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An analytical model of thermal mechanical stress induced
by through silicon via*
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We present an accurate through silicon via (TSV) thermal mechanical stress analytical model which is verified by
using finite element method (FEM). The results show only a very small error. By using the proposed analytical model, we
also study the impacts of the TSV radius size, the thickness, the material of Cu diffusion barrier, and liner on the stress. It
is found that the liner can absorb the stress effectively induced by coefficient of thermal expansion mismatch. The stress
decreases with the increase of liner thickness. Benzocyclobutene (BCB) as a liner material is better than SiO,. However,
the Cu diffusion barrier has little effect on the stress. The stress with a smaller TSV has a smaller value. Based on the
analytical model, we explore and validate the linear superposition principle of stress tensors and demonstrate the accuracy
of this method against detailed FEM simulations. The analytic solutions of stress of two TSVs and three TSVs have high

precision against the finite element result.
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1. Introduction

In the last several years, integrated circuits (ICs) have
been enhanced in terms of performance, power consumption,
etc, primarily by continuously scaling down the size of transis-
tors. However, scaling down of semiconductor device will en-
counter physical limit. Therefore, some researchers proposed
another direction to increase the device density by making ICs
into three-dimensional (3D) spaces instead of traditional two-
dimensional (2D) ICs. The 3D IC stacking has gained tremen-
dous interest for IC integration in order to reduce wire length
and footprint. In addition, several dies manufactured by dif-
ferent process technologies can also be integrated as one chip
with 3D integration.[!=]

Through silicon via (TSV) is regarded as the best choice
of the connection between wafer and wafer. By using TSVs in
3D integration, the system performance can be significantly
improved and the manufacturing cost is reduced.!*! How-
ever, there are still some challenges for this technology. In the
TSV structure, between silicon substrate, dielectric material,
Cu diffusion barrier, and filled metal, there are large coefficient
of thermal expansion (CTE) differences. Due to the thermal
expansion coefficient between different materials, the shrink-
age degree of each material is also not the same as the same
temperature load. The adhesion between each layer of ma-
terial is close, which causes the same interface displacement
between adjacent layers. Thus, the thermal stress is produced
at the interface between two materials. For example, the CTE
of copper is larger than the CTE of silicon dioxide. The CTE
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mismatch between copper and silicon causes inevitable stress
on silicon and results in material failure.!'*~!31 Tt will also af-
fect the performance of devices which are around the TSV and

reduce the life of the electronic device.[!6-17

I Furthermore, the
design parameters, such as the thickness and materials of Cu
diffusion barrier and liner, have an impact on the mechanical
reliability. Therefore, it is necessary to understand the stress
distribution in silicon.

At present, most works on thermo-mechanical stress em-
ploy the finite element method (FEM) to characterize the

18,191 While the FEM can accurately analyze the stress

stress. !
of simple TSV placement, it encounters enormous difficulties
when tackling a larger design due to its expensive memory
consumption and high run time. However, analytical meth-
ods can overcome the difficulties of FEM. Analytical methods
assume a TSV structure and some boundary conditions. With
these conditions and physical relation, the analytical equations

(201 They are generally efficient and easy to be

can be listed.
handled with acceptable error. Besides analytical methods,
the linear superposition method has been used to complete the
simulation of multiple TSVs condition within reasonable run
time and memory usage.

In this paper, we present an accurate TSV thermal stress
analytical model based on the Lamé stress solution, and ver-
ify its accuracy with the FEM. We also discuss the effects of
Cu TSV radius, Cu barrier layer, and TSV liner on the stress.
We analyze the stress of multiple TSV condition by using the
linear superposition principle.
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2. Analytical model of a single TSV

There are several TSV structures. The cylindrical TSV
is easy to manufacture and became one of the most com-
monly used structures. The material of TSV also has differ-
ent choices, such as Cu, W, and polycrystalline silicon. At
present, Cu is the most commonly used interconnect materials
in the integrated circuit process. In this paper, we use Cu as
TSV material in order to be compatible with existing technol-
ogy. In addition, the resistivity of Cu is minimum, which is
also an advantage. Because the silicon has a certain conduc-
tive ability, it is necessary to add an insulation layer between
Cu TSV and silicon substrate. SiO; is a good insulating mate-
rial. Cu can spread quickly in SiO,, so a barrier layer is need
between the copper and SiO;. We select Ti as the barrier ma-
terial. Based on the above analysis, the materials of each layer
in the TSV structure from inside to outside, are Cu, Ti barrier
layer, SiO,, and silicon substrate, respectively. The TSV base-
line structure shown in Fig. 1 is used. In this paper, we adopt
the NCSU 45 nm technology. The TSV radius, Cu diffusion
barrier thickness, and liner thickness are 2.5 pm, 50 nm, and
125 nm, respectively, which are based on the fabricated and
published data.[?122]

top view Ti side view

Cu

SiOq

Fig. 1. TSV baseline structure.

For the analytical 2D radial stress model, known as Lamé
stress solution, only the radial stress (o,,) and hoop stress
(0gg) are presented in Ref. [20]. The area of silicon substrate
is much larger than that of TSV, and this paper is to character-
ize the interactive stress in device layer, so the strain constraint
in the silicon substrate is determined by the silicon substrate
and can be neglected in the z axis direction; namely, the stress
in the z axis direction is zero.!?3! The stress in silicon substrate
region can be expressed as follows:

. . EAQAT ( Drsv\>
O',Sr‘:—cg},z—2< 2 ) ; ey
stzi — Grszi — Gg; - rsé =0, 2)

where o1 is the stress in the silicon substrate, E is the Young’s
modulus, A« is the mismatch in CTE, AT is the differential
thermal load, r is the distance from the TSV center, and Drsy
is the TSV diameter.

Even though this closed-form formula is easy to handle,
this solution is only applicable to the structure with TSV and
substrate. It does not contain Cu diffusion barrier thickness
and liner. The parameters such as the thickness and materials
of Cu diffusion barrier and liner have impacts on the mechan-
ical reliability. In our study, we consider the impacts of Cu
diffusion barrier thickness and liner on the stress.

Based on the axisymmetric structure of TSV, using plane
stress theory and under force equilibrium conditions, the ge-
ometric equations and the axisymmetric equilibrium equation
can be obtained as
_dw?

p— L 3
& =4 (3
uP
€y = - )
d 14 GP _ GP
o 220 o, )
dr r

where € and €] are the radial strain and hoop strain, ¢/ and
O'g are the radial stress and hoop stress, u” is the displace-
ment, p represents four kinds of materials, namely, Cu, Ti, Si,
and SiO;.

Because the stress is caused by temperature change, the
physical equations for temperature changes are

e = [of ~w (o o) +&T, (6

&= Llof-w (ot +or)] +aT. (@)
1

e =L [of—w (o ol +&T, (60

where of is the z axial stress, E”, o, and u? are Young’s
modulus, thermal expansion coefficient, and Poisson’s ratio,
respectively, and T is the thermal load.

In the silicon substrate, the radial stress and hoop stress
are equal in magnitude and opposite in direction. ! Substitut-

ing C)'ZSi = 0 into the physical equations for temperature change

yields
1 . e .
&= = [GrSl _ uslogl} +aSiT, (7a)
1 . e .
& = = [cgl — uslcfl} +aSiT, (7b)
el =aST. (7¢)

In order to guarantee that the TSV structure has the same
height as the silicon substrate in the z axis direction, we set
the TSV strain to be the strain in the silicon substrate, namely,
el = SZSi. q represents Cu, Ti, and SiO,. Putting it into the
physical equations for temperature changes yields

1‘(“'1)2{04—”‘] q}

el = o
r 1_‘U«q 0

r E4
+ (14+u?) 04T — n?a®T, (82)
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In combination with the geometric equations and the ax-
isymmetric equilibrium equation, the following expressions

can be obtained:

CI’
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In Egs. (9)—(11), C; and C, are the constants determined by
the boundary conditions.

With the boundary conditions, the displacement at the
center of the TSV is zero, and the stress is zero at infinity.
The following equations can be obtained for the continuity of

displacements and stresses at interfaces:

u (rea) = u" (rew), (12)
o (rcu) = 6, (rcu), (13)
u" (rri) = u® (rmy), (14)
o, (rni) = 6% (rny), (15)
1592 (rsio,) = u® (rsio,) , (16)
07" (rsio,) = 0" (rsio, ) (17)

where rcy, 713, and rsio, denote the radius of Cu, the outer
radius of Ti, and the outer radius of SiO;, respectively.

Using the above equations, all of the constants can be de-
termined, and then the analytical model of the TSV stress is

obtained.

3. Validation of the proposed analytical model

The FEA simulations are used to verify the accuracy of
the analytical model. Material properties are shown in Ta-
ble 1,221 and assumed to be linearly elastic. The thermal load
AT = —250 °C. That is, we assume that the TSV structure is
annealed at 275 °C and cooled down to 25 °C to mimic the
manufacturing process. At the same time, it is assumed that
the stress becomes negligible in silicon substrate away from
the via. The boundary conditions for the continuity of dis-
placements and stresses at interfaces are used in the simula-
tion.

Figure 2 shows a comparison of analytical model and

finite element simulation. The plus sign stands for the tensile

Table 1. Material properties.

Material CTE/ppm-K~'  Young’s modulus/GPa  Poisson’s ratio
Cu 17 110 0.35
Si 2.3 130 0.28
Si0, 0.5 71 0.16
BCB 40 3 0.34
Ti 8.6 116 0.32
Ta 6.8 186 0.34

stress and the minus sign the compressive stress. Figure 2(a)
is the hoop stress contrast. Figure 2(b) is the radial stress con-
trast. It can be seen from the figure that the error between ana-
Iytical model and the finite element model is less than 2% and
can be neglected. The accuracy of the analytical model is ver-
ified. The distances of the stress dropping every 50 MP from
300 MP to 50 MP are 0.26, 0.36, 0.52, 0.88, and 1.98 pm, re-
spectively. The stress in silicon drops increasingly slowly with

the increase in distance from the TSV boundary.
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Fig. 2. Comparison between analytical model and FEA simulation
of a single TSV. (a) Hoop stress; (b) radial stress.

Figure 3 shows the stress contour map of the FEA simu-
lation and the analytical model of a single TSV. Through com-
parison, we can see that the stress distribution is the same. It
can also be found that oy is equal to the radial stress on the x
axis and oy, is equal to the hoop stress. The situation on the y
axis is just the opposite. oy is equal to the hoop stress, and oy,

is equal to the radial stress.
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Fig. 3. (color online) Stress contour map of (a), (b) the FEA simulation and (c), (d) the analytical model of a single TSV.

4. Impacts of Cu TSV size, TSV liner, and Cu
diffusion barrier on stress

The Cu TSV size, the thickness of Cu diffusion barrier,
and the liner have effects on stress. Figure 4(a) shows the
radial stress contrast with different thickness of Ti and SiO,.
It can be seen that when the thickness of SiO, is 125 nm
and 500 nm, respectively, the stress increases 0.43 MP and
0.58 MP with the thickness of Ti increasing from 50 nm to

400
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Fig. 4. (a) Impact of the thickness of Cu diffusion barrier and liner.
of Cu diffusion barrier. (d) Impact of the size of TSV radius.

100 nm, respectively. When the thicknesses of Ti are 50 nm
and 100 nm, respectively, the stress increases 27.49 MP and
27.34 MP with the thickness of SiO, increasing from 50 nm
to 100 nm, respectively. The stress is reduced with increasing
Si0; but is almost the same with increasing Ti. This is mainly
because the Young’s modulus of Ti is between Cu and Si, and
its thickness is small. Its influence can be neglected. However,

the Young’s modulus of SiO; is less than that of Cu and Si, and
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(b) Impact of the materials of TSV liner. (c) Impact of the materials
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it is thicker. Therefore, SiO; can absorb the stress, and act as
a stress buffer layer.

The materials of the TSV liner can also affect stress. We
employ benzocyclobutene (BCB), a polymer dielectric mate-
rial, as an alternative TSV liner material. Figure 4(b) shows
the impact of liner material and its thickness on radial stress.
It can be found that when the thickness of the insulation layer
thickness is 125 nm, and the insulation materials change from
SiO; to BCB, the stress reduces by 110.56 MP. When the
thickness of the insulation layer thickness is 500 nm, the stress
reduces by 169.99 MP. The stress reduces by 86.92 MP as the
thickness of BCB increases from 125 to 500 nm. This is be-
cause the Young’s modulus of BCB is much lower than Cu, Si,
and SiO;, the BCB liner can absorb the stress more effectively
due to the CTE mismatch.

Howeyver, the effect of Cu diffusion barrier material on
stress is much smaller than TSV liner, as shown in Fig. 4(c).
When the thickness of the barrier layer is 50 nm, and the insu-
lation materials change from Ti to Ta, and the stress increases
by 3.87 MP. When the thickness of the insulation layer thick-
ness is 100 nm, the stress increases by 2.91 MP. The CTE of
both Ti and Ta is between Cu and Si. Hence, it is unlikely to
induce additional stress around TSV. However, Young’s mod-
ulus of Ta is higher than that of Ti. Its stress is a little higher.

Figure 4(d) shows the impact of the size of TSV radius.
We can find that with the decrease in the TSV radius size, the
stress in TSV has a decline. The smaller TSV is, the more
the stress drops. The stress in the silicon substrate with a
smaller TSV declines more quickly with the increase in the
distance from TSV boundary. That is, the stress with a smaller
TSV has a smaller value with the same distance from the TSV
boundary. The distances of the stress dropping from 300 MP
to 50 MP are 0.26, 0.53, and 0.79 um, respectively.

5. Stress analysis of multiple TSVs
5.1. Linear superposition principle

A useful principle in the analysis of linearly elastic struc-
tures is that of superposition. The principle states that if the
displacements at all points in an elastic body are proportional
to the corresponding forces, that is the body is linearly elas-
tic. The effects, i.e., stress and displacement, of a number of
forces acting simultaneously on such a body are the sum of the
effects of the forces applied separately. We apply this princi-
ple to compute the stress at a point by adding the individual
stress tensors at that point caused by each TSV, as follows:

s=Y s, (18)
i=1

where S is the total stress at the point under consideration,
and S; is the individual stress tensor at this point due to the ith
TSV.

To evaluate a stress tensor at a point affected by multiple
TSVs, a conversion of a stress tensor to a Cartesian coordi-
nate system is required. Let the stress tensor in Cartesian and

cylindrical coordinate system be Sy,; and S,g., respectively,

Oxx Oxy Ox

Sy:=| O Oy Oy |, (19)
GZ/Y GZX GZZ
Orr  Org Oy

Sr9:= | Oor Osg Op; |- (20)
Oz Oz O

The transform matrix @ has the form of

cosf® —sinf 0
Q= | sin6@ cosf® O |, (21)
0 0 1

where 0 is the angle between the X axis and a line from the
TSV center to the simulation point. A stress tensor in a cylin-
drical coordinate system can be converted to a Cartesian coor-

dinate system using conversion matrices: Sy, = QS,,Q".

5.2. Two TSVs analysis

The spacing between two TSVs is 10 um, as shown in
Fig. 5. The comparison results between the linear superpo-
sition and the FEA simulation of three TSV rectangular ar-
rangements are shown in Figs. 6(a) and 6(b). Figure 6(a)
shows the stress along the straight line between the two TSV,
and the origin of coordinates is one of the TSV center. Fig-
ure 6(b) shows the stress along the perpendicular bisector of
the straight line between the two TSVs, and the origin of coor-
dinates is the intersection of the two lines. The plus and minus
of distance, respectively, mean the stress point on the top of or
on the bottom of the origin point. The x represents the x direc-
tion stress, and the y represents the y direction stress. It can be
seen from the figure that the results of the linear superposition
method and the FEA simulation are almost identical, and the
error is less than 2%, which demonstrates the accuracy of this

method and of the analytical model.

Fig. 5. Two TSVs.
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Fig. 6. Comparison between FEA simulation and linear superposition
method with two TSVs. (a) Stress along the straight line between two
TSVs; (b) stress along the perpendicular bisector of the straight line
between two TSVs.
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Fig. 7. Comparison of the stress with two TSVs with different spacings.
(a) Radial stress; (b) hoop stress.

Figure 7 shows the comparison of the stress with two
TSVs with different spacing. The stress is along the straight
line between the two TSVs, and the origin of coordinates is
one of the TSV centers. It can be seen that the stress with
larger spacing reduces more quickly in the Si substrate. The

distances of the stress dropping to 100 MP are 5.46, 5.03, and
4.92 um with the spacing being 10 um, 15 wm, and 20 pm, re-
spectively. The area with smaller stress is larger, which means
that more devices can be placed.

5.3. Three TSVs analysis

For three TSVs analysis, there are two kinds of circum-
stances. (i) Three TSVs are arranged at right angles, with
the spacing between the two TSVs at the square edge being
10 um,[“] as shown in Fig. 8(a). (ii) Three TSVs are in a row,
with the spacing between the two TSVs being 10 um,!"?! as
shown in Fig. 8(b).

Fig. 8. Arrangement of three TSVs. (a) At right angle; (b) in a row.

The comparison of results between the linear superpo-
sition and the FEA simulation of three TSVs rectangular ar-
rangement is shown in Fig. 9. Figure 9(a) shows the stress
along the straight line between the bottom two TSVs, and the
origin of coordinates is the center of the TSV on the left. Fig-
ure 9(b) shows the stress along the perpendicular bisector of
the straight line between the bottom two TSVs, and the origin
of coordinates is the intersection of the two lines. Figure 10
shows the comparison results of three TSVs linear arrange-
ment. Figure 10(a) shows the stress along the straight line be-
tween the three TSVs, and the origin of coordinates is the cen-
ter of the TSV on the left. Figure 10(b) shows the stress along
the perpendicular bisector of the straight line between the left
two TSVs, and the origin of coordinates is the intersection of
the two lines. x represents the x axis stress, and y represents
the y axis stress. Through comparison, it can be seen that the
linear superposition and the FEA simulation match very well.
The error is less than 2% and can be practically negligible.

The analytical model is verified by the above simulations,
which also prove the applicability of the linear superposition.
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The analytical model can be used to discuss the stress with
more TSVs. It uses less time and computing resources com-
pared with the FEA simulation.
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Fig. 9. Comparison between the FEA simulation and the linear superposi-
tion method with three TSVs rectangular arrangement. (a) Stress along the
straight line between the bottom two TSVs; (b) stress along the perpendicu-
lar bisector of the straight line between the bottom two TSVs.

400 s T
(a) |
I ! gl
< 2001 4 1 :
ol (R £ y f H
2 | Uaaedt | | |
> | ]
@ 0 | | | 1
97 ] | |
& ] | | H i
. :f }! l | FEA
_ | | ——FEAz ]
200 1§ Y ?: ——=FEAy
? k v 4 analytical 2
° o analytical y
—400 : + + "
0 10 20 30 40
Distance/pm
100 .
—FEA 2z (b)
—=FEAy
4 analytical x
50 o analytical y 4
© 4
[al)
=
= 0 il
@ P 22277 - - » saa oY T, ® i <~ %2 2VP 1]
9]
e}
n
—50 Q
v 7

~100 . . . . .
-15 —-10 =5 0 5 10 15

Distance/pm
Fig. 10. Comparison between the FEA simulation and the linear super-
position method with three TSVs linear arrangement. (a) Stress along
the straight line between three TSVs; (b) stress along the perpendicular
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6. Conclusion

An analytical model of thermal stress is given in this pa-
per. The comparison between this model and detailed FEM
simulations shows that the analytical model has high accuracy.
The impacts of the Cu TSV size, the thickness, and material
of Cu diffusion barrier and liner on stress have been studied.
It is found that the liner can absorb the stress effectively in-
duced by CTE mismatch, and BCB as a material of liner is
better than SiO,. The stress decreases with the increase of
liner thickness. However, the Cu diffusion barrier has little ef-
fect on the stress. The stress with a smaller TSV has a smaller
value. On the basis of the analytical model, the principle of
linear superposition is validated against the FEA simulation.
The analytical solutions of the stress of two TSVs and three
TSVs prove the applicability of the linear superposition, and
demonstrate that the analytical model can be used for multiple
TSVs stress analysis.
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