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Abstract: Three-dimensional-stacked packaging technology is widely used in memory chip pack-
aging, which can greatly increase the utilization ratio of the packaging area. However, problems
with the reliability of 3D-stacked packaging are also becoming more and more serious. In this paper,
first, a dynamic mechanical analyzer is used to obtain the EMC viscoelasticity parameters. Then, the
influence trend of different factors, such as EMC, die bond material and chip, on the performance
of the memory chip 3D-stacked packaging under a fixed temperature cyclic loading condition is
explored by the FE method.

Keywords: 3D-stacked packaging; finite element analysis (FEA); epoxy molding compound (EMC);
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1. Introduction

With the continuous development of electronic information technology, higher require-
ments are put forward for the ability of information storage, which promotes packaging
technology to develop towards miniaturization and high integration. The appearance of
three-dimensional (3D) packaging technology greatly increases the utilization ratio of the
packaging area, which is widely used in memory chip packaging. However, because of the
material characteristics of plastic packaging, problems such as warpage, delamination and
wire sweep in the packaging process that reduce the reliability of chips are becoming in-
creasingly serious. To improve package reliability, the rational design of 3D chip packaging
structure optimization is key.

The material properties of epoxy molding compounds (EMCs) change greatly dur-
ing packaging processes [1-3]. In particular, EMCs can become viscoelastic under high-
temperature processes. Therefore, the analysis of EMC materials that are subject to high-
temperature processes such as a post-mold cure must take into account their potentially
viscoelastic behavior [4]. The material viscoelastic constitutive model is closely related to
time, temperature and cure degree. Therefore, selecting a reasonable material constitutive
model is very important to correctly predict package warpage and stress.

The Finite Element Method (FEM) is widely employed for the prediction of the me-
chanical properties of packaging materials. For example, the influences of the structural and
material parameters on the package warpage of PoP (Package on Package) and TSOP (Thin
Small Outline Package) packaging were studied, in which the linear elastic constitutive
model was adopted [5,6].

Kim et al. used FEM to compare and analyze the influence of the linear elastic consti-
tutive model and the viscoelastic constitutive model on the warpage of BGA packaging.
Compared with the experimental results, it was found that the viscoelastic constitutive
model can be better used to predict the warpage of packaging than the linear elastic
constitutive model [7].

A significant number of papers have employed FEM to study the mechanical properties
of IC packages, such as TSOP [8], SiP [9] and BGA [10], in which a viscoelastic-based
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material model is adopted to account for the time- and temperature-dependent behavior of
the EMC.

To use the viscoelastic constitutive model, material parameter measurements are
highly important. The dynamic mechanical analyzer (DMA) test with the time-temperature
superposition principle is the mainstream technology to obtain the material viscoelastic
constitutive model of the EMC. The tensile storage modulus and loss modulus of EMCs
under different frequency and temperatures conditions can be obtained by DMA exper-
iments [11-15]; the main curves of storage modulus and loss modulus can be obtained
using the time—temperature superposition principle, and the time—temperature conversion
factor can be obtained by using WLF mode [16].

FEM, in conjunction with the viscoelastic constitutive model, has been found to be an
effective approach to exploring the mechanical properties of IC packaging. However, few
studies have focused on 3D-stacked chip packages, especially those in the working state.
This paper studies the 3D-stacked packaging structure of memory chips. Considering the
viscoelasticity of the EMC, this paper intends to explore the influence trend of different
factors, such as EMC, die bond material and chip, on the 3D-stacked package under the
temperature cyclic loading condition.

2. Finite Element Analysis
2.1. Geometric Model

The 3D-stacked package memory chip is involved the following components: stacked
chips, a substrate, a die bond material and an EMC [17]. The package structure and sizes
are provided in Figure 1 and Table 1. Note that the bonding wire is ignored in the FE model.

EMC chip5

substrate

(b) (0)

Figure 1. Three-dimensional-stacked package memory chip structure. (a) Package outline; (b) laser
decap package sample and its left-top corner detail picture; (c) package cross-section schematic (chips
1 to 4 are memory chips, and chip 5 is a main-control chip).

Table 1. Packaging size and material parameters.

Item Material Size (mm) E (MPa) v A (ppm/°C)
9.38, T<Tg
EMC EMC 12 x 10 x 0.9 Test 0.3 38.68,T> Tg
10 x 8.0 x 0.1
10 x 7.8 x 0.1
Chip Si 10 x 7.6 x 0.1 131,000 0.3 2.8
10 x 74 x 0.1
4x10x01
10 x 8.0 x 0.02
10 x 7.8 x 0.02 640@25 °C
DA DAF 10 x 7.6 x 0.02 140@150 °C 04 48.00
10 x 7.4 x 0.02

4 x 1.0 x 0.02
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Table 1. Cont.
Item Material Size (mm) E (MPa) v A (ppm/°C)
X, Y: 26,000 XZ,YZ:0.39 X, Y:15
substrate BT 12 x 10 x 0.2 Z: 11,000 XY: 0.11 750

Note: X/Y/Z is material parameters in X/Y/Z direction.

2.2. Packaging Material Parameters

The material parameters of the memory chip stacked package listed in Table 1 were
largely obtained from the material supplier’s documents and the relevant literature [18,19].
The modulus of the EMC was obtained through experiments in the following section. The
EMC, chip and adhesive materials are all isotropic, while the substrate is orthotropic.

2.3. EMC Viscoelasticity
2.3.1. Experimental Instruments and Samples

The dynamic mechanical analyzer (DMA Q800, TA, Newcastle, DE, USA) was used
to obtain the EMC’s viscoelasticity parameters. EMC samples were obtained from Hitachi
Chemical Co., Ltd., Suzhou, China, and belong to the CEL-9240HF series. In the preparation
process, EMC pellets were first pressed and formed at 175 °C through a transfer molding
machine and then fully cured at 175 °C for 8 h. A sample size of 42 mm x 8.5 mm x 1.5 mm
was used, as shown in Figure 2.

Figure 2. EMC samples for DMA test.

2.3.2. Experimental Data and Data Processing

A single cantilever clamp in DMA Q800 was used for experiments, as shown in
Figure 3. The DMA detection mode was adjusted to the multi-frequency strain scanning
mode with an amplitude of 10 um. The starting temperature of the test was set to 25 °C,
which was then increased to 245 °C at a rate of 0.4 °C/min. The set frequency of the test is
shown in Table 2.

Figure 3. Single cantilever clamp in DMA.
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Table 2. Excitation frequency table for tensile mode DMA experiments.

No. 1 2 3 4 5 6 7 8 9 10 11 12 13
Fre&;lze)ncy 01 018 032 056 1 1.8 32 5.6 10 17.8 31.6 56 100

2.3.3. Experimental Data

In this experiment, the sample data directly obtained by the DMA Q800 include the
storage modulus and loss modulus. The test data curves are shown in Figures 4 and 5,
respectively, which all show a strong temperature dependence.

24,000
0.1H=z
0.18Hz
——0.32Hz
0.56Hz
= 18,000 ——1Hz
E 1.8Hz
~ 3.2Hz
w ——5.6Hz
4 —— 10Hz
S 12,000 A ——17.8Hz
-8 —=—31.6Hz
g —— 56Hz
& —— 100Hz
]
2
& 6000 4
0 . . : . .
0 100 200 300

Temperature T (C)

Figure 4. Storage modulus vs. temperature at different frequencies.
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Figure 5. Loss modulus vs. temperature at different frequencies.

The storage modulus E’ is used to describe the ability of viscoelastic materials to
store energy in the elastic deformation part, and its essence is Young’s modulus. It can be
seen from Figure 4 that, when the sample is in the low-temperature stage, it is in a glassy
state, which shows a certain hardness and brittleness. The storage modulus decreases with
increasing temperature, up until the point when the sample transitions to the viscoelastic
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state, which causes the modulus to decrease significantly. When the sample enters into the
rubber state, the modulus decreases at a slower rate and tends to be stable.

The loss modulus E” is used to describe the ability of viscoelastic materials to lose
energy as it is converted into heat when irreversible viscous deformation occurs in the
material, thus reflecting the viscous nature of the material. It can be seen from Figure 5 that,
with the continuous increase in test frequency, the loss modulus tends to increase, and the
peak value moves slowly towards the high-temperature range. In general, the smaller the
loss modulus is, the smaller the damping loss factor of the material is, and its mechanical
performance is much closer to that of an ideal elastomer.

In order to construct a master curve of storage modulus with a wider frequency
domain, first, the curves of storage modulus and temperature obtained by experiments in
Figure 4 are transformed into the correlation between storage modulus E’ and frequency w,
as shown in Figure 6. It can be seen from the figure that the glass transition temperature Tg
is about 105 °C. When the sample is in the low- and high-temperature range, the storage
modulus remains the same with the increase in frequency. Changes in the modulus are
mainly distributed in the temperature range of 85—135 °C.

24,000

——25%
——35°C
459C
——55°C
65°C
——75°C
85°C
——95°C
——105°C

——115°C

18,000 4

——125°C
12,000 S ——135°C
—— 145°C
——155°C
165°C
——175°C
—— 185°C
195°C
—205°C
215°C
225°C
235°C
——245°C

6000 S

Storage modulus E' (MPa)

Frequency Igw (Hz)

Figure 6. Storage modulus vs. frequency under different temperatures.

Based on the time—temperature superposition principle, the glass transition temper-
ature Tg is selected as the reference temperature. The storage modulus curve at 105 °C
shown in Figure 6 remains unchanged, while the storage modulus curves at other tem-
peratures are moved and superimposed on both sides of the reference curve along the
horizontal coordinate axis direction. The main storage modulus curve shown in Figure 7
can thus be obtained. Taking the reference curve at 105 °C as the zero-displacement point,
the displacement of each curve in the horizontal direction is the displacement factor logocr,
as shown in Figure 8. A nonlinear fitting is performed on the scatter plot of Figure 8 using
equations WLF [16], Equation (1), that is, the empirical constant of the material is obtained,

lOgﬂT = m (1)

where C; and C; are empirical constants, T is the test temperature and T, is the reference
temperature.
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The main curve of the storage modulus obtained by the time-temperature superpo-
sition principle cannot be directly applied to FEA, and it needs to be converted into the
corresponding shear modulus and bulk modulus according to Equations (2) and (3) [20].

() = Z(Iilﬁ)v) @)
Kt = 3(;E ,—(t;v) ®

where G'(t) is the shear modulus, K’(t) is the bulk modulus, E’(t) is the storage modulus,
t is the time and v is Poisson’s ratio.
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——s5¢
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@ 165C
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——205C
215°C
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235C
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Figure 7. The master curve of storage modulus for EMC sample.

Shift factorlogay

1 T I 1
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Figure 8. Shift factor scatter plot.
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Si

I DAF

Substrate

EMC

The shear modulus and bulk modulus can be expressed by the generalized Maxwell
model [21], shown as Equations (4) and (5), respectively,

w72
K = Ke 4
+2 1+w2 @

w72
G = Goo 5
+;1 1+w21'2 ®)

where K is the bulk modulus in the rubber state, G, is the shear modulus in the rubber
state and T; is the relaxation time.

According to the obtained shear modulus curve and bulk modulus curve, the shear
relaxation coefficient G; and bulk relaxation coefficient K; applied in the finite element
simulation can be obtained by nonlinear fitting. The relevant material parameters are
summarized in Table 3.

Table 3. Viscoelastic material parameters of epoxy molding compound.

Relaxation Time Shear Re.le}xation Volume R.el.axation
No. () Coefficient Coefficient
! G; K;

71 1.00 x 10~8 239.32 518.54
2 1.00 x 10~° 272.59 590.62
T3 1.00 x 104 354.33 767.71
4 1.00 x 1073 349.54 757.34
5 1.00 x 1072 513.60 1112.8
%6 1.00 x 1071 966.29 2093.6
7 1.00 x 100 853.56 1849.4
T8 1.00 x 10! 1106.5 2397.4
9 1.00 x 102 726.77 1574.6
710 1.00 x 103 560.19 1213.8
711 1.00 x 10* 475.34 1029.7
112 1.00 x 10° 305.22 662.19
113 1.00 x 108 87.513 183.44
714 1.00 x 10° 150.87 342.30

2.4. FE Mold

2.4.1. FE Mesh

Using FEA software MSC.MARC (version 16.0) to study the mechanical property of
packaging, the geometric modeling is carried out according to the memory chip 3D-stacked
package structure, and the corresponding material properties are given in Table 1. The
mesh generation is divided by plane stretching into hexahedral mesh elements, and the
mesh elements of the contact part are refined. The properties are set as three-dimensional
solid elements, as shown in Figure 9. The total number of grid cells reached 572885.

Figure 9. Package material properties and FE grid.
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2.4.2. Boundary Conditions and Load

Since the structure of the package is not completely symmetrical, in the analysis
process, the nodes near the center area at the bottom of the substrate are selected for
complete displacement constraint (U = v = w = 0), the adjacent nodes are fixed in the Y
direction (v = 0) and Z direction (w = 0), respectively, and the remaining nodes remain free.

For the thermal stress simulations, an initial ambient temperature of 25 °C was set as
the zero-stress state, and a loading temperature cycle of —55° C—125 °C with a cycle time
of 3360 s for 5 cycles was used. The temperature cycle loading curve is shown in Figure 10,
where the temperature rises and drops at a rate of 10 °C/min, and the constant temperature
is maintained for 10 min after reaching the high- and low-temperature stages.

140

120 4
100 4
80
60 -
40

20+

Temperature (C)

-20 4

-40 4

-60

T T T T
0 50 100 150 200 250 300

Time (min)
Figure 10. Temperature cyclic loading curve.

3. Results and Discussion
3.1. Analysis of Stress Simulation Results

Young’s modulus is usually used to describe the anti-deformation ability of solid
materials. Since the glass transition temperature of the EMC samples obtained in the
previous experiments is only 105 °C, the EMC transitions from the glass state to the rubber
state when the temperature rises above 105 °C during the temperature cycle simulation
process. As such, the modulus decreases greatly, resulting in large warpage of the package
at the high-temperature stage, reaching 21.84 um. This occurs at the top corner of the EMC
material of the package, as shown in Figure 11a.

Although the warpage at high temperature is large, the stress relaxation of the vis-
coelastic EMC material also occurs such that the stress phenomenon inside the package is
effectively alleviated. A maximum stress value of only 61.58 MPa is reached. When the
constant temperature stage ends and the temperature drops below 105 °C, the modulus
begins to rise sharply and the deformation ability of the EMC becomes worse, resulting
in less deformation in the low-temperature stage. The internal stress of the package also
begins to increase with the increase in the EMC modulus. The maximum stress obtained in
the low-temperature stage is 75.63 MPa, which occurs at the corner of the interface between
the lowest chip and the adhesive material. The maximum stress change in the cycle is
shown in Figure 12.
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Figure 11. Package deformation and stress cloud picture. (a) Package deformation cloud picture at

high temperature; (b) package deformation cloud picture at low temperature; (c) package stress cloud
picture at high temperature; (d) package stress cloud picture at low temperature.

100

80

ANV

20 . .

Equivalent von Mises stress (MPa)

T T T
0 50 100 150 200 250 300

Time (min)

Figure 12. Change in maximum stress in load cycle.

The maximum stress of chip-1 to chip-5 is 75.63, 59.60, 49.44, 46.94 and 26.60 MPa in
increasing chip order, which shows a decreasing trend from bottom to top, as shown in
Figure 13. It can be seen from the stress cloud picture of each chip that the maximum stress
always occurs at the interface between the chip stacking step and the adhesive material
and is far less than the breaking stress limit of 6-7 GPa of silicon material. This proves that
the packaging structure meets the process standard from the perspective of stress analysis.
Therefore, the following sections of this paper mainly focus on the optimization design of
the package warpage.
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Figure 13. Stress cloud picture of each layer of stacked chips. (a) Chip-1 stress cloud picture; (b)
Chip-2 stress cloud picture; (c) Chip-3 stress cloud picture; (d) Chip-4 stress cloud picture; (e) Chip-5
stress cloud picture.

3.2. Analysis of Warpage Simulation Results

The mismatch of the thermal expansion coefficient between the materials of the pack-
age is the root cause of warpage [22]. In addition to this, changes in the internal structure
and material properties can influence warpage. It is generally required that the warpage
should not exceed 50 um [18] in the height direction. In this study, the package warpage
value under a temperature cycle is selected as an evaluating indicator in order to explore the
influence of packaging structure on package warpage. In addition, different applications
of memory chips often lead to changes in the substrate structure. It should be noted that
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the study mainly analyzes the general rules of the influence of packaging materials on the
warpage of the package and does not consider the influence of the substrate.

3.2.1. Influence of EMC Thickness on Warpage

From the perspective of the packaging structure, the increase in the thickness of the
EMC helps to improve warpage in the production process and extend the distance between
the internal chip and the external environment, and thus reduce the possibility of moisture
diffusion corrosion. However, the increase in the thickness of the EMC will also lead to
poor heat dissipation performance of the chip. The design of 3D packaging must therefore
aim to find the balance between internal junction temperature and package warpage. The
influence curve of the EMC thickness on the package warpage is shown in Figure 14.

32

30
28 4

26 -
24 \
22 4

20 \

18 \-

16

Warpage (um)

14

12 T T T T T
0.75 0.80 0.85 0.90 0.95 1.00 1.05 1.10 1.15

EMC thickness (mm)

Figure 14. Influence of EMC thickness on warpage.

The results show that with the increase in the thickness of EMC material, the warpage
value of the package decreases and reaches a minimum value of 18.08 um when the
thickness is 1.1 mm. The changing range is more than 5 um, and therefore the thickness of
the EMC material can be regarded as one of the main influencing factors. At a thickness
of 0.8 mm EMC material, the top chip is only 0.2 mm away from the EMC surface, and
the bonding wire loop height here is 150 pm. Considering that subsequent laser marking
requires a 50 pm safe distance, a 0.2 mm EMC thickness is regarded as the limit. In
combination with the above analysis, in order to effectively reduce the reliability problems
caused by packaging warpage, the thickness of the EMC can be appropriately increased
within the allowable range of the structure.

3.2.2. Influence of Die Bond Material on Warpage

In the packaging process of three-dimensional memory chips, DAF (die attach film) is
usually used for the die bond [23], with a typical thickness of 5—30 um [24]. In this section,
the influence of DAF thickness and the coefficient of thermal expansion (CTE) on warpage
is investigated. The influence curve of DAF on the package warpage is shown in Figure 15.

There are five layers of DAF inside the package, where every 5 um increment in the
DAF thickness causes a 25 um change in the package thickness. The simulation results
show that the warpage value of the package increases gradually with the increase in DAF
thickness, where the maximum value of 23.39 um is obtained when a DAF thickness is
increased to 30 um. In addition, the increase in the CTE of DAF will lead to a smaller
increase in warpage, with a maximum warpage value of 22.17 um obtained at 80 ppm/°C
of DAF CTE. The increasing amplitude is 0.7 um with different DAF CTE. Therefore,
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the thickness of DAF should be controlled as much as possible, and a low CTE should
be selected.

34 28

324 27
30 26
25 4 25

2% 24
23 4

24 4
ks . 22
=, 22 —_—

= 21
20 —

Warpage (um)
.
Warpage (um)

20 4

18 19 4

16 4 18 4

14 o 17

12 T T T T T 16
0.005 0.010 0.015 0.020 0,025 0.030 0.035 8 16 24 32 40 48 56 64 72 80 88

DAF thickness (mm) DAF CET (10-9F)

(a) (b)

Figure 15. Influence of DAF on warpage. (a) Influence of DAF thickness on warpage; (b) influence of
DAF CET on warpage.

3.2.3. Influence of Die Thickness on Warpage

The wafer original thickness is usually 750 pm, which will be reduced to 320 pm,
230 pm and even 50 pm when packaging. The circuit itself only occupies fewer than
5 um, but with the decrease in wafer thickness, its strength also decreases. For the 3D-
stacked packaging of memory chips, the number of internal integrated chips determines
the capacity of information storage. However, the control of chip thickness is not only
related to the packaging process but also needs to consider the influence of deformation
and thermal stress during the packaging process.

There are five layers of chips inside the package, where every 10 um increment in chip
thickness leads to a 25 um change in the package thickness. The simulation results show
that with the increase in the chip thickness, the package warpage shows a weak downward
trend and obtains a minimum value of 20.89 um when chip thickness decreases to 130 um,
as shown in Figure 16. The material of the chip is monocrystalline silicon, which has a
large Young’s modulus and a thermal expansion coefficient much lower than that of all
other packaging materials. The increase in the chip thickness leads to an increase in volume
occupied by the silicon material in the package, which affects the deformation ability of the
package. Therefore, the chip thickness can be appropriately increased to resist the influence
of package warpage.

28

27 4
26
25
244
i 23
% 22 4 —
= 214 T
= 20
19 4
18
17
16 . : . .
0.09 0.10 0.11 0.12 0.13 0.14
Chip thickness (mm)

Figure 16. Influence of die thickness on warpage.
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4. Conclusions

In this study, using the FE method and considering the viscoelasticity of the EMC, this
paper uses DMA to obtain the EMC viscoelasticity parameters and then uses the FE method
to explore the influence trend of different factors, such as EMC, die bond material and
chip, on the performance of the packaging under the temperature cyclic loading condition.
The results show the following: (1) in the temperature cycle simulation process, when the
temperature rises above 105 °C, the EMC transitions from the glass state to the rubber state,
and the modulus decreases greatly, resulting in large package warpage up to 21.84 um
in the high-temperature stage; (2) although the warpage at high temperature is large, the
stress relaxation of the viscoelastic EMC material also occurs at this time. This effectively
alleviates the stress inside the package to a value far less than the breaking stress limit of
silicon material; (3) different package structures could lead to different package warpage,
and the influence of EMC thickness on warpage is much greater than the die and die bond
material. To effectively reduce the reliability problems caused by packaging warpage, the
thickness of the EMC can be appropriately increased within the allowable range of the
structure for the application of memory chip 3D-stacked packaging; and (4) in this study,
the best warpage value for a memory chip 3D-stacked packaging sample was obtained with
an EMC thickness of 1.10 mm, a DAF thickness of 0.0lmm, a DAF CTE of 16 x 10~¢/°C
and a die thickness of 0.13 mm.
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