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Abstract

The classical wire bonding has several drawbacks that make 3D structures a desirable technology for a high
performance power module. An interconnection solution for the power semiconductor dies is presented here: it is based
on copper micro-posts that are electroplated on top of the die. The die with its micro-posts is then assembled between
two Direct Bonding Copper (DBC) substrates using a direct copper-to-copper bond method. This direct bond method is
achieved using a Spark Plasma Sintering (SPS) process machine. Manufacturing and electrical characterization of a
power semiconductor die with the micro-posts interconnection is presented in details.
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Power semiconductors devices have largely improved / Sold
since they were first introduced more than 50 years ago. older
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low cost are main factors which explain the use of the Copper
wire bonding technology plus recent improvement with Die

respect to lead-free solder regulation or high temperature Copper
capability. However, this planar package has become the I T T Ceramic
limiting factor of the performances of the semiconductor Copper
modules. A wire bond usually generates a parasitic ﬂ ﬂ ﬂ ﬁ

inductance of about 10 nH [1]. This result in over-
voltages at the switch level and constitutes a limiting
factor regarding the maximum switching frequency. From
a thermal point of view, the heat flux dissipation is
limited to one direction (the backside of the dies). This
leads to a non-optimal cooling, creating issues such as
wire bond fatigue and, eventually, failure [2]. A cooling
system that could remove the heat through both sides of
the die would be much more efficient.
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Figure 1 A planar module (a) and the proposed 3D
structure based on micro-posts offering double-side
cooling (b)

Alternative interconnection technologies have been
developed to overcome the shortcomings of the wire
bonding technology. They are based on a three-



dimensional (3D) packaging of power modules in a
compact stacked layer structure [3], [4], [5]. The proposed
technologies can be divided into four categories: solder
interconnection, interconnection by springs, pressure
contact and  interconnection by  electroplated
metallization. The advanced interconnection technologies
permit a decrease in the values of parasitic inductance and
electrical resistance. They also offer opportunities to
improve the thermal management, as cooling can be
provided to both side of the dies. Our work is based on
the interconnection by electroplated metallizations. This
paper details a new technology allowing the 3D
packaging of power modules called Micro-Posts
Interconnection (MPI), which is based on a die with
micro-posts bonded directly between two DBC (Figure 1
(b)) [6]. The direct copper-to-copper bonding method is
described in Section 2. Section 3 describes the 3D
structure. Results and discussion are given in Section 4.
Finally, a conclusion is given in section 5.

2  Direct copper-to-copper bonding

This MPI technique requires, firstly, the electrochemical
growth of a copper posts matrix, and secondly the
bonding of this die between two DBC by using a Spark
Plasma Sintering (SPS) process (described later).

The main challenge was to find the proper parameters to
achieve a good direct copper-to-copper bond. So we
chose to work with a pure bulk copper rod to facilitate the
study of the direct copper bond.

2.1 SPS process

The direct copper-to-copper bonds were carried out on a
SPS system (FCT HPD 25) at Mateis Laboratory. As with
a classical sintering press, a SPS system applies both
pressure and heat to the samples. The difference is that
the heat is provided by a pulsed DC-current circulating
through the graphite die (or through the sample if it is
conductive). As a result in the case of the SPS, the heat is
generated much closer to the sample, offering very fast
temperature dynamics: more than 100 K/min for the
system used in this study, using current pulses of several
kA (see Figure 2). The temperature was measured by a
thermocouple putted inside a hole in the graphite die.

2.2 Copper bonding

Commercial copper rods (Goodfellow, Cambridge, UK,
99.99+% purity) with a diameter of 19 mm and a length
of 400mm were used as the base material in the bonding
experiment. These rods were cut into 25 mm-long
cylindrical pieces with one flat side manually polished.
The polishing procedure starts with 220-grit silicon
carbide paper, down to 1 um diamond paste and 0.05 pm
silica. The samples were then cleaned to remove the
lubricant. The cleaning process found to be successful
consisted of (i) ultrasonic cleaning in acetone to remove
the lubricant, (ii) ultrasonic cleaning in trichloroethylene,
(iii) ultrasonic cleaning in microelectronic grade ethanol,
(iv) immersion in 7% HF for 30s at room temperature for
oxide elimination (v) followed by rinsing in DI water and
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Figure 2 Schematic representation of a SPS sintering
machine
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Figure 3 Shape of the samples used for tensile test
t (min) T (°C) P (MPa) | o (MPa)

A 5 300 77 181
B 20 300 77 239
C 20 300 16 170
D 5 300 16 132
E 5 200 77 106
F 20 200 77 270
G 20 200 16 261
H 5 200 16 0

I 20 200 16 150

Table 1 Measurement summary for different SPS
experiments [7]

blow drying with nitrogen gas.

In each experiment, two pieces of copper were put
together in SPS machine with the polished sides against
each other. After bonding the samples were machined for
the mechanical test (tensile test), as described in Figure 3.
The bonding was performed in vacuum (107 torr) with
temperatures ranging from 200 °C to 300 °C. The uniaxial
force applied during the bonding and maintained during
the cooling down to room temperature, was varied from 5
kN to 24 kN (corresponding to 16 and 77 MPa on the
sample respectively). Some experiments are summarized
in table 1; the bonded samples were submitted to a tensile
test, in which the strain experienced by the sample, as



well as the force applied, were recorded up to failure.
Table 1 lists the bonding parameters as well as the
maximum stress (0) experienced by the samples during
the tensile test.

Copper being ductile, the sample quickly enters plastic
deformation during the tensile test. This results in the
reduction of the actual section of the sample as it
elongates. In this document, a nominal stress value is
calculated using the initial surface of the tensile sample. It
will thus constitute a lower bound of the true stress
experienced on the sample, as plastic deformation and
then necking occurs before the actual rupture of the
sample (hence reducing the surface of the bond). It should
be mentioned that all the samples fractured along the
bond line (due to the design of the sample). It should be
noted that a plain copper sample was found to break at
365 MPa [7].

Table 1 shows that for almost all parameters studied, a
good bond was achieved (in excess of 100 MPa).
Furthermore, the parameters used (temperature, pressure,
time) can be sustained by a semiconductor die. Therefore,
this direct copper bond technique can be used for power
devices assembly.

3  Metal-post interconnection issues

After a successful direct copper-to-copper bond, the
second challenge was to assemble a die with micro-post
on its topside between two DBC substrates, in a SPS
machine.

3.1 Manufacturing of the micro post
interconnection

The process described here was presented in details in [6]
for a single die. Here, we describe its application to a
wafer. The different manufacturing steps to realize the
MPI on a chip are presented in Figure 4. For the
electroplating process, we worked on some pieces of
wafer (5x5 diodes) with a surface of 6x6 mm for each
diode. These pieces were cut from a 6 inch un-diced
wafer sourced from a commercial manufacturer. The
diodes have a classical finish (aluminium on top, silver on
bottom).

Before the electroplating of the micro-posts, the top of the
wafer must be covered with a thin titanium (Ti) / copper
(Cu) layer (25nm/300nm respectively), as the pads are
ready for wire bonding (Al finish). Diodes designed
specifically for copper electroplating would suppress this
primary preparation of the die. This preparation is
obviously compatible with wafer-level process. By
sputtering this layer, titanium is used as an adhesion layer
and copper is employed as a conductive layer for the
electroplating step. A second step is performed prior to
the electrolytic growth of the micro-posts using a dry film
photoresist (Riston PM275 [8]) mainly seen in the
electronics industry to realize printed circuit boards [9].
The dry film photoresist is composed of a photoresist
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1- Sputtering of a thin
titanium/copper layer

2- Lamination, exposure and developpement
of the Riston PM275 dry film photoresist,
with a copper foil on the die holder
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| wafer |
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5- Stripping of the Riston PM275
and the titane/copper layer
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Figure 4  Manufacturing process of the proposed
interconnection

layer sandwiched between a polyethylene protective foil
and a polyester support. It offers some benefits such as a

simple process (lamination, exposure and development), a
remarkable robustness to the acid bath, a decrease in the
edge beads on the substrate, and a low cost. The dry film
photoresist has a thickness of 75um and a nominal
resolution of 50um. The process to realize the pattern in
one layer of the Riston PM275 is the following. The
polyethylene foil is removed. The photoresist is deposited
by lamination on the wafer at 110°C. It is then exposed to
an UV source through a mask for selective curing. After
lamination and exposure, the polyester support is peeled
away. Finally the photoresist is developed with a spray
system in a sodium carbonate solution at 1% (5g of
sodium carbonate diluted in 500ml of water) during
Imin30s and with a processing temperature of 30°C.
Figure 5 shows a wafer holder, with 5x5 diodes and a
copper foil, laminated by a photoresist film, exposed and
developed showing the micro-posts mold matrix. The
experimental electrolytic cell that is used to deposit the
copper micro-posts, has electrodes that are fixed
horizontally. This configuration allows to obtain
relatively homogeneous micro-posts over the surface of
the wafer pieces. The electrolytic bath is an acid solution
that is composed of pentahydrate copper sulphate
(220g/1), sulphuric acid (32ml/l), hydrochloric acid



(0,2ml/1), and brightener and leveller additives (2ml/l of
Rubin T200-A, 8ml/l of Rubin T200-G and 2ml/l of
Rubin T200-E). Electroplating of the micro-posts is
performed at ambient temperature with a typical current
density of 10 mA/cm®. The experimental growth rate of
the micro-posts is linear and close to 11 um/h [6], for a
current density of 10 mA/cm®. This value is more
significant than the growth rate of metals deposited by
sputtering or evaporation. The minimal deposit time has
been set to 7h. Noted that growth rate may be increased so
as to adjust to smaller deposit time. The deposit time
achieves a micro-posts slightly higher than the thickness
of the Riston PM275, and so allows then for a mechanical
polishing and/or grinding step of the micro-posts in order
to obtain a planar surface and ensure a good electrical and
thermal contact between the micro-posts and the DBC
substrate.

A mechanical polishing is realized thanks to a cloth
polishing disk and a diamond liquid with grains of 9um
down to Ipum in the lab-scale experiment. The height of
the micro-posts is 60 um after polishing, and they have a
square section of 900pmx900ym with a distance of
300pm between two micro-posts.

The following step consists in removing of the Riston
PM275 photoresist film in a sodium hydroxide solution at
3% (15 g of sodium hydroxide diluted in 500 ml of
water). Finally, in order to avoid short-circuiting the edge
protections of the dies, the Ti/Cu layer is removed as
followed: Cu layer was removed thanks to APS COPPER
ETCHANT (about 1min), and Ti layer was removed by a
5% dilute HF (about 1s).

The last step is the dicing of the pieces of wafer into 5x5
diodes. It is performed on a Disco dicing saw (Figure 7a).

Dry photoresist film
J-posts
matrix

diode

Figure 5 Photo of a wafer holder with 5x5 diodes and a
copper foil laminated by the photoresist film, micro-posts
matrix insulated and developed. The diameter of the
wafer holder is 80 mm.

4  Results and discussion
4.1 Assembled MPI structure

The minimal working force permitted by our SPS
equipment is 5 kN, which poses problems in regard to the

Figure 6 A photo the MPI structure in a graphite jig

Micro-post

‘< Diode

DES Micro-posts

(b)

Figure 7 A photo (a) of a diode (6x6 mm) with micro-
posts on its top-side and (b) a SEM photo of DBC-did-
DBC sandwich assembly achieved using the presented
SPS process

small section of the micro-posts (13 mm? in the case of
the diode depicted in figure 7a). This result in very high
localized stresses (in the order of 400 MPa), and in the
cracking of our die. To avoid this crack, the two DBC
substrates and the die with the micro-posts on its topside
were put together in a graphite jig with the same height
(see Figure 6), in order to decrease the force experienced
by the die. This setup was found to work correctly, but it
must be noticed that due to the machining tolerances, and
the stiffness of the graphite jig, the actual stress
experienced by the die and the copper posts cannot be
calculated.

Several DBC/die/DBC assemblies were performed in
vacuum (107 torr) with temperatures ranging from 200



°C to 300 °C, a heating rate equal to 100°C/min, a time
fixed to 5 min, and a pressure estimated to a few MPa.
Figure 7 shows the diode with micro-posts on its topside
(a) and a SEM cross-section of a DBC-diode-DBC
sandwich assembly achieved using the presented SPS
process (b). From figure 7b, we can see that the micro-
posts were successfully bonded to DBC and the silver
(backsides of the diode) was asdo bonded to the copper of
the DBC.

4.2 Electrical characterization of MPI

The electrical characterization of all the dies, forward and
reverse I(V) characteristic, before and after assembly was
performed using a keithley 2410 SMU in 4-probes setup.
The measuring range was set to 1V-1A for forward
characteristic and 300V-0,001A for reverse characteristic.
This data shows no degradation of the characteristics of
the dies. Figure 8 shows an I/V forward characteristics of
a die assembled at 300°C. The lower resistance achieved
after assembly is due to a better current spreading over the
die surface.
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Figure 8 Forward I(V) measurements acquired before
(black line) and after (grey line) assembly.

uv)

1(A)

-300 -250 -200 -150 -100 -50 0
| I | I | I | I | I | I 0
[
*L-0.2
e
. L
o... ___0.4
L _0e®
oo”. L 0.63
. ~-0.8
. L
..
.... -1
.....oo" ® Before assembly |
After assembly 12

Figure 9 Reverse I(V) measurements acquired before
(black line) and after (grey line) assembly

Figure 9 presents an I/V reverse characteristics of the
same die. The leakage current appears to be lower after
assembly. This might be due to the change in the electric
field distribution caused by the top DBC as compared to a
wire bond. However, more accurate measurements are
needed for the results presented here. A micro-amp
resolution was considered sufficient to detect any damage
to the die. To actually investigate this reduction in leakage
current, a sub nano-amp resolution will be required
(guarded measurements, controlled atmosphere...)

4.3 Discussion

The copper-to-copper bond in our MPI structure is not
investigated, with the presence of the DBC ceramic layer,
in order to be with the same parameters of bonding a
copper-to-copper rod. The electroplated process is made
in a collective way, using a wafer of 5x5 diode, compared
to the wire bonding process that requires a single die
work. Moreover, all these technology’s steps are standard
(including polishing, which will be better in an industrial-
scale). This structure is also able to assemble different
dies with different thickness.

5 Conclusion

The paper presents the details of an alternative
interconnection solution for power semiconductor dies
that aims to be compatible with 3D integration of power
modules. The different technology steps (electroplating,
polishing and dicing) have been described. 3D DBC-Die-
DBC assemblies using a SPS press have been
successfully acheived. An electrical characterization
shows that the diode has kept its integrity and a satisfying
electrical connection is obtained showing no degradation
of the die characteristic. Future work includes the
production of a complete switching-cell for electrical
transient  characterizations and thermo-mechanical
analysis (traction, shear and thermal cycling tests).
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