extends the model in Fig. 42 by adding a
TSV interface layer to simulate the crack propagation. The interface
layer thickness and the TSV-Cu grain boundary layer thickness are both
40 nm. The mesh size is 0.00001 mm, and the length scale parameter [,
is 0.00005 mm. A global heating rate of 10 °C/min is applied to the
model, with a time increment of 0.5 min. The tensile strength of the
grain boundary layer is 40 MPa, while all other material properties
remain consistent with those shown in Sections 6.6. The boundary
conditions are consistent with those described in Section 6.6.

The numerical results, as shown in Fig. 47, indicate that the crack
propagates from within the seed layer towards the TSV interface layer.
Subsequently, it extends back into the seed layer and continues to
propagate within the grain boundaries of the seed layer.

7. Conclusions

This work introduces a computational framework for a thermo-
mechanically coupled phase-field model that considers mixed-mode
fracture, aimed at simulating the mechanical performance and frac-
ture behavior of interconnect structures TSV and TGV in 3D packaging
technologies. The proposed thermomechanically coupled phase-field
model reduces the sensitivity of computational results to the length
scale parameter ly. The contribution of this research lies in providing a
novel method for studying and analyzing the mechanical properties of
interconnect structures during manufacturing and usage processes, and
further simulating the formation and evolution of cracks due to thermal
cycling in interconnect structures. Through the numerical analysis of
TGV and TSV, we can draw the following conclusions respectively.

Through the phase-field simulation of the TGV structure, the
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calculated microcracks at the edges of the RDL closely matched those
observed in experiments. Further, by reducing the copper wall thickness
of the TGV, the reliability of the structure can be improved. The calcu-
lations for TGV-Cu with the same filling volume under different via
shapes revealed that among the double-tapered via, vertical via, and
single-tapered via, the double-tapered via has the highest reliability,
followed by the vertical via, with the single-tapered via being the least
reliable. The numerical examples also calculated circumferential and
radial cracks formed under cooling and heating loads on the TGV
structure, showing that the crack morphology obtained with the pro-
posed phase-field model closely matches experimental observations.
Subsequent calculations for TGV models with different via spacings
indicated that as the spacing between TGV vias increases, both the
initiation time and temperature of the cracks also increase, suggesting
that increasing the via spacing can enhance the reliability of the TGV
structure.

Through the phase-field calculations for TSV interconnect structures,
it was found that when the height (H) of the TSV-Cu is fixed, a higher
aspect ratio strengthens the interface layer’s resistance to damage,
thereby stabilizing the structure; conversely, with a fixed radius (R) in
the TSV-Cu, a higher aspect ratio weakens the interface layer’s resis-
tance to damage, making the structure more susceptible to failure. The
introduction of roughness in TSV holes significantly decreases the
interface layer’s reliability. However, as roughness further increases, the
initiation time and temperature for cracking also increase, yet they
remain much lower than in interfaces without roughness. During the
calculation of crack evolution in TSV-Cu, models with different grain
orientations in TSV-Cu suggest that crack initiation often occurs at grain
boundaries with small angles relative to the y-axis. Subsequent calcu-
lations of mixed crack propagation occurring at TSV-Cu grain bound-
aries and the TSV-Cu/Si interface showed that the proposed phase-field
model effectively captures the fracture evolution path.

In future work, the authors will incorporate temperature-dependent
material parameters and fracture toughness to achieve a more compre-
hensive understanding of package interconnect structure. While the
long-term fatigue effects in these structures during the device’s service
life were not explored, we acknowledge the importance of this aspect
and plan to investigate fatigue-related issues in subsequent research.
Additionally, we intend to explore the use of explicit solver algorithms
for phase field problems and compare the results and efficiency of im-
plicit versus explicit solvers.
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