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Thermal transport investigation of SiC Power Semiconductor Modules
Abdullah Al-Safi, Yasin Sharifi

Department of Electrical Engineering

Chalmers University of Technology

Abstract

Since power modules like other electronic devices are shrinking in size and the power
demand is still high, there is a growing demand for better cooling technology in the
automotive industry. Because the modules for three-phase inverters are becoming
smaller in size and power loss is still high, extra pressure is being placed on the
packaging system of the module and the cooling system to perform at a higher
level. Therefore in this thesis work, an investigation was conducted regarding the
heat distribution of the material Graphene when implemented as a sheet layer in a
power module packaging system, as well as Graphene fins in a liquid cooling system.

The investigation was conducted around the CAB450M12XM3 SiC power MOS-
FET module to improve its thermal distribution between the packaging layers when
Graphene is introduced, using the software COMSOL Multiphysics. Moreover, the
thermal distribution of a cold plate before and after Graphene fins were introduced.
The investigation was carried out in a three-phase study. The first phase included
creating a thermal model for the power module CAB450M12XM3 in COMSOL and
verify it with the datasheet value of the thermal resistance. The second phase of
the work involved choosing a cooling strategy for the module and implement it in
COMSOL. In the third and last phase of the work, Graphene was implemented as
a layer and as fins to help spread and distribute the heat better than the current
solution.

Our findings can be split into three sections, where each section of the results cor-
respond to one of the phases conducted. The results obtained from the first phase
showed that the CAB450M12XM3 has a seven-layer packaging system, with the
base plate included. In this work, the calculated power loss calculation indicated
that each switch has a power dissipation of 570 W. The simulation results showed a
lower thermal resistance value than the presented value in the datasheet. This was
proven to be due to the heat spreading e[edt and the thermal coupling. However,
the error percentage was low and could be considered similar to the actual module
and therefore qualified for further analysis. Results from the second phase indicated
that a liquid cooled cold plate is the most optimal cooling strategy for a power mod-
ule. The thermal resistance of the cold plate obtained from the simulation was very
close to the datasheet value. Moreover, the results showed that the fin shapes of the
heat sink influences its total thermal resistance. Lastly, the Graphene investigation
showed that a Graphene layer below the copper layer improves the thermal distribu-
tion and decreases the working temperature by approximately 2%. The Graphene
fins showed an improvement as well with 1-2% di Lerknce.

Keywords: Thermal distribution, Graphene, Power module, SiC MOSFET, liquid
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Introduction

1.1 Background

Packaging technology in power modules is one of the key issues in a power elec-
tronics system, which can a ect the system performance dramatically. Compact
high-temperature power modules with appropriate cooling systems are attractive
for the automotive industries. Thus, a novel thermal design of a power module to
achieve an adequate cooling system would be of interest. Nowadays, SiC (Silicon
Carbide) and insulated gate bipolar transistor (IGBT) modules have been utilized

in several application areas such as electric cars, wind turbines, and high voltage
DC systems.

1.2 Aim

The aim of this project is to build a base SiC power module design including a cold
plate in COMSOL Mulitiphysics. Thereatfter, to investigate the thermal dissipation
from the power module when Graphene Im is introduced as a layer close to the
chips as well as to a modi ed heat sink when copper ns have been replaced with
Graphene ns. Finally to investigate the impact of various n designs on the thermal
distribution.

1.3 Scope

This project will focus on the thermal design concept and simulation of heat dissi-
pation from the SiC power module to the modi ed heatsink. Introducing Graphene
with high in-plane thermal conductivity to the power module and heat sink to
enhance the heat spreading on the surface of the module and decreases the tem-
perature of the hot spots. The Graphene Im is applied as a layer on the power
module. Moreover, investigating the thermal transport from top to down when re-
placing aluminium ns with Graphene ns. The simulation analysis in this project

is done by using software COMSOL Multiphysics.

Having mentioned all the above, the objective of this thesis is:

N

Determine the power losses of a SiC power module.
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Build a 3D thermal model of the power module and cold plate and verify it
with the datasheet for further analysis.

Investigate the thermal distribution from the power module and cold plate.
Create variations of n designs on the cold plate to improve the heat dissipation
from the chips.

Evaluate the Graphene material when used with the power module packaging
technology, as well as replacement of aluminium ns.



2

Component and Modelling Theory

This chapter will go through all theory that was used in this work to achieve the
speci ed objectives. Subjects included such as devices in the power module, power
module's packaging system, thermal modeling and heat transfer in solids, cooling
strategy as well as the properties of the material Graphene.

2.1 Power devices

This section will go through the working principle of power semiconductor devices
that are included in inverter modules. Since this thesis is investigating a MOSFET
power module, it is necessary to go through the working principle of the MOSFET,
and the diodes. To understand the working principle one has to look at the equiva-
lent circuit and the i-v (current-voltage) characteristics of each device.

2.1.1 Power Diode

There are two main types of power diodes, recti er diodes, and fast recovery diodes.
Recti er diodes are used with a grid frequency of 50/60Hz. While fast recovery
diodes are used with higher frequencies ranging up to 20kHz. The equivalent cir-
cuit for the diode can be derived by approximating the forward characteristic is the
imaginary line that ranges between 25-80% in gure 2.1b. The forward voltage drop

Vy can be speci ed as the distance between the two points, origin and the straight
line's intersection with the x-axis. The forward resistance of the diode can be iden-

ti ed through the slope of the straight line. By identifying the parameters named
above, the diode can be represented as resistance with a voltage source connected
in series. [1]
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@ Diode symbol (b) i-v characteristics

Figure 2.1: Symbol and i-v characteristics for a diode [2]

Therefore, the power losses can calculated as follow,
Paiode = (Rpi(t) + Vb)i(t) = Rpi(t)* + Vpi(t) (2.1)

z
1-T ) . .
Piode(t) = T o Rpi(t)? + Vhi(t)dt = Rpizus + Vo(avg) (2.2)

The analytical equation for conduction losses is,

1 | | 2 | 1
I:)cond;diode = E(VD —+ RD Z) m COK )(VD § + 37RDI 2) (23)

where m is the modulation index,coy ) is power factor. Vo and Rp are obtained
through the i-v forward characteristics of the diode.

2.1.2 Power MOSFET

Metal-oxide-semiconductor eld-e ect transistors (MOSFET) is a device with three
terminals, gate, source, and drain, see gure 2.2a. Figure 2.2b shows the i-v char-
acteristics of an N-channel MOSFET, as it can be observed from the gure that
the MOSFET does not have a forward voltage drop. The MOSFET is in a block-
ing phase when there is a positive voltag¥p between the drain and source and
the threshold voltage is larger thanVs. The i-v characteristics have the form of a
straight line for low values ofV,. When the gate voltageVs is de ned Rpson) IS
speci ed. [1]
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@ MOSFET symbol with n-channel () i-v characteristics

Figure 2.2: Symbol and i-v characteristics for a MOSFET with n-channel [2]

For simplicity the MOSFET can be modeled as a resistor onlR,, and the on-state
power loss equation can be obtained through the relations

Pumosrer (1) = Roniz(t) (2.4)

z
1=7 : :
Ploss MosFET = T o Ron|2(t)dt = Ron'%Ms (2.5)
Since there is no voltage source connected in series with the resistance in the MOS-

FET equivalent model, the reverse conduction losses are not taken into account.
The analytical equation for the conduction losses can be derived as,

ZT
Peond MOSFET = 02 Ron(Isin (1t ))? (t)dt (2.6)

Ron is the ON-state resistance and(t) is the duty cycle taken from the pule pattern
be calculated from eq.2.7.

(t) = ;(1+ msin(!'t + )) (2.7)

Now by suubsitiuting (2.7) in (2.6), the conduction losses for a MOSFET can be
written as

| m co
Pcond MosreT = Ron|2(§+ 35()) (2.8)

2.1.3 Switching losses

The MOSFET's maximum achievable switching frequency is dependent on the switch-
ing losses. The switching losses occur during the turn-ons and turn-o s of the switch
and the anti-parallel diode. In turn, the switching losses are dependent on the switch-
ing energy, similar to other devices, the energy loss can be calculated through the
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product of voltage and current as, [1]

Z
Eon = Vo(Di(t)dt (2.9)
ton
VA
torr
Esw = Eon *+ EorF (2.11)

According to [1], the o -state leakage current for a power MOSFET is very low
and therefore the blocking losses can be neglected. The analytical equation for the
switching losses is

i )(VDC

I ref Vref

1
Pswmosret ) = fswEsw(— ) (2.12)

Finally, the switching losses for the diode is calculated in same manner by identifying
the switching energy losses. The switching losses for the diode can be calculated by
i\, Vbc

1
Psw (Diode) = fsw ESW(Diode)(*Ii)( v
ref ref

) (2.13)

2.2 Power electronics module

Power electronic devices have the task of transforming one form of electrical energy
to another. The transformation could be AC-DC, DC-AC, and DC-DC. The trans-
formation of AC-AC is easily done with a transformer. Due to the saturation of the
core, DC-DC transformation is done through power electronic devices instead of a
transformer. An AC/DC devices are called recti ers and DC/AC devices are called
converters or inverters. [1]

Power converters consist of three main components:

Active components, the mechanisms that control the power ow (on and o)
within the device. The device has two states, on-state when conducting and
o -state when forward or reverse blocking. The device can only operate in one
state at a time.

Passive components are components that temporarily store energy within the
device. Inductors, capacitors, and transformers are examples of such compo-
nents. These components are constructed for the operating frequency, cooling
method, voltage, level of integration, and the type of insulation material that
has been used.

Control unit, components that control the ow of energy within the device

in such a way that the current and voltage follow the reference signals that
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ensure the appropriate behavior of the converter. Examples of such compo-
nents are, analog and digital devices, processors, signal converters, and sensors.

Electric vehicles and hybrid electric vehicles are both supplied with energy through
either battery or supercapacitor. These types of energy sources provide a DC voltage
which creates an obstacle since the electric motor requires an AC source. Therefore,
an inverter is needed to transform the energy source from DC to AC.

2.3 Packaging of power devices

Power devices can have multiple types of packaging. Depending on the voltage and
current rating as well as the overall use of the application, the type of packaging can
vary. One can de ne the packaging system as everything surrounding the actual die.
The packaging system serves multiple purposes, such as a form of protection for the
die and acts as a support structure. Moreover, the packaging system helps enhance
the thermal performance of the device by keeping the junction temperatures low
and guarantees that the device reaches the desired lifetime. In general, there are a
certain number of requirements that a packaging system has to meet [1]:

~ High reliability, to reach a long lifetime.

The high electrical conductivity of the components, to decrease undesirable
electrical properties such as parasitic resistance, capacity, and inductivity.
Supplementary insulation between switches, and insulation between the heatsink
and electrical circuit. This is for power modules.

N

2.3.1 Structure of the power modules

The packaging of a power module contains multiple con gurations of switches and
diodes, half-bridges, and three-phase inverters being the common ones. To increase
the abilities to handle current switches and diodes in the module are connected in
parallel. IGBT:s and MOSFET:s are widely used in power modules, which one to
use is dependent on the use of the application.[3]

Figure 2.3 shows a cross-sectional view of a typical packaging layout for a power
module. On top are the silicon chips which are soldered on a substrate called ™
direct bonded copper (DBC). The DBC acts as electrical insulation and consist
of three layers, two copper layers, and a ceramic insulation substrate. The ceramic
substrates task is to isolate the current-carrying parts in the module. The DBC
layer is attached to the baseplate by a second solder layer. The baseplate forms
mechanical support around the module and acts as a heat spreader by increasing
the heat dissipating area. Lastly, a heatsink is attached to the baseplate with a
Thermal Interface Material (TIM). The heat sink helps bring down the temperature

of the module to the desired levels and the TIM layer adds additional support to it
by lling the small air vacuums wit grease instead of air. Because air has a low heat
conductivity value. Multiple TIM options are used today in the industry, the most
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common is thermal grease[3]

Figure 2.3: All the material layers in a power module.

2.4 Theory of thermal models

A thermal problem can be transformed into an electrical problem by exchanging
the electrical and thermal parameters. This is because of the equivalence of the
di erential equations, all procedures done on an electrical network can be shifted
to thermal networks. The electrical and thermal parameters that are equivalent to
each other are presented in the table 2.1. To calculate the thermal problem, one has
to solve the electrical equivalent circuit.[1]

Table 2.1: Equivalent thermal and electrical parameters.

Electrical Parameters Thermal Parameters
Voltage (V) Temperature dierence ( T)
Current (1) Heat Flux (P)

Charge (Q) Thermal Energy (Gn)
Resistance (R) Thermal Resistance (R,)
Capacitance (C) Thermal Capacitance (G,)

The thermal impedance Z,) can be represented and calculated by di erent thermal
resistances and capacitances according to
T Ta_ T

5 =P (2.14)
whereT; represents the junction temperature of the power semiconductory is the
ambient temperature or the temperature of the case an is the power losses from
the semiconductor chips.

Zin =

Two types of thermal models can describe a power module with a lump of param-
eters, Cauer and Foster models. Each one of the models can be represented with
an equivalent circuit consisting of a heat source and multiple thermal impedances,
see gures 2.4 & 2.5. Both models represent a network of thermal resistdg, and
thermal capacitance<y,, each link of Ry, and Cy, represents one layer of the typical
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power module packaging material. In the cauer model, the thermal resistances and
capacitances are connected in a shunt. Since the power losses are produced in the
system it will make the temperature rise in the nodes and the thermal energy will be
stored in the capacitances. The stored energy in the capacitor is proportional to the
temperature di erence to the condition before the power losses were inserted into
the system. Thus, this model describes the physical aspects of the power module.[1]

The Foster model on the other hand has the thermal resistances and capacitances
connected in parallel. This type of RC-link can be replaced without a ecting the
transient response of the system. Where in the Cauer model, the replacement of R
and C will a ect the transient response of the system, as when the real system would
do if the layers are exchanged. Therefore, in this thesis, the Cauer model was used.[1]

Figure 2.4: Equivalent circuit for Cauer model

Figure 2.5: Equivalent circuit for Foster model

To calculate the thermal resistance and capacitance theoretically using the Cauer
model, one has to identify a couple of parameters rst. The two equations used for
calculating Ry, and Cy, are

d
Rth - m (215)
Cp = CdA (2.16)
th = RinCim (2.17)

whereRy, denotes the thermal resistance [K/W]Cy, is the thermal capacity [J/K],

th represents the time constant, d is the thickness [m], A is the total area of the
layer [m?], K is the thermal conductivity [W/(mK)], ¢ is the speci ¢ heat capacity
[J/(kgK)] and is the speci ¢ density kg=n7] of the material.
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To take the heat spreading e ect into consideration, the area A of each layer needs
to be calculated with a heat spreading angle,. The total area A(z) of the layer is
now a function of the length in the z-direction and can be calculated as

A(z) =(a+2ztan( ))(a+ 2ztan( )) (2.18)

where a and b are the side length in the x-y direction, z is the length (thickness) in
the z-direction and is the heat spreading angle.

2.4.1 Transient thermal impedance

The transient thermal impedanceZ, (x y) is de ned as the change in temperature
between the point x (Tx) and the point y (Ty) as a function of time divided by the
change of power dissipation over time. Since there will be multiple reference points
within the power module the thermal impedance can be described with a matrix.
The thermal impedance matrix can be written as

2 3
Zinary i Zing) 0 Zinan
Zin = @iy 0 Zwgi) 0 Zingn (2.19)
Zininy 0 L) 5 Zinn)

All elements included in the thermal impedance matrix can be obtained by mea-
surements or nite element analysis (FEA) simulations through

L = T Ta (2.20)

The thermal transient performance is normally described by a Foster model. From
measurements and FEA simulations, an expression for the thermal impedance can
be derived

_t _t X t
Zinx y) = Rn1(l emn1)+ Rpa(l em2)+ = Rypi(l en) (2.21)

i=1

where n is the number oRy,/ Cy, pairs and  is the time constant.

10
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2.5 Heat transfer in solids

The phenomenon transportation of heat can be described as the transportation of
thermal energy as a result of a gradient in temperature. The heat ux is described
by Fourier's law

q= k5T (2.22)

which de nes the theory behind heat conduction. The equation states that thermal
conductivity is proportional to the magnitude of the temperature gradient, q ows
from higher temperatures to lower temperatures. q is the heat ux measured in
(W=nv), k is the thermal conductivity (W/m K) and 5 is the gradient.[4]

Since the goal is to model a realistic system using COMSOL, the heat ux, or also
named the heat convection must be taken into consideration. The heat convection
can either be natural or forced, is added to the boundaries of the system, and is
dependent on the geometry and its length. When natural convection is implemented,
the system is cooled through natural air. The steady-state heat ux density is
de ned by

&= h(Ts Tm) (2.23)

when convective cooling/heating is involved. h is the heat transfer coe cienltV=(m?K ),
Ts is the surface temperature and, is the media temperature.

In this study there are di erent materials involved, the heat conduction or heat
di usion must be taken into consideration as well. The heat di usion is described

by

c '
t

=5k(T)5 T+ g (2.24)

where is the density, C is the heat capacity,% is the di erence of temperature
over time, and5 T is the gradient temperature.

2.6 Power module cooling

Since power modules are high power electronic devices there will be extreme heat
ux stresses on the cooling system. The high stresses on the cooling system cannot
be solved with air cooling. By using air cooling, a heat spreader is needed to carry
the heat from the device to the air-cooled surfaces. The heat spreaders come in
many shapes and sizes depending on where and how they are used, they are mostly
known as heat sinks. The heat spreaders are only su cient at low heat uxes. At
higher heat uxes the heat spreader will have less of an impact since the thermal
resistance in the heat spreader will become unacceptably large compared to the

11
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di erence in temperature between the base and the coolant. That means it would

require very large heat spreaders to cool down a high-power module and thus this
solution becomes unattractive and a more advanced solution is required. It appears
that in the high power module industry when the power dissipation level has reached
1500 W and even lower levels, the cooling process is liquid-based [5].

2.6.1 Liquid cooled cold plate

When the abilities of air cooling to cool down the electronic device are not enough,
there is a shift towards a liquid-based cooling system. The reason for it is the liquid
material properties which make this type of cooling a better choice for high temper-
atures. The heat transfer coe cient for liquid-based cooling is signi cantly higher
when compared to forced air convection. In comparison the heat transfer coe cient
for forced air convection is 100W=m?K while for liquid is around 10 000N =m?K [6].

The liquid cooling system is considered to be a closed-loop system with multiple
components contributing to the cooling process. The main components in the sys-
tem are a cold plate, heat exchanger, pumps and tubes. The cold plate is the
component that is attached to the power module with TIM. The purpose of the
heat exchanger is to cool down the liquid when it's been through the cold plate.
The heat exchanger transfer heat into the environment and this is done by adding
an extra fan to provide adequate air ow to the heat exchanger. More components
can be added to the system such as liquid reservoirs, valves and lters[7].

2.6.2 Cold plate models

Multiple cold plate models are being used in the industry today with di erent ma-
terials and uid ow channels. Selecting a cold plate model will be dependent on
the size of the module and the heat dissipation caused by the chips. The cold plate
models are classi ed into four groups, as described below[5].

Formed Tube Cold Plate (FTCP). This is the simplest cold plate model with the
coolant channels that are simply soldered or attached to the cold plate with a ther-
mal epoxy material. This model does not o er a high performance because of its
simple design and therefore its use is rather limited.

Deep Drilled Cold Plate (DDCP). When the power dissipation reaches high levels,
this becomes one of the better alternatives. Since with higher power dissipation the
thermal resistance of the plate and tubes becomes extremely high. In this model, the
channels or deep holes are drilled into the cold plate itself. The channels and holes
are arranged with end caps to create a ow path for the liquid through the plate.
The shape of the ow path is dependent on the placement of the power modules.

Machined Channel Cold Plated (MCCP). This model is more enhanced compared

12



2. Component and Modelling Theory

to the previous ones, mostly used when high thermal performance is required. In
this model design the channels are machine-cut inside the plate and a cover is later
attached to the top of the plate where the modules will be placed. The big advantage
of this model is that the channels can be shaped with multiple patterns to enhance
the thermal performance of the plate. The width of the channels can be changed as
well to increase the uid follow which will later decrease the thermal resistance of
the plate.

Pocketed Folded-Fin Cold Plates (PFCP). This is a more enhanced version of MCCP,
where the heat transfer coe cient and the surface area are improved by introducing

ns in the uid passage. The ns can be soldered inside the plate or below the

cover. The ns can be shaped in multiple ways depending on the performance re-
quired from the cold plate.

With all the models mentioned above there is an inlet and outlet where the uid
ows. Which model to choose as a cooling system will depend on four factors, total
heat removed, heat ux, pressure drop and cost. The cost can vary signi cantly
between the models depending on the size and the material used.

2.6.3 Fin models

Likewise the cold plate model there are multiple n models to choose from. The
basic type is straight ns with rounded, triangular or squared edges. More advanced
options are herringbone, lanced, o set, lanced and o set, ru ed, lazily ru ed and
perforated ns. Similar to their varying shape design the performance of each n
design is not equal. At low velocities of ow rate the performance of the square and
round-shaped ns is approximately the same[5].

2.7 Graphene material

The growth of power electronics towards minimizing the size of the devices produces
severe thermal dissipation problems that threaten the performance and reliability
of the devices. Therefore, this problem is considered to be one of the big challenges
the power electronics industry is facing. One way that this problem is being solved
is by introducing heat spreading materials that will move extreme heat away from
the devices and later reduce the operating temperature of the device. For this to
be possible, the heat spreading material must have a very high thermal conductiv-
ity level. Moreover, the material needs to be thin, strong, and exible for it to be
combined with the rest of the components included the power electronic devices [8].

Graphene is said to be a material that arises to the challenges named above but
where does it come from. To begin with, there are two kinds of Carbon crystals,
Graphite and Diamond. While the rst-named is plentiful the other is very precious,
however, they are both made of Carbon. Normally Graphite is used to make elec-
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trodes while it can be used as an electrical insulator. Even though both materials
are made of carbon, they are very di erent from each other and that can be seen
in their atomic structure. For Diamond, every carbon atom is surrounded by four
other carbon atoms and creating a tetrahedron. The Diamond crystal mesh is in 3D-
space is created though the periodical repetition of the tetrahedron. In comparison,
Graphite has a layered structure and with each layer the carbon atoms are organized
in hexagons. Each carbon atom is enclosed by three other atoms creating a layer,
the plane of layers that forms the structure of Graphite is called the basal plane.
What gives Graphite the upper hand is the strong carbon bonds within each layer,
stronger than the bonds in Diamond. On the other hand, the bonds between each
layer, known as Van der Waals bonds, are weaker compared to Diamond. Because
of this weakness Graphite appears to be 'soft and easy to peel o [9][10].

A single layer of carbon atoms of Graphite is known as Graphene, which has out-
standing properties compared to other materials. As an example, the mechanical
strength is better than in diamond, and due to the decrease in scattering a ect

the electrons in Graphene move very fast. The electrons make up the electricity in
Graphene, by allowing the electrons to move at very rapid speeds.

Because of its two-dimensional shape, it is known to be the thinnest and strongest
material produced. It would take an excessive amount of force to break through a
sheet of Graphene. Even though the bonds between the material's carbon atoms
are very strong, the material itself is very exible. Graphene can be twisted, pulled,
or curved without breaking [11].

Moreover, Graphene is a brilliant heat conductor with very high thermal conductiv-
ity levels. The thermal conductivity levels are very much dependent on the thickness
of the layer. This can be explained by three reasons. The rst one is the grain size,
the Graphene layer is composed of separate Graphene sheets that contain great
amounts of defects that increases the phonon scattering and thus limit the thermal
conductivity. The second reason is alignment because Graphene being very exible,
wrinkles, and layer mis ts will be very hard to avoid during the sheet formation. A
bad alignment structure could strongly harm the thermal performance of Graphene.
The third reason is phonon interfacial scattering, where the bonding layer between
the Graphene layers could lead to high phonon interfacial scattering. This will later
lead to a decrease in thermal conductivity. As one study shows that by decreasing
the thickness the thermal conductivity increases. Table 2.2 shows the thermal con-
ductivity levels for each thickness used.
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Table 2.2: Thermal conductivity for Graphene with di erent thicknesses.[8]

Thickness ( m) | Thermal conductivity (W/mK)
0.8 3200 330
1 2942 308
2 2527 230
3 2461 197
4-6 2250 220

Although the material itself is outstanding it does come with a challenge, the process
of producing a single layer of atoms for its properties to be measured is enormously
di cult. Therefore, one has to be realistic when implementing the material in sim-
ulations to draw better conclusions.
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3

Thermal modelling set-up of the
power inverter module

This chapter will go through the build-up process and simualtions for the thermal
model of the the power module CAB450M12XM3 in COMSOL Multiphysics. As
well as the Cauer thermal model for comparison purposes.

3.1 Description of the module CAB450M12XM3

The power module under investigation is the newest generation three-phase power
inverter (CAB450M12XM3) manufactured by Wolfspeed and used for vehicle appli-
cations. The module is a third-generation SIiC MOSFET with a 1200V half-bridge
structure and a current rating of 450A. The module has the thermal characteristics
of SiC power devices, which gives it the advantage of operating at a temperature of
175 C. The thermal resistance per switch position is 0.11 K/W. The physical device
and its electrical diagram are shown in gures 3.1a and 3.1b. From the electrical
diagram in gure 3.1b, one can see that the highest voltage reference is at point 1
and the lowest voltage reference is at point 4. Points 2 and 3 indicate the two SiC
MOSFETS. Point 6 shows the output terminal. Lastly, point 5 displays the NTC
device which is a temperature sensor.

@ Overview of the module ®) Electrical diagram of the module

Figure 3.1: Power module CAB450M12XM3 [12].
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3. Thermal modelling set-up of the power inverter module

The module is covered with a package housing that covers most of the device besides
the base-plate where on the backside a heatsink can be attached. Then there is a top
cover that covers the electrical components inside and acts as a form of protection.
The package housing and the top cover are both made of plastic. By unveiling the
top cover, there is thermal gel covering the module from the inside and is acting as
an insulator. Beneath the thermal gel lays all the electrical components. In total
there are two switches connected in parallel and each switch has ve chips. The
layout of the electrical component can be seen in gure 3.2.

Figure 3.2: Inside view of the power module CAB450M12XM3 [13].

The thermal packaging aspects of the module is mostly unknown due to secrecy.
However, it is stated in the datasheet that a silicon Nitride insulator has been used
and the base plate is made of copper. For further information a reference model was
used from the same manufacturer, the module is presented in the next chapter.

3.2 Reference module CAS300M12BM2

The power module CAS300M12BM2 is an older module in Wolfspeed / Cree series
of SiC Power Modules. The device is a 1200V, all silicon-carbide half-bridge mod-
ule. A cross-sectional and SEM/EDS analysis were done on this module to extract
information such as what material has been used as insulation and their respective
thickness. From the datasheet, it is known that the base plate is made of copper
and an Aluminum Nitride insulator has been used.

By conducting an Energy Dispensive X-Ray Spectroscopy (EDS) which is a chemical
micro-analysis technique in combination with scanning electron microscopy (SEM),
structures with a very small thickness can be analyzed. The EDS method identi es
the x-rays released from the sample throughout the bombardment process with an
electron to illustrate the element arrangement of the analyzed volume. However,
before conducting the analysis, a cross-sectional piece was cut o the module to
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