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Abstract: An increasing share of fluctuating and intermittent renewable energy sources can cause
over-currents (OCs) in the power system. The heat generated during OCs increases the junction
temperature of semiconductor devices and could even lead to thermal runaway if thermal limits are
reached. In order to keep the junction temperature within the thermal limit of the semiconductor,
the power module structure with heat-absorbing material below the chip is investigated through
COMSOL Multiphysics simulations. The upper limits of the junction temperature for Silicon (Si) and
Silicon Carbide (SiC) are assumed to be 175 and 250 ◦C, respectively. The heat-absorbing materials
considered for analysis are a copper block and a copper block with phase change materials (PCMs).
Two times, three times, and four times of OCs would be discussed for durations of a few hundred
milliseconds and seconds. This article also discusses the thermal performance of a copper block and
a copper block with PCMs. PCMs used for Si and SiC are LM108 and Lithium, respectively. It is
concluded that the copper block just below the semiconductor chip would enable OC capability in
Si and SiC devices and would be more convenient to manufacture as compared to the copper block
with PCM.

Keywords: bonding techniques; copper; heat-absorbing materials; high-temperature; junction
temperature; new layouts; over-current; packaging; phase change materials; power modules; wide
band gap semiconductors

1. Introduction

In recent years, renewable energy sources (RESs) such as wind and solar have been
playing an important role in the reduction in carbon dioxide emissions [1], resulting in their
increased share in power generation in modern power systems. Maintaining their stability
and reliability is challenging due to their intermittent and variable nature [2]. Semiconduc-
tor devices, such as metal oxide semiconductor field-effect transistors (MOSFETs), diodes,
and insulated-gate bipolar transistors (IGBTs) are essential components in the control and
conversion of renewable energy. However, these devices are prone to permanent damage
from over-currents (OCs) and system failures [3]. Therefore, enabling OC capability in
semiconductor devices is an essential requirement in power system design for RESs.

OC situations in RESs can arise from equipment malfunctioning and overloading.
Nevertheless, the number of OC events depends on several factors, such as the geographic
and economic conditions of the country, grid provider, and weather in that particular area
(thunderstorms, lightning, temperature, etc.) [4,5]. Protective devices like fuses and circuit
breakers can take up to 200 ms and even longer for detecting and clearing the faults [6].
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However, the exact duration of OCs before the semiconductors reach their thermal limits
depends on the extent of OC/overloading and varies from one system to another [7].
Exceeding the rated value of the semiconductor device can result in thermal runaway
due to the excessive heat generated. This scenario can lead to the permanent failure of
the device.

An OC event causes an increase in the temperature (also referred to as junction tem-
perature) of the semiconductor device. Multiple methods have been investigated and
implemented previously to reduce the junction temperature during OCs and steady state.
High swings in junction temperature during normal operation decrease the lifetime of the
power module [8–12]. Therefore, a multitude of researchers have investigated methods
to increase the lifetime by reducing (the swing of) the junction temperature. One tested
method is the introduction of microchannels below the chip [13]. Microchannels have
shown to be effective in reducing the junction temperature by 60 ◦C with just 0.83 mL/s of
water flowing in the microchannels below the chip for a heat flux of 500 W/cm2. However,
the exact temperature reduction depends on the amount of heat flux and the location of the
microchannels, as illustrated in [14] for a heat flux in the range of 100–2000 W/cm2 [15–17].
Another method is using Peltier elements close to the chip, and this has resulted in a
reduction in junction temperature of 40 ◦C for 31.5 W of semiconductor losses [18]. The lim-
itations for Peltier elements arise from the number of Peltier modules needed for high
powers and the need for an additional power source driving the Peltier modules. An-
other design of the power modules is planar which does not have bondwires. Industrial
planar power modules technologies include double-sided cooling modules from General
Motors [19], SkiN technology from Semikron [20,21], and Siemens Planar interconnect
technology [21–23]. They have superior performances in terms of having lower thermal
resistance during steady state and hence, increased reliability.

Techniques for limiting the junction temperature during transients of a few seconds
have been investigated to some extent. One method is the application of microchannel
cooling below the chip during OCs for the heat flux up to 2236 W/cm2 [24]. Another
method is to add heat-absorbing material below the chip. One such method using com-
binations of phase change materials (PCMs) with metal containers has been investigated
in [25–29] for the duration of 3–30 s. PCMs have high latent heat of fusion and low thermal
conductivity; hence, the metal containers (being an excellent thermal conductor) in them
effectively provide paths of lower thermal resistance such that the heat can be transferred to
the PCM. This method suffers from the disadvantage that the junction temperature during
steady-state operation is also increased due to the increase in the overall thermal resistance
for the heat flow towards the heat sink. The choice of PCMs in such systems is one of the
most important aspects as the rate of heat removal depends on the thermal conductivity
of the heat-absorbing material(s) below the chip. The thermal conductivity of metallic
PCMs is higher than that of non-metallic PCMs (organic and inorganic PCMs including
eutectics) [7,30]. Consequently, metallic PCMs result in a 20–80 ◦C decrease in tempera-
ture as compared to non-metallic PCMs for a heat flux in the range of 85–339 W/cm2 in
20 ms [31]. The thermal response for the heat-absorbing container with PCMs depends
significantly on the relative content of the PCMs in question. The optimum relative content
of PCM is in the range 30–50%, considering the trade-off between response time delay
due to PCM melting and thermal conductivity of overall composite structure [27,32,33].
Another application of PCM with metallic structure is directly in the Si chip substrate for
transient applications of 500 W/cm2 for up to 100 ms [34]. Furthermore, another solution
for limiting the junction temperature for OCs of 150 ms is presented in [35] by combining
the concept of double-sided cooling and using PCM with metallic structure for a press-pack
IGBT module. It resulted in a reduction in junction temperature by 50 ◦C for a heat power
of 491.8 W. The authors have not found any additional literature that has provided precise
solutions for a few hundred milliseconds of OCs. However, a discussion about potential
heat-absorbing materials during OCs is available in [7,36]. Metals such as copper, alu-
minum, gold, diamond, and graphite have been investigated for a heat flux of 400 (W/cm2)
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during 200 ms. All the proposed solutions discussed above can result in multiple times
increased reliability of the semiconductor devices due to decreased temperature swing
during OCs, as proved experimentally for the power module with a metallic container for
PCM in [29,37]. Nevertheless, the exact increase in reliability in terms of cycles to failure
depends on the temperature swing and duration of temperature swings [37–40]. There is
also a research gap in the literature for a comparison of the composite structure made of
the metallic container with PCM and just the metallic block. Apart from the heat-absorbing
materials, OC capability is also affected by the temperature margins available with semi-
conductor devices. For example, for the same amount of current (and OCs) and power
module structure, SiC devices would be able to handle OCs for a slightly longer duration
as compared to silicon devices because the temperature of failure is higher for SiC devices.
This will be discussed in detail in the later sections of the paper.

In this article, we are addressing OC capability of standard power modules with
the addition of heat-absorbing material below the chip for OCs of two times, three times,
and four times the nominal values for a duration of a few hundred milliseconds and
seconds. Two types of heat-absorbing blocks are considered below the chip and the analysis
is a further extension of the work presented in [25]. The first structure is a copper block with
PCM soldered below the chip, similar to the one presented in [25]. The second is a copper
block soldered below the chip. The two most common applications will be discussed and
elaborated, i.e., application of the power devices for inverters and DC/DC converters.
Analysis of these applications will help the readers to assess the solutions for OCs for their
corresponding applications depending on the power levels and OC duration.

The key contributions of the paper are:

1. Analyzing the temperature margin with Si and SiC devices in order to enable OC capability.
2. Comparison of enabled OC capability for Si and SiC devices with modified structures

and standard module.
3. Estimation and comparison of the performance of a copper block and a copper

block with PCM for providing OC capability for the duration of a few milliseconds
to seconds.

4. Comparison of thermal performance of Si IGBT and SiC MOSFET power modules for
the same amount of current.

The outline of this paper is as follows: In Section 2, the basic and modified structures
of the power modules are discussed. In Section 3, two times, three times, and four times of
OCs have been discussed from a thermal performance perspective. Section 4 provides a
comprehensive discussion of the results and future scope. Section 5 concludes the article.

2. Structure of Power Modules

This section provides the basic structure and modified structure of the power module
with an additional copper block below the semiconductor chip, and an additional copper
block with PCM below the semiconductor chip.

2.1. Basic Structure of Power Modules

The basic structure of the module is shown in Figure 1a, as discussed in [7]. It consists
of a semiconductor chip, solder (and/or die attach), metallization, baseplate, heatsink,
substrate, and bondwires. A baseplate may or may not be present in the power module
depending on the module design. The semiconductor chip carries the current, and the
substrate (made of ceramic) provides electrical insulation and heat flow generated from the
semiconductor towards the heatsink. The baseplate further facilitates the distribution of
heat in order to provide a thermal path toward the heatsink. Bondwires are used to connect
the semiconductor chip to the external circuit.

2.2. Modified Structure of Power Modules

Figure 1b shows a modified structure with a copper block below the semiconductor
chip while Figure 1c shows yet another modified power module with a copper block with



Energies 2024, 17, 462 4 of 21

a PCM, as suggested in [25] for improving the OC capability. The thermal analysis is
performed for two configurations of the power module. First, the structure has a block
consisting of only copper. Second, the structure has a copper block containing PCMs in
four cylindrical cavities drilled in the copper block. There is one copper block for one set
of switches at one position in the converter. For example, one IGBT and its anti-parallel
diode in a half-bridge have one copper block below them. Similarly, one large MOSFET
and one small MOSFET have one copper block below them. The copper block with PCM
is comprised of 38% of the PCM by volume in order to utilize the latent heat of PCM and
thermal conductivity of copper container. The advantage of this structure is that the copper
block and the copper block with PCM just below the chip provide a thermal capacity such
that the heat can be absorbed quickly as soon as the OC occurs. The structure of the power
module, for which the thermal analysis is performed, is shown in Figure 2.

(a) (b)

(c)
Figure 1. Basic and modified structures of power modules. (a) Basic structure of the power module [7].
(b) Modified power module with copper block. (c) Modified power module with copper block with a
PCM [25].

Figure 2. Modified power module structure in COMSOL [25].

3. Analysis and Results

This section explains the differences and the corresponding reasons for the thermal
behavior of Si IGBTs and SiC MOSFETs during OCs. The upper limits of the temperature
have been assumed to be 175 ◦C for Si [41] and 250 ◦C for SiC [7]. Simulations have been
performed by means of the finite element method (FEM) in COMSOL for Si IGBTs and SiC
MOSFETs for 1200 V power modules. The dimensions for the components of the power
module are based on Semikron SKM50GB12T4 [25] and are shown in Table 1. The rated
value of current is 50 A for the Si IGBT. The power module is a half-bridge with Si IGBTs
and anti-parallel diodes. The SiC MOSFET does not need any external anti-parallel diode
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due to the presence of the intrinsic body diode [42]. The power module with SiC MOSFETs
is assumed to have two SiC MOSFETs in parallel to keep the same geometry as that of the
Si IGBT power module for comparing the thermal response of the overall power module.

The current density (300 A/cm2) and ON state resistance (RdsON) of the SiC MOSFETs
are taken from the data sheet of CREE MOSFET CPM3-1200-0013A [43,44]. They have been
estimated for the larger and smaller MOSFETs corresponding to the sizes mentioned in
Table 1. The values for switching energies and intrinsic body diode characteristics are taken
from the data sheet E3M0021120K from Wolfspeed [45] as this MOSFET has similar current
and voltage ratings as that of the power module considered for simulations. The rated val-
ues of current for larger and smaller MOSFETs are estimated as 263.95 A (RdsON = 5.02 mΩ)
and 126.5 A (RdsON = 10.48 mΩ), respectively. Since the converters are designed with safety
margins of 30–60% [25], the nominal values of the current for Si IGBT, SiC larger MOSFETs,
and SiC smaller MOSFETs are assumed to be 30 A, 158.37 A, and 75.91 A, respectively.
The value of RdsON for SiC MOSFETs varies with junction temperature. The increment in
RdsON can be estimated from the data sheet and by extrapolating for 250 ◦C. It increases
by 100% from ambient temperature to 250 ◦C. Hence, calculations for losses have been
simplified by choosing the average values of RdsON at ambient temperature, 100 and
250 ◦C. The switching frequency ( fsw) is 7.5 kHz for all the cases of Si IGBTs and SiC MOS-
FETs. The DC link voltage is assumed to be 600 V (half of the rated voltage). The results
and discussions are presented in the further sections for nominal current values, two times
of OC, three times of OC, and four times of OC. Hereafter, an OC of two times the nominal
current will be denoted as 2 OC. Correspondingly, OCs of three and four times the nominal
current will be denoted as 3 OC and 4 OC, respectively. The OC is applied at 60 s in all the
simulations so that the power module reaches a steady state before 60 s in all cases.

Table 1. Dimensions of the components of the power module as shown in Figure 2.

Component Dimensions (mm)

Diode and smaller MOSFET 6.3 × 6.3 × 0.35
IGBT and larger MOSFET 9.1 × 9.1 × 0.35
Copper block (Below 1 diode and 1 IGBT/1 small and large MOSFET) 19 × 19 × 5
PCM cylinder radius = 1.7 and height = 19
Substrate 45 × 22 × 0.635
Base plate 54 × 22 × 2
Heatsink (Heat transfer coefficient) 800 W/m2.K

The physics used in COMSOL is ’Heat Transfer in Solids’. The ambient temperature is
assumed to be 35 ◦C. Further, a subnode for the PCM is added to the model to simulate
the impact of PCM. The phase change phenomenon in PCM and sensible heating provide
thermal capacity during OCs and is modeled as [32].

Etot = mpcm

[∫ TMP

T1

CP,s · dT + ∆h +
∫ T2

TMP

CP,l · dT
]

, (1)

where Etot is the total thermal energy stored in the PCM, TMP is the melting point, ∆h is
the melting enthalpy, CP,s and CP,l are the specific heat capacities in solid and liquid state,
and T1 and T2 are the initial and final temperatures of the PCM, respectively.

The transition during the phase change from solid to liquid is modeled as (2) [46]. This
complete model of power module with PCM for Si IGBTs is taken from [25] and has been
validated experimentally in [25].
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ρ = θsρs + θlρl ,

CP =
1
ρ
(θsρsCP,s + θlρlCP,l) + Łs→l

∂αm

∂T
,

αm =
1
2

θlρl − θsρs

θlρl + θsρs
,

k = θlkl + θsks,

θs + θl = 1.

(2)

wherein ρ denotes the density, θ denotes the fraction of the amount of material in a physical
state (solid or liquid), and subscripts ‘s’ and ‘l’ denote the parameters for the solid and
liquid states, respectively.

All the boundary surfaces in contact with the ambient are thermally insulated, except
for the heat sink, in order to replicate a real operating condition inside the power module.

The physical properties of the materials used in the simulations are listed in Table 2.
The PCM used for the Si power module is LM108; meanwhile, for SiC, it is Lithium.
The criteria for choosing these PCMS are that their melting point is in the range of operation
of the devices, high melting enthalpy, and high thermal conductivity in the case of Lithium.
The thermal conductivity of PCMs in the liquid state has been assumed to be four times
higher due to the increased convection in the liquid state as compared to the solid state,
which has been verified in the experiments in [25] for LM108.

Table 2. Thermal–physical properties of different materials in the power module.

Properties
Materials

Si [47] SiC [47] LM108 (Si) [25] Lithium (SiC) Copper [7] Alumina [48–53]

Thermal conductivity (W/(m·K)) 150 490 35 (s) and 35 × 4 (L) 85 387.6 32
Specific heat capacity (J/(kg·K)) 690 700 250 3570 381 780
Density (kg/m3) 2330 3210 7300 535 8960 3900
Melting point (◦C) 1420 [54] 2830 [54] 108 180 1084.6 2050
Melting enthalpy (kJ/kg) NA NA 45 455 NA NA

NA—not applicable; s and l—property in solid and liquid states, respectively.

3.1. OC Capability for Inverter Drive

This subsection discusses the thermal performance of the leg of an H-bridge with Si
IGBTs and SiC MOSFETs in inverter operation. The losses for Si IGBTs and the diodes
are calculated using the application notes from Infineon [55] and Dynex [56]. The con-
duction losses and switching losses for IGBTs and the anti-parallel diodes are given by
Equations (3)–(6).

The conduction losses of an IGBT are given by

Pcond(IGBT) = (
1

2π
+

m · cosϕ

8
) · Vceo · Ipk + (

1
8
+

m · cosϕ

3π
) · Ro · I2

pk (3)

where m is the modulation index, cosϕ is the power factor, Vceo is the on-state threshold
voltage of the IGBT, Ipk is the peak collector current, and Ro is the on-state resistance of
the IGBT.

Psw(IGBT) = (EON + EOFF) · fsw ·
√

2
π

· VDClink
VNOM

· Iout

INOM
(4)

in which EON and EOFF the turn-on and turn-off energies at Ipk , fsw is the switching
frequency, VDClink is the DC link voltage, VNOM is the rated saturation voltage of the IGBT,
INOM is the nominal value of current of the IGBT, and Iout is the output current.
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For freewheeling diode of the IGBT, the conduction losses are given as

Pcond(diode) = (
1

2π
− m · cosϕ

8
) · VDo · Ipk + (

1
8
− m · cosϕ

3π
) · RDo · I2

pk (5)

where VDo is threshold voltage of the diode and RDo is the on-state resistance of the diode.
The switching losses of a diode are given by

Psw(diode) = (EREC) · fsw ·
√

2
π

· VDClink
VNOM

· Iout

INOM
(6)

wherein EREC is the reverse recovery energy of the diode at Ipk.
Losses for the SiC MOSFETs are calculated using the application note from Infi-

neon [57]. The losses in the SiC MOSFETs and the body diodes are over-estimated if
reverse conduction of the SiC MOSFET channel is not taken into account [58]. For the
SiC MOSFETs, the body diode conducts only if the voltage drop across the SiC MOSFET
channel (IDS × RDSon) is greater than the threshold voltage of the body diode [59,60]. If the
voltage across the SiC MOSFET channel is less than the threshold voltage of the body diode,
the SiC MOSFET channel conducts in the reverse direction. For simplicity, the SiC MOSFET
channel resistance is assumed equal in both forward and reverse conduction. Since the
current flowing through the SiC MOSFETs is sinusoidal in the inverter, the maximum
voltage drop across the MOSFET channel is when the peak current flows. The voltage drop
for 4 OC at the current peak (633.5 A) is 3.1 V, which is less than the threshold voltage
(4.4 V) of the body diode of the SiC MOSFET. Hence, it is assumed that the entire current
is flowing through the MOSFET channel in reverse conduction for all the cases discussed
further in the paper. This simplification causes a slight overestimation of the losses for
the SiC case. The MOSFET losses would be equally divided between the upper and lower
MOSFETs due to the reverse conduction. The conduction and switching losses in the SiC
MOSFETs are given by (7) and (8).

Pcond(MOSFET) =
RDSon · I2

orms
2

(7)

where RDSon is the on-state resistance of the MOSFET and Iorms is the rms value of the
load current.

Psw = (Eon + Eo f f ) · fsw (8)

in which Eon and Eo f f are the turn-on and turn-off energies of the SiC MOSFET for the
particular value of current.

The switching losses of the body diodes in the SiC MOSFETs are negligible (if the body
diodes conduct) as compared to the conduction losses [61]. The value chosen for cosϕ and
modulation index (m) is 0.9 for all the inverter cases. The losses calculated for both Si and
SiC devices are time-averaged for switching and conduction losses.

This subsection discusses three cases of inverter operation. First, the thermal perfor-
mance of the power modules with Si IGBTs and SiC MOSFETs are discussed and compared
for their nominal current ratings, 2 OCs, 3 OCs, and 4 OCs. Second, the thermal perfor-
mance is analyzed for the SiC MOSFET power module with nominal current ratings and
OC values of the Si IGBT power module. Third, the duration of OCs is investigated without
reaching the upper limit of temperatures with Si and SiC power modules when the initial
temperatures are approximately 100 ◦C. These analyses would provide a comparison and
insight into the current capabilities and OC capabilities of the Si IGBTs and SiC MOSFETs.

One point to note is that the heat sinks can be selected in various ways depending on
the application and power density [62,63]. Due to high current density for SiC MOSFETs,
the heat sink is designed in such a way that the average temperature of the MOSFETs
for the nominal current values is limited to approximately 100 ◦C. However, in order to
make a fair comparison between Si and SiC devices, the same thermal design is chosen
for the Si power module. It results in an over-designed cooling circuit for the Si power
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module, leading to very low temperatures for nominal current during the steady state.
Since the losses in the Si power module are lower than in the SiC power module for their
corresponding rated values and because the maximum temperature is higher for the SiC
device, the heat sink can be smaller for the Si power module than the one required for the
SiC power module. It would result in a temperature that would be in the recommended
range of the data sheet of the power module.

3.1.1. Nominal Ratings of the Devices

Using (3)–(8), the losses for the Si IGBT and the SiC MOSFET power modules are
calculated and given in Tables 3 and 4, respectively. The losses for both Si and SiC devices
are calculated for nominal values, 2 OC, 3 OC, and 4 OC. The losses of the SiC MOSFETs
are higher as compared to Si IGBTs for the corresponding nominal current, 2 OC, 3 OC,
and 4 OC. It is due to the fact that the current values for the larger and smaller SiC MOSFETs
are approximately 5 times and 2.5 times higher than that of the Si IGBT, respectively.
The total current in the SiC MOSFET power module (small and large MOSFET combined)
is approximately 7.8 times higher as compared to the Si IGBT due to the fact that the SiC
power module can handle a higher current and the area of the diode is being used as a
MOSFET as well. Figure 3 shows the average temperature of the Si and SiC devices under
various OCs. Figure 3a,c,e shows the average temperatures of the diode and the IGBT as
above while Figure 3b,d,f shows the SiC MOSFETs. It should be kept in mind that the
values of OCs are different for Si IGBTs and SiC MOSFETs. For instance, the value of 2 OC
for Si IGBT is 60 A, while it is 316.75 A for SiC larger MOSFET. This is due to the difference
in rated values of current, current capability, and thermal properties of Si and SiC devices.

Table 3. Total losses (conduction + switching) per device for Si IGBT power module in Watts (W).

Device
30 A 60 A 90 A 120 A

(Nom) (2 OC) (3 OC) (4 OC)

Si IGBT 22.48 55.6 99.35 153.73
Si Diode 5.06 11.52 19.4 28.68

Table 4. Total losses (conduction + switching) per device for SiC MOSFET power module in
Watts (W).

Nom 2 OC 3 OC 4 OC

Current values 158.4 A 316.7 A 475.1 A 633.5 A
SiC MOSFET large 71.09 287.61 587.74 992.07

Current values 75.9 A 151.8 A 227.7 A 303.6 A
SiC MOSFET small 34.07 98.35 192.81 317.47

It can be observed that the temperatures of the Si IGBT and diode in their nominal
operation are lower as compared to the nominal operation of the SiC MOSFETs. This is due
to the higher losses in SiC devices at much higher values of currents. The temperatures of
the IGBTs in the silicon power module with a copper block and a copper block with PCM are
between 81 and 83 ◦C, between117 and 123 ◦C, and between 162 and 170 ◦C for 2 OC, 3 OC,
and 4 OC, respectively. The OCs are applied for 40 s since the temperature reaches a steady
state in all OC cases of the Si IGBT power module. For Figure 3a, the temperature of the
devices has not reached to melting of the PCM and due to the lesser thermal conductivity
of PCM as compared to the copper; there is a difference of 3.95 ◦C in the final temperature
of the IGBT with copper clock and copper block with PCM. The amount of PCM melted in
40 s for 3 OC is 20% while it melted completely in 16 s for 4 OC. One important thing to
observe is that the temperature of the IGBT does not reach 175 ◦C even for the standard
module, which means that the device would not fail for standard modules. However, there
is a reduction in the temperature of the IGBT during OCs for the modified structures of
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the power module. The reduction in the temperature of the IGBT is due to two factors.
First, the copper block below the chip acts as a heat spreader as shown in the case of 2 OC
in Figure 3a. Second is the absorption of the heat during OCs by the melting process of
PCM when the temperature of the IGBT reaches the melting point (108 ◦C) of the PCM
LM108. These two factors are acting simultaneously during 3 OC and 4 OC, as shown in
Figure 3c,e. This reduction in the temperature of IGBT can result in increased lifetime of
the Si power module.

(a) (b)

(c) (d)

(e) (f)

Figure 3. Average chip temperatures of the devices during OCs: (a) Si module, OC: 2 times, duration:
40 s. (b) SiC module, OC: 2 times. (c) Si module, OC: 3 times, duration: 40 s. (d) SiC module, OC:
3 times. (e) Si module, OC: 4 times, duration: 40 s. (f) SiC module, OC: 4 times.

The OC durations for the SiC MOSFETs are increased significantly before the tem-
perature of the larger SiC MOSFETs reaches 250 ◦C, as shown in Figure 3b,d,f. For 2 OC,
the temperature reaches 250 ◦C in 4.7 s for the larger SiC MOSFET as shown in Figure 3b,
and the duration of OC is increased by using the copper block and the copper block with
PCM to 8.6 s and 8.5 s, respectively. The PCM melted completely in 7 s. The temperature
is lower with the copper block until 5 s after OC is applied; after 5 s, the performance is
almost identical until the temperature reaches 250 ◦C. The duration for 3 OC increases
from 185 ms for the standard module to 900 ms with the copper block and to 700 ms with
the copper block with PCM. The fraction of PCM melted for this case in 700 ms is 24%.
The temperature of the larger and smaller MOSFET is lesser with copper block as compared
to copper block with PCM at any point of time during OC. Similarly, the OC duration
increases from 40 ms to 150 ms for 4 OC for the power module with copper block and 86 ms
for copper block with PCM for the larger MOSFET. The PCM is not melted (0.65% melted)
in 86 ms since the thermal conductivity of the PCM is much lower than that of copper but
the temperature reaches 250 ◦C in the same duration. One point to be noted is that there
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is no significant difference between the thermal performance of the copper block and the
copper block with PCM for 2 OC, while the performance is better with copper for 3 OC
and 4 OC, resulting in a higher preference for the copper block due to the ease of making
this structure.

3.1.2. SiC MOSFETs with the Current Ratings of Si IGBTs

This subsection compares the performance of the SiC MOSFET power module with
the current values (nominal and OCs) of the Si IGBT power module. As discussed in
Section 3.1.1, the performance of Si and SiC power modules with a copper block is almost
identical to the ones with a copper block with PCM. Accordingly, the power modules with
only a copper block are discussed further in this subsection and in Section 3.1.3.

The total current in the SiC power module is proportionally distributed between the
large and small SiC MOSFETs according to their areas. The losses in the SiC MOSFETs are
calculated using (3)–(8), with the same procedure as described in the previous subsection.
Table 5 shows the combined losses of the large and small SiC MOSFETs. It is important to
note that the combined losses of both the MOSFETs in the SiC power module (Table 5) are
significantly lower compared to the combined losses of the Si IGBT and the Si diode in the
Si Power module (Table 3).

Table 5. Total losses (conduction + switching) in Watts (W) for SiC MOSFET power module for one
pair of small and large MOSFET for the current values of Si IGBT power module.

Current Values 30 A 60 A 90 A 120 A
from Si IGBT (Nom) (2 OC) (3 OC) (4 OC)

Loss (W) 8.63 19.52 32.67 48.08

Figure 4 shows the difference in the temperatures of all the devices for 2 OC, 3 OC,
and 4 OC. Figure 4a shows the temperature of the IGBT and diode while Figure 4b shows
the temperature of SiC MOSFETs for all OCs. As shown in Figure 4, the temperature of the
MOSFETs (about 40.7 ◦C) is lower than the Si IGBT and diode (52–55 ◦C) for the nominal
current value of IGBT (30 A). Similar observations can be made when OCs occur in both
the power modules (Si IGBT and SiC MOSFET). The difference in the constant values
of the temperatures reached between the larger SiC MOSFET and Si IGBT are 33.26 ◦C,
60.8 ◦C, and 95 ◦C for 2 OC, 3 OC, and 4 OC, respectively. The difference in temperature
of the Si IGBT and the diode increases as the OC value increases. It can be concluded that
the SiC power module with a copper block has a lower temperature and better thermal
performance than the Si power modules with a copper block for the same values of current
in all the described cases. This could result in a longer lifetime and higher reliability of the
SiC power module.

(a)

50 60 70 80 90 100 110 120
35

40

45

50

55

60

65

70

(b)
Figure 4. Average chip temperatures with nominal current and OC values: (a) Si module with all
OCs; (b) SiC module with current values of the Si module.

3.1.3. 100 ◦C Chip Temperature before OCs

In this section, OC capability is discussed for the case when the temperature of
the MOSFETs and IGBTs is about 100 ◦C. Before 60 s, the temperature of MOSFETs is
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approximately 100 ◦C during the steady-state operation for 0.95 times the nominal current
values (150.46 A for larger MOSFET and 72.11 A for smaller MOSFET), as shown in
Figure 5b; meanwhile, the current value for the IGBT is 2.5 times the nominal current value
(75 A), as shown in Figure 5a. The total losses (conduction + switching) with 150.46 A for
the larger MOSFET and 75 A for the smaller MOSFET are 66.04 W and 31.65 W, respectively.
Meanwhile, with 75 A for the IGBT and the diode, the losses are 76 W and 15 W, respectively.

(a) (b)
Figure 5. Average chip temperatures during OCs with initial temperature of about 100 ◦C: (a) Si
module with 100 ◦C at 2.5 times nominal current before OC; (b) SiC module with 100 ◦C at 0.95 times
nominal current before OC.

When the current in the Si power module is changed from 75 A (2.5 times nominal
value) to 120 A (four times nominal value) for 40 s, the temperature reaches a steady state
at 163 ◦C, as shown in Figure 5a. When 2 OC is applied to the SiC MOSFETs with an initial
steady state at current of 0.95 times the nominal value, the temperature reaches 250 ◦C in
9 s for 3 OC and 1 s for 3 OC, while this duration is 170 ms for 4 OC. The difference in the
durations of OCs for Si IGBTs and SiC MOSFETs is because of the differences in the losses
corresponding to significantly different current values. These observations can be made
from Figure 5.

3.2. DC/DC Converter

In this section, the thermal performance of the power modules with one device is
discussed. Consequently, the heatsink, baseplate, and DBC are dimensioned to half and the
device is symmetrically located as shown in Figure 6. The assumption is that the device
is being utilized in a DC/DC converter with a duty cycle of 50% with no blanking time.
Hence, there is no need for a freewheeling diode in this case. The switching frequency is
kept the same as in the previous case of the inverter at 7.5 kHz. The calculation of losses of
the Si IGBT and the SiC MOSFET is performed using the general equations for the IGBT
and MOSFET using (9)–(11). The general equations for IGBT losses are given in [55,56] and
for the MOSFET in [57]. The values of switching energies for the IGBT have been taken
from the data sheet of the IGBT power module from Semikron SKM50GB12T4 [25] and for
the MOSFET, they are estimated by interpolation using the data sheet of the SiC MOSFET
in E3M0021120K by Wolfspeed [45].

The conduction losses of an IGBT are given by

Pcond(IGBT) = VCE0.ICavg + Ro.I2
Crms (9)

where ICavg and ICrms are the average and rms values of collector current.
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Figure 6. Modified power module for one device in COMSOL.

The conduction losses for a MOSFET are described as

Pcond(MOSFET) = RDSon.I2
Drms (10)

where IDrms is the rms values of the drain current. The switching losses for the IGBT and
MOSFET can be shown as

Psw = (Eon + Eo f f ). fsw (11)

where Eon and Eo f f are the turn-on and turn-off energies for the IGBT and MOSFET for
their corresponding current values.

Tables 6 and 7 show the total losses for the Si IGBT and the SiC MOSFET, respectively,
for nominal current, 2 OC, 3 OC, and 4 OC. Figure 7 shows and compares the temperatures
of the Si IGBT and SiC MOSFET for their nominal current and various OCs. Figure 7a,c,e
shows the Si IGBT and Figure 7b,d,f shows the SiC MOSFET. The temperature for nominal
current with a copper block is lesser by 5 ◦C for Si IGBT as compared to the standard
module and the module with copper with PCM. One possible reason for this could be that
the module with the copper block has better heat spreading below the chip as compared
to the module with copper with PCM because of high thermal conductivity of copper as
compared to the PCM. Similarly, the differences in temperature for SiC MOSFET with
copper block and copper block with PCM as compared to the standard power module are
7.3 ◦C and 2.67 ◦C, respectively.

Table 6. Total losses (conduction + switching) in Watts (W) for Si power module with single device.

Device
30 A 60 A 90 A 120 A

(Nom) (2 OC) (3 OC) (4 OC)

Si IGBT 71.1 174.9 303.9 488.1

Table 7. Total losses (conduction + switching) in Watts (W) for SiC power module with single device.

Device
158.37 A 316.75 A 475.12 A 633.45 A
(Nom) (2 OC) (3 OC) (4 OC)

SiC MOSFET 104.4 505.65 1069.01 1851.3
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(a) (b)

(c) (d)

(e) (f)
Figure 7. Average chip temperatures during OCs in the power module with one device: (a) Si module,
OC: 2 times; (b) SiC module, OC: 2 times; (c) Si module, OC: 3 times; (d) SiC module, OC: 3 times;
(e) Si module, OC: 4 times; (f) SiC module, OC: 4 times.

For the Si IGBT, the temperature is approximately 80 ◦C for nominal current. Dur-
ing 2 OC in Figure 7a, the temperature reaches a steady state at about 147 ◦C for the copper
block with PCM while it is about 142 ◦C for the copper block, as compared to 155 ◦C in
a standard module. The advantage of using the copper block and the copper block with
PCM is that the temperature swing is reduced during 2 OC but the duration, which it can
withstand before it reaches 175 ◦C, is not affected. However, the reduction in temperature
could lead to an increased lifetime of the power module. For 3 OC in Figure 7c, the duration
of OC is increased from 1 s for the standard power module to 6 s with copper block and
to 5.5 s with copper with PCM before the temperature reaches 175 ◦C. The PCM melted
completely in 32 s for 2 OC and 5 s for 3 OC. Similarly, for 4 OC in Figure 7e, the duration
of OC is increased from <50 ms for the standard power module to 900 ms for copper
block and to 800 ms for copper block with PCM before the temperature reaches 175 ◦C.
Approximately 27% of the PCM melts during 4 OC.

For the SiC MOSFET, the temperature is approximately 100 ◦C for the nominal current.
During 2 OC in Figure 7b, the temperature reaches 250 ◦C for the copper block in 4.9 s and
for the copper block with PCM in 5 s, while the temperature reaches 250 ◦C in 0.75 s for
the standard power module. Approximately 70% of the PCM melted in 5 s. For 3 OC in
Figure 7d, the duration of the OC is increased from 30 ms for the standard power module
to 210 ms with the copper block and to 120 ms s for the copper block with PCM before
the temperature reaches 250 ◦C. Similarly, for 4 OC in Figure 7f, the duration of the OC is
increased from 10 ms for the standard power module to 20 ms with the copper block and
to 17 ms with the copper with PCM before the temperature reaches 250 ◦C. For 3 OC and
4 OC, the PCM almost did not melt.
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An important point to note is that the performance of the power module with the
copper block is almost the same or slightly better. It is because the duration of OCs is
shorter with higher heat per unit area for the module with one device as compared to the
H-bridge module and hence, PCM is not melted completely for 3 OC and 4 OC for SiC and
4 OC for Si device because of its lower thermal conductivity. In addition, copper block is
easier to utilize than the copper block with PCM, therefore, using the copper block might
be a preferable solution for increasing the OC capability for all the cases discussed above
for Si and SiC devices.

4. Discussion and Future Directions

In Section 3, the thermal performance of modified power modules is discussed and
compared with standard power modules in terms of OC durations and the temperature of
the chips (Si IGBT, Si diode, and SiC MOSFETs). OCs of 2 times, 3 times, and 4 times are
analyzed for different cases. The upper limit of temperature for Si devices is 175 ◦C and for
SiC devices, it is 250 ◦C

In Section 3.1, the modified structures are compared with the standard power module
for the inverter application for up to 4 OC. The Si IGBT power module consists of an IGBT
and anti-parallel diode for freewheeling while for the SiC MOSFET power module, no
freewheeling diode is needed due to the presence of an intrinsic body diode in the SiC
MOSFET. Accordingly, two MOSFETs are assumed to have the exact same dimensions as
that of the IGBT and diode in the Si IGBT power module.

The structures with a copper block and a copper block with PCM have enabled OC
capability for the SiC MOSFET power module while the temperature swing is reduced for
the Si IGBT power module. The conclusions of Section 3.1.1 and Figure 3 are tabulated
in Tables 8 and 9 for the heat fluxes in the range from 27 to 185 W/cm2 for the Si IGBT,
13–72 W/cm2 for Si diode and 85.85–1198 W/cm2 for SiC MOSFETs. The values for the
standard module have been highlighted in red. A duration of >40 s implies that the
temperature has reached steady state values for that particular OC and that the temperature
would not increase further even if the duration of OC is increased.

Table 8. OC durations for SiC module with half bridge.

Type of Arrangement 2 OC 3 OC 4 OC
Standard module 4.7 s 185 ms 40 ms

With copper block 8.6 s 0.9 s 150 ms
With copper + PCM 8.5 s 0.7 s 86 ms

Table 9. OC durations for Si Module with half bridge.

Type of Arrangement 2 OC 3 OC 4 OC
Standard module >40 s >40 s >40 s

With copper block >40 s >40 s >40 s
With copper + PCM >40 s >40 s >40 s

Section 3.1.2 discusses the OC capability and its duration for the SiC MOSFET power
module with the current values of the Si IGBT power module. The losses for SiC MOSFETs
(and hence, the chip temperatures) are lesser than Si IGBT devices for the same values of
current (Tables 3 and 5). As seen in Figure 4, the temperature at any point of time (before
and after OC) is lower for the SiC MOSFET power module as compared to the Si IGBT
power module. All these facts indicate that SiC MOSFETs could be more advantageous as
compared to Si IGBT for reducing the losses and increasing the current capability for the
identical configuration of the power modules.

Section 3.1.3 discusses the OC capability and its duration when the chip temperature
before OC is 100 ◦C. Table 10 has the conclusions for various OCs of both devices.
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Table 10. OC durations with initial temperature of 100 ◦C.

Type of Arrangement Current at Steady State OC Duration

Si IGBT with copper block 2.5 times 4 OC >40 s
SiC MOSFET with copper block 0.95 times 2 OC 9 s
SiC MOSFET with copper block 0.95 times 3 OC 1 s
SiC MOSFET with copper block 0.95 times 4 OC 170 ms

Finally, in order to make a one-to-one comparison of the Si IGBT and the SiC MOSFET,
power modules with only one Si IGBT and one SiC MOSFET are considered for a DC/DC
converter application. In this power module configuration, the copper block and the copper
block with PCM significantly increase the current capability in terms of duration of OC
for all the OCs for both the devices before reaching their corresponding upper limits of
temperature, except for Si IGBT with 2 OC, as the temperature did not reach the limit even
after 40 s. Tables 11 and 12 conclude Section 3.2 for the heat fluxes in the range from 86 to
589 W/cm2 for the Si IGBT and 126–2235 W/cm2 for the SiC MOSFET.

Table 11. OC durations for SiC module with one MOSFET.

Type of Arrangement 2 OC 3 OC 4 OC
Standard module 0.75 s 30 ms 10 ms

With copper block 4.9 s 210 ms 20 ms
With copper + PCM 5 s 120 ms 17 ms

Table 12. OC durations for Si module with one IGBT.

Type of Arrangement 2 OC 3 OC 4 OC
Standard module >40 s 1 s <50 ms

With copper block >40 s 6 s 900 ms
With copper + PCM >40 s 5.5 s 500 ms

The conclusions of Section 3 are tabulated in Table 13. The fraction of melted PCM (in
%) is shown in Figure 8 for all the cases discussed in the paper.

In Figure 8a, for the Si IGBT in inverter application, PCM does not melt for 2 OC
because the temperature of the IGBTs and diodes does not reach the melting point of the
PCM LM108. For 3 OC, the temperature of the IGBTs reaches above the melting point of
the PCM but the amount of heat available during the OC is not sufficient to melt the PCM
completely. For 4 OC, the amount of heat available is enough to completely melt the PCM
in 15 s. Similarly, for the Si power module operating in the DC/DC converter application
for 2 OC and 3 OC in Figure 8c, the amount of heat available during OC is sufficient to melt
the PCM completely. For 4 OC, the the amount of heat to melt the PCM is available but
the temperature of the IGBT reaches the upper limit of the temperature when the fraction
of melted PCM is approximately 27%. For the SiC power module for inverter application
in Figure 8b, the amount of heat energy available during 2 OC is sufficient to melt the
PCM (Lithium) in 7 s. For 3 OC and 4 OC, the temperature of the MOSFETs reaches the
upper limit when the amount of PCM melted is 22.6% and 0.65%, respectively. On the
other hand, the temperature of the MOSFETs reaches the upper limit in 5 s for 2 OC for the
DC/DC converter application in Figure 8d, when the melted PCM is 70%. On the other
hand, the PCM does not melt for 3 OC and 4 OC.
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Figure 8. Fraction of melted PCM (in %) during various OCs: (a) Si half-bridge module; (b) SiC
half-bridge module; (c) Si module with one IGBT; (d) SiC module with one MOSFET.

Table 13. Summary of Section 3.

Cases Conclusions, Limitations and Future Directions

H-bridge with Si IGBT and SiC
nominal current values
(Section 3.1.1)

1. There is not much need for OC solutions for Si devices as the temperature does not increase to 175 ◦C. How-
ever, a slight reduction in the chip temperature might lead to an increase in the lifetime of the power module.

2. The temperature of the SiC MOSFETs during the nominal operations is higher as compared to Si IGBTs. This
is due to the very high currents flowing in SiC devices.

3. Copper blocks and copper blocks with PCM have been estimated to increase the OC durations before the
temperature reaches 250 ◦C. However, the copper block has shown to have slightly better and almost identical
thermal performance in terms of increasing the OC durations and keeping the temperature below 250 ◦C
except 2 OC for SiC MOSFET where the duration for copper with PCM is 0.1 s more than the copper block.

4. Using a copper block below the chip is preferable for increasing the OC capability due to the simplicity of
making this structure as compared to a copper block with PCM.

H-bridge with nominal current
values of Si IGBT (Section 3.1.2)

1. The thermal performance of the SiC MOSFET module is compared to the Si IGBT module with the current
values (nominal and OCs) of the Si IGBT module.

2. The losses are lower for the SiC power module for nominal current and OCs as compared to the Si power
module, resulting in lower temperatures during the steady state and transients.

3. Lower temperatures in SiC power modules can result in longer lifetime and higher reliability.

H-bridge with 100 ◦C before OCs
(Section 3.1.3)

100 ◦C temperature for SiC MOSFETs reaches at 0.95 times its nominal current value while it is achieved at
2.5 times the nominal current value for Si IGBT. The absolute current values are different for Si and SiC devices.

One device in the power module
(Section 3.2)

1. For Si IGBT power module, the temperature reaches a constant value <175 ◦C for 2 OC while for 3 OC and
4 OC, the OC duration before the temperature reaches 175 ◦C increases significantly with the copper block
and the copper block with PCM.

2. For SiC, the duration before the temperature reaches 250 ◦C is increased by multiple times for all OCs in
the analysis.

3. The module with a copper block shows slightly better performance in terms of increasing the OC duration
and reducing the temperature of the IGBT and MOSFET for all cases. Hence, the copper block could be a
preferable choice between these two options.

It can be concluded from the above discussion that the performance of the copper
block is better or almost identical to that of the copper block with PCM in terms of limiting
the temperature and increasing the OC duration for the cases until a few seconds of OC.
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The reason to this is that copper has a higher thermal conductivity. However, the copper
with PCM showed slightly better performance than the copper block for 2 OC in the SiC
MOSFET (Figure 3b) for half-bridge power modules until 5 s. Nevertheless, the exact
difference between the performance of both modules depends on the duration of the OC,
the highest temperature limit, and the amount of heat. Adding just a copper block is easier
to manufacture and connect to the power module as compared to manufacturing a copper
block with PCMs. Hence, it is recommended to use only a copper block below the chip
rather than a copper block with PCM. However, the application of PCMs with modified
technology such as making composite and porous structures using highly thermally con-
ducting materials like graphene might have the potential to even improve the electrical,
thermal, and mechanical performance of the power module [64–67]. It should be kept in
mind that the proposed power module structure has more weight as compared to the stan-
dard power module design. Consequently, the feasibility of the proposed structure would
depend on the application. If weight is an important aspect, such as in aerospace and EV
applications, adding more chips in parallel might be a preferable option. However, adding
more chips is more expensive as compared to adding a simple copper block or copper block
with PCM. However, for applications where the weight and volume of the converter are not
the limitations, such as substations in power systems or HVDC converters, the suggested
power module structures with copper or copper with PCM might be preferable, as it would
be cheaper than adding more chips in parallel. However, the increase in the weight of the
converter would be small.

Another aspect of the modification in the power module that should be considered is
its impact on the lifespan of the power module. The factors affecting the lifespan of power
modules are junction temperature swing, its duration, and the number of cycles [37–40].
The proposed structure leads to a decrement in the temperature swing during OCs for the
inverter and DC/DC converter application with the steady-state temperature almost the
same or lower than the standard power module, as discussed in Sections 3.1 and 3.2. Nev-
ertheless, the impact of the addition of the copper block (with or without PCM) on lifespan
should be quantitatively and qualitatively analyzed by thermomechanical investigations.

Since the copper block below the chip is an addition in the path of heat flow in
the power module and increases the thermal resistance during the steady state, the chip
temperature in the steady state with the nominal current would be higher than the standard
module as observed for the diodes of Si IGBT module. One solution for this increase in
the junction temperature is to add heat-absorbing material on the top of the chip instead.
This arrangement will not increase the thermal resistance during steady state and would
be able to provide heat capacity during OCs. If this heat-absorbing material would be
electrically conducting, the material itself can be used to provide the electrical connection to
the external circuit and would result in the removal of bond wires. This structure without
bond wires is also called a planar module. The elimination of bond wires and the reduction
in chip temperature will result in an increased lifetime and reliability of the power module.
Other interesting materials which could be utilized instead of copper are diamond and
graphite. Diamond can only be placed below since it is an electrical insulator while graphite
can be placed below and above since it is electrically conducting. However, connecting
graphite to the semiconductor chip might be a complicated procedure.

5. Conclusions

The article discusses OC capability of Si and SiC devices using COMSOL Multiphysics
simulations. A comparison has been made for different OCs and for different durations of
time (from milliseconds to seconds). A comparison of a copper block and a copper block
with PCM below the chip is also provided. It has been concluded that using just the copper
block below the chip is more beneficial in terms of increasing the OC duration for short
power pulses and the requirement of manufacturing resources as compared to the copper
block with PCM. However, the discussed modified structure of the power module leads to
an increased junction temperature due to increased thermal resistance in the steady state.
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This problem can be solved by adding thermally and electrically conducting material to
the top of the chip, instead of below the chip. A thorough thermomechanical analysis is
necessary in order to assess the effect of the added block on the reliability for Si and SiC
power modules.
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DBC direct bonded copper
FEM finite element method
IGBT insulated-gate bipolar transistor
MOSFET metal oxide semiconductor field-effect transistor
OC over-current
PCM phase change material
Si Silicon
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