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Abstract—Temperature and thermal stress responses of an improved
TTSV structure under the impact of hotspots are numerically analyzed
in this paper. A Fin structure is added to the circular TTSV to
strengthen the effect of thermo-mechanical mitigation. The nonlinear
finite element method (N-FEM) is presented to obtain the coupled
thermal and mechanical fields. Running time of the N-FEM algorithm
is compared with that of commercial software to indicate its efficiency.
The model of state-of-the-art 3D Dynamic Random Access Memory
(DRAM) is adopted in our simulation. Besides the single-layer TTSV
and TTSV array, the extended case of multi-layer TTSVs is also
investigated. To take into consideration the nonlinear effects, the
temperature dependent results for the issues of hotspot alignment and
liner materials selection are provided, both of which are compared
with the corresponding temperature independent results. This paper
is aimed to provide some practical guidance to the design of TTSV for
effective thermo-mechanical management.

1. INTRODUCTION

Three-dimensional integrated circuits (3-D ICs) with through silicon
vias (T'SVs) are well known as a promising technology to address both
the “more-Moore” and “more-than-Moore” applications [1-3]. They
offer the heterogeneous integration, shorter interconnect length, lower
power consumption and so on. However, the ensuing thermal issues
and the corresponding thermo-mechanical problems have posed threat
to further development of 3-D ICs [4, 5].
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Thermal management is becoming an indispensable process for
3-D IC design. The reasons are: 1) reduced heat dissipation due to
die thinning, 2) the poorly thermally conductive adhesives, 3) higher
power density [6-8], 4) inadequate space for cooling channels (i.e.,
gap for fluid flow), and 5) hotspots possibly occurred in stacked
dies, especially for hotspot alignment. One approach to increase heat
dissipation is to insert thermal through silicon via (TTSV) [9], which
is mainly aimed to suppress the peak temperature by introducing
heat path from hotspots to the bottom heat sink. A couple of
academic works have focused on TTSV improvement for efficient heat
dissipation. In [10], thermal via allocation was studied to mitigate
the temperature hotspots of each die, in the process of placement
and routing, respectively. Singh etal. [9] simulated the effects of
TTSV dimensions and its extension length into silicon substrate on
temperature reduction. Further, the author suggested that graphene at
the interface between die and ILD layer can help to boost the ability of
TTSV to spread heat. Hwang et al. proposed a thermal-aware physical
design of TTSV (with Fin structure) in order to solve localized hotspot
problems [11], with its thermal resistance circuit model developed for
time-efficient calculation. However, the author considered only one
device layer, and investigation of three or even more dies [12] including
bottom substrate in the package level was not given. Moreover, the
nonlinear temperature dependent physical properties, such as thermal
conductivity and heat capacity, are not taken into account in [11]. Last
but not least, this paper lacks the part of studying thermal induced
stress of the improved TTSV structure, which is important for the
reliability and performance of 3-D ICs.

Coefficient of thermal expansion (CTE) mismatch between the
TSV materials and silicon substrate in the manufacturing process
may cause high thermal stresses [13]. These tensile or compressive
stresses can lead to crack, delamination and even failure of materials.
Numerous studies have been carried out to better understand the
thermo-mechanical mechanism of TSVs. The relevant aspects of
thermal stress of TSV include: 1) TSV array format, for example,
an approach for designing TSV arrays based on thermo-mechanical
analysis was proposed in [14], 2) hotspot distribution, and 3) the
optimization of TSV geometry, dimension and material properties for
the concern of thermal stress-induced crack or delamination. The
nonlinear thermal stress of TSVs and some TSV-based components
are analyzed [15,16]. However, these works are mainly based
on commercial finite element analysis (FEA) software, and further
improvements are still required for thermo-mechanical analysis of

TSVs.
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In this paper, based on the nonlinear finite element method (N-
FEM) [17-20], the 3D temperature and thermal stress distribution of
TTSV with Fin structure are captured for thermo-mechanical-aware
design. Moreover, the temperature-dependent material properties and
three-layer 3D DRAM case are also considered [21]. The rest of
paper is organized as follows. In Section 2, a general description
of N-FEM is given. In Section 3, single- and three-layer structures
with improved TTSVs are investigated, with the 3-D temperature
distribution provided to figure out the heat dissipation effects. Further,
thermal stress analysis of TSV with and without Fin structure is
carried out in Section 4. Finally, some conclusions are drawn in
Section 5.

2. NUMERICAL METHODOLOGY

Thermal and mechanical fields are coupled with each other in 3D
ICs:  thermal stress is caused by the temperature variation and
the mechanical properties of materials are temperature dependent;
thermal stress can cause deformation to the structure, which affects
the temperature distribution. To obtain the temperature and thermal
stress distribution of the improved TTSVs, the heat conduction and
thermal stress equations should be solved numerically.

2.1. Heat Conduction Equation
The heat conduction equation is described as [18§]
VIK(TVT()] = (7 T)

or (1)

Ty, =Tas o~ LT —h(T = Ta)ly,
q

where T'(r) represents the 3-D temperature distribution, fi(r, T') the
heat generation rate of the heat source, h the convection coefficient (in
watts per square meter Kelvin), T;, the ambient temperature, I', the
Dirichlet boundary, I'; the Neumann boundary, and d/0n the normal
derivative operator along the outward direction of I'y. In (1), fi(r, T)
is the Joule heat of TSV produced by electrical field, which is zero for
TTSV.
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2.2. Thermal Stress Equation
The thermal stress equation is given by [20]

0%u Oou

L = 4+Ac+f=0

pf)t? —i—,uat—i— o+

€ =Lu

o =D (c-<™) 2
e™—oqMAT[1 1 10 0 0]"

oijnjlp =T

ai|ru:az

where p is the thermal stress damping coefficient, «(T") the
temperature dependent thermal expansion coefficient, AT the change
of temperature distribution, eT® the thermal strain component, u the
displacement vector, and D the elasticity matrix [16]. I', and I, are
Dirichlet boundaries of stress and displacement, respectively, A and L
the differential operators, € and o the strain and stress vectors. The
stress equation can be discretized using Galerkin’s method,

2
0%a(r,t) L Hy da(r,t)
ot? ot

where a(r, t) is the displacement of all nodes in the model, da(r, t)/0t
the nodal velocity, and 9%a(r, t)/0t?> the nodal acceleration. My,
Hp, Kp, and Qp(r, t) are the mass matrix, the damping matrix, the
stiffness matrix, and the load vector subject to the power of injected
pulse, respectively. The global matrices can be written as

Mp

+ Kpa(r,t) = Qp (r,t) (3)

Nele

Mg (T) = ) m§ (T) (4a)

e=1
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where N, is the number of total elements, and the elements can be
written as

mS. = / pNTNdV (5a)
v (e)
hé = / uNTNav (5b)
v (e)
< (T)= B'D (T)Badv (5¢)
v(e)
o (t)= / [BTD (T) €™ + NTf (T, t)} dv — [ NTTdr (5d)
v (e) Fg

where V() is the volume of the eth element, B = LN the strain
matrix, N = [N; Ny ... N4’ the vector of element-shape function,
and N,g the number of discrete nodes in every element. Note that for
heat conduction equation, M equals to zero and (3) can be simplified.
By finite difference approach, (3) can be written as matrix equation
Ax =D, i.e.,

1

A = HAtiM +H+ ALK (6a)
X = a (6b)
1
= M+H-—-(1-0)ALK| a;-
b QAtz + ( 9) tz a;—1
1 8al-_1
+(1 - 0)At;Qi—1 + 0AL;Q; + EM En (6¢)

where 0 = 0.5 is chosen to achieve the second-order accuracy and the
unconditional stability, and the matrix A is symmetric and positive-
definite.

FEM has a high computing precision. However, it can also be
time-consuming. Both our N-FEM code and commercial FEM software
ANSYS are run for the case of single-layer TTSVs with Fin mentioned
below. The running time of our code is 2min 20sec, while ANSYS
takes 17 min 44 sec to finish the calculation. It indicates that our code
is more efficiency than commercial software.

3. MODEL DESCRIPTION AND THERMAL
NUMERICAL RESULTS

Due to the reduced lateral cooling capability of thinned die and poor
thermal conductivity of adhesives in the vertical integration, more
confined and hotter hotspots may be produced. Fig. 1 shows the
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Figure 1. Cross-sectional view of single- and three-layer TTSVs in
3D integrated DRAM.

Table 1. Temperature-dependent material properties in our model.

Z‘:C - Cu [19] Polymer [23] Al [16,22] Cu;Sn [23]
= () «(T) E() o (T) w(T) | E) a(T) a(T) K(T) E(T) a(T)
<o 2.91e8 | 42033 141.594 | 17.2597 | 1.368 | 2.29e4 | 266.17 -3.743 1401 113 -588.12
< -1.56e6 | -0.0681 | -0.0184 | 1.44e-4 | 4.4e-4 | -211.9 -1.56 2.14e-1 -8.84 -3e-3 6.255
o 3.7¢3 0 0 7.03e-6 | 9.1e-7 | 0.666 2.3e-3 6.0de-4 | 2.23e-2 -5.4e-6 -2.41e-2
e -3.935 0 0 -9.03e-9 0 -Te-4 0 7.7e-7 2.3e-5 0 4.1e-5
s 1.56e-3 0 0 4.85e-12 0 0 0 -3.5e-10 | 8.2e-9 0 -2.6e-8
Temperature| (200, | (200, (200, (300, (296, NA (290, (293, (293, (73, (33342
Range (K) | 900) 1200) 1000) 900) 473) 336) 1073) 1073) 477)
Z‘:C - Si[19] Si0, [19] BCB [23]
= (D) K(T) E(T) a(T) k(D E(T) a(T) K(T) E(T) a(T)
< 1200 332.14 162.60 -0.8972 0.54335 68.64 0.51 8.51le-2 29 4.729
< 0 -1.078 -0.135 1.721e-2 1.05e-3 9.2e-3 0 6.97e-4 0 0.127
[ 0 1.58¢-3 2.299e-4 -2.46e-5 0 0 0 0 0 0
e 0 -1.09e-6 | -1.874e-7 | 1.816e-8 0 0 0 0 0 0
cy 0 2.81e-10 5.89e-11 | -5.15¢-12 0 0 0 0 0 0
Temperature (300, (300, (300, (300,
N/A (273, 1000) N/A (297,339) | N/A | (300, 900)
Range (K) 1300) 1000) 1000) 800)

schematic of single-layer TTSVs and extended three-layer TTSVs [18].
Although the number of layers of state-of-the-art 3D DRAM can reach
8 or even 10, here, three-layer case is considered for simplicity. The
geometrical size is given in Fig. 1. The temperature dependence
of materials in our model can be described by the interpolation
polynomial,

4
2(T)=> eT", Th<T<T) (7)
n=0
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where ¢, (n =0, 1, 2, 3 and 4) are the fitting coefficients as listed in
Table 1. As shown in Fig. 1, each die is subjected to a heat source with
a uniform thermal power. The heat dissipated from the hotspots in 3-D
IC is generated either by self-heating in active devices or interconnects.
The corresponding heat sources are located at the top of Si layer or
within SiOs layer. The temperature of bottom heat sink is set to
be uniformly 300 K. Adiabatic boundary condition is applied on other
surfaces.

To verify our N-FEM code, the maximum temperatures of TTSV
with Fin structure are captured by our code and ANSYS, respectively.
As shown in Table 2, the results can be reasonably considered
consistent with each other. Top view of Fin structure added to the
circular TTSV is shown in Fig. 2. Here each Fin is placed right under
the Al pad.

Ly

I Wein

b Hot Spot
dlm |

Figure 2. Top view of Fin structure (dyiq = 5pm, dp, = 5pum,
Whn = 5 uUm, tg, is the depth of Fin).

Table 2. Comparison between results by [11] and our code.

N f
Vumber of 1 3 6 6/Fin 9 9/Fin

Vias and Fin

Tmax (K)
332.042 | 328.581 | 328.021 | 327.895 | 327.914 | 327.657

(our code)
Tmax (K) [11] 332.135 | 328.368 | 328.111 | 327.926 | 328.101 | 327.737
AT (K) 0.093 —0.213 0.09 0.031 0.187 0.08

Utilizing HFSS, we calculated the Noise Coupling Transfer
Function of single-layer structure with and without TTSV. As shown
in Fig. 3(a), the signal integrity will be affected by TTSVs, which
may lead to inaccurate prediction of the IC performance. It is better
to pull away TTSVs from the active devices (i.e., hotspots). Adding
Fin to TTSV will not affect the signal integrity while reducing the
temperature of the whole IC. Hence, we can conclude that using the
Fin structure, the TTSVs can be moved farther from the heat source,
as shown in Fig. 3(b).
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Figure 3. (a) Noise coupling transfer function of single-layer
structure. (b) Compared to the case of TTSV without Fin, the
distance that hotspot can be pulled away from the heat source when
Fin structure is added to TTSV.

To investigate the cooling effect of Fin structure, the case of
hotspots and Fin in the BEOL layer, which is located in middle of
SiOs layer, is considered. As the TTSVs with Fin structure get closer
to the hotspot, the corresponding maximum temperature of single-
layer TTSVs is obtained, as shown in Fig. 4. Here, the depth of
Fin structure is 8 um, and thermal power density of the hotspot is
set to 1.24 x 10*W/m3. An obvious reduction in the maximum
temperature can be observed after Fin is added to the TTSV. For
example, the temperature is suppressed by about 20 degree when dys =
0.5 um. Additionally, the temperature can be reduced more obviously
when hotspot is closer to the Fin. Practically, with fixed hotspots
encountered in 3-D IC design, Fin structure can be appropriately
placed to strengthen its effect.

For the case of hotspots in active devices, to study the effect
of dimension of the Fin structure, we varied Fin width from 4 pum
to 6 um and Fin thickness from 2pum to 10 pum. Fig. 5 illustrates
the corresponding peak temperature of single-layer TTSVs. As is
shown, the thicker and wider the Fin, more heat in TTSV layer can be
dissipated, which is due to the reduced thermal resistance Rg,, i.e., [11]

LLﬁn‘de (8)

KCu Wfin - tﬁn
where Lg,, wgy,, and tg, denote the length, width and depth of the
Fin. d,, describes the distance between TTSV1 and Fin, and kcy is
thermal conductivity of Cu.

To further suppress the temperature, it is proposed to split single
TTSV into TTSV array [24]. The schematic of single-layer TTSV

Rg, =
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Figure 6. (a) Top view of single-layer TTSV array with fin (tg, =
2.65 um, wpg, = 5um). (b) Maximum temperature of single-layer

TTSV as a function of distance between hotspot and TTSV, comparing
the situation of two TTSVs and TTSV array.

array with fin is presented in Fig. 6(a). What’s more, the comparison
between the case of two TTSVs and TTSV array is given in Fig. 6(b).
What can be inferred include: (1) the farther hotspot is away from
TTSV, the hotter TTSV layer is; (2) after adding the Fin structure,
the maximum temperature is reduced for both two TTSVs and TTSV
array; (3) compared with the case of two TTSVs, the maximum
temperature is given another reduction for TTSV array; (4) the cooling
effect of Fin for TTSV array is obviously larger than that for two
TTSVs.

The 3-D temperature distribution of single-layer and three-layer
TTSV models are displayed in Figs. 7(a) and (b), respectively. TTSVs
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are supposed to be as close as possible to the hotspot, larger than the
scope of keep-out-zone (KOZ). Note that there are two main heat flow
path: one through each Si layer, the other through TTSVs directly
into the bottom substrate. Fig. 7(b) shows that the uppermost layer
suffers the highest temperature, though each hotspot is applied with
the same thermal power. This is because that the uppermost hotspot
is farthest from heat sink at the bottom of the model. Moreover, as
glue material, BCB has a poor thermal conductivity compared with
that of Si, which roles as a heat blockage between two dies.

Temperature(K)

TTSYV with Fin structure

Z-axis(pm)

200 250 % 30 Pty
X-axis(um) 00 Maximum
temperature=349.33K
@
w00 ¢ TTSV with Fin structure Temperature(K)
400
390
3 380
370
g 360
=
Z X 3
2
I v o7 N4 A i 3
; Y-
N o 340
330
200 320
31
150 300
150 200 250 300 350 400 Maximum
X-axis(um) temperature=349.33K

(b)

Figure 7. 3-D temperature distribution of (a) single- and (b) three-
layer TTSVs. For single-layer TTSV, wg, = 6 um and t5, = 10 um,
dps = 10 pm, while t5, = 2.65 um and dps = 5 um for three-layer case.

Furthermore, we have investigated the problem of hotspot
alignment, which poses a great risk on the multi-layer 3-D ICs. Here,
three-layer TTSVs are modeled to study thermal coupling among heat



Progress In Electromagnetics Research M, Vol. 30, 2013 61

sources in different layers of a 3-D stack. djs of overlapped hotspots
is 10 um for each layer, while dp,s of staggered hotspots from top to
bottom layer is 5 pm, 10 wum, 15 um, respectively. The applied thermal
power density is 0.62x 1014 W/m3. As shown in Fig. 8(a), the Fins help
to pull down the maximum temperature for about 6 degree. Moreover,
if the hotspots at each of the three layers happen to be in a straight
line in the vertical or horizontal direction, they will strengthen each
other in heating up the 3-D stack. And the thicker the dies, hotter the
3-D stacked layers will be. This is due to a longer heat path between
hotspots and the bottom heat sink.
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Figure 8. (a) Maximum temperature of three-layer TTSVs with
overlapped and staggered hotspots. The case with and without Fin
are considered. (b) Added with Fin structure, maximum temperature
of three-layer TTSV with overlapped and staggered hotspots. The
material properties are temperature dependent.

Utilizing the temperature dependent properties of various
materials listed in Table 1, nonlinear maximum temperature of
three-layer TTSVs with overlapped hotspots and staggered hotspots
are also provided in Fig. 8(b). Compared to the case of linear
material properties, the resulting temperature is largely increased.
Consequently, for thermal-aware design of TTSV, a conservative
strategy should be adopted since the unfriendly nonlinear effect.

4. THERMAL STRESS ANALYSIS

It is predicted that a large proportion of electronic failures (65%)
are thermo-mechanically related.  According to the von Mises
force yield criterion: the von Mises force should be no more
than a yielding strength, otherwise, material begins yielding. For
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example, the yield strength of Cu varies from 225 MPa to 600 MPa.
Therefore, it is necessary to study the thermo-mechanical effect
induced by temperature field derived in Section 3. Figs. 9(a) and (b)
demonstrate steady-state 3-D thermal stress distribution of single-
and three-layer TTSVs, respectively. It can be observed that the
thermal stresses concentrate on the interfaces of liner/Si, Cu/Al/liner,
polymer/Si/liner, which is caused by the CTE mismatch of different
materials. The larger the difference between CTEs, the stronger
thermal stress will be. Further, temperature of the right TTSV is
higher than that of the left one, according to Fig. 7. Thus the difference
between the right TTSV temperature and stress free temperature (here
is 27°C) is relatively larger, which means a higher thermal stress for
the right TTSV. The maximum von Mises force in Fig. 9(b) exceeds
600 MPa, which indicates a great failure risk. As Fig. 9(c) shows,
critical von Mises force appears at sharp corners of Fin and near
the interface of Fin/TTSV. This is because that sharp corners are
more likely to concentrate thermal stress, which adds the possibility of
mechanical failure.

TTSV array can not only reduce the thermal concentration more
efficiently, but also lower the probability of thermo-mechanical failure.
TTSV array contains 9 TTSVs, so more thermal stress can be canceled
out. The maximum von Mises force as a function of distance between
hotspot and the nearest TTSV is displayed in Fig. 10, comparing the
cases of single TTSV and TTSV array. Figs. 10(a) and (b) show the

Von Mises(Pa)
i
TTSV with Fin structure I TTSV with Fin structure ~ Von Mlses(:’ﬂ)
. ; > « 10
.
v |
M.

=

350

= 300
g
3 N 4
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2z
z |
T
N -3
(@) w2
Fin structure o
314 9
EEY
Z a0 | 200
g s i
N 306 s
B0 s {
5 260 ; 3
S . s f° 200 250 300 30
T g - 2 . Maximum von
X-axis(um) B e v 1 X-axis(um) Mises=6.7E8
(c) (b)

Figure 9. 3-D thermal stress distribution of (a) single- and (b) three-
layer TTSVs. The geometry information and applied condition is the
same as that in Fig. 7. The detailed thermal stress distribution of
(c) Fin for single-layer TTSVs is provided, too.
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Figure 10. The maximum von Mises force of single TTSV and TTSV
array (a) without and (b) with Fin.
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Figure 11. Maximum von Mises force of single-layer TTSV
with SiOy and BCB liner utilizing (a) temperature-independent and
(b) temperature-dependent physical parameters.

situation of TTSV without and with Fin, respectively. As can be
seen, TTSV array will significantly diminish von Mises force, if not
concerning about the occupied area in 3-D ICs. And when hotspot
is farther away from TTSVs, von Mises force is reduced. With Fin
structure, von Mises force will be increased, which is partly because
of large von Mises force on the interface of Cu Fin and low-x liner
insulator.

In our Fin structure model, Fin is connected to the liner of TTSVs.
By replacing SiOy of liner with BCB, we get the maximum thermal
stress for Si0y and BCB depending on the thickness of liner in Fig. 11.
Note that contrary to the potential thermal stress mitigation effect
of BCB proposed in other papers, SiOs can better reduce thermal



64 Huang and Zhao

stress actually in our models. This is because that the CTE mismatch
between BCB and Si is larger than that between SiOs and Si. As
can be observed from Figs. 11(a) and (b), the thicker liner can absorb
more thermal stress. Maximum von Mises force of single-layer TTSVs
with BCB liner utilizing temperature-dependent physical parameters
is given in Fig. 11(b). The TTSV layer with BCB liner suffers a higher
thermal stress compared with the temperature independent situation.

5. CONCLUSION

In summary, a novel Fin structure is added to TTSVs in 3-D integrated
DRAM to investigate the improved thermal and thermo-mechanical
performance. The models of single-layer TTSV, TTSV array and three-
layer TTSVs are established. To give a practical and comprehensive
study of the thermal effect of Fin on 3-D IC, we discuss the issues
of hotspot location optimization, Fin size variation and hotspot
alignment. The thermal and thermo-mechanical effects of TTSV array
with Fin are also provided. Additionally, 3-D temperature and thermal
stress distribution of single-layer and three-layer TTSV are plotted
and discussed. In addition, temperature dependent results of hotspot
alignment and liner materials are given. It is found that although BCB
has a lower Young’s module, SiOs can mitigate more thermal stress in
our model actually. Further study may be conducted about other liner
materials with better thermal and mechanical performance. All the
results mentioned above are based on our N-FEM code, which deals
with the problem of thermal and mechanical field coupling. This paper
will offer some practical guidance of applying Fin structure to 3-D ICs
to mitigate the temperature and thermal stress.
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