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Abstract

Electromigration (EM) is a critical problem for
interconnect reliability of modern IC design, especially as the
feature size becomes smaller. In 3D IC technology, the EM
problem becomes more severe due to drastic dimension
mismatches between metal wires, through-silicon-vias
(TSVs), and landing pads. Meanwhile, the thermo-mechanical
stress due to TSV can further interact with EM and shorten
the lifetime of the structure. However, there is very little study
on EM issues with respect to TSV for 3D ICs. In this paper,
we perform detailed and systematic studies on: (1) EM
lifetime modeling of TSV structure, (2) impact of TSV stress
on EM lifetime of BEOL wires, and (3) EM-robust design
guidelines for TSV-based 3D ICs. Our results show EM-
induced lifetime of TSV structure and neighboring wire
largely depend on the TSV-induced stress. Also, lifetime of a
wire can vary significantly depending on the relative position
with the nearby TSV.

1. Introduction

As semiconductor technologies are pushed forward for
higher performance with smaller power and area, three-
dimensional integrated circuits (3D ICs) have attracted a lot of
attention from both academia and industry. 3D ICs can be
realized with stacked dies and through-silicon-vias (TSVs) to
communicate vertically. 3D ICs can help increase the
bandwidth by reducing the interconnect length, reduce the
footprint of the system, and achieve heterogeneous integration
of the system. However 3D ICs introduce many new
challenges, in particular the reliability issues which have
become more critical. The temperature characteristics of 3D
ICs can be worse, additional stress can be generated due to the
coefficient of thermal expansion (CTE) mismatch between
TSV and silicon materials, and current density of the
interconnects needs to be increased to feed more transistors in
spite of high loading capacitance of TSVs.

Electromigration (EM) has been one of the major
reliability problems even in conventional 2D IC designs. EM
refers to the mass transport in metal structures. It is affected
by geometrical shapes, temperature distribution, mechanical
stress, current density, and material properties [1,12-13]. As
EM generates voids and hillocks, it would further affect the
geometrical shapes of the metal structure, the current density,
and the mechanical stress [1]. There are active studies to
improve the EM reliability in 2D ICs, especially for metal
wires, local vias between metal layers, bump metallization
and solder joints [2-4, 10-13].

However in 3D ICs, despite of importance of EM which
can shorten the lifetime of the system, only a few papers have
been published regarding this issue. Shayan et al. considered
mean time to failure (MTTF) due to the EM based on Black’s
equation, for a power distribution network (PDN) for 3D ICs
[8]. Trigg et al. demonstrated test chip for evaluation of 3D
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packaging reliability including EM [6]. However, these two
works are not based on the EM model of the TSV. Chen et al.
showed EM model of the TSV structure with landing pads and
copper cylinder, but did not consider the effect on the wires,
which can be connected to the landing pad [5]. Tan et al.
showed that a TSV may fail due to the thermo-mechanical
stress and show the modeling of TSVs in the interposer [7].
These works provide initial basis for EM modeling of TSV.
However, none of these works study the detailed EM
modeling of the TSV including metal wires connected to the
landing pad, neighboring wires near the TSV, or study the
relationship between TSV sizing parameters and EM.

In this paper, EM modeling with detailed TSV structure
and neighboring metal wires is proposed. Our model includes
materials such as interlayer dielectric (ILD), silicon dioxide
and benzocyclobuten (BCB). In Section III, we investigate
EM effect using the TSV model, including the TSV landing
pads and metal wires connected to them. We look into the
impact of mechanical stress gradients and current crowding on
the EM-induced lifetime of TSV structure, and have
experiments with various geometries of the TSV structure.

In Section IV, impact of TSV-induced stress on lifetime of
neighboring wires is studied. In 2D ICs, failure due to the EM
likely appears at the boundary of the microstructure, e.g. at
the end of the metal wire, if current density and temperature
are remained same along the wire [2,10,12]. However in 3D
ICs, we observe that failure can occur even in the middle of
the wire depending on the thermo-mechanical stress effect.
Also we show the failure can be either accelerated or delayed
due to the TSV-induced stress gradient, and study the
relationship with TSV radius and minimum distance from the
TSV to achieve robustness. Based on the observation in
Section III and IV, guidelines for EM-robust design for 3D
ICs are suggested in Section V.

I1. Preliminaries

Electromigration can be defined as the mass transport of
atom [1-2]. Stress-migration can be used to specifically define
stress-induced mass transportation of atoms. However,
recently ‘electromigration’ is used as a general terminology
for the mass transport of atoms, due to various driving forces
such as, high current density, mechanical stress gradient, and
temperature gradient [1,12-13]. In this paper, we use the term
electromigration for referring to the general transport of
material. Typically, change in atomic concentration in a metal
structure can be expressed by the traditional mass balance
equations [1].

> dc _
V-g+5=0 (1)
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Here, § is the total atomic flux, c is the atomic concentration
with initial value ¢y, j is the current density, Q is the heat of
transport, ¢ is the hydrostatic stress, and D is the diffusivity.

Table 1 shows the nomenclature of various parameters and
their values. Note that the local hydrostatic stress is a scalar

Ox+0y+0,

value expressed as o = . Transport of atoms in a

structure can induce back-stress and affect EM again [11].
The total hydrostatic stress can be expressed as the summation
of EM-induced back-stress and the residual stress generated
due to the CTE mismatch in a TSV structure [9,18].
Hydrostatic stress can be expressed as Equation 3,

0 = Orsy T Ogm 3)
where opgy and ogy represent the TSV-induced and EM-
induced hydrostatic stresses, respectively. Hydrostatic stress
can also affect diffusivity D as shown in Equation 4.
Parameters of the equation can be found in Table 1.

D =D, - exp (ﬂ(UTSV*,;;EM)—Ea) (4)
As EM is governed by multiple driving factors such as
current density, stress, temperature and atomic concentration a
finite-element-method (FEM) solver is used for estimating the
transient atomic concentration. We build 3D models of
various structures of the TSV and the wire based on Equation
1-4, using commercial FEM solver named COMSOL
Multiphysics. Another tool named ANSYS is used to generate
the TSV-induced stress. The stress values generated by
ANSYS are transferred to COMSOL to obtain accurate
results.

Table 1. Nomenclature of parameters and values

Parameter Representation Value

c0 Initial atomic concentration 1.53e28
DO Initial diffusivity le-8
Ea Activation energy 1.3e-19
k Boltzmann’s constant 1.38e-23
T Temperature (K) 323

j Current density (A/m2) lel0
z Effective charge 4

e Electron charge 1.6e-19
Q Atomic volume 1.6e-29

In 3D ICs, TSV-induced stress can significantly affect the
atomic movement. Thus, the trend of EM-induced failure can
be different as compared to 2D ICs. In the following sections
we discuss in detail how TSV-induced stress can impact EM
in various structures.

III. EM modeling of TSV
1II-1. TSV modeling for the Via-first structure

In literature TSVs of various sizes have been proposed
[7,9,18]. According to IMEC [17], Via-first approach can
realize a TSV of diameter Sum. We assume TSV diameter as
4um, landing pad size as Sum x Sum, and thickness of silicon
substrate as 30um. For the Via-first approach, the top landing
pad of the TSV is connected to the first metal layer, while the
bottom landing pad touches top metal layer. We also vary the
size of the TSV diameter to see its impact on EM.

Si | |[30um
Landing Pad on M1 .
\
\ BCB lum
X ILD 4.2um
_ 0.2um
M1 wire
(a) TSV Si | [30um
2
BCB lum
[ [ |
/ f ILD 4.2um
Landing Pad on M8 M8 wire
Si 30um
hA
0.2um MI wire M8 wire
b y . \" l* 0.8um
® 3 & e
le le pe |
' 10um " Sum | 10um

Figure 1. (a) Cross section of 3-die stacking structure with a Via-first TSV.
(b) Top-down view of the TSV, landing pads and connected wires.

Figure 1(a) describes the TSV structure we used to
simulate the thermo-mechanical stress due to the CTE
mismatch. Properties of various materials used are shown in
Table 2. We ignore the thin TSV liner around the TSV
cylinder during stress calculation. By ignoring the TSV liner
we can achieve faster runtime with little loss in accuracy.

Table 2. Material properties of TSV structure

Elastic Module Poisson’s CTE
(GPa) Ratio (1/K)
Silicon 162 0.28 3.05e-6
Copper 111.5 0.343 1.77e-5
Silicon Oxide 71.7 0.16 5.le-7
ILD 9.5 0.3 2.0e-5
BCB 6.1 0.35 3.3e-5
A Current
Y —>

1 H G F

Figure 2. TSV structure and testing points for experiments. A, F are the ends
of the wire; B, G are the interface between the landing pad and the wire; C
and H are in the center of the TSV on top and bottom side; D, I are 0.75%
radius point from the TSV center; E is in the middle of the TSV cylinder.
Path 1 and path 3 lie along the x-axis while path 2 lies along the z-axis.
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Figure 2 shows the testing points in the TSV structure. We
assume that a current density of 1e10A/m’ enters through the
M1 wire from point ‘A’. We investigate EM at the ends of the
wires, inner points of the TSV, and landing pad-wire interface
as shown in Figure 2.

To clearly show the stress effect on EM, we display stress
profile along the certain paths in Figure 2. Figure 3 is the
stress profile along these three paths.
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Figure 3. Stress profile along the paths shown in Figure 2. (a), (b), and (c)
shows stress along the path 1, 2, and 3, respectively.

11I-2. Impact of TSV radius on EM

To measure the degradation caused due to EM, we define
a time metric (similar to time-to-failure) to measure how long
it takes for atomic concentration variation to reach a certain
threshold (T,.). In this paper, we use 5% deviation of atomic
concentration [1] as the threshold, and compute the fastest
time that reaches such deviation (i.e. similar to time-to-
failure). Depending on the failure criteria, current density,
magnitude of TSV-induced stress, and the values of various
constants, the actual value of T, can vary. However, the
overall trend remains the same. Thus, we use normalized Ty,
to show the trends.

We change the TSV radius from 2um to 4um, and see the
impact on Ty.. We also increased landing pad size from Sum
to 10um to keep the ratio of landing pad over the TSV
diameter as a constant. Table 3 shows normalized T, for
different TSV radius.

Table 3. Normalized T ,¢ according to TSV radius

rad A B C D E F G H 1

higher stress gradient as compared to points ‘H’ and ‘I". Thus,
points ‘C’ and ‘D’ tend to fail first than points ‘H’ and ‘I’.
Points ‘B’ and ‘G’, the interface of landing pad and the wire,
fail next. Here, the amount of stress gradient is less than that
of the TSV center, but these points still have higher stress
gradient compared to the other points. Due to the higher stress
gradient at ‘B’, it tends to fail earlier than ‘G’.

The failure at points ‘A’ and ‘F’ is impacted only by the
amount of current density in these regions. Since, the wire
connecting to point ‘F’ has greater width and thickness; it has
lower current density and thus tends to fail slower compared
to ‘A’. ‘E’ is typically the most robust point, not only it does
not have any stress gradients, but also current density inside
of the TSV cylinder is low enough. In general, we observe
that TSV-induced stress can increase the number the number
of points where failure may occur.

By increasing the TSV radius, the amount of stress
gradient around stress-hot region gets larger, therefore ‘B’,
‘C’, ‘D, ‘I’, ‘H’, ‘G’ fail earlier than the smaller radius of
TSV. T, of other points do not change much. We can see that
Ty, of TSV structure is largely dominated by TSV-induced
stress gradient.

Figure 4. Atomic concentration on the TSV structure at normalized time=8.3.
Note that initial atomic concentration is 1.53e28, and we regard 5% deviation
as failure.

1II-3. Impact of landing pad size on EM

Using the Via-first structure as shown in Section /1I-1, we
investigate the impact of the landing pad size of the TSV. In
this case, we use the same TSV radius, 2um, and change the
landing pad size from 5um to 15um as shown in Table 4. Note
that the landing pad size refers to the width or the height of
the landing pad.

Table 4. Normalized T 4¢ according to TSV landing pad size

2um I1.1 675 025 1 >83 >83  10.7 1 3.17
3um 11.0 583 0.15 051 >83 >83 867 053 1.25
4um 11.0 500 0.11 038 >83 >83 817 031 058

LP A B C D E F G H 1

In all cases, point ‘C’ tends to fail first, and points ‘D’,
‘H’, ‘T’ fail relatively early. These four points tend to have the
maximum stress gradients around them. Due to difference in
the thickness of the top landing pad and the bottom landing
pad and also, due to the difference in the properties of the
materials surrounding them, points ‘C’ and ‘D’ tend to have

Sum 11.1 675 025 1 >83 >83  10.7 1 3.17
10um 11.1 194 0.13 042 >83 >83 382 039 121
I5um 12.8 391 0.10 026 >83 >83 781 022 0.61

Table 4 shows Ty, for each test point. As the landing
pad size increases Ty of points ‘B’ and ‘G’ increases. This is
because increase of distance from the TSV center causes
smaller stress gradient at points ‘B’ and ‘C’. However, points
‘C’, ‘D’, ‘H’, ‘I’ tend to fail earlier. This occurs because
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greater mismatch in the landing pad size and the TSV radius
causes larger stress gradients.

111-4. Study of Via-last structure

In this section we study the EM impact on the Via-last
structure. In the Via-last structure, both the top and bottom
landing pads are on the top metal layer. Typically Via-last
structure has much larger TSV cylinder and landing pad size
due to its fabrication process. Figure 5 shows the Via-last
structure used in our simulations. We assume the TSV radius
to be 10um and the TSV height to be 150um. The landing pad
size is assumed to be 25um x 25um.
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Figure 5. (a) Cross section of 3-die stacking structure with a Via-last TSV for
simulation. (b) Top-down view of the TSV, landing pads and connected
wires. Note that the figure is not to scale.

Table 5 shows normalized Ty, for each test point. In the
Via-last structure, points ‘D’, ‘H’, ‘I’, fail earlier than a Via-
first case, due to the large amount of stress gradient caused by
the bigger TSV structure. Point ‘C’ tends to fail later as
compared to the Via-first structure. This occurs because point
‘C’ is far away from the landing pad and the TSV radius
interface, thus, causes smaller stress gradient at the center of
TSV.

The point on the lower wire and landing pad interface,
‘G’, does not show much difference between Via-first and
Via-last case because the structure of lower wires are same in
both cases. Meanwhile, points on the upper wire, ‘A’ and ‘B’
have larger T,. in the Via-last structure because they have
smaller current density and lesser amount of stress gradient
than the Via-first case.

Table 5. Normalized T 4 for Via-last TSV, comparing with Via-first TSV

A B C D E F G H I

VF 11.1 675 025 1 >83 >83  10.7 1 3.17
VL 55 125 054 053 >83 >83 108 039 04

IV. EM modeling of wires in a 3D IC

TSV-induced stress affects not only the TSV itself, but
also the neighboring wires. Such stress can either degrade or
improve the lifetime of the wires depending on their relative
position from the TSV and the current direction. In this
section, we observe EM on metal wires around the TSV at
different locations.

To start with, it is important to understand that based on
the relative location of the wire with respect to the TSV center
the wire can experience different stress profiles. For a thin
wire along the x-axis, the stress along the wire is dominated
by the x-component of the TSV-induced stress. According to
Lu et al.[18], when a wire is located at a normal direction with
respect to the TSV center, x-component of stress, o, increases
as the distance from the TSV center decreases while a wire in
the tangential direction shows the opposite trend. Figure 6

illustrates this phenomenon.

L.
X
L ——
Normal direction
Stress profile
(a) (®)

Stress profile /
Figure 6. Stress profile of a thin wire along the x-axis: (a) located in normal

direction, (b) located in tangential direction from the TSV.

Tangential direction

Due to the different stress trends, we investigate EM for
wires at normal direction and tangential direction with respect
to the TSV, in Section /V-1 and IV-2, respectively. In IV-3, we
study EM on a wire that goes across the TSV. Impact of
different metal layers on EM is studied in /V-4. In Section /V-
5, we study the relationship between the TSV radius and the
minimum distance between the TSV and a wire to achieve
robustness. In our experiments, wire width and height is
0.2um, TSV radius is 2um, and landing pad size is Sum X
Sum.

IV-1. Wire at normal direction with respect to the TSV

Figure 7 shows the structure when wire is at a normal
directional with respect to the TSV center. In this case we
change the distance between the point ‘B’ and the TSV center,
and see the impact on Ty, at point ‘A’ and ‘B’. Figure 8 shows
the stress profile along the wire. As shown in Figure 8, ‘B’
has the highest stress gradient and stress level along the wire.

i dist

(2

(b) — M2 wire
- L.
Landing pad on M1 /\ﬁl X
Figure 7. Structure to investigate a wire in normal direction of TSV: (a) top-

down view, (b) cross-section view of the structure. A is the farthest point and
B is the closest point from the TSV.
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Table 6. Normalized T 4 for the wire in normal direction, as in Figure 7

A B
dist = 3.5um 1 2.12
dist = 4.5um 1 1.37
dist =5.5um 1 1.13
dist = 6.5um 1 1.01

Normalized Ty, is shown in Table 6. At dist=3.5, point ‘B’
has greater Ty, compared to point ‘A’. In other words, point
‘B’ is more robust than point ‘A’ even though it is closer to
the TSV center. As explained earlier, stress gradient increases
as a testing point approaches to the TSV, if a wire is at a
normal direction with respect to the TSV center. Let us revisit
Equation 1 and 2.

- dc _
V-G +2=0 (1)

= 2Zepj— =Q T +=0Vo — DVc ©)

In this case the force due to the stress-gradient (%QVO’ )
cancels the effect caused by the force due to the current
density (%Zepj ) at point ‘B’. This causes in lower flux

divergence at point ‘B’ resulting in greater time to fail. As
‘dist’ increases, the stress gradient at point ‘B’ becomes
smaller, and Ty, at ‘B’ converges to Ty at “‘A’.

1V-2. Wire at tangential direction with respect to the TSV

Similar to the normal direction case, the structure with the
wire at a tangential direction with respect to the TSV center is
constructed as shown in Figure 9. Figure 10 shows the
corresponding stress profile on the wire. The impact of ‘dist’
is shown in Table 7. In this case the force due to the stress-

gradient (%.QVO’ ) adds to the effect caused by the force due

to the current density (%Zepj ) at point ‘B’. This causes in

greater flux divergence at point ‘B’ resulting in smaller time
to fail. As ‘dist’ increases, the stress gradient at point ‘B’
becomes smaller, and Ty, at ‘B’ converges to Ty, at ‘A’.

Figure 11 illustrates atomic concentration along the wire
when it is at a tangential direction with respect to the TSV.
Without the TSV-induced stress, the left and right ends have
similar values below and above the initial atomic
concentration. However, due to the stress gradient induced by
the TSV, the right end of the wire experiences a faster change
in atomic concentration.

dist

L.

X

(b) ; M2 wire
z

Landing pad on M1 /vﬁ X

Figure 9. Structure to investigate a wire in tangential direction of TSV: (a)
top-down view, (b) cross-section view of the structure. A is the farthest point
and B is the closest point from the TSV.
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Figure 10. Stress profile along the wire of the structure in Figure 9.
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Table 7. Normalized T ,¢ for the wire in tangential direction, as in Figure 9

A B
dist = 3.5um 1 0.37
dist =4.5um 1 0.58
dist = 5.5um 1 0.68
dist = 6.5um 1 0.80

x10*

145

14

Figure 11. Atomic concentration along the wire in tangential direction from
the TSV. Initial atomic concentration is 1.53e28, so 1.45e28 and 1.60¢28
make 5% deviation. TSV center is located at x=2.00e-4 in this structure.

IV-3. Wire runs across the TSV

Previous sections, V-1 and IV-2, deals with the cases
where the wire ends near the TSV region. In this section, we
discuss the case when the M2 wire goes across the TSV
region. In 2D ICs, EM-induced failure is less likely to occur
in the middle of the wire. However, in 3D ICs, due to the
steep stress gradient from CTE mismatch of TSV, the middle
of the wire can fail before ends of the wire fail.
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Figure 12. Structure to investigate a wire runs across a TSV: (a) top-down
view, (b) cross-section view of the structure.
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Figure 13. Stress profile along the wire for the structure in Figure 12.

Table 8. Normalized T 4 for the wire runs over the TSV, as in Figure 12

A B
dist = OQum 1 0.22
dist=lum 1 0.22
dist =2um 1 0.31
dist = 3um 1 1.47

The simulated structure and stress profile along the wire
are shown in Figure 12 and Figure 13 with the T, results
shown in Table 8. When the wire goes through the TSV
center, T, at point ‘B’ occurs faster as compared to the end
points of the wire due to the steep stress gradient. As ‘dist’
increases, Ty at point ‘B’ increases. Note that the dimension
of the landing pad is Sum x Sum and TSV diameter is 2um, so
if dist > 2.5um it means that the wire is located outside of
the landing pad region.

28
x 10

1.75

1V-4. Impact of different metal layers on EM

A B
M )
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@
L.
X
P M8
: 1 M6
by | M4
M2wire 1%
Landing pad on M1 X

Figure 15. Structure to investigate the metal layer impact: (a) top-down view,
(b) cross-section view of the structure. A is the farthest point and B is the
closest point from the TSV.

Magnitude of the TSV-induced stress on a wire depends
on the distance between the wire and TSV center as seen in
previous sections. Thus, for the higher metal layers, the
impact of stress becomes smaller. In addition, current density
can vary depending on the metal layer. Figure 15 describes
our experimental structure to observe the impact of different
metal layers on EM of 3D IC. The wire is lying along the
tangential direction as discussed in Section /V-2, and we
change the metal layers. To see the reduced stress effect and
current density effect more clearly, we design two sets of
experiments.

First, we assume the same current density on the metal
wire for all layers to solely see the impact of vertical distance
from the TSV. In other words, as the vertical distance from
the ‘stress-hot region’ gets larger, a wire becomes more robust
to EM. Simulated Ty results are shown in

Table 9. At point ‘B’, T, is shorter than other regions.
This is because stress gradient accelerates atomic movement
as discussed in Section /V-2. However, as the metal layer goes
up, the absolute value of stress gradient gets smaller, and Tx,
becomes longer. It means a wire in higher metal layer is less
likely to fail than the lower metal wire due to lower TSV-
induced stress.

Table 9. Normalized T ,¢ and stress gradient with different metal layers,
when the current density is the same for all the layers

Normalized T 4¢

Stress gradient

Current density

[MPa/um] [A/m2]
A B A B Both A & B
M2 layer 1 0.37 0 -11.9 lel0
M4 layer 1 0.39 0 -7.12 lel0
M6 layer 1 0.68 0 -1.49 lel0
M8 layer 1 0.76 0 -0.37 lel0

Figure 14. Atomic concentration along the wire going over the TSV, with
normalized time=0.91. Center of the TSV has the highest atomic
concentration due to the TSV-induced stress. TSV center is located at
x=2.00e-4.

Figure 14 shows the atomic concentration along the wire.
Without the TSV stress, failures occur at either end of the
wires. However in this case, TSV-induced stress gradient may
cause failure in the middle of the wire as well.

Second, we see the impact of different current density in
the different metal layers on EM in addition to the distance
effect. As a wire in the upper metal layer becomes thicker and
taller, cross area of the wire increases and it can reduce the
current density. Meanwhile, global interconnects are preferred
on higher metal layers [19,20]. Long global nets with higher
capacitance on higher metal layers tend to have greater
current than the lower metal layers [21]. We assume that M8
wire delivers 4 times larger current, and M4/M6 wire delivers
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2 times larger current than M2 wire. Current density for each
layer is calculated based on the 45nm technology standard as
shown in Table 10. We observe that M8 wire has lower
current density compared with M1 wire.

Table 10. Wire width, height and current density for 45nm technology

Metal Wire Wire Cross Current Current
Layer Width Height  Area[m2] [A] Density
[A/m2]
M2 0.07um 0.14um 9.8e-15 1=9.8e-5 lel0
M4 & M6 0.14um 0.28um 3.92¢-14 21=1.96e-4 5e9
M8 0.4um 0.8um 3.2e-13 41=3.92¢-4 1.225¢9

Table 11. Normalized T ;¢ and stress gradient for with different metal layers,
when the current density is different for each layer

Normalized T 4¢ Stress gradient Current density

[MPa/um] [A/m2]
A B A B Both A & B
M2 layer 1 0.37 0 -11.9 lel0
M4 layer 3.95 0.94 0 -7.12 5¢9
M6 layer 3.95 1.98 0 -1.49 5e9
MS layer >33 >33 0 -0.37 1.225¢9

Ty, with different current density according to the metal
layer is shown in

Table 11. Higher metal layers tend to be more robust due
to lower current density and lower stress gradients. Ty, of M8
wire is much larger than M2 wire for the specified current
density.

IV-5. Impact of TSV radius on the safe distance from the TSV

If the TSV radius is large, stress-hot region around the
TSV is also large and it affects EM robustness for a wider
area around the TSV. To see the relationship between the
TSV radius and the distance from the TSV that guarantees the
low stress gradient, we measure the stress gradient on a wire
by changing the radius of the TSV. The simulation structure is
the same as shown in Figure 9 in Section /V-2. We change the
TSV radius and measure the stress gradient by changing the
distance from the TSV.

Table 12. Normalized stress gradient with different TSV radius
and distance from a TSV

TSV radius Ix dist. 2x dist. 3x dist. 4x dist.
2um 1 0.380 0.097 0.010
3um 1 0.423 0.112 0.007
4um 1 0.405 0.087 0.001

Results are shown in Table 12, if the distance between the
wire and TSV center is more than 3 time of the radius (3x
dist.), TSV-induced stress falls to about 10% of the value
observed at 1x point. Lower stress gradient levels can reduce
the impact of stress induced failure. We observe that for larger
TSVs, a larger distance from the TSV may be needed to
achieve increased robustness.

V. EM-robust design guidelines

So far, we have investigated EM and EM-induced lifetime
of a TSV and wires around it for 3D IC design. Based on
these experiments, we suggest guidelines for designing 3D
ICs with EM-robustness. Although there exists works that

discuss EM-robustness in 2D-IC [14,15], to the best of our
knowledge, this work is the first one that suggests EM-robust
design guidelines for 3D ICs.

V-1. Design guideline for the EM-robust TSV

1) TSVs with smaller size lead to smaller stress gradients
and are thus less likely to fail due to TSV-induced stress.

2) Larger variation in the dimensions of the TSV structure
may cause greater stress gradients thus making it more
likely to fail.

3) The wire and landing pad interface should be as far as
possible from the TSV structure to reduce the impact of
stress induced failure.

4) Via-last structure tends to have greater stress gradient but
lower current density. Thus Via-last structure may cause
more failures due to TSV-induced stress.

V-2. Design guideline for the EM-robust wires in 3D ICs

1) It preferred to avoid having wire ends close to the TSV-
center thus reducing failure due to TSV-induced stress.

2) Relative location of wire with respect to the TSV center
can impact how the stress varies along the wire.
However, to reduce stress induced failure it is safer to
keep the wires away from the TSV center.

3) Do not make wire go across the TSV at the relatively
lower metal layers, e.g. M2-M4. If possible, make a
detour so that wires can avoid running across the TSV
center.

4) Reduce the current density. As the EM-induced lifetime
is inversely proportional to the square of current density
[16], small reduction in current density can increase
lifetime significantly.

VI. Conclusions

In this work, we study EM issues with TSV-induced stress
in 3D ICs. The EM effects at both TSV structure and wires
have been investigated, and normalized time for variation on
atomic concentration (Ty.) has been estimated. Unlike 2D ICs,
we find that TSV-induced stress plays an important role in
EM-robustness of both TSV itself and neighboring wires in
3D ICs. To make 3D ICs robust, careful design of the TSV
and novel routing/wire sizing schemes are needed to mitigate
EM hotspots, which we plan to investigate in the future.
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