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Abstract: This paper demonstrates the feasibility of the printed copper (Cu) paste interconnects for
applications in power semiconductor modules and switching converters. Copper sinter paste inter-
connects denoted as “Sinterconnects” have been recently introduced as an alternative to wire-bonding
technology for power electronic device packaging. However, the electrical domain properties of these
novel interconnects have not yet been investigated in detail. To address this research opportunity,
this paper evaluates the performance of two different types of Sinterconnects applied to multi-chip,
insulated gate bipolar transistor (IGBT) power modules. First, parasitic or stray inductances of these
Sinterconnected systems are calculated analytically and by using three-dimensional finite element
(FE) analysis. In addition to that, resistivity (o) of those has been analysed and compared with
conventional wire bond technology. Finally, the performances of the Sinterconnects in power device
assemblies are experimentally investigated. Two Sinterconnect structures (i.e., printed Cu paste and
Cu clip attach) as well as a state-of-the-art wire-bonded IGBT module, have been integrated into a
switching DC-DC converter and benchmarked. Experimental measurements show how converters
with Sinterconnects enable efficient power conversion.

Keywords: power semiconductor packaging 1; Cu clip 2; sinter paste 3; Sinterconnects 4; parasitics 5;
wire bond 6; stray inductances 7; power conversion 8

1. Introduction

Aluminum (Al) wire bonding technology is used for power module packaging due
to its low cost, good bonding ability, good electrical conductivity and reliability to some
extent. However, as power rating increases, Al bonding wire cannot meet the electrical
requirement. For instance, a single Al wire with a diameter of 500 pm can carry 10 A at
maximum [1]. In order to increase the current carrying capability, which is a must for high
power IGBT modules, several Al wire bonds must be arranged in parallel [2].

Unfortunately, due to paralleling the reliability and low-cost features of the power
module could be compromised. Moreover, the capacitive and inductive coupling resulting
from the Al wire interconnects between the semiconductor pads and package can introduce
several issues. Additionally, results of paralleling include electrical isolation failures,
increased noise and cross-talk, and, in general, reduced performance [3-7]. Bond wires are
a major source of parasitic circuit elements, and researchers have shown that one of the
main reasons for power semiconductor failure is due to parasitic effects. In [8], Stefan et al.
show how the stray inductance has an impact on switching losses. Eckart et al., in [9],
presented the effects of parasitic in semiconductor properties, package and switching cell
design. In [10], it has been reported that the main reason for IGBT failure is due to the
breakage and shedding of the bond wire. The failure mechanism of bond wire lift-off is
exacerbated by the mismatch of the coefficient of thermal expansion (CTE) between silicon
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(Si) and Al In [11], E. Deng et al. explain that, due to difference in CTE between silicon
(B ppm/°C) and aluminium (22 ppm/°C), thermal stress could cause some crack in the
solder layer. T. Polom et al. in [12] reported a method, using modeling and simulation, to
identify temperature gradients specific to a power electronic package. The spatial thermal
impedances were investigated to show how the overall geometric topology of a power
module can expedite lifetime consumption. The metric can also be used in parametric
studies examining impacts of material composition and interconnects, topics of this paper.

As an alternative to Al, Copper can be used for bonding semiconductor modules.
Cu has superior electrical and thermal conductivity as compared to Al. Also, the CTE of
Cu is much closer to silicon compared to the Al. To overcome the limitation of Al wire
bonding, researchers have proposed Cu wire bonds, Cu clips, power overlay structures, a
flex circuit sintered on top or double side sintered direct-bonded Cu (DBC)-substrate and
planar interconnect [13-19]. As of today, Cu wire bonds still could not find the way to the
mainstream to replace Al wire bonds due to several reasons [13,14]:

(a) Cu wires are harder than Al to bond

(b)  The higher hardness of Cu wire requires higher bond forces and ultrasonic energy.
This means higher mechanical stresses to the components

(o) The high tendency of Cu wires to oxidize results in the formation of oxide layers on
its surface preventing the formation of round free-air balls

(d) The higher cost (protective atmosphere) and lower yield

Correspondingly, more attention has been directed towards alternatives, namely wire-
bondless Cu-based interconnects. Recent development in this area based on Cu clips, Cu
ribbons, Cu pins, thin-film Cu, and thick Cu layer are reported in [20-22]. In [20], it has
been shown that Cu clip technology could achieve more power density by having higher
heat removal capacity from semiconductors. In addition to that, Skin [23] and SiPLIT [7]
technologies have been proposed by industries. All of those innovative ideas have some
advantages and disadvantages. For instance, Cu clips use solders as the clip-attach to the
dies. This limits the working temperature to 200 °C and may also introduce reliability
issues. SiPLIT and Skin require lithography processes that incur complexity and extra costs.

A recent invention in this area of research uses printed Cu paste (“Sinterconnects”)
instead of solder paste for attaching Cu clips to a DBC substrate. Furthermore, another
type of Sinterconnects was introduced by our group, in which the clip was substituted with
a fully printed Cu paste [24]. It is noteworthy to mention that since the interconnects are
made via sintering of the Cu paste materials, the term “Sinterconnects” were proposed
to distinguish them from conventional interconnects. So far, the electrical performance of
Sinterconnects has not been analyzed and measured in detail. Furthermore, Sinterconnects
have not been evaluated in the context of their envisioned end- application: switch-mode
power electronic converters.

In this paper, the two versions of Sinterconnects (fully printed Cu and printed Cu
clip attach) have been analyzed and compared to a state-of-the-art, wire-bond packag-
ing solution. The paper is organized as follows. Section 2 explains the types of power
semiconductor device interconnects that have been considered for this research. Section 3
presents the results of this research which includes a comparative analysis of the parasitic
inductances originating from different power device interconnection systems, resistivity
of the interconnects and system level performance of the different interconnect devices.
Finally, Section 4 summarizes the conclusions.

2. Overview of the Candidate Interconnects

Top-side interconnects, multi-chip IGBTs have been considered for this research to
carry out the experimental evaluation. The IGBT and the diode dies were already soldered
on the DBC substrates. The three different structures that have been considered for front-
side interconnects are as follows.
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2.1. Wire Bond

The interconnects among IGBT, diode device, and DBC have been established with
12 thick Al wires each with a diameter of 300 um via wedge-wedge bonding.

2.2. Sinterconnect “Printed Cu”

Micron-sized Cu sinter paste was jet-printed in a drop-on-demand mode by using a
modular micro-assembly station. The thickness of the Cu paste was varied in the range of
125 pnm to 300 pm depending on printing parameters (resolution and speed).

2.3. Sinterconnect “Clip-Attach”

In this case, the Cu paste was jet-printed on the contacting pads on the DBC subassem-
bly similar to Section 2.2 and then 100 um thick Cu foil was attached to the printed tracks.

The graphical representation of the above-mentioned interconnects is shown in Figure 1.
A detailed explanation of the manufacturing process of the Cu Sinterconnects can be found
in [24].

(a) Al wire bond interconnects: isometric view

Diode insulator SN[€I=3p insulator

} DBC

(b) Printed copper-sinter paste, cross-sectional view

Cu clip

Diode insulator SH[€I=3p insulator

H

} DBC

(c) Printed copper-clip attach, cross-sectional view

Figure 1. Top-side interconnect structure depictions on DBC subassemblies; (a) wire bond,
(b) Sinterconnect “printed Cu” and (c) Sinterconnect “clip attach”.

3. Results and Discussion

In this section of the paper, first the results of parasitic circuit element identification
via an analytical model have been discussed. Then, the results of 3D FE simulation which
was performed to verify the analytical model was assessed. Moreover, the results of
the resistivity analysis done by electrostatic simulation have been shown. Finally, the
performance of the modules with Sinterconnects in system level have been compared with
the corresponding wire-bonded modules.
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3.1. Parasitic Circuit Element Identification: Analytical Modeling

The conventional layout of an IGBT module is shown in Figure 2. Due to the intercon-
nects, the inductances are formed between IGBTs to diodes (L1 and L4 ), diode to—DC (L)
and diode to Switch node (L3). Both the Al wire interconnects and the Cu Sinterconnects
have been analyzed to estimate the inductances.

L )
IGBT 1 Diode 1 -DC
, fYLY\ nn
Gate U L
Switch l 2
node
Diode 2 IGBT 2
Ls L
I :

Figure 2. Top view of a DBC sub-assembly with Sinterconnects indicating the main parasitic inductances.

3.1.1. Wire Bond

The formation of inductance between two silicon dies (IGBT and diode) due to Al
wire bond has been analyzed in two steps. First, the self-inductance (L, ¢ ) of each Al wire
has been calculated. Later on, the mutual inductance (L,,) of each Al bond wire due to the
effect of the rest of the bond wires has been calculated. Finally, the equivalent inductance
(Leg) of the whole interconnects has been calculated.

The self-inductance of a conductor of length / and radius r is given by Equation (1), in
which all dimensions are in meters [25].

[ 21 3
Laiy = 5% [ln(y) - 4] (1)

The parameters making up Equation (1) were taken to be g = 47 x 1077 A/m,
I =1mm,r = 150 pm resulting in Ly s = 8.3 nH. Furthermore, current flowing through
a bond wire, in general, is influenced by the neighboring wires. Therefore, several corre-
sponding mutual inductance values, L;;, have been calculated. If the distance between
two parallel bond wires is d, the mutual inductance of each bond wire can be calculated by

Equation (2) [26].
o ]/lol 21
L =5 [ln(d) - 1} 2

As mentioned earlier, the baseline, wire-bonded sample that has been investigated in
this research has n = 12 bond wires. Hence, 11 corresponding L, elements were modeled
for each individual wire bond. Given that the spacing between two adjacent bond wires is
0.4 mm and following Equations (1) and (2), the self and mutual inductances of the first
bond wire have been calculated and presented in Table 1.

Table 1. Self and mutual inductance of the first bond wire.

Self and Mutual Inductances (nH)

Ly Lo L3 L4 Lis L Ly Lg Lo Ligo Liin Lijg2
8.2857 5.8240 4.4378 3.6268 3.0515 2.6052 2.2405 1.9322 1.6652 1.4296 1.2189 1.0283

In accounting for all the calculated inductance values L; ; is the self-inductance of each
of the n = 12 wire bonds. The mutual inductances between, for example, the first and the
rest of the bond wires are captured by the L, L1 3 ... L1 1o parameters.
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Finally, the total inductance of each of the bond wires can be calculated by Equation (3).

n
Li=) Lj (3)

j=1
In Equation (3), n is the number of wire bonds considered, which was 12 in this
analysis. Table 2 summarizes the 12 computed L; parameters. Assuming that the bond

wires function in parallel, the aggregate, total inductance of the entire interconnect system
has been determined to be 3.73 nH using Equation (4).

1

L=%
YLt
i—1

(4)

Table 2. Equivalent inductance of each bond wire.

Equivalent Inductance of Each Bond Wire (nH)
Ly L, Ls Ly Ls Le L7 Lg Lo Lo Ln Lip
37.346 42.141 45360 47.557 48.944 49.617 49.617 48.944 47557 45360 42.141 37.346

3.1.2. Sinterconnect “Printed Cu”

A formula to estimate the inductance of a thin conductor bar is presented in Equation (5) [25].

=2 n(2) 1325
In Equation (5), I, w, and t are the length, width, and thickness of a conductor re-
spectively. In this research, w = 10 mm,/ = 10 mm, and ¢t = 100 pm thick Cu has been
considered. By evaluating Equation (5), the inductance of the Cu paste is found to be
2.82 nH. It should be mentioned that in the calculation the total length of the Cu paste has
been considered. However, edge-to-edge length is the key driver of inductance. Hence, the
inductance in the case of the Cu paste will be less than what we have derived. To evaluate
the influence of the thickness of the Cu paste on the inductance formation, variation in
thickness of the Cu paste has been evaluated and the results are presented in Figure 3.
The parasitic inductance can be seen to vary less than 2%, thus the introduced parasitic
inductance is relatively insensitive to Cu paste thickness.

2.84
.\\_
E \N
= 28
2.78
0 50 100 150 200 250 300
tpaste(um)

Figure 3. Influence of Cu thickness on its equivalent parasitic inductance.

3.1.3. Sinterconnect “Clip-Attach”

In this case, an extra layer of Cu is placed, named as Cu clip, on top of the Cu paste
which only increases the thickness of the interconnect. As shown in Figure 3 the thickness
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of the Cu paste does not have a significant impact on inductance formation, the inductance
of this type of connector will be similar to Cu-sinter paste interconnection.

3.2. Parasitic Circuit Element Identification: FE Analysis

In comparison to analytical modeling, FE analysis is able to process physical specimen
details and provide high-resolution response data. It is especially suitable for considering
power electronic package details in thermal domain analysis [27], as was done for the
Sinterconnects in [24]. Now, in order to expand upon the results from Section 3.1, electro-
magnetic FE simulation has been performed. The objective of the simulation is to estimate
the parasitic inductance that formed between the IGBT and the diode. A comparative
investigation has been done in the commercial software tool Ansys Maxwell. Simulation
convergence is granted by a mesh-refinement based iteration to reduce a global energy
error and an energy variation between subsequent iterations steps. In all simulations target
values of 1% global error and 1% energy change were undercut in two subsequent iteration
steps as break-off criterion.

In the simulations, standard electrical resistivities pc, = 1.68 x 1078 Om and
par = 2.63 x 1078 Om have been used for Cu and Al, respectively. For Si components,
the resistivity of highly doped Si (0sigopes = 1 X 10~° Om) was considered. For the
aluminium oxide (Al,O3) part, standard Ansys maxwell parameters have been utilized.

3.2.1. Wire Bond

First, the simulation has been performed on Al wire bond interconnects. The simu-
lation model and the results are shown in Figure 4. The variation of L is analyzed with
respect to the number of parallel wires and the distance between two adjacent wire (d).
Figure 4b shows that, as the number of parallel Al interconnect wires increases, the induc-
tance decreases. However, as the distance between two adjacent interconnect decreases,
the equivalent inductance increases. In addition, it can be seen that with a standard wire
separation distance of 800 um, 6 parallel Al bond wires exhibit an equivalent inductance of
1.8 nH. On the contrary, to reach the same inductance value, 11 Al wire will be needed with
a separation distance of 400 pm.

5 d= 0.4 mm|
\ = ¢ d= 0.8 mm|

L (nH)
. rd

N
N
~

5 S \\
2 4 6 8 10 12
No. of wire
(a) Solid model of a wire-bonded DBC sub- (b) Simulated variation of inductance as a
assembly. function of number of wire-bonds.

Figure 4. FE analysis of the wire bonds (a) the model and (b) the dependence of inductance on the
number of wires and distance between two wires.

3.2.2. Sinterconnect “Printed Cu”

In this case, the simulations have been done by replacing the Al wire with Cu paste.
During the simulations, Cu paste thickness has been varied from 10 pm to 300 pum to
understand the effect of Cu paste thickness on the inductance formation. The simulation
model and the results are presented in Figure 5. In Figure 5b, it can be seen that the variation
of Cu thickness does not have a significant impact on inductance creation; throughout the
ranges of Cu thickness, the inductance is around 1 nH.
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T
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ALO, 0 50 100 150 200 250 300
t . (pm)
paste
(a) Solid model of a copper-pasted DBC sub- (b) Simulated variation of inductance as a
assembly function of copper paste thickness.

Figure 5. FE analysis of the Sinterconnects (a) the model and (b) the dependence of inductance on
the Cu thickness.

3.2.3. Sinterconnect “Clip-Attach”

As explained earlier, in this configuration, an additional 100 pm thick layer of Cu is
placed on top of the Cu paste interconnect. Hence, the simulation results of Section 3.2.2
could also be representative of the Cu clip interconnect structure. Given that, the additional
Cu clip only increases the thickness of the interconnect which does not have a significant
impact on inductance values.

From the above investigation, it can be summarized that, in the case of using both
Sinterconnects (printed Cu and clip-attach), the parasitic inductances can be significantly
reduced. The reduction of inductance from 1.8 nH (Al wire bond) to 1.0 nH (Sintercon-
nects) will have a significant impact on power converters in high-frequency switching
applications.

3.3. Resistivity

To compare the performance of the three different systems, electrostatic (DC con-
duction) simulations have been carried out via Ansys Maxwell. To this aim, the electri-
cal resistance (R) of the two Sinterconnect systems have been computed for the ideal
(ocupaste = 3 X pcy) and the worst (0cypaste = 10 X pcy,) measured electrical conductivity
of the Cu paste material and compared with the resistance of wire bond system. Results
show that the “clip-attach” system exhibits a Ry, = 0.27 mQ for peypaste = 3 X pcy
(Retip = 0.31 mQ for peypaste = 10 X pcy) outperforming compared to the “printed Cu” and
the wire bond systems having resistances of Ry inseacu = 0.55 mQ) for peypaste = 3 X pcu
(Rprintedcy = 1.18 mQ) for peypaste = 10 X pcy) and Ry, = 0.94 mQ), respectively. In ad-
dition, the electrical resistance has been investigated for the “clip-attach” Sinterconnect
system as a function of the thickness of the Cu-clip. As expected, since the resistance is
proportional to the length of the of Cu clip and it is inversely proportional to its cross
section, this analysis shows that the resistance of the “clip-attach” system can be further
decreased by increasing the thickness of the Cu-clip [24].

3.4. System Level Performance

To quantify the impact of the Sinterconnected IGBT module on system-level, power
conversion performance, a power electronic test circuit has been designed and prototyped.
Selected for prototyping is a conventional buck converter, as shown schematically in
Figure 6, which is a fundamental building block to other more complex power electronic
circuit topologies, such as those in [28]. The buck converter parameters are presented
in Table 3.
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Figure 6. Buck converter schematic.
Table 3. Buck converter specifications.
Parameters Range Nominal Values
Input voltage 12Vto24V 18V
Output voltage 6Vtol2V 9V
Duty cycle 0.5
Switching frequency 4.6kHz
Output power 1Wto 120W 80W

To evaluate the individual performance of different types of interconnects, each device
has been utilized as a switching device. The power conversion efficiency of the converter
has been analyzed then. Since only the switching device is being changed for each evalua-
tion, the comparison should be considered fair. The experimentally realized converter with
a sample IGBT module is shown in Figure 7. Figure 7a shows the sample and the converter
setup which includes a customized holder to place the IGBT module in the converter.
The electrical contacts between IGBT and converter are established using spring-loaded
connectors. Figure 7b shows the converter where the IGBT sample is placed and covered in
the converter.

(a) (b)

Figure 7. IGBT buck converter hardware photographs with control board (blue) underneath the main
power board (green) having bulk energy storage capacitor and inductor components. (a) View with
the IGBT-DBC half-bridge removed and not installed on the power board. (b) View with the DBC
half-bridge mounted against the spring pressure contacts.

The performance evaluation has been done for wire bond samples and both types of
Sinterconnect samples. Several samples (>3 per kind) were fabricated and evaluated.

A switching frequency of 4.6 kHz has been used during these tests (the working
frequency of the IGBT modules). The experimental results shows that throughout the
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current range of 2 A to 10 A, all samples provide an efficiency of approximately 88-90%.
The output current (I,,¢) versus efficiency (1) is plotted in Figure 8. As inferred from this
figure, clip-attach samples possess a slightly better performance than the others, whereas
the printed Cu shows comparable efficiencies to wire-bonded IGBT modules. According to
our simulation results, the Sinterconnect advantage towards wire bond is more pronounced
in higher switching frequencies (such as in MOSFET or GaN modules); however, for the
utilized IGBT modules the frequency range is rather limited to 4.6 kHz. Nonetheless, even
for this module, the Sinterconnects shows comparable and even higher performances in
terms of efficiency. Principally, Cu-attach Sinterconnects renders slightly higher efficiencies
than printed Cu Sinterconnects. On the other hand, from the fabrication point of view,
printed Cu Sinterconnects are much easier to process and more cost-effective.

e wirebond —4— Sinterconnect printed Cu —s— Sinterconnect Clip attach
1 1 1 1

1 -0 1 1
1 e g ——p——
08 - o !
o 0,505 " '
5 06 0.900 4 o “
5 i . 4 - -
£ E_c-mas;-- - . 2 - T ]
e 3 0o . T
5 B3 - A
0,865 - ks
-
0,2 S 2 —
|| o ¢
[ 0,875 r r T 1
0 D A ‘ 3 4 5 6 7 B 9 10 7" A
! Qutput Current (&)
T T T T d T ¥ T T T
0 2 4 6 8 10

Output current (A)

Figure 8. Measured buck converter efficiency values.

4. Conclusions

In this study, printed Cu front-side interconnect “Sinterconnects” were benchmarked
versus Al thick wire bonds as DC-DC converters. Building upon [24], this paper has care-
fully analyzed Sinterconnect geometries to estimate parasitic inductance parameters and
measured the efficiency of a switch-mode, DC-DC converter employing Sinterconnected
IGBT power modules. These Sinterconnects can easily be fabricated at any back-end (power
packaging) facility by using a dispensing or jetting unit. Theoretical analysis suggests,
that by using the Sinterconnects, the total package stray inductance can be reduced by
around 25%. Finite element analysis revealed the high package inductance sensitivity to
the total number of wire bonds as well as the distance between two adjacent bond wires
and the desired insensitivity of the Sinterconnects to Cu layer thickness. According to the
experimental results, the buck converters having Sinterconnected IGBT modules showed
better or at least comparable performance to a wire-bond interconnected module. The
higher performance of the clip-attach sample could be attributed to the lower electrical
resistance of the Cu clip compared to Cu paste through the application of the Cu foil. In
this work, the switching characteristics of the device and the efficiency of the converter
have been analyzed at 4.6 kHz. In a follow-up study, the performance of Sinterconnects at
higher switching frequencies and their reliability analysis will be investigated.
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