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True Three-Dimensional Interconnections

Satoshi Yamamoto,1 Hiroyuki Wakioka,1 Osamu Nukaga,1 
Takanao Suzuki,2 and Tatsuo Suemasu1

As one of the next-generation through-hole interconnection (THI) technologies, true three-
dimensional interconnections (True3D interconnections) such as crank-shaped or Y-shaped THI 
have been developed. As an arbitrary electrical interconnection can be formed in a substrate 
using this technology, a higher-density and more design freedom electric device package can 
be expected compared with the conventional THI having straight shape. In this study, the 
fabrication method and the structural and electrical properties of the True3D interconnections 
are reported. An interposer sample with the True3D interconnections is also mentioned.

1. Introduction
With the growth of system integration technology, 

there has been great interest in the development of 
much smaller, much thinner, and much higher-density 
package for electric devices. Small electrical intercon-
nect called through-hole interconnection (THI) or 
through silicon via (TSV) is one of the key technolo-
gies for the next-generation package such as three-di-
mensional (3D) chip stacking or system in package 
(SiP)1)-3). In our laboratory, wafer level package (WLP) 
using the TSV has been developed and demonstrated 
for image sensor packaging or micro electro-mechani-
cal systems (MEMS) device packaging4)5).

Because the conventional THI is fabricated in a sub-
strate such as silicon (Si) by deep reactive ion etching 
(DRIE) or laser drilling, the shape of the THI becomes 
straight and perpendicular to the surface. If the THI 
having three-dimensional structures such as crank-
shape or Y-shape—we call it true three-dimensional 
(True3D) interconnections—could be formed inside 
the substrate, an arbitrary electrical interconnection 
that contributes to the higher-density and more design 
freedom electric device package can be realized. In 
this study, the fabrication method of the True3D inter-
connections is presented first, and then the experi-
ment results including the structural and electrical 
features are reported. An advanced interposer sample 
with the True3D interconnections is also mentioned.

2.  Fabrication method of the True3D intercon-
nections

2.1 Micro-via fabrication

To realize the True3D interconnections, 3D struc-

tured micro-via formation inside the substrate is need-
ed. For the 3D structured micro-via formation, an ep-
och-making fabrication method using both femto- 
second laser irradiation and wet chemical etching was 
developed.

Femtosecond laser whose pulse width lies  in the 
femtosecond order is widely used in micro- and nano-
scale machining because no damage processing is 
available without thermal influences such as ablation 
or melting6). When the femtosecond laser pulses are 
irradiated inside a transparent material, nonlinear opti-
cal phenomenon called multiphoton absorption is 
caused at the focal point and consequently internal 
modification is generated around the focal point. Be-
cause the bond angle between Si and oxide is slightly 
changed due to the irradiation, the internal modifica-
tion becomes solvable to the acid such as hydrofluoric 
(HF) acid. This interesting phenomenon was applied 
to the 3D structured micro-via fabrication.

Fig. 1. Schematic process flow of through-hole formation.

Femtosecond laser Substrate

1. Femtosecond laser irradiation

2. Wet etching
3D micro-via

HF solution

 
1 Silicon Technology Department of Electron Device Laboratory
2  Materials & Processing Technology Development Department of Electron 

Device Laboratory



52

Figure 1 shows a schematic process flow of the 3D 
micro-via fabrication. First, femtsecond laser pluses, 
operated at 250 femtoseconds (wavelength: 800 nm, 
repetition rate: 200 kHz, pulse energy: 3.5 μJ), were 
focused in a substrate and scanned so that internal 
modification with 3D structure such as crank-shape 
and Y-shape was formed. Fused silica, PYREX, and 
sapphire were used as a substrate in this study. The 
internal modification was etched by HF solution, and 
crank-shaped or Y-shaped vias could be fabricated in-
side the substrate.

To obtain some useful data, the influence of process 
condition on the etching rate and etching selectivity 
was studied. Figure 2 shows the dependence of etch-
ing rate and selectivity on HF concentration in the case 
of fused silica glass. In this experiment, laser irradia-
tion condition was constant as shown in Table, and 
only HF concentration varied from 10 to 50 wt%. The 
etching was performed for 1 hour. The etching rate 
was calculated from the depth of the micro-via and the 
etching time. The etching selectivity means the ratio 
of etching rate between the modification and unmodi-

fied glass. The etching rate of the modification in-
creased with the HF concentration until 30 wt% and 
saturated beyond 30 wt%. On the contrary, the etching 
rate of the unmodified glass was quite low until 30 wt% 
and increased drastically beyond 30 wt%. Due to the 
drastic change of the etching rate, the etching selectiv-
ity was also varied widely from 10 at 50 wt% to 70 at 10 
wt%. From these results, 10 wt% HF solution was used 
in our micro-via fabrication.

Figure 3 shows the dependence of etching rate and 
selectivity on laser scan velocity in the fused silica 
glass. In this experiment, laser irradiation condition 
except laser scan velocity was constant as shown in 
Table, and only laser scan velocity was varied from 0.1 
to 5 mm/sec. The HF concentration was 10 wt% and 
etching time was 2 hours in this case. The etching rate 
of the modification decreased linearly with the laser 
scan velocity within this region and the etching rate of 
the unmodified glass was constant at 10 wt%. There-
fore, the etching selectivity was increased linearly as 
the laser scan velocity was decreased. The amount of 
energy supplied by laser irradiation also decreased as 
the laser scan velocity became lower. These results 
indicate that the control of the etching selectivity can 
be done by changing the laser scan velocity and high-
er etching selectivity can be obtained using lower la-
ser scanning. Lower scan velocity also decreases pro-
cess throughput, however, 3-mm/sec laser scanning 
was used in our micro-via fabrication. Although the 
etching rate was almost the same between 1-hour and 
2-hours etching in this experiment, further examina-

Fig. 2. Dependence of etching rate and selectivity on HF 
concentration.
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Fig. 3. Dependence of etching rate and selectivity on laser scan 
velocity.
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Table. Laser irradiation condition.

Wavelength 800 nm

Pulse width 250 fs

Repetition rate 200 kHz

Pulse energy 4 μJ

Panel 1. Abbreviations, Acronyms, and Terms.

THI–Through Hole Interconnection
TSV–Through Silicon Via
SiP–System in Package

WLP–Wafer Level Package
MEMS–Micro Electro Mechanical System
DRIE–Deep Reactive Ion Etching
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tion would be needed in longer and deeper etching.
Using the optimized conditions, 3D structured mi-

cro-via was fabricated. In this study, crank-shaped and 
Y-shaped micro-vias, as shown in Fig. 4, were demon-
strated. In the crank-shaped vias, radius of curvature r 
was varied from 10 to 70 μm so that its influence on the 
following metal filling process could be examined. In 
the Y-shaped vias, normally Y-shape and its reversed 

shape were attempted. Each via was so-called blind 
via. Figure 5 shows cross-sectional photo images of (a) 
crank-shaped via and (b) Y-shaped via formed in a 
fused silica substrate. Both vias were successfully fab-
ricated. The opening diameter of the vias was about 80 
μm in each case. The etching rate of the modification 
was 4.1 μm/min and that of unmodified glass was 0.08 
μm/min. Therefore, the etching selectivity was ap-
proximately 51. In the PYREX substrate, the etching 
rate of the modification was 4.8 μm/min and that of 
unmodified glass was 0.4 μm/min. Therefore, the 
etching selectivity was approximately 12, which was 
lower than that of fused silica. In sapphire substrate, 
unmodified portion was not etched at all during the 
etching, so the selectivity became much higher.

2.2 Metal filling

After the micro-via formation, conductive metal fill-
ing into the vias is needed. As the metal filling tech-
nique, copper (Cu) electroplating is often used for con-
ventional TSV. However, it must be difficult to fill Cu 
into the crank-shaped or Y-shaped vias completely by 
electroplating. Consequently, the molten metal suc-
tion method (MMSM) 7), which is our original tech-
nique and must have a potential for the filling, was ap-
plied.

Figure 6 presents a schematic process flow of the 
metal filling by the MMSM. First, the substrate with 

Fig. 5. Cross-sectional photos of (a) crank-shaped via and (b) 
Y-shaped via.

(a)

(b)

600 µm

600 µm

Fig. 4. Schematic images of crank-shaped and Y-shaped vias.
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Fig. 6. Schematic procedure of molten metal suction method.
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3D micro-vias was set in a vacuum chamber with a 
molten metal bath. Then the chamber was evacuated 
until a few Pa and the substrate was dipped into the 
bath for a few minutes. Here the pressure inside vias 
was almost the same as that of the chamber. Then the 
chamber was pressurized up to the atmospheric pres-
sure by introducing N2 gas. Instantly the molten metal 
was filled into the vias due to the differential pressure 
between the vias and the chamber. Finally, the sub-
strate was pulled up from the bath and cooled.

Figure 7 shows cross-sectional photo images of 
crank-shaped vias after the metal filling by the MMSM, 
(a) r = 10 μm and (b) r = 70 μm. Gold–Tin (Au–Sn) 
solder was used as the conductive material in this ex-
periment and filled into both vias completely without 
any voids. According to this result, the MMSM can be 
applied to the vias having small curvature. Figure 8 
shows cross-sectional images of Y-shaped vias filled 
with Au–Sn by the MMSM. Figure 8(a) is a normal 
shape of Y and Fig. 8(b) is a reverse one. Both shapes 
of vias were filled with Au–Sn completely without any 
void. Furthermore, Figure 9 is a cross-sectional photo 
of asymmetric Y-shaped vias filled with Au–Sn. Even in 
this case, both shapes of vias were also filled with Au–
Sn completely without any void by the MMSM. These 

results suggest that the MMSM is a quite flexible 
method for metal filling into vias whose shapes are dif-
ferent and complex.

3.  Characterization of the True3D interconnec-
tion

3.1 Evaluation of the airtightness

In MEMS device package application, a sealed pack-
age is often required for both protection of the device 
and maintenance of the performance. Therefore, the 
airtightness of the THI is one of the most important 
characteristics. It should generally be less than 10-9 

Fig. 7. Cross-sectional photos of crank-shaped vias filled with 
Au-Sn by MMSM. (r = (a)10 μm and (b)70 μm)

Fig. 8. Cross-sectional photos of Y-shaped vias filled with Au-Sn 
by MMSM.

Fig. 9. Cross-sectional photo of asymmetric Y-shaped vias filled 
with Au-Sn.
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Pa·m3/sec as low as conventional electric device pack-
age. In this study, airtightness of the True3D intercon-
nection was examined using helium (He) leakage 
test.

Figure 10 shows a schematic image of the sample 
for the measurement. A crank-shaped THI and a Y-
shaped THI were formed in a fused silica substrate 
whose thickness was 350 μm. The opening diameter of 
the THIs was 80 μm on the upper side and 30 μm on 
the lower side. As shown in Fig. 11, the substrate was 
bonded to another substrate so that a cavity could be 
formed between them. The sample was exposed to He 
gases pressurized at 420 kPa for 2 hours. If the THIs 
have leakage passes, the He atoms will be introduced 

into the cavity through the passes. By detecting He 
atoms coming from the cavity through the passes, air-
tightness of the THIs can be estimated. The measured 
leakage rate of the THIs was smaller than 1.0 ¥ 10-9 
Pa·m3/sec, which was enough to be used in the MEMS 
package application.

3.2 Electrical property

Electrical resistance of the True3D interconnection 
was examined using the crank-shaped THI, 80 μm in 
diameter and 800 μm long, as shown in Fig. 12. 4 wire-
probing method was attempted by contacting pair 
probes to electrical pads on both sides of the substrate 
as shown in Fig. 13. As the result of 12 sample mea-
surements, the average of electrical resistance was 
46.0 mW, which was 10 mW greater than the estimated 
value. This is because that the measured resistance 
included the contact resistance between the pads and 
THIs.

To clarify the applicability of the True3D intercon-
nection, an interposer sample with the True3D inter-
connection was demonstrated. Figure 14 shows a 
cross-sectional photo of the interposer sample. Four 
crank-shaped THIs were formed in a fused silica sub-
strate whose thickness was 300 μm. A Si piezoresistive 
pressure sensor was mounted on the interposer by re-
flow and its electrodes were connected to the crank-
shaped THIs with lead (Pb) free solder bumps. Nor-
mally the operation of the pressure sensor was 
confirmed when the excitation current was applied to 

Fig. 10. Schematic image of a sample for airtightness 
evaluation.

Fig. 12. Cross-sectional photo of a sample for 4-wire probing.

Fig. 13. Schematic image of 4-wire probing on crank-shaped 
interconnection.

Fig. 14. Cross-sectional photo of an interposer sample.

Fig. 11. Cross-sectional image of a sample for airtightness 
evaluation.
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the pressure sensor through the THIs. Furthermore, 
temperature coefficient of sensitivity (TCS) of the 
pressure sensor was examined. The TCS of the pres-
sure sensor mounted on the interposer was half that of 
the pressure sensor mounted on a typical interposer 
made of FR-4. The coefficient of temperature expan-
sion (CTE) of fused silica (0.55 ¥ 10-6 /°C) was lower 
than that of FR-4 (14.3 ¥ 10-6/°C) and was near to that 
of Si (3.3 ¥ 10-6/°C). These results indicate that our 
interposer with True3D interconnection is suitable for 
the package of temperature-sensitive devices such as 
MEMS.

4. Conclusion
True3D interconnection was developed as one of 

the next-generation THI technologies. It has a superi-
or airtightness and electrical characteristics that can 
be used in interposer application for MEMS package. 
As a next step, RF characteristics and reliability of the 
True3D interconnection will be studied.
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