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Through-Silicon Via (TSV)

This technology allows stacked silicon chips to interconnect through
direct contact to provide high-speed signal processing and improved photo

detection for image sensing.

By MakoTto MoToYosHI, Member IEEE

ABSTRACT | Recently, the development of three-dimensional
large-scale integration (3D-LSI) has been accelerated. Its stage
has changed from the research level or limited production level
to the investigation level with a view to mass production [1]-[10].
The 3D-LSI using through-silicon via (TSV) has the simplest
structure and is expected to realize a high-performance, high-
functionality, and high-density LSI cube. This paper describes
the current and future 3D-LSI technologies with TSV.

KEYWORDS | Chip size package (CSP); image sensor; micro
bump; three-dimensional large-scale integration (3D-LSI);
through-silicon via (TSV)

I. INTRODUCTION

Semiconductor integration technology has been widely
spread in two-dimensional applications over the past three
decades. This wide application has been employed not only
in the field of the electronics industries but also in a lot of
related industries such as optoelectronics, bioelectronics,
medical systems, electronics analysis, computer systems,
military systems, satellite systems, submarine systems, and
so on. From the consumer area to ultra-high-end products
and military usage, almost all industrial products incorpo-
rate semiconductor devices. One significant reason for this
rapid progress is the good scalability of metal-oxide—
semiconductor (MOS) devices [11]. But recently the actual
device has begun to deviate from the ideal scaling theory.
The main cause is difficulty of operation voltage scaling.
The value of kT/q does not scale down, and thus lowering
threshold voltage (Vth) of an MOS transistor is difficult
without increasing subthreshold leakage. Without Vth
scaling, power and performance became a tradeoff. Under
this circumstance, in order to bring out high performance
from LSI chips while restricting their power, there are two
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Fig. 1. TSV for 3D-LSI technology road map.

approaches. One is reconsidering circuits and system
architecture from view point of power consumption.
Another is concerning LSI structure. In recent devices,
the signal propagation delay is mainly determined by
wiring length and pin capacitance. Three-dimensional
large-scale integration (3D-LSI) is the one solution to
improve performance without increase of power consump-
tion. One of the key issues to realize 3D-LSI is the method
of information transfer and the supply of electric power
among stacked chips. There are many methods to connect
interchip, such as wire-bonding, edge connect, capacitive
or inductive coupling method [12]-[17], and direct contact
using through-silicon via (TSV). Fig. 1 shows the TSV
technology road map. In this figure, there are two
technologies. The upper line is for the current 3D-LSI
structure in which the TSVs are formed under the
peripheral bond pads. In this case, TSV design can be
relaxed up to the bond pad pitch. Although the perfor-
mance can be improved, the main advantages of this
technology are improving form-factor without the modi-
fication of the original LSI chip layout. The lower line is for
advanced 3D-LSIs. In order to facilitate the performance of
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Fig. 2. Schematic view of a new CSP structure for sensor application.

3D-LSI, the circuit blocks in stacked chips need to connect
directly with fine pitch TSVs and microbumps. Therefore,
to avoid chip area penalty, their pitches need to be shrunk
to less than 5 pm. Aside from the fabrication technology,
many issues, such as three-dimensional computer-aided
design (3D-CAD), test, heat removal, reliability assurance,
supply chain supply chain of base LSI chips, application
definition, etc., need to be settled simultaneously.

II. CURRENT 3D-LSI USING TSV

A. CSP Technology for Image Sensor

At the development stage, it is important to fix the
target application. In an ideal image sensor, pinouts are
preferably located on the opposite side from the sensor
array. Fig. 2 shows the schematic view of a new chip size
package (CSP) for sensor applications. This does not have a
real 3-D LSI structure with stacked chips, but it applies
many of the same technology features such as TSV, wafer
thinning, and bump formation. Therefore it is a suitable
vehicle to develop the 3D-LSI process module and easy to
expand to the real 3D-stacked structure, which could
include a sensor with digital signal processor (DSP) or a
sensor with memory and DSP, etc. There are two issues in
applying this technology to an image sensor device. One is
keeping low temperature during the fabrication process
because the thermal stability of the polymer microlens and
the color filter is less than 200 °C. This process is
analogous with the complementary MOS (CMOS) back
end of line (BEOL) process. However, the process
temperature of most typical BEOL unit processes is around
350 °C. Therefore, it is necessary to lower the unit process
temperature to 200 °C and optimize it carefully without
degradation of reliability. Another issue is avoiding the deg-
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radation of the optical characteristics during the processes.
At the finished wafer stage, the surface of the pixel array is
not covered with a passivation layer, which is different from
other LSI chips.

B. New CSP Process [9], [18], [19]

This process uses the dead area under bond pads. The
process sequence for making the new chip size package is
shown in Fig. 3. After finishing the LSI process, a handle
wafer is attached to the sensor LSI wafer by adhesive film,
followed by wafer thinning down to about 100 ym by back
grinding and polishing [Fig. 3(a)]. Subsequent process
steps for TSV formation are shown in Fig. 3(b). Backside
deep Si etch and successive SiO, etch process with
photoresist mask forms through holes. Fig. 4 shows
scanning electron microscope (SEM) images of
60 x 60 pum? rectangular type TSVs after deep Si etch.
Fig. 5 shows a focused ion beam (FIB)-prepared cross-
sectional SEM image of a 60 pm diameter through-hole
with a depth of 100 pm. This sample was prepared by FIB
and XeF, etching with amorphous carbon as etching mask.
Optimizing Si/SiO, etch selectivity and Si etch rate, we
can suppress the notch at the Si-SiO; interface. After
making sidewall insulation, the through hole is filled with
conductive material. Then the handle wafer is replaced
with a cover glass. This is a process peculiar to sensor
applications [Fig. 3(c)]. Then, after forming backside
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Fig. 3. New CSP process flow.
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Fig. 4. A SEM image of 60 x 60 um? TSVs after deep Si etch.
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Through Hole

interconnection and bumps [Fig. 3(d)], the sensor wafer
with cover glass is diced into the sensor chips [Fig. 3(e)].
Fig. 6 shows a cross-sectional photo image of the CSP
mounted on a module test board. The sensor LSI chip is
connected via TSV, backside interconnect, and Pb-free
solder bump with printed circuit board. The total thickness
of this sample (from bump to the surface of the cover glass)
is about 0.64 mm.

C. TSV Filling Process

There are several candidates for the TSV filling process.
Filling with conductive paste is a promising technology to
reduce process cost. Fig. 7 illustrates the process sequence

wafer backside surface

sp-carbon

Fig. 5. FIB prepared SEM image of TSV after Si0O, Reactive ion etch
inner surface of TSV is coated with sp-carbon layer as mask for
protection from XeF, gas.

of this technique. After thinning the LSI processed wafer,
through holes are formed by deep Si etch and successive
SiO; reactive ion etch (RIE) with photoresist mask to expose
the bottom side of the bonding pad [Fig. 7(a) and (b)]. Then
the side-wall insulator is formed using low-temperature
plasma-enhanced chemical vapor deposition (PECVD) SiO,
deposition and subsequent SiO; RIE [Fig. 7(c)]. Optimizing
PECVD and RIE conditions, only the bottom oxide of the
through hole is completely removed to expose the backside
of pad metal. After contact metal and diffusion barrier metal
deposition, conductive paste is filled by printing technique
[Fig. 7(d) and (e)]. Lastly, the contact metal and the
diffusion barrier metal at the back side surface of the wafer
are removed [Fig. 7(f)]. Fig. 8 shows a cross-sectional view
of TSVs filled with Cu base paste material with a TSV
diameter of 20 pm and depth of 270 pm. The paste showed
excellent filling characteristics. The merits of this method
are the shorter turnaround time and lower machine cost
compared with other techniques, such as plating, metal
CVD, etc. Fig. 9 shows new CSP with conductive paste
filling TSV. The issues of this process are relatively high
resistivity and the contraction of paste material during the
cure cycle. In this application, the cross-section of the
TSV is much larger than that of the interconnect in an
LSI chip, so the parasitic resistance of the TSV does not
affect device characteristics.

cavity

Sensor LSI

g

0.21mm

cover glass

e e ST TR
P, == % s s

module test board bump

Fig. 6. cross-sectional photo image of new chip size package
mounting on the module test board.
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Fig. 7. Process flow for TSV filling with conductive paste. (a) Back side lithography; (b) deep Si etch and SiO, RIE (1); (c) SiO, deposition and
RIE (2); (d) contact metal/barrier metal deposition; (e) paste printing; and (f) contact and barrier metal removal.

D. An Example of New CSP for Image Sensor III. FINE PITCH TSV FOR

Fig. 10 shows one example of the new CSP process ADVANCED 3D-LSI
applied to 1.3 M pixel CMOS image sensor with 49 array =~ As mentioned above, in advanced 3D-LSI, TSVs connect
bumps. As far as the sensor performance is concerned, we  the circuit blocks directly. Therefore, to avoid chip area
did not observe any degradation compared to a chip-on- penalty, the TSV pitch needs to be shrunk to less than
board device. 5 pm. So we have been developing fine pitch TSV and

A/R=13.5

Sensor LSI Chip

Fig. 8. cross-sectional photo image of TsV filling with Fig. 9. Cross-sectional photo image of new CSP with
conductive paste. TSV filling with conductive paste.
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Fig. 10. New CSP for 1.3 M pixel sensor LSI.
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(c) CSP on module board

microbump. In research level, we have completed the tech-
nologies of tungsten buried interconnection with diameter
of 1 pm and aspect ratio of 50, polysilicon buried inter-
connection with diameter of 2.5 ym and aspect ratio of 20,
and 5 pm pitch 2 by 2 um? bump [9]. The insulator under-
neath the buried interconnection is silicon oxide. The tung-
sten buried interconnections process is compatible with
wafer process and will be widely used for via-first process
(TSVs are forms in front end of line) and via-last process

Si-sub (upper chip)

Si-sub (lower chip)

2pmx2pm
micro-hum

adhesive

YA F1—TIEIL K

Fig. 11. cross-section of 5 jum pitch microbump connection.

(TSVs are formed in BEOL or after stacking). TSV filled
with poly Si is suitable for metal contamination sensitive
device like dynamic random access memory. Fig. 11 shows
an example of a cross-sectional image of 5 um pitch In/Au
microbump chain. The junction resistance/bump is about
160 €. Fig. 12 shows a cross-sectional SEM image of 3 ym
pitch TSV. One of the candidate applications is high-
performance focal plane array image sensors [20], [21].

Fig. 12. SEM cross-section of 3 um pitch TSV.
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Three-dimensional technologies combined with a backside-
illuminated image sensor device allow high-speed signal
processing and 100% optical fill factor.

IV. CONCLUSION

The current and future TSV technologies for 3D-LSI are
described. An image sensor is a suitable vehicle to develop
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