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Fig. 4. SEM image of the fabricated silicon chip.

Fig. 5. SEM image of the cross section of TSV.

IV. RESULTS AND DISCUSSION

A. Results of Silicon Chip Fabrication

Fig. 4 shows scanning electron microscope (SEM) images of
the silicon chip with the TSVs and the fluidic channels. Fig. 5
shows a cross section of the TSV. As the on wall metallization is
done by double-side metal film sputtering, it is no need to fabri-
cate taped TSV, which can simplify the DRIE process and save
cost. Fig. 6(a) and (b) illustrates the UBM and AuSn-solder pat-
terns around the TSVs. Both patterns are uniform with smooth
edges.

B. Evaluation of Electrical Connection

After UBM patterning, electrical connectivity through the
TSVs with different diameter has been tested and the results
are listed in Table I. It is seen that when the diameter is larger
than 150 pm, the resistance through a TSV is less than 0.5 €2.
Therefore, the diameter of the TSVs in this work is selected as
150 pm in order to have higher I/Os. Fig. 7 shows the cross

Fig. 6. (a) UBM layer around the TSV after patterning. (b) AuSn solder ring
after liftoff.

Fig. 7. Metal thin film on side wall of TSV.

TABLE I
ELECTRICAL RESISTANCE FOR DIFFERENT DIAMETERS OF TSV

section of the TSV after metallization. It is clearly seen that the
side wall of the TSV is covered with a continuous metal layer.
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(b)

Fig. 8. SEM images of solder surface after shear test. (a) Over-view.
(b) Zoomed view.

C. Evaluation of the Bonding Quality

High bond strength of the silicon carrier is required for the
following dicing and assembly process. In order to measure
the bonding strength, shear strength measurements of the diced
package samples were carried out by a commercially available
shear tester (DAGE-SERIES-4000-T, Dage Precision Indus-
tries, Ltd., Aylesbury, U.K.). The shear strength value measured
for 20 different samples ranged from 17.8 MPa to 35.1 MPa,
and an average value of 27.2 MPa and a standard deviation of
2.2 are obtained. During the shear test, fracture always occurs
at the UBM layer, which indicates that bonding strength is
stronger than the adhesion strength of UBM layer. Fig. 8 is the
SEM images after shear test. It is seen that the metal is peeled
from the surface. Fig. 9 is the cross section of the bonding
interface. It is seen that uniform interface has been achieved

During AuSn bonding, bonding pressure is one of the critical
parameters to obtain good bonding results. Fig. 10 shows the
cross section of the AuSn-solder ring after bonding at 350 °C,
15 min of peak temperature hold time, and compression pressure
of 1.7 MPa. It is obviously seen that there is a gap in the middle
of the interface. The reason for improvement of bonding quality
with high pressure can be explained as that higher pressure can
improve contact area between two bonding surfaces from both
macro and micro points of view. Normally, silicon wafer is not
ideally flat, especially after back grinding and polish and some
micro fabrication process. Therefore, high pressure can push the
two bonding surfaces contact each other intimately. As the same
time, the AuSn-solder layer thickness after evaporation may has
some variation and as shown in Fig. 11, root-mean-square (rms)

(b)

Fig. 9. Cross section of the bonding interface. (a) Cross section of embedded
fluidic channels. (b) Cross section of AuSn solder ring after bonding.

AuSn-solder
bonding interface
with open-gap

18 31 SEI

Fig. 10. Crack in the bonding interface with bonding pressure of 3 kN.

roughness of the AuSn surface after evaporation is about 25 nm.
The rough surface will decrease the contact area between the
two bonding surfaces. Therefore, high pressure is required to
overcome the thickness variation and the surface roughness to
improve the contact area between the two bonding surfaces.
Fig. 12(a) and (b) shows the top and the bottom surfaces of
a diced silicon carrier, respectively. The yield after dicing is
higher than 98%, which indicates the bonding strength is high
enough to pass through the dicing step. The meal patterns on
both sides provide electrical interconnection and rerouting. The
resistance of the electrical interconnection between the top and
bottom surfaces of the carrier through one TSV varies between
0.5 and 2.5 €2, with an average value of 1.16 € for 20 intercon-
nections. The value includes the resistance of the AuSn solder
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Fig. 11. Surface roughness of AuSn solder after evaporation on UBM layer.
The rms roughness is 25 nm.

(b)

Fig. 12. Optical images of a diced silicon carrier. (a) Top surface. (b) Bottom
surface.

bonding layer and is 0.16 € higher than the designed value. In
order to decrease it further, a thicker metal layer and/or larger
TSV diameter can be used.

Thermal cycling test between —40 °C (15 min) and 125 °C
(15 min) for 500 cycles has been conducted for the bonded sil-
icon carrier. The temperature ramping rate is 15 °C per min.
After testing, the average shear strength of 20 samples is 26.8
MPa, which is kept almost same as that before thermal cycling
test.

D. Results of Fluidic Test

Hermetic sealing of the bonded carrier is a key requirement
of the project. A test setup has been developed to circulate water
under high pressure through the carrier. The water flow rate is
increased gradually up to 350 ml/min. No leakage is observed
at high flow rate. The maximum pressure drop in the carrier is
6 x 10* Pa.

V. CONCLUSION

An integration process for silicon carrier with embedded
thermal solution has been developed. The silicon carriers,
having both electrical and fluidic interconnections, can act as
substrates for chips mounting and then can be stacked over each
other with a silicon interposer in between to form a cooling
module for high power heat dissipation in 3-D packages.
Evaporated AuSn is used as bonding material, and the uniform
bonding interface without voids is achieved. Some important
results are summarized as follows.

1) An integration process for fabrication of silicon carriers
with both embedded fluidic channels and electrical inter-
connections has been developed. The silicon carrier can be
stacked over each other with silicon interposers in between
to make up of a stacked cooling module for high power heat
dissipation.

2) After on wall metallization of TSV with diameter larger
than 150 xm and thickness less than 400 pm, the electrical
resistance through TSV is 0.49 2. After bonding, the elec-
trical resistance between top and bottom surfaces of the
silicon carrier is 1.16 €2, which is 0.16 €2 higher than the
designed value. It can be reduced by using thicker metal
layer and/or larger TSV diameter.

3) For asingle carrier, no leakage is observed at high flow rate
(350 ml/min). The maximum pressure drop in the carrier is
6 x 10* Pa.

4) High bonding pressure can improve the bonding quality
of evaporated AuSn-solder. With bonding pressure of 4.7
MPa, the die shear test strength is higher than 27 MPa and
it is more than adequate for dicing/handling of the silicon
carrier and to provide leakage free fluidic path. After 500
cycles of thermal cycling test (—40 °C to 125 °C), the av-
erage die shear strength is 26.8 MPa and shows no degra-
dation after thermal cycling test.
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