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Abstract

This paper describes a full copper Z-axis interconnection manufacturing for vertical power electronic components.
The approach is a combination of a die embedding in a PCB and interconnections by macro post overlaid with
nano wires, ensuring both electrical and thermal connection of the die.
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1 Introduction

The power converters hold a central position in
electrical engineering. The power ratings are
increasing and the converters have to meet these
needs in compact systems. For example, the current
power density of commercialized power converters of
2 kW for photo-voltaic application is around 1
kW.I"t, whereas in the “Little Box Challenge”
organized by Google and IEEE densities reached 12
kW.I"? [1-3]. This improvement is mainly explained
by using wide band-gap (WBG) semiconductor
devices based on silicon carbide (SiC) and gallium
nitride (GaN) materials that permit significantly
higher switching frequencies. [4] However, the
associated shorter switching times are only possible
when all stray elements in the package (as shown in
Figure 1) are minimized in order to take all the benefit
of these new components [5].

The parasitic elements, and the package stray
inductances in particular, are source of losses which
reduce the efficiency and also cause less reliable
operation and EMI noise. This is fundamentally
difficult to achieve with the popular packages today
using wire-bonds.

In some application, the WBG devices are
expected to be able to work at higher temperature than
silicon (Si) components. The junction temperature
(Tj) of SiC components can be higher than 200°C in
comparison of Si switches around 125°C. The
package must endure high temperature and also resist
the ensuing large temperature transitions.
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Figure 1: Zoom on parasitic elements (red) of the
high side switching cell induced by the packaging

2 Context

The PCB technology has the advantage of being a
cost efficient and well-established process. There is a
possibility of massive parallel manufacturing, fine
pitch, thick copper used for heat and current transport,
repeatable multilayer structures, etc. The embedding
of power dies in PCB recently has solicited great
interest. There are several kinds of proposed
interconnections [1]. The greatest advantage of the
technology for power device packaging is the strip-
line approach of distributing current, bringing down
the stray inductance close to the theoretical minimum.



The trend in PCB-embedding technology is to
interconnect the components by using laser microvias
[6]. The thermal conductivity of the PCB core is less
than 1 W.m.K? for the polyimide material such a
kapton against 170 W.m™.K for aluminium nitride
for direct bonded copper (DBC) substrate. The micro-
via approach suffers from the manufacturing limits
imposed on their density, resulting in current and heat
flux limitations.

This variation of the conveyed power through the
converter is a source of temperature variations in the
power assembly. Temperature gradient is present
along the interconnections which, combined with
different thermal expansion coefficient of each
material, leads to crack at micro via and die interface
and delamination over time. [7] These defects in the
interconnection are affecting strongly the reliability
of the converter, attributed to the cyclical stresses
applied.

The proposed solution combines advanced PCB
technologies and innovative interconnection solution
without solder, based on electrolytic deposition of
macro [8-9] and nano [10-11] structured interfaces,
followed by thermo-compression. The assembly may
thus be an elementary block for the design of power
converters with high level of integration and
reliability by means of a full copper and flexible
interconnection [12-13] allowing for double-sided
cooling. It is expected that the nano wires used as
thermal and electrical die interface will be also more
resistant to cyclical stresses.

3 Manufacturing process

Our approach consists in sandwiching an opened core
(in the cavities of which the power dies are inserted)
between two PCBs having the macro-nano structured
interfaces for the interconnections as shown in Figure
2. The PCBs and the core are assembled by
stratification of a prepreg between each interface.
This principle allows to limit the treatment steps on
the component to be assembled.

The prototype assembly was manufactured with a
silicon bare die with metallization consisting of 20
nm tungsten-titanium and 3 um copper. The
dimensions of the die are 7.2 x 4.2 mm2 with 300 um
thickness, fully P-Boron doped and having a
resistivity about 1 x 104 Q.mm. The value of the
equivalent resistance is 100 pQ.

The substrate used is an Arlon 35N PCB of 0.8
mm polyimide core overlaid of 105 um copper layers.
Electrically accessible by the two upper connectors,
the central constricted area is wused for the
interconnection manufacturing. The remainder
copper and ground planes are brown oxidized to
increase the surface roughness and therefore the
adhesion of the prepreg during final assembly

(a) PCB substrate
(b) Prepreg

(c) Core

(d) Die

Figure 2: Cross section schematic of the assembly
with macro and nano structured interfaces

pressing. There are two measuring tracks for
characterization allowing kelvin measurement of the
assembly (Figure 3). The through-holes are used to
align the substrate on the different supports during the
manufacturing process and to access the measuring
pads of the second assembled substrate.

Measuring pad Measuring track

) Measuring access
Constricted track (through-holes)
Power connector

Figure 3: PCB substrate with constricted area, its
connectors and kelvin measuring tracks

The macro-nano structured interface is composed
of a macro post about 45 um overlaid by nano wires
around 55 pum length and 200 nm diameter. This is
done in 7 manufacturing steps (Figure 4).

a. The PCB is first deoxidized by 10% sulfuric acid.
Dry film (Dupont Riston T220 50 um) is deposited to
insulate all copper layers except the 2 connectors



<
"~

(d)
(e)
)

(a) !
(b) !
(©) !

{

(2

Figure  4:

Manufacturing
interconnection on the PCB substrate

process  of

and a rectangle of 6.8 x 3.8 mm2 on the central
constricted area having rounded angles to avoid edge
defects and to smooth copper deposition (Figure 5).

b. On average, there is 7 um of copper electro-etched
during 45 minutes from the constriction track through
the dry film opening. Thereafter the elecro-etching
process, the anodic mud is cleaned from PCB’s
copper surface.

c. After deoxidation of the anode and the PCB
substrate, there is around 60 um of copper
electroplated during 7 hours on the electro-etched
surface in order to have copper overflowing of the dry
film opening.

d. The macro post is leveled to the dry film by
carrying out the same electro-etching process of the
step (b).

e. The Anodic Aluminium Oxide (AAO) membrane
(Whatman Anodiscs @ 47 0.2 um) is applied onto the
deoxidized macro post. The solution of 50% copper
sulfate is spread all over. The membrane is overlaid
of two cellulosic papers (Whatman Ashless Grade 41
@ 60 20 um). The electrolytic cell is maintained by
pressure of the anode onto the assembly. Afterward,
there is an hour of copper electroplating.

f. The cell is opened and the cellulosic papers are
removed. The anode is put back without applying
pressure. The membrane is caught by the short nano
wires electroplated during the step (e). Therefore, the
anode is distanced from the substrate in order to
enhance the deposition by renewing of the solution.
The AAO membrane is filled by electroplated copper
during 6 hours deposition.

g. The dry film and AAO membrane are removed by
10% sodium hydroxide treatment at 45°C during 30
minutes.

The resulting metallic structure (Figure 5) has a
thickness of 100 um. The test coupon demonstrates a
consistent and continuous nano-wire cover, which is
important for good heat and current transport.
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Figure 5: Digital microscope picture (x200) of the
macro and nano structured interface

A SEM image of the deposited nano wires is
shown in Figure 6. The nano wires are well separated
(important to offer a flexible stress resistant interface)
and have a high filling factor. Also, their length is
within few pm, which we think is important for
consistent impingement of the nano-forest to the die
surface.

Figure 6: SEM acquisition (x10,000) of the nano
wires 40° tilted top view



In the above process a pulsed current waveform
was used for the electroplating and the electro-etching
steps. It slows down the hydrogen and anodic mud
production which are source of defects. That also
allows to relax the ions on the PCB substrate and
therefore it improves the homogeneity of copper
deposition, especially for the nano structures
manufacturing [14]. The current profile is chosen in
accordance with the recommendation of the used
equipment Bungard COMPACT A and its electrolytic
solution Bungard CU400.

The core is made by stratification of Arlon 35N
prepregs. Several different references are used to
adjust the core thickness which decrees the electrical
contact, especially the applied pressure on the nano
wires and the die. The core is composed of two 106
prepregs, a 1080 prepreg and a 2116 one. The average
of the reached thickness is 370 um. Subsequently, the
cavity is routed by CNC device (Bungard
CCD/2/ATC) to host the active component. Sized for
the die, the corners are shaped such as Mickey
Mouse's ears. It avoids insertion defects due to the
non-capability of the CNC tool to make straight
angles.

All the stacked elements, which can be seen on
Figure 2, are laminated by putting a 106 prepreg
between each strata. Finally, the obtained distance
between the two PCBs is 490 um and approximates
the 500 um necessary to match the thickness of the
top and bottom interconnections (each 100 um) and
the 300 um die thickness.

4 Electrical characterization

The previous results show that the macro-nano
interconnection of active component by PCB-
embedding technology is possible simply by adding
nano-porous membrane and using the same
equipment such a current PCB production line.

Figure 7: Schematic of the characterization
assemblies’ principle

Based on the presented manufacturing process, the
characterization of the interconnection is achieved by
the lamination of two PCBs, one having a macro-nano
interconnection and the other one a simple bare
copper which means without any special treatment.

The characterization assembly uses the following
process. As shown Figure 7, the PCBs (a) are linked
by a single prepreg (b). That is required by the
leveling of the 100 um of interconnection. There are
two manufactured assemblies (A & B) surrounding
the nearest thickness of the interconnection. The first
one (A) is made with a 2116 prepreg having an
effective final thickness of 120 um. The theoretical
20 um additional empty space is expected to be
compensated by deformation of the PCBs during the
pressing step. The second assembly (B) is achieved
by replacing the 2116 prepreg by the 1080 one with
80 um thickness. Unlike the first assembly (A), the
missing 20 um are counterbalanced with the nano
wires deformation.

Tl

@

Figure 8: Electrical circuit wiring for
interconnection kelvin measurement

The measurements of electrical resistance at room
temperature are carried out by kelvin method with the
coupled nano-voltmeter 2182A and sourcemeter
2410 Keithley. The prototype is wired in order to
measure the volumetric electrical resistance of the
whole interconnection as shown in Figure 8, where
Rror and Reor represent the constriction track
resistance, and Rt is the interconnection resistance.
The applied current through the assembly is 1 A
(Power connectors Ptx and Pgx) and the voltage
measurement is done by Keithley’s delta mode
software via Kelvin connectors (Krx and Kgx).

The power connectors of each side are put at the
same electrical potential. The internal measuring
tracks are shunted as well. This configuration makes
it possible to evaluate the overall resistance of the
interconnection while avoiding any imbalance
between the two possible accesses to the
interconnection. The physical cabling is achieved by
stand measure made in polyimide material equipped



with golden test tips to endure future high
temperature measurements.

The (A) assembly (with a 120 pum thick prepreg)
results in 10 mQ resistance. The (B) assembly results
in drastically lower resistance with only 30 pQ.

The result above indicates that relying on PCB
deformation (during lamination) to compensate for
thickness matching could result in inconsistent
contact.

The second assembly shows that a close electrical
contact between the nano wires and the die, or copper
track surface for the characterization assembly, is
achieved and it offers low electrical resistance. The
result is very encouraging when compared to the
standard power module interconnection technology,
generally around a few mQ for conventional wire-
bonds.

5 Electro-thermal characterization

In case of electro-thermal characterization, the aim is
to evaluate the thermal resistance (R in K.W™1) of the
interconnection by controlling the power flux (P in
W) applied to heat the constricted area of the bottom
side of the assembly at a wished temperature.

R _ AT
th = p

Equation 1: Thermal resistance in function of the
temperature difference and the applied power

Equation 1 obviously assumes that the heat flow
passes only through the interconnection which is not
strictly the case. Indeed, some of the leakage heat flux
around the interconnection zone will lead to
underestimate the thermal resistance of the
interconnection, due to natural heat spreading.

The kelvin track of the PCBs can be used to
measure precisely the AT after a calibration sequence.
The relation between temperature and resistance is
shown in Equation 2 and is very linear for copper in
the temperature range of interest.

R=Ry. (14 a.[T—T,]) = Ry. (1 + a.AT)

Equation 2: Linear model of electrical resistance
in function of the temperature

For the track dimensions in our assembly, the
theoretical curve is plotted in Figure 9 between 20°C
to 180°C with copper temperature coefficient of a =
3.9 x 103 K1,

The experimental measurement is achieved by
measuring the track electrical resistance (Rrtoe OF
Reor in Figure 8) at controlled temperature by putting

the PCB in the oven. The measure is taken every 10°C
in the same range of the theoretical curve.
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Figure 9: Theoretical and experimental curves of
the track’s electrical resistance in function of the
temperature

The difference between the theoretical and
calibration curves can be explained by uncertainty in
dimensions (mostly thickness) due to the chemical
etching and/or properties of the copper. However,
these results show that this method is suitable for a
AT definition.

Currently, we are considering two complementary
routes for measuring the thermal impedance. Firstly,
the preparation of a representative sample of the
interconnection thermal environment but realized
without interconnection to evaluate the thermal
resistance of the environment,

On the other hand, a COMSOL Multiphysics®
model is in progress to characterize the power
dissipated by the interconnection environment and
thus to indicate the power passing through the macro-
nano structured interface.

Moreover, the assembly can be modified to
evacuate the heat from the top side in order to
maintain the temperature and to have an accurate
value of AT. Some experiments demonstrate the
feasibility of non-destructive modification of the
upper PCB to get a direct access to the inner copper.
It makes it possible to implement a cooling system in
order to dissipate the heat and therefore to control
accurately the AT during experiment.

5 Conclusion and Perspectives

The proposed approach of power device packaging is
a combination of PCB-embedding technology and
full copper macro-nano interconnection. The
manufacturing process has the advantage to be carried
out only by adding a nano porous membrane in the
common electronics product line. The electrical
characterization results show a low interconnection
resistance, encouraging for a power electronics



integration, while the interconnection is made of full
copper favoring heat dissipation of the power
switches. The thermal characterization is in progress.
In  perspective, we expect that this flex
interconnection could limit mechanic strains transfer
at the interface; this aspect will be treated in a future
work.
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