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Abstract—This paper investigates two key aspects of 
thermomechanical reliability of through-silicon vias (TSV) in 3D 
interconnects. One is the piezoresistivity effect induced by the 
near surface stresses on the charge mobility for p- and n- channel 
MOSFET devices.  The other problem concerns the interfacial 
delamination induced by thermal stresses including the pop-up 
mechanism of TSV with a ‘nail head’.  We first analyze the three-
dimensional distribution of the thermal stresses near the TSV 
and the wafer surface. The stress characteristics are inherently 
3D in nature with the near-surface stress distributions distinctly 
different from the 2D solution. The energy release rate for 
interfacial delamination of TSV is evaluated under both cooling 
and heating conditions, using an analytical solution for a steady-
state crack growth as an upper bound and numerical solutions by 
finite element analysis (FEA) for more detailed calculations. 
Based on these results, we examine the piezoresistivity effect 
induced by the near surface stresses on the charge mobility for p- 
and n- channel MOSFET devices, including the study of the effect 
of TSV scaling on the keep-out zone for MOSFET devices.  This 
is followed by analyzing the energy release rate for interfacial 
delamiantion for a fully filled TSV and the potential mechanisms 
for TSV pop-up due to interfacial fracture. 

Keywords-3D interconnect, TSV, Thermo-mechanical reliability, 
FEA, Crack driving force 

I.  INTRODUCTION 
Three dimensional (3D) integration with through-silicon-

vias (TSVs) has emerged as an effective solution to meet the 
future interconnect requirements beyond the 32nm technology 
node [1, 2].  The through-silicon via (TSV) is a critical 
structural element in the 3D interconnects, which directly 
connects stacked structures die-to-die. The incorporation of 
TSV structures can significantly impact the thermomechanical 
reliability of 3D interconnects.  The mismatch in thermal 
expansion between the TSV and Si can induce large thermal 
stresses during TSV fabrication to degrade the performance of 
stress-sensitive devices.  It has been reported that 100 MPa of 
stress can change more than 7% of carrier mobility in 
MOSFET devices [3]. In addition, the thermal stresses can 
drive interfacial delamination between the TSV and the silicon 
matrix [4-8], thus the stress impact on device reliability and 

performance has to be considered in the development of 3-D 
integrated circuits.  

In this paper, we first analyze the characteristics of the 
thermal stress induced by TSVs. Three-dimensional finite 
element  simulation and analytical solutions are applied to 
characterize the stress distribution in the Si wafer surrounding 
an isolated TSV.  Here the analysis is focused on the near 
surface region in the Si surrounding the TSV since most of the 
devices are located very close (about 1 μm) to the surface. 
Then we examine two key issues of TSV reliability based on 
the stress characteristics deduced. One is the piezoresistivity 
effect induced by the near surface stresses on the charge 
mobility for p- and n- channel MOSFET devices.  Here we 
extend the study to examine the impact of TSV scaling on the 
keep-out zone for MOSFET devices. The other issue concerns 
the interfacial delamination and its impact on TSV reliability.  
We will deduce an analytical solution for the steady state 
energy release rate as an upper bound for the fracture driving 
force.  The analysis, together with numerical results using 
FEA, is used to investigate the mechanism of TSV pop-up due 
to interfacial delamination.  

II. THREE DIMENSIONAL STRESS ANALYSIS  
Finite element methods have been used to analyze the 

thermo-mechanical stresses of TSV structures, which were 
found to depend on the materials, processes and structural 
designs of the 3D integrated structures [4-8]. To assess the 
thermo-mechanical reliability, the driving forces for the 
growth of both cohesive and interfacial cracks were calculated 
based on the concepts of facture mechanics [8-10]. So far, the 
previous studies have focused mainly on the TSV structural 
reliability and little information was available about the stress 
behavior near the wafer surface. The latter was required to 
understand the stress effect on device performance since most 
of the active devices are located very close to the Si surface.  
In a recent study, a 2-D analytical solution was deduced to 
analyze the stress interaction in TSV arrays [11]. The 2D 
solution, however, does not capture the 3D nature of the stress 
field near the wafer surface around a TSV.  For the present 
study, we analyze the 3D near-surface stress field around a 
single TSV embedded in an infinite Si wafer.  In this analysis, 
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we first assume that all materials are isotropic and linear 
elastic. Under the assumption of linear elasticity, the stress 
field in the TSV structure can be obtained by superposition of 
the two problems sketched in Fig. 1. In Problem A, the system 
is subjected to a thermal loading ΔT and a uniform stress 

zσ on the surface of the via, where the stress field is 
homogeneous in the via. The exact solution to Problem A in 
Fig. 1 is identical to the 2D plane-strain solution to the 
classical Lame problem [12]. The 2D solution does not satisfy 
the traction-free boundary condition on the surfaces in the 
original problem (Fig. 1a) because of the presence of the axial 
stress A

zσ  in the via. To recover the traction-free boundary 
condition, the normal stress on the surface is removed by 
superimposing Problem B, in which the via is subjected to a 
pressure of the same magnitude ( zp σ= ) at both ends, but no 
thermal load [13]. The stress field due to the surface pressure 
is typically localized near the ends of the via. Thus, the stress 
distribution from the 2D solution is an accurate solution far 
away from the TSV ends, especially for TSVs with a high 
aspect-ratio (height/diameter, fDH / ) embedded in a thick 
wafer. However, the correction due to Problem B renders a 
very different stress distribution near the wafer surface around 
the TSV. For a relatively thin wafer, the stress in the entire via 
and its surrounding can be affected and thus comes out 
different from the 2D solution.  This can impact the near-
surface thermal stress distribution and the device 
characteristics surrounding the TSV. 

Problem A can be solved analytically, while an 
approximate solution to Problem B can be obtained semi-
analytically. The thermal stress in the via is uniform and tri-
axial. The detailed solutions can be found in our previous 
publication [14].  

 
    (a)              (b)                       (c)  

 
Fig. 1. Illustration of the method of superposition to obtain the semi-analytical 
solution for the thermal stresses in a TSV structure: (a) the original problem, 
with a thermal load and traction-free surfaces; (b) Problem A, with a thermal 
load; (c) Problem B, with surface load only. 

 
Figure 2 shows the distributions of various stresses in the 

model structure for the negative thermal load, 250−=ΔT ºC. 
Figure 2a shows that the normal stress zσ  is zero on the 
surface ( 0=z ), as required by the traction-free boundary 
condition. The normal stress is non-uniform in the via and Si 
near the surface. Unlike the 2D solution, the shear stress zrσ is 
not zero near the end of the via. In fact, a concentration of the 
shear stress is predicted at the junction between the surface 
( 0=z ) and via/Si interface ( 2/fDr = ), which can contribute 
to the driving force to cause interfacial delamination. The 
distributions of the radial stress rσ and the circumferential 

stress θσ near the end of TSV are also very different from the 
2D solution (Figs. 2c and 2d).  

 

    
    (a) Axial stress )( zσ                   (b) Shear stress )( rzσ  

    
          (c) Radial stress )( rσ     (d) Circumferential stress )( θσ

 
 

Fig. 2. Near-surface stress distributions predicted by the semi-analytical 
solution for thermal load, 250−=ΔT ºC. The stress magnitudes are 

normalized by )1/( vEp T −−= ε . 
 

The fracture behavior depends on the character of the stress 
components and the sign of the thermal mismatch strain, 

( ) TmfT Δ−= ααε , which can be either tensile or compressive 
where the subscripts f and m refer to the TSV and Si, 
respectively. For example, if mf αα > , 0>Tε   for heating 

( 0>ΔT ) and 0<Tε
 
 for cooling ( 0<ΔT ). Under cooling, 

the radial stress is tensile along the via/Si interface, which can 
contribute to the driving force for interfacial delamination. 
The radial stress is also tensile in Si near the surface, which 
can induce circumferential cracking of the Si. Under heating, 
the circumferential stress is tensile in Si, which can induce 
radial cracks to form in Si. In contrast, the shear stress 

rzσ along the TSV/Si interface contributes to the driving force 
for interfacial delamination under both heating and cooling. In 
the present study we focus on interfacial delamination as the 
critical failure mode under both heating and cooling 
conditions.

 To verify the semi-analytic solution, finite element analysis 
(FEA) is performed using the commercial package, ABAQUS 
(v6.8). Since the thickness of the Si wafer is one of the key 
design parameters for the TSV structure, the effect of wafer 
thickness on thermal stress distribution is examined by FEA 
models with two different thicknesses. The model structure is 
shown in Fig. 1a, with the TSV diameter 30=fD  μm and the 
wafer thickness H=300 μm and 60 μm. A negative thermal 
loading (cooling), 250−=ΔT ºC, is assumed. The material 
properties are: 110== mf EE  GPa, 35.0== mf vv , and 

17=fα  ppm/ºC and 3.2=mα  ppm/ ºC. The model is an 
approximation to a Cu TSV in Si, neglecting the elastic 
mismatch between Cu and Si. In practice a thin barrier layer is 
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typically placed between the Cu via and Si, which has minimal 
effect on the stress distribution and is thus ignored here. 

In Figure 3, the results from the FEA are compared with 
those obtained by the semi-analytical solution. First, the axial 
stress ( zσ ) along the center line of the TSV (r = 0) shows a 
transition from zero stress at the surface (z = 0) to a tensile 
stress away from the surface (Fig. 3a). For the thick wafer 
( 10/ =fDH ), the FEA result shows excellent agreement with 
the analytical solution, both approaching the 2D solution (the 
dashed line) away from the surface. Similarly, the radial stress 
( rσ ) at the interface for the thick wafer approaches a finite 
value at z = 0 and the 2D solution far away from the surface 
(Fig. 3b). In contrast, for the thin wafer, the stresses are not 
built up high enough to reach the 2D solution; more so for the 
axial stress. 

 

     
   (a) zσ at the via center )0( =r  (b) rσ at the TSV/Si interface 

)2/( fDr =  

Fig. 3. Effect of wafer thickness on stress distributions ( 30=fD µm, 

250−=ΔT ºC). 
 
It is worth noting the 3D nature of the near-surface 

stresses, which has to be taken into account to determine the 
keep-out zone around the TSV. This is discussed in the 
following section.  In addition, the near surface stresses can 
induce channeling cracks at the Si surface near the TSV in 
either the radial or the circumferential direction, depending on 
the magnitudes and signs of the stresses.  

 

III. TSV-INDUCED PIEZORESISTIVITY EFFECT ON MOSFETS 

A. Piezoresistivity of silicon 
Piezoresistivity of Si refers to the effect of stresses on the 

mobility of the charge carriers of Si. The incorporation of TSV 
can introduce undesired stresses in the Si matrix to degrade the 
performance of the adjacent MOSFETs.  As illustrated in a 
previous study, a Cu TSV of 30 μm diameter can induce a 
thermal stress greater than 100 MPa at a distance 10 μm away 
from the TSV edge [14]. Stresses of such magnitude can affect 
the carrier mobility and will have to be taken into account in 
the design of the keep-out zone (KOZ).  To design the KOZ, 
the piezoresistivity effect in Si induced by stresses around the 
TSV on the carrier mobility has to be considered.  This effect 
has been reviewed recently [15]. In a Si substrate, the general 
relations among the electric field E, current density J, and the 
stress components can be expressed as: 

( )[ ] ( ) ( )
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where ρ is the resistivity of the unstrained Si. π11, π12, and π44 
are the piezoresistivity coefficients of Si. The subscripts of E 
and J (1, 2, and 3) designate the components along the three 
(100) crystal axes, while the six subscripts of σ designate the 
components of a stress matrix. In the following, we consider 
first the case where a MOSFET is located on a (001) Si wafer 
with its channel direction aligned with the [100] direction (Fig. 
4a). Assume that the electrical current only flows along the 
channel direction, i.e. 032 == JJ , and only the electric field 
across the channel (ΔE1) is measured.  The average resistivity 
(or mobility) change along the channel direction can be 
obtained from Eq. (1): 
 

( ),3212111
11 σσπσπ

μ
μ

ρ
ρ ++=Δ=Δ   (2) 

         
The channel direction of a MOSFET is often aligned along the 
[110] direction on a (100) wafer (Fig. 4b).  In this case, the 
resistivity or the mobility change in Eq. (2) can be deduced by 
rotating the coordinate system as [15, 16]: 
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where σ' are the stress components in the new coordinate 
system, which is illustrated by red dash lines in Fig. 4b. 

l
'π and t

'π are the longitudinal and transverse piezoresistive 
coefficients of the new channel direction, respectively. Figure 
5 shows the graphic representations of the variations of the 
longitudinal and transverse piezoresistive coefficients with the 
channel directions on (001) surface in p- and n-Si [15, 17].    
 

 
(a)          (b) 

 
Fig. 4. Channel direction of MOSFETs on (001) Si wafer. 
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                             (a)                   (b) 

  
Fig. 5. Longitudinal and transverse piezoresistive coefficients on (001) Si 

wafer [15, 17]. 

B. Analysis of mobility change and keep-out zone 
Because the MOSFETs are usually fabricated very 

near the wafer surface, the out-of-plane stress component 
'3σ is about two orders smaller than the in-plane component 

'2σ  and thus is negligible. Additionally, it is clear from Eq. (1) 
and Eq. (2) that the shear stress components do not contribute 
to the mobility change. Therefore, the configuration of the 
KOZ is mainly controlled by the in-plane normal stresses 
parallel and perpendicular to the channel direction of 
MOSFETs.  To deduce the piezoresistivity effect for Si 
devices, it is convenient to express the stress distribution in 
Cartesian coordinates. Accordingly, the distribution of normal 
stresses on the wafer surface is two-fold rotational symmetric 
and the distribution of the mobility change (or the KOZ) 
should have a two-fold rotational symmetry as well. 

To calculate the mobility change induced by an isolated 
TSV, thermal stress analysis is performed using FEA 
simulation.  The model consists of a quarter of a TSV 
embedded in a Si matrix with a TSV diameter Df of 20 μm and 
wafer thickness of 100 μm.  The TSV material is taken to be 
Cu and a negative thermal load, ΔT = -180oC, is applied to 
calculate the thermal stresses.  The distributions of the normal 
stresses xxσ  and yyσ are shown in Fig. 6.  Since the devices are 

fabricated very near the Si surface, the normal stresses ( xxσ , 

yyσ , and zzσ ) are simply taken to be on the wafer surface (z 
= 0) from the simulation results.  In the calculation, the 
channel direction of MOSFETs is assumed to be parallel to the 
[110] direction, and the piezoresistivity coefficients of bulk n-
Si and p-Si (Table 1) are used. 

 

 
(a) σxx     (b) σyy 

Fig. 6. Distribution of thermal stress component xxσ  and yyσ in a quarter 

Cu TSV model. 

 
Table 1. Piezoresistivity coefficients for bulk Si (10-4 MPa-1) [15] 

 

The results obtained for the mobility changes along the 
[110] channel direction are shown in Figure 7 revealing a 
significant difference of the stress effect on the carrier 
mobility for the n- and p-MOS devices. With the same TSV 
geometry and thermal load (-180oC), the maximum mobility 
change can reach 35% for the p-MOSFET while only 7% for 
the n-MOSFET. The result can be attributed to the 
combination of the sign and magnitude of the stresses and the 
piezoresistivity coefficients for these two types of devices.  
First, TSV-induced in-plane normal stresses ( xxσ  and yyσ ) are 
of similar magnitude but the piezoresistivity coefficients 
parallel and perpendicular to [110] crystal direction are 
opposite in sign for p-Si (7.18 v.s. -6.63×10-4 MPa-1), but of 
the same sign for n-Si (-3.16 v.s. -1.76×10-4 MPa-1).  This 
results in an addition of the contributions from xxσ  and yyσ  
for the p-MOSFET, but a subtraction for the n-MOSFET.  
 

  
 

Fig. 7. Distribution of mobility change for p- and n-MOSFETs along [110]. 
 
Along the [100] direction, the effect is quite different.  

Here the piezoresistivity coefficients for n-Si along the parallel 
and perpendicular directions are opposite in sign (-10.22 v.s. 
5.37×10-4 MPa-1) and also about an order of magnitude larger 
than that for p-Si (0.66 v.s. -0.11×10-4 MPa-1). Consequently, 
n-MOSFETs are more sensitive to the TSV-induced thermal 
stresses than p-MOSFETs along the [100] direction. 

The scaling effect on KOZ is investigated as a function of 
TSV diameter following a similar procedure. For this purpose, 
FEA models of Cu TSVs are built with a fixed wafer thickness 
(100 μm) and varying diameter (Df = 10 ~ 30 μm). A negative 
thermal load, ΔT = -180oC, is applied. After calculating the 
mobility change on the wafer surface for both p-Si and n-Si, 
an arbitrary criterion for KOZ with 10% change in mobility is 

3D.1.4IRPS11-267



applied to calculate the area of KOZ surrounding the TSV. 
The results are plotted in Fig. 7 for the p-MOSFET devices. 

 
KOZ for p-Si, ΔT = -180oC
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Fig. 8. Effect of TSV diameter on Keep-out Zone. 

The results in Fig. 8 indicate a significant effect due to the 
scaling of the TSV diameter on the area of KOZ for p-
MOSFET, increasing approximately with the square of Df..  
Overall, the effect yields an area ratio between KOZ and TSV 
of about 2.  It is interesting to note that the TSV-induced 
stresses cannot generate a mobility change greater than 10% in 
n-MOSFET under the given thermal load (-180oC), therefore, 
there is no KOZ for n-MOSFET in this study.  

IV. INTERFACIAL DELAMINATION OF TSV 

A. Fully filled TSV 
The stress analysis in the previous section suggests a 

potential failure mechanism of the TSV structure due to 
interfacial delamination. Figure 9 depicts two modes of 
interfacial delamination for a fully-filled TSV structure. With 
a negative thermal load ( 0<ΔT ), the radial stress along the 
via/Si interface is tensile (assuming mf αα > ). Consequently, 
the interfacial delamination crack can grow in a mixed mode 
(peeling and shearing). With a positive thermal load ( 0>ΔT ), 
however, the radial stress is compressive which does not 
contribute to the driving force for delamination. This results in 
an interfacial crack with a pure shearing mode (mode II). In 
this case, the two crack faces are in intimate contact and may 
be subject to friction. For simplicity, we assume a frictionless 
contact in the present study and develop analytical solutions 
for the steady-state energy release rates of the interfacial 
crack, under both cooling and heating conditions. The 
analytical solutions are then compared to finite element 
analysis, which is extended to study the effects of crack length 
and wafer thickness on the fracture driving force. 

 

      (a) Cooling (ΔT < 0)                    (b) Heating (ΔT > 0) 
  

Fig. 9. Schematics of interfacial delamination of TSV under cooling and 
heating conditions. 

For a TSV with a relatively high aspect ratio ( fDH / ), the 
energy release rate for interfacial delamination reaches a 
steady state when the crack length is several times greater than 
the via diameter. Since the energy release rate is usually lower 
for shorter cracks, the steady-state value sets an upper bound 
for the fracture driving force, which may be used as the critical 
condition for conservative design of reliable TSV structures.  

Consider an infinitely long fiber (TSV) in an infinite 
matrix (Si wafer), with a pre-existing semi-infinite, 
circumferential crack along the interface and subjected to a 
thermal load TΔ . The steady-state energy release rate (ERR) 
for the interfacial crack growth (per unit area) is obtained by 
comparing the elastic strain energy far ahead of the crack front 
and that far behind the crack front. While the stress field near 
the crack front is complicated with singularity and 3D 
distribution, it merely translates in the steady state as the crack 
front advances. Far ahead of the crack front, the stress field 
can be obtained analytically by solving the 2D plane-strain 
problem (Problem A in Fig. 1). Far behind the crack front, 
since the TSV is debonded from Si, the stress is relaxed in 
both the via and Si. For the case of cooling ( 0<ΔT ), the 
stress is zero in both TSV and Si. For heating ( 0>ΔT ), 
however, the contact between the crack faces induces a stress 
field similar to Problem A, but the axial stress ( zσ ) in the via 
is zero from the assumption of frictionless contact. If the 
elastic mismatch is neglected (i.e., 0=α

 
and ννν == mf ),  

the steady state energy release rate under cooling can be 
expressed in a simple form: 

)1(4

2

ν
ε

−
= fTSS

cooling
DE

G .    (4) 

Under heating with ΔT > 0, due to the contact of the crack 
faces (Fig. 9b), the stress state in the TSV far behind the crack 
front is equibiaxial. As a result, the steady state ERR under 
heating can be obtained by neglecting the elastic mismatch, 
namely 

 fT
SS
heating DE

v
vG 2

)1(8
1 ε

−
+= .   (5) 

To verify the steady state ERR solution, a FEA model of 
the TSV structure is constructed, and the energy release rates 
are calculated by the J-integral method. As expected, the 
energy release rate increases with the crack length and 
approaches the steady-state solution when the crack length is 
longer than about 2-3 times the via diameter (Fig. 10).  

 

 
 Fig. 10. Effect of crack length on the energy release rate for interfacial 

delamination of TSVs (H = 300 μm and 250−=ΔT ºC). 
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Several interesting results can be deduced based on the 

analytical solutions for the steady-state energy release rates. 
First, the steady-state ERR for interfacial delamination is 
linearly proportional to the TSV diameter, which may set an 
upper bound for the via diameter in order to avoid 
delamination. Second, the ERR is proportional to the square of 
the thermal mismatch strain, ( ) TmfT Δ−= ααε . Thus the 
delamination driving force can be reduced by either using 
TSV materials with smaller thermal expansion mismatch 
( mf αα − ) and/or by reducing the thermal loads ( TΔ ). Third, 
the energy release rate for interfacial delamination increases 
with the elastic modulus of the TSV material, however, the 
effect is less important than the effect of the thermal expansion 
mismatch. Finally, a comparison between Eq. (4) and (5) 
indicates that, with the same thermal load TΔ , the driving 
force for interfacial delamination under cooling is about twice 
that under heating, a result that can be attributed to the 
presence of a tensile radial stress ( rσ ) across the interface 
(opening mode) for the case of cooling.  

 
 

B. The “pop-up” of  TSV with a nail head 
In practice, a hard mask for etching Cu TSVs in silicon 

substrate often results in a ledge or overhang called ‘nail head’ 
over the TSV. The nail head can also be used on purpose to 
facilitate connection to the upper die. The presence of the nail 
head changes the boundary conditions at the crossing point of 
Cu/Si/Nail head and interfacial end of Si/Nail head, which in 
turn affects the stress distribution around both the TSV and Si. 
In particular, under negative thermal loading, the 
concentration of the shear stress along the TSV/Si will 
decrease but the shear concentration along nail head/Si will 
develop due to the nail head. In addition, the opening stress at 
the nail head perimeter/Si interface possesses singularity. As a 
result, the stress concentration contributes to interfacial 
failures. To analyze this problem, we calculate the steady-state 
energy release rate for the TSV structure with nail head under 
cooling. Here the dimensions of thickness and diameter for 
nail head simply are assumed to be sufficiently large. This 
yields zero radial and circumferential stresses far behind the 
crack tip while the out-of plane stress exists due to the 
constraint by the nail head. The ERR obtained under these 
assumptions is close to that obtained by FEA. 

To evaluate the effect of nail head on energy release rate, 
we compare ERR between fully filled TSV ( μm30=fD ) and 

TSV with a nail head ( fn DH 5.0= ) under cooling 
( 250−=ΔT ºC).  The cooling condition contributes to failure 
of only the vertical surface, so that we vary the vertical crack 
length ( 1c ) with zero horizontal crack ( 02 =c ). As crack 
propagates along the vertical interface, the ERR approaches 
the steady-state solution. The steady-state ERR for TSV with a 

nail head drops about 30% due to the constraint effect of the 
nail head (Fig.11). Thus the nail head can be helpful to 
improve the TSV reliability. 

 

 

Fig. 11. Comparison of steady-state ERRs between a fully filled TSV and a 
TSV with nail head ( 0,5.0μm,30 2 === cDHD fnf , and 250−=ΔT ºC). 

 
TSV pop-up describes a phenomenon of TSV lifting off 

from the surrounding matrix as schematically depicted in Fig. 
12. The interface between the nail head and Si is subjected to 
shearing near the perimeter of the nail head, which may cause 
delamination at that location. Therefore, analysis of the 
interfacial reliability of TSVs with nail head should consider 
both interfaces, vertical and horizontal. If both interfaces fail 
during thermal cycling, TSV can be extruded from the Si 
substrate. Here, we describe two thermal processes that can 
cause TSV pop-up. 

First, by comparing the energy release rates under cooling 
and heating, we observe that the interface is more prone to 
delamination under cooling than under heating. Under cooling, 
a vertical crack ( 1c ) initiated at the TSV/Si interface can reach 
a stationary crack through repeated thermal cycles. Then, 
during the ensuing heating cycling, a horizontal crack ( 2c ) 
can be generated at the Si/nail head interface from inside 
toward the outside of the nail head (Fig. 12a). Finally, the 
delamination at both interfaces can bring about TSV pop-up.  
Alternately, after vertical crack failure, horizontal crack could 
start from outside toward the inside of the nail head. However, 
the ERR for this failure mode is relatively small, e.g. less than 

2J/m1 . Thus, this process can be ruled out from 
consideration. 

Another possibility for TSV pop-up arises from the 
concentration of opening and shearing stress under cooling 
(Fig. 12b). The driving force can cause initial crack growth at 
the free end of the nail head/Si interface, followed by an 
interfacial crack expanding inward due to the positive opening 
stress. Then, after fully debonded at the nail head/Si interface, 
a vertical crack propagates along the TSV/Si interface under 
an ERR corresponding to that of the fully filled TSV.   
 

3D.1.6IRPS11-269



 
          (i) Cooling                          (ii) Heating          (iii) TSV pop-up (Heating) 

 
(a) A first scenario for TSV pop-up 

 
           (i) Cooling                        (ii) Cooling       (iii) TSV pop-up (Heating) 

 
(b) A second scenario for TSV pop-up 

 
Fig. 12. Two probable thermal processes for TSV pop-up 

 

V. CONCLUSIONS 
In this study, the thermo-mechanical reliability of a TSV 

structure in 3D interconnect is investigated by a semi-
analytical approach and FEA calculations. The stress 
characteristics are inherently 3D in nature with the near-
surface stress distributions distinctly different from the 
analytical solution based on a simple 2D model. The energy 
release rate for interfacial delamination of TSV is evaluated 
under both cooling and heating conditions, using an analytical 
solution for a steady-state crack growth and numerical 
solutions obtained by FEA for non-steady state crack growth. 
Based on these results, the interfacial reliability of a fully 
filled TSV together with the potential mechanisms for TSV 
pop-up are discussed. In this paper, we also examine the 
piezoresistivity effect induced by the near surface stresses on 
the charge mobility for p- and n- channel MOSFET devices 
and investigate the impact of scaling on the keep-out zone for 
MOSFET devices.  Together, the results of this study provide 
a basis to explore the potential of using materials and structure 
optimization for improving TSV reliability for 3D 
interconnects. 

ACKNOWLEDGMENTS 
The authors gratefully acknowledge Semiconductor 

Research Corporation for the financial support of this work. 

REFERENCES 
[1]  International Technology Roadmap for Semiconductors 
(ITRS), 2009. 
[2] M.S. Bakir, J.D. Meindl, Integrated interconnect 
technologies for 3D nanoelectronic systems. Artech House, 
Norwood, MA, 2009. 
[3] S. Thompson, Guangyu Sun, Youn Sung Choi, and T. 
Nishida, “Uniaxial-process-induced strained-Si: extending the 
CMOS roadmap,” Electron Devices, IEEE Transactions on,  
vol. 53, 2006, pp. 1010-1020 
[4] A.P. Karmarker, X. Xu, and V. Moroz, Performance and 
reliability analysis of 3D-integration structures employing 

through silicon via (TSV), Proc. IEEE 47th Annual 
International Reliability Physics Symposium, Montreal, 2009, 
pp. 682-687. 
[5] C.S. Selvanayagam, J.H. Lau, X. Zhang, S.K.W. Seah, K. 
Vaidyanathan, and T.C. Chai, Nonlinear thermal stress/strain 
analyses of copper filled TSV (Through Silicon Via) and their 
flip-chip microbumps, Electronic Components and 
Technology Conference, 2008, pp. 1073-1081. 
[6] N. Ranganathan, K. Prasad, N. Balasubramanian, and K. L. 
Pey, A study of thermo-mechanical stress and its impact on 
through-silicon vias, J. Micromech. Microeng. 18, 1-13 (2008). 
[7] X. Liu, Q. Chen, P. Dixit, R. Chatterjee, R. Tummala, and 
S. Sitaraman, Failure mechanisms and optimum design for 
electroplated copper through-silicon vias (TSV), Electronic 
Components and Technology Conference, 2009, pp. 624-629. 
[8] K. Lu, X. Zhang, S. Ryu, J. Im, R. Huang, and P. Ho, 
Thermo-mechanical reliability of 3-D ICs containing through-
silicon-vias, Electronic Components and Technology 
Conference, 2009, pp. 630-634. 
[9] A. Karmarkar, Xiaopeng Xu, and V. Moroz, 
“Performanace and reliability analysis of 3D-integration 
structures employing Through Silicon Via (TSV),” Reliability 
Physics Symposium, 2009 IEEE International, 2009, pp. 682-
687. 
[10] X. Liu, Q. Chen, P. Dixit, R. Chatterjee, R. Tummala, and 
S. Sitaraman, Failure mechanisms and optimum design for 
electroplated copper through-silicon vias (TSV), Electronic 
Components and Technology Conference, 2009, pp. 624-629. 
[11] K. Lu, X. Zhang, S. Ryu, R. Huang, and P. Ho, Thermal 
stresses analysis of 3-D interconnect, 10th International 
Workshop on Stress-Induced Phenomena in metallization, 
Proc. American Institute of Physics Conference 1143, 2009, 
pp. 224-230. 
[12] A.E.H. Love, The stress produced in a semi-infinite solid 
by pressure on part of the boundary, Philos. Trans. A 228, 
377-420 (1929). 
[13] T.C. Lu, J. Yang, Z. Suo, A.G. Evans, R. Hecht, and R. 
Mehrabian, Matrix cracking in intermetallic composites 
caused by thermal expansion mismatch, ACTA Metall. Mater. 
39, 1883-1890 (1991). 
[14] S. Ryu, K. Lu, X. Zhang, J. Im, P. Ho, and R. Huang, 
IEEE Trans. TDMR, 
2010.DOI:10.1109/TDMR.2010.2068572. 
[15] Y. Sun, S. Thompson, and T. Nishida, Strain Effect in 
Semiconductors: Theory and Device Applications,  New York: 
Springer, 2010. 
[16] W.P. Mason and R.N. Thurston, “Use of Piezoresistive 
Materials in the Measurement of Displacement, Force, and 
Torque,” The Journal of the Acoustical Society of America,  
vol. 29, Oct. 1957, pp. 1096-1101. 
[17] Y. Kanda, “A graphical representation of the 
piezoresistance coefficients in silicon”, IEEE Transactions on, 
vol. 29, 1982, pp. 64-70. 
 

3D.1.7 IRPS11-270



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


