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The aim of this work is the thermal design of a modular direct liquid cooled package for 1200 V–35 A SiC power
MOSFETs, in order to take full advantage of the high power density and high frequency performance of these de-
vices, in the development of a modular integrated solution for power converters. An accurate electro-thermal
fluid dynamic model is set up and validated by thermal characterization on a prototype; numerical models
have been used to study the internal temperature distribution and to propose further optimization.
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1. Introduction

The power electronics community demands for increasing frequen-
cies and power density and new semiconductor technologies, based on
GaN or SiC power devices, depending on the applications, are gaining
market. The transistors are expected to soon reach suitable reliability
for deployment in applications such as automotive, traction and aero-
space, but the bottleneck is now represented by the packaging, which
has to ensure low parasitics, good cooling, compactness, maintainabili-
ty, modularity and competitive cost. Innovative solutions can be found
in literature for specific issues as the cooling integration to the module
[1–5] or highly integrated systems to reduce as much as possible the
stray inductances [6], sometime with gate-drivers, power stage, and
DC-link in the same package as in [7].

A new integrated liquid cooled bi-directional power switch for ma-
trix converters was developed and recently presented in [8], based on
1200 V-35 A SiC power MOSFETs. The aim of the present work is the
thermal design optimization of the module presented in [8], in order
to better exploit the high power density and high frequency perfor-
mance of these devices. In particular, since the target was the improve-
ment of the direct liquid cooled modular bi-directional switch, an
accurate thermal fluid dynamicmodel wasmade and validated by ther-
mal characterization on an early prototype. Then, the numerical model
has been used to study the internal temperature distribution, and to
propose improvements for the next release.

2. The bi-directional SiC power switch

The single module is composed by two transistors connected with
the source in common (Fig. 1), and the internal layout, as described in
[8] and shown in Fig. 2, was designed to obtain low parasitic induc-
tances and good thermal performance. The devices used in this study
are 1200 V-80 mΩ MOSFETs, with dimensions of 3.1 × 3.6 mm2 and
about 200 μm thick. For a description of the electrical performance,
see [8].

This first solution, designed specifically for a bi-directional switch,
integrates two MOSFETs chips mounted with the drain terminal onto
two separate identical Direct Bonded Copper (DBC) substrates (Fig.
2a); these two substrates are stacked as shown in Fig. 2c, by means of
soldered copper (Cu) bumps; two smaller bumps are used (Fig. 2b) to
short the source terminals of the two transistors; an additional DBC sub-
strate is partly sandwiched between the other two substrates to realize
the power terminals D1 and D2,whereas bond-wires and external leads
are used for the gate-drive interconnections (Fig. 2a). The outer cooling
surfaces are extended by fins to improve the heat exchangewith the liq-
uid flowing in the coolers (Fig. 2d). The cooling is made by inserting the
module in a sealed Teflon modular package, which is crossed by the
coolant (typically a water-glycol mixture). Fig. 3 gives a sketch of
three packaged modules connected together to make a converter.

In [8] preliminary thermal simulations were shown, identifying a
limit in the operating conditions, which was far from the full exploita-
tion of the power density capability of the transistors. For instance, sin-
gle bi-directional switch module dissipating 100 W by each MOSFET,
with a 20 °C water flow of 9 l/min, the maximum die temperature was
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around 140 °C, which is below of the die limit operating temperature
(175 °C), but typically a high value for reliable operation, especially con-
sidering solder layers and thermomechanical stresses. Moreover, the
earlier numerical model did not account for the power dissipated in
the inner connections, which could be not negligible, due to the com-
pact layout.

The effectiveness of themain thermally activateddegradationmech-
anisms of metallic parts (electromigration, chemical reactions, etc.), in-
creases exponentially with temperature and operation above 125 °C is
in general not recommended [9,10]. Moreover, solder joints thermo-
mechanical stress increases exponentially with the temperature
swing, which, in turn, looking at long-period thermal cycles, is related
to the maximum temperature. Then, to increase the reliability of the
module, it is mandatory to limit its maximum temperature, since it af-
fects both thermal and thermo-mechanical degradation mechanisms.

3. Prototype thermal characterization

Since previous thermal fluid dynamic simulations of three modules
connected together [8] demonstrated a very small increase of the
water temperature from inlet to outlet (less than 1 °C, even with low
flow rates), the thermal characterization was performed on a single
module.

Fig. 4 shows the schematic diagram of the thermal characterization
test bench. The module was cooled by a regulated open water circuit,
with a flow meter at the inlet. The temperature of the water at inlet
was measured by a k thermocouple, as well as done at the outlet, and
a thermometer with resolution of 0.1 °C. The temperature of the exter-
nal surfaces was measured by an infrared camera (FLIR A325). These
surfaces were covered with a thin layer of matt paint in order to obtain
the same emissivity by the different parts in the camera view. Fig. 5
shows the single module with a thermocouple placed at the water out-
let and the test bench used for the measurements.

To simplify the experimental setup, the MOSFETs were heated sim-
ply biasing them in on state and limiting the current by the power sup-
ply. This kind of biasing was adopted only for model tuning purposes,
and it must be noted that a DC current is then circulated through the
source wirebond, although if this does not correspond to the real appli-
cation. For that reason the current was limited to a safe value of 30 A
(15 A per MOSFET). In these conditions the dissipated power per tran-
sistor was 26 W. With a 16 °C water flow of 2 l/min the thermal map
shown in Fig. 6 was obtained.

Fig. 1. Electrical diagram of a bi-directional switch.

Fig. 2. Layout of the bi-directional power switch contained in a single module.

Fig. 3. External view of three packaged modules connected together to make a power
converter.

Fig. 4. Schematic diagram of the thermal characterization test bench.
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