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A B S T R A C T

In this work, we discuss the influence of strained silicon technology on transistors in the context of Through
Silicon Via (TSV) thermal stress. An accurate thermal stress distribution around a single TSV is firstly obtained
by finite element analysis. Then we simulate the transistors using strained silicon technology and apply the
TSV–induced stress to the structure to study their magnitudes and mutual influences. We demonstrate that
the combined stress distribution of these two stress sources in 45 nm planar transistor cases can almost be
viewed as the superposition of each individual distribution results. While in complex 3D structures like the
case of FinFETs or the case considering 3D structures in dies, the TSV stress has little impact. Based on the
updated stress distribution, the carrier mobility variations of the channels of planar transistors around the TSV
are studied. In our experimental setup, the mobility of PMOS is weakened in the x-axis and enhanced in the
y-axis, while NMOS has an opposite feature. Besides, the strained silicon technology can greatly enhance the
carrier mobility. Finally, we discuss the determination of the keep out zone of a TSV in circuit design based
on the aforementioned performance variations of transistors.
1. Introduction

Settling more transistors or dies in a limited packaging area to
increase the integration density has been an important target in circuit
manufacturing for a long time. Three Dimensional Integrated Circuit
(3D-IC) technologies have been proposed and applied in commercial
products for several years because it has high integration density, fast
intra-die connection, and potential high bandwidth due to stacking the
dies vertically in one chip package. For example, the stacked silicon
interconnect technology is a kind of 3D integration technology used in
FPGA products of Xilinx [1].

The key structure to serve as the interconnections between dies in
3D-IC is Through Silicon Via (TSV). Essentially, it is a copper pillar
that lies vertically and goes through the silicon substrate of one die
to another die to transmit signals or energy. A schematic of a complete
TSV structure is shown in Fig. 1. With TSVs, the connections are shorter
and the dies can be stacked layer by layer to increase integration
density while reduce the form factor. DRAM and Flash are typical TSV–
based 3D-IC products. Toshiba is the first to release the 96-layer 16-die
stacked 3D NAND Flash modules in 2018 [2]. Recently, SK hynix makes
a 176-layer stacked module which further improves the density by
about 1.4X when compared to the 128-layer module [3].
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However, the manufacturing process of a TSV can induce thermal
stress in the die. In the process, the temperature changes from about
275◦C to 25◦C. Then due to the mismatch of the Coefficient of Thermal
Expansion (CTE) of materials, especially between the TSV (copper) and
the substrate (silicon), stress is induced. What is more, when there
is stress in the substrate near TSVs where transistors are located, the
electrical characteristics (like mobility and threshold voltage) of the
transistors will be influenced [4] or even some cracks or failures will
occur. Finally, it causes timing and lifetime issues of the circuit. As a
result, it is necessary to study the stress distributions in a TSV–based
3D-IC. Typically, there are three types of approaches to perform the
stress analysis: one is the Finite Element Analysis (FEA) method [5],
the second is the analytical method [6] and the last is the mixed semi-
analytical method [4,7] (deriving an analytical formula based on the
FEA results).

The state-of-art works have considered the TSV arrays-induced
stress [4], or the TSV stress together with the stress from other struc-
tures like Shallow Trench Isolation (STI) [8] or package components [9].
They usually use superposition to combine these parts to form the
complete stress distributions. Finally, those works also look at the
influence of stress on the nearby circuits.
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Fig. 1. A single TSV structure schematic with sizes and materials.

Table 1
Parameters of materials for FEA simulation.

Material CTE (ppm/◦C) Young’s modulus (GPa) Poisson’s Ratio

Cu 17 110 0.35
Si 2.3/a0 130 0.28
SiO2 0.5/a0 71 0.16
Low K 20 9.5 0.3
Ti 8.6 116 0.32
Si0.8Ge0.2 a7.549e−6 153.6 0.277
Si3N4

a13.994e−6 290 0.24

aVirtual CTE mentioned in Section 3.

Apart from the aforementioned structures in new processes, another
stress source is bound to emerge, which is the strained silicon tech-
nology. It is firstly raised by Intel in 2002 [10]. Strained silicon can
introduce extra stress in the channel of transistors to improve electrical
performance. In strain engineering, in addition to planar transistors,
FinFETs are more complex in structure but they benefit more from this
technology.

In this work, we first get an accurate stress distribution of a com-
plete single TSV structure through FEA simulation. Secondly, we run
simulations of different strained-Si transistor structures to get the en-
hanced channel stress. Then the TSV-induced thermal stress is added
afterwards to identify whether these two stresses can influence each
other. Also, a FinFET case and a 3D case with STI are studied and the
results guide an exploration on the structural effects in stress issues.
Finally, we evaluate the mobility variations around a TSV in 3D-IC
after updating the stress distributions and also discuss how to determine
the Keep Out Zone (KOZ) of a TSV in circuit design. Based on our
experiments, we conclude that the TSV-induced thermal stress and
the strained silicon-enhanced stress can almost be added linearly in
the stress analysis of the planar transistors. However, the TSV-induced
thermal stress has small impacts on complex 3D structures. The TSV
stress causes variations to the carrier mobility of the transistors around
it, while the strained silicon technology brings a great increase in
carrier mobility.

The remainder of this article is organized as follows. Section 2
introduces some necessary background of this topic in detail. Section 3
describes the stress simulation methods and shows the results as well as
our observations and reflections. In Section 4, we study the influences
of the stress on transistors and discuss the set of KOZ. The last section
gives the conclusion and the outlook.
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Fig. 2. Stress distributions near the substrate surface along the radius of a single TSV
in Cylindrical coordinates. (a) Three normal stress components. (b) Three shear stress
components.

2. Background

2.1. TSV-induced thermal stress

There are mainly two kinds of methods to obtain the stress distribu-
tions: the analytical method and the FEA method. It is complex to set
up the analytical formulas based on physical modeling [11], especially
in the case of circuits with real layout [6]. Jung’s works [5,9] have also
shown that some analytical formulas [12] are not accurate enough for
3D structures, and when considering packaging components, physical
modeling is almost impossible in such complex 3D situations. However,
a proper model with analytical formulas is suitable for some fixed pat-
terns and it is far quicker than FEA methods in analysis. For example,
Marella’s work [6] points out that the analytical method takes 1.5 ms to
evaluate the stress of a representative structure while the FEA method
takes 80 mins. What is more, it takes over a day to obtain the stress of
a complex 3D TSV structure by FEA method [9]. However, although it
is slow in simulation, the FEA method is generally preferred because it
can catch all the possible influences accurately, especially for complex
3D structures which demand high precision simulation results.

As shown in Fig. 1, we simulate the TSV structure to get the
accurate thermal stress around it. Besides the copper TSV and the
silicon substrate, a complete structure includes landing pads, liner and
barrier, and the Inter-Layer Dielectric (ILD) and dielectric layers [5]. To
simulate the thermal stress of a structure using FEA tools, 3D models
and related material parameters are required. We do the simulation
based on the structure in Fig. 1. The related materials and parameters
are listed in Table 1. The temperature in simulation steps is set from
275 ◦C to 25 ◦C. Note that unless otherwise stated, all simulations men-
tioned in this work are launched by an FEA tool-ABAQUS and all data
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Fig. 3. Three normal and one shear stress distributions around a single TSV. (X/Y axis
is the distance from TSV center.).

is processed and presented by MATLAB or EXCEL. In the simulation,
all stress components of all mesh nodes can be calculated and finally
presented in the form of a 3D view. In mechanics, stress at a point in an
object is defined by nine stress components. They can be divided into
two categories: three normal stresses and six shear stresses. Among the
shear components, there are three groups of pairwise equivalent. So in
our work, we only present the stress results of three normal and three
shear components which are denoted as {𝑆𝑥𝑥, 𝑆𝑦𝑦, 𝑆𝑧𝑧, 𝑆𝑥𝑦, 𝑆𝑥𝑧, 𝑆𝑦𝑧}
(𝑥, 𝑦, 𝑧 are the directions in Cartesian coordinates).

After simulation, the stress components near the substrate surface
along the radius direction of the TSV are sampled. The results are
shown in Fig. 2 and they are in Cylindrical coordinates for the con-
sistency in any radius direction. Then the stress distributions around a
TSV are generated in cloud chart form in Cartesian coordinates by in-
terpolation in MATLAB. Three normal and one shear stress distributions
are shown in Fig. 3, while the other two shear stress components are not
shown because their magnitudes are so small that can be ignored. All
stress distributions can basically match the ones in work [5]. Positive
and negative stress values represent tensile and compressive stress
respectively. When converted into Cartesian coordinates, the stress
expresses a different distribution along X and Y axes. It further affects
the transistors reversely in axes, which is analyzed in Section 4. The
peak normal stress component is over 300 MPa, and appears at the edge
between the TSV and the substrate. The stress decreases approximately
exponentially along the radius. Only when the distance from the center
of the TSV is more than 10μm, the stress can be negligible.

2.2. Strained silicon technology

Strained silicon technology has been widely used in manufacturing
process since it was proposed in 2002. The strained silicon transistors
usually have special structures and use special materials like SiGe or
Si3N4 to introduce additional stress in the channel to improve the
performance.

The strained PMOS structure with SiGe source/drain is simulated
firstly. Because of the lattice mismatch between the substrate (Si) and
the source/drain (SiGe), a uniaxial compressive stress is induced in the
region where the transistor channel lies. A schematic diagram is demon-
strated in Fig. 4(a) according to Intel’s work [13]. The strained NMOS
structure with Si N capping layer is simulated secondly. Because of
198

3 4
Fig. 4. (a) The schematic of simulation structure 1 of a 45 nm planar strained-
Si transistor with SiGe source/drain. (b) Three normal stress components along the
channel (marked by a red line in (a)).

Fig. 5. (a) The schematic of simulation structure 2 of a 45 nm planar strained-Si
transistor with Si3N4 capping layer. (b) Three normal stress components along the
channel (marked by a red line in (a)).

Fig. 6. (a) Simulation structure 3 of a Si-bulk PMOS FinFET. (b) Three normal stress
components along the channel.

the high tensile stress in the capping layer (Si3N4), a uniaxial tensile
stress is induced in the transistors’ channel. The schematic diagram is
demonstrated in Fig. 5(a). Also, a PMOS FinFET with a 20 nm gate
length is simulated (refer to [14]), which is shown in Fig. 6(a). To
model the complex FinFET structure accurately, we use Sentaurus TCAD
tool from Synopsys to do the simulations.

3. Stress simulation method and results

3.1. Simulation method of strained silicon technologies

We are interested in the stress along the strained silicon transistor
channel, so the simple 45 nm planar strained-Si transistor structures
(Figs. 4(a) and 5(a)) are simulated.

Since the nature of strained silicon technology is the lattice mis-
match between materials, there is no appropriate method to simulate
it directly in FEA analysis. Some researches [15,16] employ the ‘virtual
thermal expansion’ method to simulate this stress whose accuracy
and feasibility have been validated. First, the lattice parameters of
the related materials are required. Silicon has a lattice parameter of
0.5431 nm [17]. According to Vegard’s law, the lattice parameter of
Si Ge (Note that the SiGe here has a material content ratio of 8:2) is
0.8 0.2
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calculated to be 0.5472 nm. The lattice parameter of Si3N4 is 0.5507 nm
with reference to the dataset [18]. Then the mismatch of the lattice can
be transferred to virtual CTEs and in our work we assume the virtual
temperature change is 1000 ◦C.

𝑣𝑖𝑟𝑡𝑢𝑎𝑙 𝐶𝑇𝐸𝑚 (ppm∕◦C) =
𝑎𝑚 − 𝑎𝑆𝑖
1000 ∗ 𝑎𝑆𝑖

(1)

where 𝑎 represents the lattice parameter of the material and 𝑚 can be
Si0.8Ge0.2 or Si3N4. The calculated virtual CTEs of the materials are
listed in Table 1 with corner marks. As a result, the simulation of
the lattice mismatch stress can be performed by the common thermal
stress process with those virtual CTEs as well as the other two intrinsic
parameters and a temperature change of 1000 ◦C.

We use the Sentaurus TCAD tool to simulate the stress in the FinFET
structure in Fig. 6(a). Once we set the structure and the related material
information, the tool can derive the stress along the channel.

3.2. Results of strained silicon-enhanced stress

The stress distributions along the channel of three structures are
shown in Figs. 4(b), 5(b) and 6(b). The (x,y,z) directions are the channel
length, channel width and height respectively. The three shear stress
components are not shown because they are not critical for the follow-
ing analysis. Three normal stress components 𝑆𝑥𝑥, 𝑆𝑦𝑦 and 𝑆𝑧𝑧 along
the channel length direction have major impacts on device performance
(described in Section 4). In the channel of structure 1, on average, it has
a −367 MPa 𝑆𝑥𝑥 stress, a −35 MPa 𝑆𝑦𝑦 stress and a 242 MPa 𝑆𝑧𝑧 stress.
Similarly in the channel of structure 2, average 𝑆𝑥𝑥/𝑆𝑦𝑦/𝑆𝑧𝑧 stresses
are 426/4/−413 MPa. In structure 3, average 𝑆𝑥𝑥/𝑆𝑦𝑦/𝑆𝑧𝑧 stresses are
−1.51/0.47/0.64 GPa.

We observe that stresses have comparatively large changes at the
ends of the channels. The 𝑆𝑥𝑥/𝑆𝑦𝑦/𝑆𝑧𝑧 stresses at the end of the channel
of structure 1 are −420/−95/77 MPa. Similarly, the corresponding
stresses of structure 2 are 407/35/−283 MPa and the correspond-
ing stresses of structure 3 are −1.82/0.62/0.73 GPa. The results in
work [19] also demonstrate a similar phenomenon. The major reason
should be that these positions (the ends of the channels) are near the
interfaces of several different materials in the complex 3D structure.
Every component of the structure has an impact of stress on these
positions depending on their distances, which causes stress to vary.

One more thing that must be clarified is that the ideal straight plane
interfaces and the sharp corners of the 3D model in the simulation may
cause differences from real devices. Besides, due to the different settings
and parameters of materials and different structures of the strained
silicon transistors, the stress results differ. Our results are reasonable
because they can match the order of magnitude of the ones mentioned
in related work [19].

3.3. Results of the stress combination

In real circuit design process, the TSVs are placed with the tran-
sistors around and the strained silicon technology is widely used in
modern processes. Then the stress distributions under this situation
need to be studied. We apply an additional stress field to the strained
silicon transistor structures in simulations to serve as the TSV-induced
thermal stress at a certain position.

For the case of structure 1 shown in Fig. 4, we take 𝑆𝑥𝑥 stress
component as an example and the results are shown in Fig. 7. It
is assumed that the transistor is located at a position that suffers a
130 MPa tensile 𝑆𝑥𝑥 stress from the TSV (the gray ‘⋅⋅−’ line). This stress
can be set as a constant along the channel because a 45 nm channel
length is much smaller than the impact range of the TSV which is in
‘μm’ level. The blue dotted line is the enhanced stress from strained
silicon mentioned above. By simply adding them up, we get the red
dashed line. The black line represents the simulation results of the
combined stress from TSV and strained silicon.
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Fig. 7. 𝑆𝑥𝑥 of TSV-induced, strained-Si-enhanced and their combination of structure 1.

Fig. 8. 𝑆𝑥𝑥 of TSV-induced, strained-Si-enhanced and their combination of structure 2.

The combined 𝑆𝑥𝑥 stress can be seen as the superposition of the
TSV thermal stress and the strained silicon technology-enhanced stress
if ignoring the structure-induced changes at both ends of the channel
mentioned above. Based on our experiments, all other stress compo-
nents as well as different TSV-induced stresses of different distances
from TSV have the same superposition feature.

Structure 2 exhibits the same characteristics as structure 1, which
is shown in Fig. 8.

3.4. 3D structural effects in stress analysis

Unlike planar transistors, FinFET is hardly affected by the applied
TSV stress according to our simulations. Also, similar phenomena occur
in some researches [20,21]. These works point out that FinFET devices
are less susceptible to stress impacts due to the large gate surface area.
We speculate from our results that the complex FinFET structure may
also have some influences. The TSV stress is somehow reduced by
certain parts of the structures, like the fins on the sides of the channel,
which deserves further study.

Besides, the work [6] studies the thermal stress from STI and
directly uses the superposition property to combine it with the TSV
thermal stress. However, it is noticed that the situation may not be
that simple. The aforementioned FinFET case is the first inspiration.
Secondly, the work [5] proves that the SiO2 liner around the TSV can
act as a stress buffer layer to reduce the stress at the edge of the TSV
due to the lower CTE. Since STI is also usually made from SiO2, we
first guess the complex 3D structures like the STIs which cover almost

all areas of the die can have impacts on the TSV thermal stress.
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Fig. 9. The schematic of TSV structure with simplified cells. (a) The top view of the
structure (ignoring the top ILD and Dielectric layers in the figure). (b) The cross-section
view along the red dashed line in (a).

Fig. 10. The stress results near the substrate surface along the radius of a single TSV
with/with out STI structures in Cylindrical coordinates. (a) 𝑆𝜃 . (b) 𝑆𝑟.

Based on the complete TSV structure mentioned in Section 2.1,
a simplified structure is simulated to study this case. As shown in
Fig. 9, supposing some standard cells of inverters are placed on the
substrate surface at 1 μm intervals along the TSV radius. Their di-
mension information comes from an open-source 45 nm process design
kit (Silvaco FreePDK45 Library v1.3_v2010_12 from Silicon Integration
Initiative, Inc.). To simplify the simulation, it is assumed that these cells
only have the silicon region where the transistors locate and the STI
parts which surround the silicon. Results of two stress components at
the center of every transistor channel (marked by red dots) are shown
in Fig. 10. It is obvious that the 𝑆𝑟 stress component along the radius
direction is reduced by STI while the 𝑆𝑡ℎ𝑒𝑡𝑎 is not. Other components
values are very small and they are almost unaffected.

The results from these two cases are interesting and the superpo-
sition property is not completely suitable for the circuits of modern
processes. We believe that there really exists complex structural effects
on stress in 3D-IC when considering various structures (package com-
ponents like bumps, or process structures like STIs and dielectric layers)
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Table 2
Piezoresistive coefficients (𝑇𝑃𝑎−1) in (100) Si wafer.

Type 𝜋′
11 𝜋′

12 𝜋12
N-type Si −312 −176 534
P-type Si 718 −663 −11

Fig. 11. (a) Hole mobility variation (%) of PMOS around a TSV. (b) Electron mobility
variation (%) of NMOS around a TSV. (X/Y axis represents the distance from TSV
center.).

and technologies (FinFET or GAAFET). We will continue to study these
issues in future work.

4. Influence of the stress and discussions

4.1. Stress-induced carrier mobility variation of transistors

We are interested in how the stress influence the electrical per-
formance of the transistors. In semiconductors, the stress can affect
the band gap, making the electrons easier or harder to leap to the
conduction band. This is called the piezoresistive effect, which causes
a change in carrier mobility. Based on the theoretical formulas and
parameters listed in Jung’s work [9] and Jaeger’s work [22], we can
export the carrier mobility variations of transistors.
𝛥𝜇
𝜇

=(𝜋′
11𝑆𝑥𝑥 + 𝜋′

12𝑆𝑦𝑦)𝑐𝑜𝑠2𝜙

+ (𝜋′
11𝑆𝑦𝑦 + 𝜋′

12𝑆𝑥𝑥)𝑠𝑖𝑛2𝜙

+ 𝜋12𝑆𝑧𝑧 + 𝜋′
44𝑆𝑥𝑦𝑠𝑖𝑛2𝜙

(2)

where 𝜙 is the angle between the wafer orientation and the transistor
channel. Note that all transistor channels are assumed to locate along
the 𝑋 direction, which means 𝜙 = 0 in our experiment setting. So the
formulas can be reduced to:
𝛥𝜇
𝜇

=𝜋′
11𝑆𝑥𝑥 + 𝜋′

12𝑆𝑦𝑦 + 𝜋12𝑆𝑧𝑧 (3)

In this setting, we can find that the carrier mobility variation depends
on three normal stress components. The 𝜋𝑠 are piezoresistive coeffi-
cients and their values are listed in Table 2 according to the Ref. [22].

4.2. Mobility variations around a TSV

Based on the theoretical formulas mentioned above and the stress
distributions we obtained by simulation, the carrier mobility variations
of hole and electron around a TSV are shown in Fig. 11. It is observed
that PMOS (hole carrier) and NMOS (electron carrier) are both influ-
enced by the TSV stress. However, they present totally different results.
The mobility of PMOS is enhanced along the 𝑌 -axis and is weakened
along the 𝑋-axis, while NMOS has the opposite characteristics. Both
of their influences decrease with the increasing distance from TSV.
However, we are aware that the parameters from the reference work
may be out of date. From the perspective of today’s process, with
different materials and improved technologies, the influences from
stress on transistors may differ.
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Fig. 12. Hole mobility variations (%) around a TSV with strained-Si PMOS of structure
1. (X/Y axis is the distance from TSV center.).

Fig. 13. Electron mobility variations (%) around a TSV with strained-Si NMOS of
structure 2. (X/Y axis is the distance from TSV center.).

4.3. Mobility variations around a TSV with strained silicon

Next, the 45 nm strained silicon planar transistors are taken into
consideration that we assume they can be placed everywhere around
a TSV. Because of the property of superposition, all stress components
from the TSV and the channel at a certain point can be simply added
up. For simplicity, the average stress values in the channel from the
results in Section 3.2 are used in the calculation. Results are shown
in Figs. 12 and 13. Compared with the results in Fig. 11, the strained
silicon technology of structures 1 and 2 can raise the related carrier
mobility by about 25% and 30% respectively, which also basically
matches the results from Intel [19].

Note that our experiments are based on some early strained silicon
structures and technologies. The current strained engineering of tran-
sistors can bring much bigger stress in the channel, which enhances
the carrier mobility by more than 100% compared to the none-strain
process. At that time, although the influence on carrier mobility from
the TSV is no more than ±20%, which seems much smaller than the
enhanced carrier mobility from strained silicon technology, they cannot
be ignored. One reason is that the TSV stress causes performance
imbalances in circuits. When placing the transistors around the TSV in
real circuit designs, those variations will cumulatively affect the circuit
performance and long-term lifetime. For example, clock asynchrony,
thermal imbalance, or imbalance device aging will occur, which reduce
the reliability of the 3D-ICs.
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Fig. 14. Electron mobility variations (absolute value) of NMOS along the Y axis of a
TSV.

4.4. The determination of KOZ

In the placement process of designing a 3D circuit, there is a for-
bidden region around a TSV to avoid influences from the TSV on other
cells around, which is called the Keep Out Zone (KOZ). For example,
the influence range of the TSV stress on PMOS shown in Fig. 11 is from
the TSV edge (2.5 μm) to about 8 μm. If we set the KOZ radius to be 8
μm in this case, the PMOS placed out of the region will not be affected
by the TSV stress.

Based on the results in Section 4.2, we take the electron mobility
variations along the Y axis of TSV as the discussion object of the
determination of the KOZ. It is because it expresses the biggest variation
which is representative. The chosen results are shown in Fig. 14. In this
case, although at a radius of 5.3 μm which is 2.7 μm away from the
edge, the NMOS mobility variations are still very large (around ±10%).
If an application is very sensitive to the performance variations like
the analog circuit, maybe a KOZ radius of 11.6 μm with a 2% variation
is still not acceptable. However, considering the trade-off between the
performance variations and the circuit areas in general cases, a choice
of the 10 μm KOZ radius can be reasonable. That simple case analysis
is just an example and it suggests that the determination of the KOZ
should be considered carefully based on the application and the cost.

Even in today’s well-developed manufacturing process, the designer
must treat the TSV stress carefully and artfully. EDA researchers should
cooperate with manufacturers to improve the algorithms to adapt the
complex stress analysis in 3D-IC designs. For example, for the cells
which are not sensitive to the performance variation, the placement al-
gorithms can put them near the TSVs based on the detailed information
of influence distribution provided by the foundary. Such optimization
may finally reduce the KOZ and the area or improve the reliability of
the circuit.

In addition, some other factors can affect the KOZ of a TSV like
the parasitic effects. We just provide an analysis idea for the KOZ
configuration with respect to the TSV stress.

5. Conclusion and future work

This work intends to reveal the influences of TSV stress on strained
silicon transistors. The channel stress enhanced by strained-Si technol-
ogy is studied based on the thermal stress distributions around a TSV.
It is verified by simulation that for planar strained-Si transistors, the
TSV stress can basically be added linearly when ignoring the errors at
the ends of the channels. However, when it comes to FinFETs or 3D
structures like STIs in circuits, the stress combinations are far more
complex. We also analyze the carrier mobility variations of planar
transistors around the TSV based on the combined stress distributions.
Finally, we discuss how to determine the KOZ and present our ideas
about the improvements in 3D-IC design.
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Actually, there are still many issues that are worth further study,
such as the 3D structural effects mentioned in Section 3.4 in stress
analysis. We observe the absorption of the stress by STI structures
and it can be studied quantitatively. Theoretically, some relationships
between the stress from TSV and other 3D structures can be derived.
However, it highly depends on the structures. The 3D case is so complex
that it is hard to streamline the models to get a general but convincing
analytical pattern. What is more, the placement in the circuit level
should be considered as mentioned in Section 4.4.
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