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Abstract—In the via-middle process of 3-D integrated cir-
cuit manufacturing, through-silicon via (TSV) annealing causes
mechanical stress not only to its surrounding structures, including
liner and landing pad, but also the contacts nearby. This pro-
cess may result in a noticeable pop-out in TSVs and/or contacts,
thus complicating the subsequent chemical mechanical polish-
ing (CMP). In addition, residual stress may cause delamination
or crack. In this paper, we conducted detailed simulations of the
residual stress and pop-out mechanisms for TSVs and neigh-
boring contacts. Our primary focus was on the interplay of
TSV-induced and contact-induced stresses and their combined
impact on pop-out height. In addition, we conducted a sensi-
tivity analysis of key parameters, including distance, plasticity,
annealing temperature, and the distribution of neighboring con-
tacts. This paper showed that these parameters notably affect
the stress and the pop-out of TSVs and contacts. This in turn
is expected to complicate the subsequent CMP steps. Finally, we
applied the linear superposition method to predict stress and val-
idated its accuracy by comparing the results with finite element
analysis simulation. The results of the comparison demonstrated
that the superposition method was accurate. Therefore, it could
be used to predict the stress for full-chip design.

Index Terms—Through-silicon via, chemical mechanical pla-
narization, residual stress, pop-out.

I. INTRODUCTION

IN THREE-DIMENSIONAL (3D) integrated circuit (IC)
manufacturing, feature size is continuously decreasing

while the size of silicon wafers has been increasing, from
150 mm and 200 mm, to 300 mm and 450 mm [1], [2].
However, the chip scaling will soon face the physical
limitation, and this calls for the intensively investigated
concept of through-silicon via (TSV). TSV fabrication
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is an effective approach to enable growing products in
the z-direction [3], [4]. It mainly includes the following
steps: photolithography, via etching, deposition of oxide
liner/diffusion barrier/copper seed, electroplating, anneal-
ing, chemical mechanical planarization (CMP), and back-
side reveal [5]–[11]. During thermal annealing, a significant
thermal expansion mismatch occurs and leads to thermo-
mechanical stress. This is due to several reasons, the different
coefficients of thermal expansion (CTE) of Cu, W, and Si,
which result in the generation of a residual stress in TSVs or in
the contacts of nearby devices [12], or the dislocation motion
and temperature non-uniformity [13]. As TSVs and device
contacts are constrained by the surrounding Si substrate, they
will primarily expand in the vertical z-direction, and a pop-out
phenomenon will eventually occur. This is a major issue, and
may induce interfacial delamination and wafer warpage. Pop-
out is becoming one of the biggest manufacturing challenges
in 3D ICs [14], [15].

Many researchers have performed experiments to study
the impact of annealing conditions, Cu crystal structures,
Cu electroplating steps, and other factors on TSVs [14]–[16].
Simulations have been conducted to understand the influence
of Cu grain growth, Cu overburden layer, or different anneal-
ing conditions on TSV [17], [18]. TSV pop-out is responsible
for the damage of Cu metal and ultra-low-k (ULK) layers
according to Tsai et al. [5]. Olmen et al. [19] studied TSV pop-
out after the annealing process and observed crack formation
in the back end of line (BEOL) layers. However, these studies
did not focus on the co-simulation of TSVs and contacts.

Among various TSV fabrication processes, the via-middle
approach is the most popular option and allows for larger flex-
ibility in design [20]. However, it has a serious issue related
to TSVs, contacts, and CMP, which is shown in Fig. 1. The
CMP process in the front side of TSV will touch the TSV
and the contact. CMP is used for ultra-large scale integra-
tion (ULSI) manufacturing because it enables the production
of smaller ICs, extends the productivity of lithography by
reducing the diffuse reflection, and helps reduce defects as
well as increase IC yield [21], [22]. After the CMP process,
if there is any residual stress at the interface between different
layers or inside the material, it will be much easier for a crack
to form and grow. Pop-out will also affect the force distribution
on the wafer and cause a stress concentration around the TSV
or a nearby contact. Both conditions result in more defects and
reduce the IC yield. Therefore, it is necessary to investigate
and resolve these issues.
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Fig. 1. Via-middle process schematic [7].

After creating the device on a wafer front side in the via-
middle process, we created interconnect wires, including the
Metal 1 or Metal 2 layer, before making the TSV. Because
of its small size, the contact could easily be over polished,
thus revealing and even damaging the device. Therefore, we
must strictly control the CMP removal’s thickness. Adding
a stop layer, such as a silicon nitride layer, or tuning the slurry
selectivity by adding oxidant and corrosion inhibitors are the
most commonly used methods for slowing down the material
removal rate. The TSV annealing process is also a break-
through point to optimize the CMP results and profile. In some
cases, steps will be taken as follows: CMP step, annealing, and
another CMP step to help reduce the stress and pop-out prob-
lems induced by annealing. Therefore, if we can obtain or
accurately predict the TSV and contact pop-out height after
annealing and control the initial CMP dishing to balance it
to a certain degree, then we do not have to perform the sec-
ond CMP step. This will prevent the accumulation of defects
induced by CMP and reduce the manufacturing cost.

In this study, we focused on the post-annealing stress and
pop-out results of TSVs and contacts in the via-middle pro-
cess. We demonstrated that the TSV-to-contact distance has
little impact on the TSV, while it has a significant impact
on contact. This is mainly due to the large size difference
between the TSV and the contact. Then we showed that mate-
rial plasticity is of great importance to annealing results and
that plastic deformation must be taken into consideration. We
also demonstrated that all of the stress and pop-out results
for TSVs and contacts increased as the annealing temperature
increased. Therefore, a relatively low temperature is needed in
practical fabrication. In addition, we proposed several types of
models to see the effect of the nearest neighboring contacts
on the center contact. Finally, we used the linear superposition
method to predict the stress and verified its accuracy by com-
paring it with the finite element analysis (FEA) simulation.
It was determined that it was an applicable and meaningful
approach to forecast and tune the stress of full-chip design.

II. SIMULATION METHODOLOGIES

In this section, we will demonstrate our design and sim-
ulation methodologies for the TSV-contact model in detail.
Our models were based on a 64-point fast Fourier trans-
form (FFT64) design which is implemented on a 2-die 3D IC
using 45 nm technology [23], [24]. The TSVs and contacts

Fig. 2. TSVs and contacts in a full-chip 3D IC (top die shown). (a) Die
placement with 330 TSVs, (b) Single TSV and its neighboring contacts.

Fig. 3. Model structure with TSV and contact. (a) Cross sectional view,
(b) Top view.

are shown in Fig. 2(a), and a single TSV and its neighboring
contacts are shown in Fig. 2(b).

A. Library Construction

We created 3D FEA models for the TSV and contact struc-
ture using the commercial simulation tool, ABAQUS [21]. We
constructed two models: single TSV, single contact and sin-
gle TSV, multiple contact. The model structure comprised five
parts: Cu TSV, diffusion barrier, oxide liner, W contact, and
Si substrate. Fig. 3(a) and Fig. 3(b) present the cross sec-
tion and top view of the structure, respectively. The baseline
TSV diameter, height, diffusion barrier thickness, oxide liner
thickness, side contact length, and contact height are 5µm,
50µm, 0.1µm, 0.5µm, 0.06µm, and 0.1µm, respectively. We
used Ti and SiO2 as the diffusion barrier and oxide liner,
respectively. Table I gives the annealing process used in the
simulation: heating from 25◦C to a certain temperature for
20 min, maintaining this temperature for 20 min, then cooling
down back to 25◦C for 50 min. We only carry out simulations
for low temperature annealing (< 400 ◦C) in order to avoid
re-crystallization and diffusion [25].

B. Simulation Settings

We chose the following simulation settings carefully, and
Table II presents the simulation results for the TSV and
contact.
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TABLE I
MATERIAL PROPERTIES

TABLE II
COMPARISON OF TSV RESULTS WITH DIFFERENT SETTINGS. THE

MODEL SIZE IS FIXED AT 50 µM × 50 µM × 125 µM.V
MEANS DEFAULT VALUE

Unit System: The minimum value accepted by ABAQUS is
10−5, but the smallest size in our model is a 0.06 µm contact
size. Therefore, it is difficult to use the standard unit system.
We converted the standard unit system into a system that uses
µm as the length unit and called it the micrometer unit sys-
tem. Table II lists the TSV results in different settings. In
the standard unit system, there is only TSV and no contact.
The two unit systems have very similar results, which demon-
strate that our micrometer unit system conversion is correct.
Therefore, we performed the following simulations based on
this micrometer unit system.

Mesh Size: We studied whether the mesh size and quantity
would have an impact on the stress and pop-out. We performed
three simulations by changing the mesh size, the number of
the main parts in the model, and the Si substrate. As shown
in Table II, the TSV stress and pop-out height barely change
as the mesh size changes. This shows that the impact of the
meshing method is very small. To decrease the number of
meshes, we chose 2.5 µm as the main mesh size, which is the
mesh size of Si substrate. In addition, we used mesh sizes of
0.01 µm for the contact, 1 µm for the TSV, and 0.5 µm for
the barrier and oxide liner.

Boundary Conditions: We used two types of boundary con-
ditions. One was used to fix the bottom face of the TSV in
place to prevent displacement and rotation, and the other was
used to fix all five faces except the top face. The results showed
that the TSV stress and pop-out after heating were largely
affected when the fixed boundary changed from one to five
faces. Stress accumulated because the TSV tended to expand,
but the four sidewalls restricted its expansion. The pop-out
after heating decreased because the sidewalls are fixed, and

Fig. 4. Contact center stress and pop-out height in different TSV-to-contact
distances. (a) Von Mises stress, (b) Pop-out height after heating and cooling.

the Si substrate exhibited a small displacement, thus pulling
the TSV. The results after cooling show minor changes. In
an actual structure, thermal expansion is restricted by side-
walls; hence, the condition is much closer to a five-faces-fixed
boundary condition, which was applied in our simulations.

TSV sidewall angle: we applied two angles in the sim-
ulation. One is 90◦ and the TSV model is a cylinder, the
other is 88◦ [26] and the TSV is a circular cone. We com-
pare the two models and see the impact of sidewall angle on
the analysis result. As Table II shows, When the TSV sidewall
angle changes from 90◦ to 88◦, the TSV stress after heating
decreases by 5.61% and by 6.44% after cooling, while the TSV
pop-out height decreases by 1.41% and 0.44% after heating
and cooling, respectively. This illustrates that the form factor
of TSV and the sidewall angle show noticeable impacts on
analysis results. The TSV stress and pop-out height decrease
when the TSV model is a circular cone. Since the difference
between 90◦ and 88◦ is small, and the annealing process is less
sensitive to the sidewall angle, we assume TSVs as cylinders
in the following part of this paper.

III. TSV-TO-CONTACT DISTANCE IMPACT

In this section, we describe several simulations employed to
study the impact of TSV-to-contact distance on the stress and
the pop-out height. The simulation runtime was approximately
5-6 h for the single TSV, single contact model, and 33 h for
the single TSV, 34 (multiple) contact model.

A. Single TSV, Single Contact Model

1) Impact on Stress and Pop-Out Height: As the dimen-
sions of a TSV are very large compared to the dimensions of
a contact, the distance between the two has very little impact
on the potential size of a TSV. The difference is small even
between a model that contains only a TSV and a model that
contains a TSV and a contact. However, the distance between
the two has a large influence on contact results. Fig. 4 shows
the center stress and pop-out height of the contact at differ-
ent TSV-to-contact distances. At a certain point, the stress is
a tensor that has several components in different directions. To
simplify the results, we only focused on the Von Mises stress.
As the distance between the TSV and the contact increased,
the center stress of the contact decreased after both heating
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TABLE III
DETAILED COMPARISON OF DIFFERENT TSV-TO-CONTACT DISTANCES

and cooling. This is due to a reduction in the impact of TSV
expansion or reduction on the contact. The stress after heat-
ing was always larger than that after cooling. This is because
the materials are in the elastic region, and the Cu TSV will
expand intensively in the heating process and push on to the
surrounding Si. The CTE of Cu is much larger than Si; there-
fore, a large amount of stress accumulates on the nearby Cu
contacts. However, most of the material deformation is elastic
deformation, so the TSV and Si contracted during the cooling
process. This behavior complies with the expected behavior
of these materials and relieves the stress. For contact pop-out,
as the distance between the TSV and the contact increased,
after heating the pop-out decreased by a small amount, and
after cooling it decreased by even less. Because the contact
structure is too small and is only on the top surface of the
Si substrate, its deformation is also small; the TSV only has
a limited impact. The pop-out after heating is larger than the
pop-out after cooling because of the expansion and reduc-
tion of the contact during heating and cooling, respectively.
Pop-out may have a negative value after cooling because the
CTE of W is larger than Si, in a condition known as dishing.
Therefore, the contact will expand to a greater extent than Si
when heated and contract to a greater extent when cooled. This
behavior explains why the contact pop-out has both positive
and negative values after the cooling process.

2) TSV-to-Contact Distance Comparison (4 μm vs. 8 μm):
We compared 4 µm (d4) and 8 µm (d8) TSV-to-contact dis-
tances to further investigate this issue. Table III shows the
results. The up arrow means that the result in d8 increased
compared to d4, and the down arrow means that the result in
d8 decreased compared to d4. The number of arrows represents
the degree of change. For the TSV, there is only approximately
a 2% change in stress or pop-out because the contacts are
too small. The stress in the TSV during heating and cooling
decreased slightly when the distance was changed from d4 to
d8 because the impact of the contact on the TSV was smaller
at d4. The pop-out at d8 increased slightly after heating and
decreased slightly after cooling because the TSV was easier to
deform when expanding and contracting. However, the impact
of TSV-to-contact distance was much larger on the contacts
than it was on the TSV. More than 30% of stress change and
more than 60% of pop-out change were observed on the con-
tacts nearby because TSV pushes or pulls the contacts much
more intensively. In d8, the impact of TSV push or pull on
the contact was smaller than in d4, so both the contact stress
and pop-out height dropped after heating and cooling.

B. Single TSV, Multiple Contact Model

The TSV-to-contact distance also has an impact on the
single TSV, multi-contact model. We performed simulations

TABLE IV
CONTACT CENTER STRESS AND POP-OUT HEIGHT

AT DIFFERENT DISTANCES

for a model with 1 TSV and 34 contacts. For this FFT cir-
cuit, since we originally set the keep-out zone (KOZ) as 0.5
µm [23], the minimum TSV-to-contact distance is calculated
by adding up TSV radius (2.5 µm), barrier thickness (0.1 µm),
oxide liner thickness (0.5 µm), KOZ (0.5 µm), and half of the
contact length (0.03 µm), which is 3.63 µm in total. Therefore,
the TSV-to-contact distance has the constraint of minimum dis-
tance, which is 3.63 µm. We chose three contacts at different
distances of 5.29 µm, 3.67 µm, and 3.63 µm. The results
are given in Fig. 5 and Table IV. When the TSV-to-contact
distance changes from 5.29µm to 3.67µm and 3.63µm, the
contact center stress after heating increases. The difference is
20.6% from 5.29µm to 3.67µm, and 1.76% from 3.67µm to
3.63µm. This also applies to the contact center stress after
cooling, which increases 1.27X from 5.29µm to 3.67µm, and
2.94% from 3.67µm to 3.63µm. As for the pop-out height
in contact center, it has a small oscillation. The pop-out after
heating decreases by 8.8% when the TSV and contact gets
closer from 5.29µm to 3.67µm, but the pop-out after cool-
ing increases by 37.5%. When the distance decreases from
3.67µm to 3.63µm, the pop-out height after heating stays
the same and the cooling height increases a little by 9.1%.
Therefore, the impact of TSV-to-contact distance in single
TSV multiple contact model shows the same trend as the single
TSV single contact model.

IV. MATERIAL PLASTICITY IMPACT

In this section, we discuss simulations conducted to gain
an understanding of the impact of material plasticity. In some
simulation studies, the material was set to have only elastic
deformation but not plastic deformation. These results may
not provide a satisfactory level of accuracy. We performed
simulations for different plasticity parameters, discussed the
impact, and demonstrated that material plasticity and plastic
deformation are of vital importance to the result.

The elastic limit of Cu is 80 MPa and the offset yield
strength is 142 MPa. The elastic limit of W is 310 MPa, and
the offset yield strength is 515 MPa. When the stress is below
the elastic limit, we define this as the elastic region. When the
stress is slightly above the elastic limit, we define the region
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TABLE V
PLASTICITY IMPACT: SINGLE TSV, SINGLE CONTACT MODEL; DEFAULT PLASTICITY

Fig. 5. Contact results along a path in the multi-contact model. The x-axis
represents the distance along the path that passes through the contact. The
TSV-to-contact distance is 5.29 µm in (a) and (b), 3.67 µm in (c) and (d),
and 3.63 µm in (e) and (f).

as the elastic-dominated region because elastic deformation is
still the dominant behavior. When the stress is near or over
the offset yield strength, we define the region as the plastic-
dominated region. When the material plasticity increases, the
stress needed for the same strain decreases. For a TSV, we
focused on the impact of Cu plasticity on the TSV. For the con-
tact, we focused on the impact of W plasticity. The simulation
runtime was approximately 5-6 h for the single TSV, single
contact model and 8 h for the single TSV, 8 contact model.

TABLE VI
PLASTICITY IMPACT: SINGLE TSV, SINGLE CONTACT MODEL;

ELASTIC-DOMINANT REGION

A. Single TSV, Single Contact Model

1) Elastic vs. Plastic Regions: Table V shows the plasticity
impact results in different material regions. In the TSV elastic-
dominated region, the TSV stress after cooling was 34.5%
lower than that after heating, and the pop-out after cooling
was very small: approximately 2.3% of the height after heat-
ing. This is because most of the TSV deformation was elastic.
When the thermal load was released, the expanded area con-
tracted. However, in the plastic-dominated region, the TSV
stress after cooling was 16.8% larger than the stress after
heating, and the pop-out after cooling was larger than that
in elastic-dominated region: approximately 17.4 times larger.
This is because most of the TSV expansion goes through plas-
tic deformation, and therefore cannot contract. The trend for
the contact result is similar to the TSV results.

2) Plasticity Impact in the Elastic-Dominated Region:
Table VI, Fig. 6, and Fig. 7 present the plasticity impact
results and curves along a path with different Cu or W plas-
ticity in the elastic-dominated region. For the TSV, as Cu
plasticity increased by a factor of three, the stress after heat-
ing decreased and had a total drop off of 15.4%. This is
because only a smaller stress is needed to obtain the same
strain. The stress after cooling increased by 29% because it
was the remaining deformation that dominated, so a larger
pop-out led to a larger stress. The TSV stress after cooling
was lower than that after heating because of the contraction.
The pop-out increased by 1.9% and 80.6% after heating and
cooling, respectively because Cu became easier to deform and
maintained its deformation when the plasticity increased.

The contact results follow the same trend as the TSV results.
The contact stress after heating decreased by 6.6%, and the
stress after cooling increased by 50.5% when the W plasticity
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Fig. 6. TSV results for different Cu plasticity; elastic-dominant region. The
x-axis represents the distance along the path that passes through the TSV.

increased by a factor of three. The pop-out increased by 17.2%
after heating and by 83.3% after cooling.

3) Plasticity Impact in the Plastic-Dominated Region:
Table VII shows the plasticity impact results in the plastic-
dominated region. As the Cu plasticity increased by a factor
of three, the TSV stress experienced a decrease of 6.8% and
8.8% after heating and cooling, respectively. This is because
only a smaller stress is needed obtain the same strain and
deformation. The stress after cooling is higher than after heat-
ing, because stress accumulates even in the cooling phase.
The pop-out increased by 6.5% and 22.7% after heating and
cooling, respectively.

For the W contact, the trend is the same as with the
TSV. The contact stress experienced a drop of 17.2% and
18.8% as the W plasticity increased from a factor of 0.5 to
a factor of two. The pop-out increased by 15% and 31.4%
after heating and cooling, respectively.

B. Single TSV, Multiple Contact Model

For the single TSV, multiple contact model, the rules are
the same as with the single, TSV, single contact model.
Considering a Cu TSV, as Table VIII shows, Cu is in the
plastic-dominated region and the trend is the same as with
the single contact case. As the Cu plasticity increased, the
TSV stress decreased to 65% and 88% of default after heat-
ing and cooling. The pop-out increased by 2.2% and 37.7%
after heating and cooling. For the contact, the stress of W is

Fig. 7. Contact results for different W elasticity; elastic-dominant region. The
x-axis represents the distance along the path that passes through the contact.

TABLE VII
PLASTICITY IMPACT: SINGLE TSV, SINGLE CONTACT MODEL;

PLASTIC-DOMINANT REGION

very close to plastic-dominated region, so the trend is close to
plastic-dominated case. As the W plasticity doubled, the con-
tact stress experienced a decrease of 12.5% and 0.96% after
heating and cooling, respectively. The pop-out increased by
16.7% after cooling.

V. ANNEALING TEMPERATURE IMPACT

In this section, we demonstrate the impact of annealing
temperature on TSVs and contacts, as shown in Table IX.
It is obvious that when the temperature increases, the TSV
stress and the pop-out height, as well as the contact stress
and the pop-out deformation, all increase after heating and
cooling. When the annealing temperature increased from 275
◦C to 375 ◦C, the stress level of the TSV increased by
18.8%, and the pop-out height increased by a factor of 3.13.
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TABLE VIII
PLASTICITY IMPACT: SINGLE TSV, MULTIPLE CONTACT MODEL;

PLASTIC-DOMINANT REGION

TABLE IX
ANNEALING TEMPERATURE IMPACT

At the same time, the stress level for the contacts increased by
15.9%, and the pop-out height increased by 100%. This trend
was expected because when the temperature is high, material
expansion during heating and contraction during cooling are
intensive for Cu and W. Therefore, the stress increased and
the deformation grew.

According to the results for the single TSV, multiple con-
tact model, the trend is the same as that seen in the single
TSV, single contact model. The stress and the pop-out height
increased after heating and cooling. When the temperature
increased by 100 ◦C, the stress and the pop-out for the TSV
increased by a maximum of 46.8% and by a factor of 2.93,
respectively. At the same time, the stress and pop-out for the
contact increased by a maximum of 27.6% and by a factor of
2.83 for the contact.

VI. NEAREST NEIGHBORING CONTACTS

In this section, we discuss the impact of neighboring con-
tacts and showed that the distribution of the contacts has
a significant impact on the stress and the pop-out height.
Table X compares the center contact results with or without the
nearest neighboring contacts. When there were nearest neigh-
boring contacts, the center contact showed a stress increase of
12% after heating and 37% after cooling. This is because the
expansion or contraction of the center contact was restricted
by the nearest neighboring contacts. In addition, the pop-out
increased by 0.081 nm after heating and by 0.008 nm after
cooling because of the presence of the nearest neighboring
contacts. They impose limitations on the center contact, which
leads to increased deformation.

TABLE X
NEIGHBORING CONTACT IMPACT, TSV-TO-CONTACT DISTANCE IS 4 um

When the distance of the nearest neighboring contact
changes, the impact on the center contact also changes. When
the distance between nearest neighboring contacts and the cen-
ter contact decreased from 0.5 µm to 0.3 µm, the center
contact stress increased by 12.6% and 12% after heating and
cooling; the pop-out height increased by 32.7% and 36.8%,
respectively. This was because the restriction imposed on
the center contact owing to the presence of the neighboring
contacts.

In summary, the overall post-annealing TSV stress was
approximately 300-400 MPa, and the pop-out ranged from
5-21 nm in our simulation. According to the study by
Moogon et al. [12], the post-annealing stress should be around
250-600 MPa. On the other hand, in the study conducted by
Saettler et al. [14], Ji et al. [15], and He et al. [16], the
post-annealing pop-out should range from 30 nm to 300 nm.
Typically, we observe an average dishing of 20-30 nm in
a TSV CMP process. Therefore, it is feasible to control the
post-annealing pop-out and post-CMP dishing by carefully
tuning these key parameters.

VII. LINEAR SUPERPOSITION METHOD

For complicated structures that incorporate hundreds of
TSVs and millions of contacts, FEA simulation requires too
much time and effort. However, the principle of superposi-
tion can be effective in this type of application. The linear
superposition method states that the effect that a number of
simultaneously-acting forces have on a body can be calculated
by adding the sum of the effects of the forces when applied
separately. This method can be applied to the determination
of stress and displacement. Therefore, we used this method to
add all of the individual stress tensors at a point to compute
the stress. The total stress included the stress caused by each
TSV and the stress caused by each contact.

We demonstrated the simulation by varying the number of
TSVs and contacts. We obtained the stress results for simple
models from simulation and superposition; we then validated
the accuracy of the superposition by comparing the results.
Then, we performed a simulation for complicated models and
predicted the result (this is very meaningful for full-chip pre-
diction). We set the minimum TSV pitch to 10 µm. For stress
caused by a TSV, we used FEA simulations to obtain the stress
tensors along a radial line from the TSV center in a single TSV
structure. For stress caused by a contact, we obtained the stress
tensors from the contact center in a single contact structure.
In the following linear superposition method, we divided the
simulation area into a non-uniform array style grid with a 0.1
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TABLE XI
VON MISES STRESS COMPARISON BETWEEN FEA SIMULATIONS

AND THE LINEAR SUPERPOSITION METHOD

µm pitch in TSV areas and a 0.01 µm pitch in contact areas. If
the stress tensor at a grid point could not be obtained directly
from the stress tensor list, we used linear interpolation with
adjacent stress tensors from the list to compute the stress. In
addition, we used the stress in the contact center to represent
the entire contact area in the superposition method, as there
are too many contacts in the full-chip design, and each contact
is too small.

Table XI shows some of our comparisons. We could see that
there was a huge reduction in run time with the linear super-
position method. Although the linear superposition method
performs the stress analysis on a two-dimensional (2D) plane,
we could perform the analysis on other planes in a similar
way if needed. In addition, the run time shows dependency
on the number of simulation points, which is related to the
number of TSVs and contacts. This demonstrates that the lin-
ear superposition method is scalable and can be applied to
full-chip analysis.

A. Simulation and Superposition for 1 TSV 10
Contacts Model

Fig. 8 shows the von Mises stress map for the single TSV
10 contacts model case. The distance from contact 5/contact
10 to TSV is 3.75 um, and the color scale is the same. It is clear
that the linear superposition method matches very well with
the FEA simulation results. The stress distribution matches in
the TSV area. As we used the center stress to cover the entire
area for the contact, we compared the stress data in contact
center of both the FEA simulation and the linear superposi-
tion method. Fig. 9 shows the data comparison for contact
stress. We can see that the results of the superposition and the
FEA simulation were close; the minimum deviation is 8%.
The results in the FEA simulation were not exactly symmet-
rical; this is because the meshing in the FEA software is not
very symmetrical.

B. Simulation and Superposition for 2 TSV 10
Contacts Model

We increased the number of TSVs to two, and studied the
comparison between the simulation and superposition meth-
ods in the next analysis. The TSV-to-TSV distance was set at

Fig. 8. Stress map comparison of von Mises stress between FEA sim-
ulation and the linear superposition method. (a) FEA simulation result,
(b) Superposition result.

Fig. 9. Contact stress data comparison of von Mises stress between FEA sim-
ulation and the linear superposition method. (a) FEA simulation result,
(b) Superposition result. Stress values are in MPa.

Fig. 10. Von Mises stress map comparison between the FEA simulation and
the linear superposition method. (a) FEA simulation result, (b) Superposition
result.

15 um, and the distance of contact 5/contact 10 to the nearest
TSV as 3.75 um. Fig. 10 and Fig. 11 present the stress maps
and contact stress data of the FEA simulation and the linear
superposition method. The data shows that the superposition
results were very close to the FEA simulation. The minimum
deviation between the two datasets was 4.9%.

C. Simulation and Superposition for 5 TSV 144
Contacts Model

The comparison for a 5 TSV 144 contacts model is given
in Fig. 12 and Fig. 13. In this comparison, the contact center
stress is symmetrical in superposition and nearly symmetrical
in the FEA simulation. The minimum deviation between the
two datasets was 7.4%. In general, the superposition results
were close to FEA simulation, and were obtained in far
less time.
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Fig. 11. Von Mises stress data comparison between the FEA simulation and
the linear superposition method. (a) FEA simulation result, (b) Superposition
result. Stress values are in MPa.

Fig. 12. Von Mises stress map comparison between the FEA simulation and
the linear superposition method. (a) FEA simulation result, (b) Superposition
result.

Fig. 13. Von Mises stress data comparison between the FEA simulation and
the linear superposition method. (a) FEA simulation result, (b) Superposition
result. Stress values are in MPa.

D. Superposition for Complicated Models

Finally, we predict the stress for more complicated models
because the FEA simulation takes too much time. We estab-
lish a model with 9 TSVs and 256 contacts, and conduct
the FEA simulation and linear superposition method again.
Fig. 14 shows the stress distribution map of TSVs and con-
tacts, as well as a three-dimensional view. Fig. 15 shows the
contact center stress of 12 different groups; for each group
we choose the contact in the same location. These obtained
results are reasonable and match the expected data.

Fig. 14. Von Mises stress map using the linear superposition method, the
model contains 9 TSVs and 256 contacts. Stress values are in MPa.

Fig. 15. Von Mises stress contact center stress data using the linear
superposition method, the model contains 9 TSVs and 256 contacts.

Furthermore, we demonstrated linear superposition method
for a model containing100 TSVs and 9801 contacts, the model
is in regular design. Fig. 16 shows the stress distribution map
for TSVs and contacts. This proves that the linear superpo-
sition method is capable of predicting the stress for a model
with many TSVs and contacts, and therefore it can be used to
perform a full-chip analysis.

In summary, the linear superposition method could greatly
reduce run time for stress analysis, while maintaining a high
level of accuracy. It offers the best approach to obtain the
stress distribution for a full-chip design.

VIII. CMP COST MODEL

Our ultimate goal is to tune and optimize the CMP pro-
cess by predicting the post-annealing stress and pop-out. CMP
performance is characterized by many parameters, includ-
ing material removal rate, non-uniformity, etc. [27]. In this
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Fig. 16. Von Mises stress map in linear superposition method, the model
contains 100 TSVs and 9801 contacts. (a) General stress map, (b) stress map
for contacts, (c) stress map for TSVs, (d) 3D stress map for contacts.

work we focus on reducing the CMP cost. A co-optimization
of the CMP parameters and post-annealing stress/pop-out is
significant to provide overall guidelines. First we propose
a CMP cost estimation model with every technology param-
eter included to link the stress and pop-out to CMP cost.
Then we took many parameters into consideration, including
CMP slurry, pad consumption, polishing down force, wafer
per hour (WPH) capacity, etc. Assuming that the model was
linear with WPH as the denominator, we gave a range for the
weight of parameters, and obtained the relationship between
input and output. Finally, we were able to obtain an output
range for any input range.

Fig. 17 shows the parameters for the CMP cost model.
The input parameters were: slurry flow rate (SFR), down
force (DF), and equipment cost (EC, assume it is a con-
stant). The output parameters were wafer per hour (WPH), pad
consumption rate (PCR), temperature (TEMP), and time (T).
�CPW, �PCR, and �DF were the parameters calculated. The
post-annealing stress and pop-out have a relationship with
CMP parameters, particularly with the input parameters such
as �SFR and �DF, and we connected these to CMP cost.
Table XII lists the CMP cost summary for these parame-
ters. Except for the change in polishing down force, the cost
of which decreases when down force increases, other terms
were all positive for CMP cost. This means that increasing
slurry flow rate, as well as post-annealing stress/pop-out, will
have an increasing effect on CMP cost. Therefore, we should
reduce post-annealing stress and pop-out in order to balance
the related CMP cost.

Fig. 17. Parameters for consideration in the CMP cost model.

TABLE XII
CMP COST MODEL SUMMARY FOR CHANGES

OF DIFFERENT PARAMETERS

IX. CONCLUSION

In this study, we investigated the post-annealing residual
stress and pop-out of TSVs and contacts in via-middle pro-
cessing. We demonstrated that the TSV-to-contact distance,
material plasticity, annealing temperature, and nearest neigh-
boring contacts have variable impacts on the residual stress
of the TSV. We proved that when the TSV-to-contact distance
changes, significant changes were observed on the contacts,
while the TSV result experiences only a small change. To
decrease the stress and pop-out, we should set a relatively
larger distance between the TSV and the contact in indus-
trial manufacturing. In addition, material plasticity has a large
influence on stress and pop-out. Therefore, we took plasticity
and plastic deformation into consideration during simulation.
When the annealing temperature increased, the stress and pop-
out results of the TSV and contacts increased significantly,
so a lower annealing temperature is needed in fabrication
as long as the circumstances permit. In addition, neighbor-
ing contacts also showed a significant impact on the center
contact; therefore, all contacts should be arranged properly in
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design and manufacturing. Finally, we conducted a compari-
son and validation between an FEA simulation and the linear
superposition method. We demonstrated that the linear super-
position method is a reliable and accurate approach to predict
the post-annealing stress for full-chip design.
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