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1. Introduction

Through-hole interconnections in a Si substrate are
one of the most important technologies for three-
dimensional chip stacking 1) 2) 3). The three-dimension-
al chip stacking with the through-hole interconnec-
tions realizes both high-speed performances and
high-density packaging for LSIs. The through-hole
interconnections also contribute to miniaturization of
electric or optical devices. We have developed key
technologies to form through-hole interconnections
in a Si substrate. There are three major process steps
in the forming. Those are through-hole forming, insu-
lator forming and metal filling. For the through-hole
forming technology, we apply Deep Reactive Ion
Etching (DRIE) and laser process, and we also devel-
oped Photo Assisted Electro-Chemical Etching
(PAECE) to form higher aspect ratio through-holes 4)

5). For insulator forming, thermal oxidation or Plasma
Enhanced Chemical Vapor Deposition (PECVD) is
usually used. For metal filling, we have developed
Molten Metal Suction Method (MMSM). Using these
technologies, we could make high-density through-
hole interconnections in a Si substrate. In this paper,
we report fabrication processes of the through-hole
interconnections and their basic characteristics, and
also show the result of thermal stress simulation by
FEM.

2. Fabrication of Through-hole
Interconnections in a Si Substrate

2.1 Fabrication Processes

Fig. 1 presents the schematic process flow to form

through-hole interconnections in a Si wafer. We used
4 inch Si wafers as the starting material, of which ori-
entation was (100) and the thickness was around
500µm. First of all, deep blind holes, 30µm in diame-
ter and approximately 350µm in depth, were formed
by the DRIE. The total number of holes in a wafer
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Fig. 1.  Schematic Process Flow to Form Through-hole
Interconnections.
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was 18,648 (84/chip). After forming the blind holes,
SiO2 layer as an insulator was formed on the sidewalls
of the blind holes and the surface of the wafers by
thermal oxidation. The thickness of the layer was
about 1.2µm. Then the metal filling was done by the
MMSM. In this experiment, Au(80wt%)-Sn(20wt%)
solder was chosen as a filling metal. After the metal
filling, both sides of the wafer were ground until the
buried Au-Sn solder appeared to the surface. Because
the SiO2 layers on the surfaces were stripped during
the grinding process, the surfaces needed to be cov-
ered by another insulation layer. The insulation layer
must be formed under low temperature condition to
prevent re-melting of Au-Sn in the through-holes. We
deposited 1µm thick SiO2 layer for the insulation
layer by PECVD using tetraethylorthosilicate (TEOS)
at 200°C. Finally, the SiO2 layer just onto the filled
metal was removed, and metal pads were formed.

2.2 Metal Filling by MMSM

Though electro-plating of copper has been com-
monly used for the metal filling 6), it has some critical
issues as follows. In many cases, voids or seams,
which may affect the reliability of the interconnec-
tions, remain in the holes after the process. The
process time of the filling is long, typically a few
hours. On the other hand, the MMSM we have devel-
oped has some advantages. First, the process time of
the filling is much shorter than the electro-plating. It
is about 5minutes. Second, there are no voids or
seams in the metal filled by MMSM.

Fig. 2 shows the process flow of the MMSM. After
forming holes in a Si wafer, we set the Si wafer in a
vacuum chamber with a molten metal bath. First, we
decompress the chamber to around 50Pa, and dip the
wafer into the bath for a minute. Here the pressure of
the holes is the almost same as that of the chamber.
Then we pressurize the chamber up to the atmos-
pheric pressure by N2 gas. Because of the differential
pressure between inside of the holes and the cham-
ber, the molten metal is sucked into the holes. Finally
we pull up the wafer from the bath and cool it. Fig. 3
shows a cross-sectional SEM image of the holes filled
with Au-Sn solder. All of holes were completely filled
with Au-Sn solder without any voids.

Because the holes are filled with the molten metal
in vacuum, however, the selection of filled metal has
some restriction as follows.
(1) Low vaporization pressure at the melting point not

to evaporate from the molten bath.
(2) Low melting point, less than 400°C, not to dam-

age the device on the Si substrate.
(3) Low coefficient of thermal expansion to prevent

the sucked metal from forming voids or slipping
out from holes due to shrinking during cooling.

In addition, because the filled metal is used for

electrical interconnections, it also needs the following
features.
(4) Low resistivity of metal to make low impedance

interconnection.
We confirmed that indium, tin and gold-tin solder

could be filled in the holes.

3. Evaluation

3.1 Electrical Characteristics

It takes much long time to measure electrical char-
acteristics of through-hole interconnections one by
one, because there are more than 18,000 holes in a Si
substrate. Therefore, we made a daisy chain circuit
that connects all through-holes in one chip as shown
in Fig. 4. This daisy chain circuit enables us to meas-
ure some electrical characteristics of each chip more
efficiently.

Fig. 5 shows the relationship between the resist-
ance and the number of through-hole interconnec-
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Fig. 2.  Schematic Procedure of MMSM.

Fig. 3.  Cross-sectional SEM Image of the Holes Filled with Au-
Sn Solder.



tions. Circle plots give measurement values and
square ones give design values estimated from calcu-
lation. The total resistance of the all connected 84
through-hole interconnections in one chip was 15.6Ω.
This value was about 2.3 times as large as we expect-
ed. This means that the individual resistance was
about 0.1Ω larger. We assume that the contact resist-
ance between the filled metal and the pad would
make the higher resistance. On the other hand, the
individual through-hole interconnections were electri-
cally independent. The dielectric breakdown voltage
between the conductive interconnections and Si sub-
strate was more than 500V.

3.2 Radiflo Leak Test

When we apply the through-hole interconnections
to MEMS devices, we must consider the airtightness
of the through-hole interconnections. Because some
of the MEMS devices require the airtightness
between front side and back side of the wafer.
Therefore, we made a sample as shown in Fig. 6 and
measured the leakage rate of the through-hole inter-
connections by radiflo leak test based on MIL-STD-
833E. First we soaked the sample in Kr-85 and N2

mixed gas for 15 hours under 2atms. If leakage pass-
es exist through the holes, the mixed gas is intro-

duced into a cavity of the sample. After the soaking,
we counted Kr-85 in the cavity by a scintillation
counter. As the result, the through-hole interconnec-
tions had excellent airtightness and its leakage was
lower than the detection limit (1×10−15 Pa·m3/sec).

4. Analysis of Stress Distribution around the
Through-holes Interconnections by FEM 7)

In the case of metal filling by MMSM, there is pos-
sibility that big strain between the Si substrate and
the buried metal in the holes would remain due to the
cooling cycle to room temperature, when the molten
metal solidifies in Si substrate. Therefore, we ana-
lyzed stress distributions around the through-hole
interconnections by FEM. The analysis model was a
through-hole interconnection formed in a Si substrate
370µm thick, and its opening size was 20 microns
square. It was presumed that 1µm thickness of SiO2

layer would be formed on the surface of the Si sub-
strate and the side-wall of the through-hole, and that
the buried metal as the interconnection would be
Au(80wt%)-Sn(20wt%). The material properties we
used for FEM analysis are shown in Table 1. We used
ANSYS (Version 5.6.1) as the solver for the analysis.
Every material was handled as an isotropic elastic
body. The stress distributions in the model were sim-
ulated through a cooling cycle from 280°C, which
was melting point of Au-Sn, as the initial temperature
condition to room temperature (20°C).
1) Single Interconnection Model

Fig. 7 shows the result of FEM analysis. Stress con-
centrations appeared near the boundary between the
interconnection/SiO2/Si. Specially, much stronger
stress was found at the corners of the interconnec-
tion, and the maximum stress produced in Si or SiO2

was 600MPa, and the spread was around 20~30µm.
As compared to the yield stress of Si or SiO2, which is
around 5~6GPa in general, the produced stress dur-
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Fig. 4.  Daisy Chain Circuit.
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ing the cooling cycle, which was less than one tenth
of the yield stress, were so small that plastic deforma-
tions would hardly occur. While the corner concen-
trations would possibly cause dislocations in Si mono-
crystal, the calculated stress at the corner was much
smaller than already known value 8). Therefore, there
was little possibility of causing crack starting from
dislocations.
2) Multi-interconnections Model

Next, we calculated stress distribution in multi-
interconnections model, changing three different
pitches, 81, 162 and 324µm of connections. When the
pitch was 162 or 324µm, the results of the simulation
were almost same as that of the single interconnec-
tion model, and there was little interaction between
interconnections. On the other hand, when the pitch

was 81µm, the peak stress at the corners increased
by approximately 10% in comparison with the result of
the single model, there were disorders around the
peak. This would be caused by deformation gaps
between the interconnections and the surrounding
substrate due to the higher density of interconnec-
tions.

5. Conclusion

We made high-density through-hole interconnec-
tions in Si substrates as next-generation packaging
technologies, and evaluated their basic characteris-
tics. The breakdown voltage of the through-hole
interconnections against the Si substrate was more
than 500V. In the result of a radiflo leak test, the
through-hole interconnections had excellent airtight-
ness, and its leakage rate was less than 1×10−15

Pa·m3/sec. The result of FEM analysis showed that
the stress was so small and would cause no crack in
through-hole interconnections made by MMSM. We
will evaluate reliability and high frequency character-
istics of the through-hole interconnections soon. We
also plan to develop the mass production technolo-
gies of the through-hole interconnections.
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Table 1. Material Properties

Material
Elastic

Poisson ratio
CTE

modulus (ppm/°C)

Au(80wt%)-Sn(20wt%) 57 0.4 16

Si 170 0.25 2.8

SiO2 66 0.25 2.3

Fig. 7.  Stress Distribution.


