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Thermal distribution analysis of inner defects in TSV
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Abstract. In order to uncover the external manifestations of TSV internal defects, the finite element

models of typical internal defects, which were filling missing, axial cavity and end cavity, were established.
The thermal analysis was carried out using thermoelectric coupling method. The temperature distribution of

TSV with and without defects were obtained. And the temperature variation profiles on the defined paths of
TSV layer were also analyzed. The analysis indicated that all the defective TSV showed distinct
temperature distribution with the defect-free TSV. Among three typical defects, TSV with filling missing

showed the most obvious difference on the temperature distribution and path variation. TSV with end cavity
has relatively weak affect and the slightest defect was TSV with axial cavity. Therefore, it could be seen

that the external temperature difference caused by the internal defects of TSV could provide effective

information for the identification and detection in TSV with internal defects.

1 Introduction

In the process of photoelectric manufacturing,
microelectronic packaging was one of the most critical
and difficult steps, which determined the electrical and
mechanical properties of the device. In order to meet the
requirements of modern IC product packaging, 3D
packaging technology was presented. Among current 3D
packaging technologies, TSV (Through Silicon Via) had
attracted extensive attention due to its unique
technological characteristics. Because the interconnect
channel passed directly through the wafer (or chip), it
not only improved the device integration, but also
reduced the interconnection delay and raised the speed of
the devicel'l. However, because of the development trend
of small aperture, high density and aspect ratio, the
defects, such as filling missing, end cavity and axial
cavity, were easily found which would lead to serious
reliability problems. While most of these defects were
located within the inner part of device package,
conventional methods were hardly able to detect them
directly. Thus, the inner defect inspection was becoming
a research focus. In 2016, Shen J extracted seven
features representative of TSVs from the images, and
then inputted them into a self-organizing map (SOM)
network for classification and testing. The results
demonstrated that the normal TSVs and defective TSVs
could be distinguished obviously by SOM network!?.. In
2016, Li F established a numerical model of Cu-filled
TSV and analyzed the effect of defects for TSV thermal
mechanical stress. The results showed that thermal stress
distribution in TSV was distinct with the different shape
and location of defect’®. In 2017, in order to optimize
TSV design and the quality of via filling, Pan Y
established a numerical model of Cu-filled TSV to
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simulate and analyze the effect of diameter, aspect ratio
(AR) and defects on TSV thermal stress and deformation.
Simulation results showed that the equivalent stress and
total deformation of TSV increased as the increase of the
diameter of TSV. The effect of aspect ratio on equivalent
stress was very littlel®. These researchers investigated
the influence of some characteristic parameters of TSV
on the temperature distribution, but did not solve the
problem of some information about TSV with inner
defects.

For TSV 3D-packaging, the TSV with internal
defects showed abnormal temperature distribution under
the electric-thermal composite load at work. If the
corresponding temperature signal could be captured, the
internal defects of TSV could be identified to realize the
active online detection of internal defects. This paper
was based on thermoelectric coupling method. And the
temperature distribution inside the TSV work had been
carried on the simulation analysis, which fully revealed
the trend of the internal temperature distribution with
different defects and provided a theoretical basis for
discovery and orientation of internal defects in TSV.

2 Principle of thermoelectric coupling
analysis

The temperature distribution of the chip module was an
external result of the direct coupling of two physical
fields, heat and electricity, which had a high degree of
nonlinearity.

The general expression of the finite element of the
heat conduction equation was as follows:
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C'T+K" =0 (1)
0=0"+0"+0 +0’
The general expression of the finite element of the
electric conduction equation was as follows:
K" ey =1" (2)
Among, CT was specific heat matrix, K7 was heat
conduction matrix, K" was conductivity matrix, T was

temperature coefficient of node, 7 was temperature
vector that changed with time on a node, J was node
voltage vector, 0" was thermal flow vector on the node,
Ind was current vector, which was applied on a node, Q¢
was surface thermal convection vector, 0% was external
heat flow vector, ¢ was heat generation rate vector of
Joule heat of internal heat source.

Backward difference was used in time, there was the
following:

(icr +KTan —o+Lerr,
At At (3)

This formula was used to calculate the temperature of
the model node at each time A4r.

When chip module was working, the temperature of
the device increased due to the working current. Along
with the temperature rising, the material properties, such
as the resistance, thermal conductivity and specific heat,
were changed correspondingly, resulting in the thermal-
electric coupling effect. The internal heat source vector
(O was calculated by the following form:

0’ = [{NW,cu(vol) (4)

vol
Among, N was element shape function, V; was voltage
gradient vector, g was conductivity matrix. The formula

for calculating the voltage gradient vector was as follows:

v, =BV, 5)
Among, B was the matrix of the shape function x, y, z to
the direction differential. V,; was node last iteration
voltage. Because of the direct coupling between the heat
conduction equation and the electric conduction equation,
the solution of the whole equation group was
accomplished through iteration.

3 Modeling

3.1. TSV chip interconnection structure model

The cross section of 3D-TSV stack chip packaging
structure was shown in Fig. 1. In Fig. 2, the top layer
was the chip, the second layer and the fourth layer were
the welding ball and resin filling material between the
chips (solder layer), the third layer was the pillars and
the Si filling layer, and the substrate layer was the
bimaleimide resin substrate. The schematic diagram of
finite element mesh was shown in Fig. 3. The feature
sizes of the model were respectively chip, TSV pillars,
solder, substrate, and TSV layer. And the model
dimension parameters were shown in Table 1. The
simulation parameters (density, resistivity and thermal

conductivity) used in the finite element analysis were
shown in Table 2.
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Fig. 3. Finite element mesh its overall structure

Table 1. Feature size of each module

bengt Wﬁdt High  Radius
1.Copper — 300 100
cylinder
2.Silicon chip 4 4 300 -
3.Substrate 7 7 300 -
4.Solder 4 4 100 -
5.TSV layer 4 4 300 —
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Table 2. Simulation parameters 4 Simulation results and analysis
) Specific The finite element analysis models of the TSV with
Thermal — Electrical = heat Density defects were established, according to the above three
conductivity resistivity  capacity (kg/m?) kinds of inner defect types in TSV. The corresponding
[Wimk)]  (Qm) i s " .
/(kg-°C)] load and boundary conditions were applied. The

nephogram results of the TSV with inner defects were

! 390 1.75¢-8 385 8950 obtained. The temperature distribution of the key layers
2 124 1 700 2330 . . .

was also given and compared with that of TSV without
3 0.3 0.1 - 1550 defects
4 57 0.1 - 8740 ’
5 124 0.1 700 2330

4.1. Temperature distribution of TSV layer under

3.2. Common defect types various defects

In the process of TSV manufacturing, three types of
inner defects in TSV usually arose, which were shown in
Fig. 4, as (a) filling missing (radius 100um), (b) axial
cavity (radius 80um) and (c) end cavity (radius 80um,
height 100um). All the defects located in the same pillar
as indicated in Fig. 5.

In order to investigate the influence of different
defects and pillars self-heating on the temperature
distribution, thermoelectric coupling method was used in
TSV structure thermal analysis. Thus, the solid 226
thermal unit was selected. And the unit was high order
form with including 20 nodes, which had 5 degrees of

freedom. It could improve the analysis precision and was Fig. 5. Temperature distribution of TSV with defect-free
often used in thermoelectric coupling analysis. The grid DL ST . ”A:E‘:;sf'
division adopted the sweep method directly. The grid ?%EE:% s .

contained 178948 grid cells in Fig. 3. The same load was S . (55
respectively applied to the TSV pillars with different

defects on the chip module. The zero potential was
applied to the bottom surface of the 9 TSV pillars. And
the voltage of the 1.5V was applied to the upper surface
of the chip layer. The boundary conditions of all models
were following: the ambient temperature was 20°C. And
the surface of each part was convective heat transfer
with the air. The convective heat transfer coefficient was
15W/(m?-°C). And the corresponding material properties
were applied to different materials.
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Fig. 4. Common defect profiles of TSV interconnect structure
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(¢) The temperature distribution of the chip layer under
the axial cavity
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(d) Temperature distribution of chip layer unde
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Fig..6. Temperature distribution of TSV layer under defects

In Fig. 5, the overall temperature distribution of
defect-free TSV was given. The surface of the
distribution nephogram was radial. It was easily found
that the heat gradually transmitted from the center to the
edges. The highest and lowest temperature were
100.75°C and 66.62°C respectively. The temperature
distribution of TSV layer under various defects was
shown in Fig. 6. The TSV layers of all three kinds of
defects had obvious differences compared with that of
defect-free TSV. Furthermore, as seen from Fig. 5 and
Fig. 6, the peak temperature of TSV with filling missing,
end cavity and axial cavity were 113.082°C, 101.99°C
and 97.105°C respectively. That was to say, when
compared to defect-free one (100.732°C), TSV with
filling missing defect led to the highest temperature
difference (12.332°C) as shown in Fig. 6(b). The second
highest difference was 3.645°C caused by the end cavity

defect as shown in Fig. 6(d). And the lowest difference
due to the axial cavity was 1.239°C in Fig. 6(c).

4.2. Temperature profile in observing path

As shown in Fig. 7, an observation path of was defined
from point A to B on the substrate to investigate the
node temperature variation. In comparison with the node
temperature profile of the defect-free TSV in Fig. 8, the
temperature variation profile of TSV with filling missing
had the most obvious different, and that of axial cavity

was the most inconspicuous. Another observation path
was defined from point C to point D on the TSV layer in
Fig. 9. The path temperature variation profiles showed in
Fig. 10. TO was the node temperature at C point and had
different values for defect-free, filling missing, axial
cavity and end cavity defect in order to facilitate the
comparison, which were 100.61°C, 112.94°C, 101.85°C

and 96.982°C respectively. It was obvious that the

temperature profiles of various defects showed different

patterns.
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Fig. 7. A schematic diagram of the observation path
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Fig. 8. Temperature profiles with various defects on
the substrate layer
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Fig. 9. A schematic diagram of the observation path
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5 Conclusion

The finite element models of TSV packaging with three
typical defects were established. These models were
analyzed using thermoelectric coupling method and
compared with the TSV without defect under the same
condition. The corresponding temperature distribution
and variation profiles were obtained. All kinds of defects
showed wunique temperature patterns which were
obviously different from the defect-free TSV. Among
these defects, filling missing had the most evident effect
on temperature pattern. The end cavity defect took the
second place and axial cavity was the weakest one.
According to the analysis result, different defects obeyed
different temperature distribution rules, which could be
used to monitor the temperature of TSV packaging and
realize the detection and positioning of TSV internal
defects.
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