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Abstract: This paper offers an in-depth overview of the trade-off between thermal perfor-
mance and assembly cost in state-of-the-art power modules (PMs). Since the development
of the PM technological process is still in its infancy, PMs are typically designed and
prototyped in order to evaluate their electrical/thermal characteristics. The numerical
investigation conducted here aims to analyze the impact of design choices (e.g., assem-
bly materials and dimensions, cooling system efficiency) on the thermal resistance (Rry,
[K/W]), thermal time constant (t, [s]), and overall cost (PMcest, [$]) of semiconductor
devices integrated in both single- and double-sided cooled PMs, without any need for
prototyping stages. The influence of the thicknesses of the copper and ceramic layers is
explored, since they play a relevant role in defining the thermal ratings, as well as the elec-
trical and mechanical characteristics, of the assemblies. The benefits deriving from thicker
layers are then weighed against the cost of materials, and figures of merit are defined to
evaluate the trade-offs between cost and thermal behavior. The impact of two cooling
solutions—passive heatsink and forced liquid—is also taken into account.

Keywords: assembly cost; double-sided cooled; numerical simulations; power module;
single-sided cooled; thermal resistance; thermal time constant

1. Introduction

Power modules (PMs) have recently begun to replace power circuits, being a favor-
able choice for integration into printed circuit boards for energy management/conversion
applications by virtue of their compactness, lower operating temperature, and reduced par-
asitics [1]. The interest of industries and research institutions lies in studying, developing,
and manufacturing inexpensive yet highly performing PMs from electrical, thermal, and
mechanical points of view [2]. However, the design process for PMs is still in its early stages,
and it is based on costly and time-consuming trial-and-error prototyping procedures [3].

Over the last decade, two main technologies have populated the market: single-sided
cooled (SSC) and double-sided cooled (DSC) PMs. The key differences between these
technologies reside in (i) the cooling systems they can be equipped with—since DSC PMs
benefit from two cooling surfaces—and (ii) the electrical connections; more specifically,
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long, thin, and highly inductive wirebonds are adopted in the SSC technology [4], whereas
the DSC variant relies on spherical / cylindrical interconnections (bumps) [5].

Since PMs embed circuits based on power semiconductor devices, they need to keep
up with advancements in the voltage capabilities of IGBTs and power MOSFETs. The
market is currently filled with up-to-3.3 kV transistors; therefore, thicker (and, thus, more
expensive) insulating layers must be taken into consideration in the PM design. On the
other hand, such layers could negatively affect the thermal behavior of PMs [6].

In this work, both PM technologies are investigated by means of extremely accurate 3D
finite-element method (FEM) simulations in the COMSOL Multiphysics [7] environment.
Numerical simulations have been already used in the literature to study PMs: ref. [8] reports
an electromagnetic and electrothermal analysis approach based on 3D FEM simulations
and analytical models for PMs embedding IGBTs; in [9], IGBT-based PMs are investigated
by means of the FEM approach, and thermal models are extracted; ref. [10] makes use of
experiments and FEM simulations to optimize the choice of cooling systems and mechanical
features in three commercial PMs; in [11], an extensive review of PM characterization is
provided, and FEM analyses are reported as a tool able to predict PM thermal metrics; and
refs. [12-15] represent additional examples of FEM-based numerical approaches applied to
the study of heat propagation in PMs.

In addition to investigating state-of-the-art PMs, the extensive simulation campaign
proposed here includes, for the first time, economic considerations regarding the PM
manufacturing process. More specifically, this contribution explores the trade-offs between
the cost of the PM (PMcost, [$]) and the junction-to-ambient thermal resistance (Rry, [K/W])
and thermal time constant (7, [s], defined in [16]) of semiconductor devices embedded in
such assemblies. Parametric analyses are conducted to evaluate the effect of several design
parameters (e.g., the thicknesses of layers composing the assembly, the PM technology,
the cooling system efficiency) on these figures of merit. The investigation aims to propose
cost-conscious guidelines for designers, who seek to improve the electrical and thermal
characteristics of PMs without significantly impacting overall costs. The use of (i) passive
heatsink and (ii) forced liquid is emulated in order to ensure that these guidelines are as
generic as possible in terms of the cooling system.

This paper extends the contribution of previous authors [17] in a three-fold way: (i) a
deeper insight into the PM technology under analysis is provided; (ii) dynamic thermal
simulations are carried out in lieu of the steady-state ones presented in [17], to include the
transient thermal behavior; (iii) each geometrical variant of the assemblies is characterized
by three figures of merit, taking into consideration both material cost and performance.

The remainder of the paper is outlined as follows. In Section 2, SSC and DSC PM tech-
nologies are described. Section 3 probes into the methodology adopted for the numerical
3D modeling of the assemblies in COMSOL Multiphysics (5.3A), highlighting the in-house
routine adopted for thermal simulations. Simulation times, convergence capability, and
suitability based on parametric analyses are also discussed. In Section 4, the simulation
results are shown and debated. Three figures of merit are presented and their trends are
discussed: they summarize both the static and dynamic thermal performances of assem-
blies, by weighing (i) the thermal resistance and (ii) the thermal time constants over PMcost.
Conclusions are then drawn in Section 5.

2. Power Modules Under Investigation

Figure 1 shows the standard SSC PM assembly: it makes use of a direct bonded copper
(DBC) substrate over a thick copper (Cu) baseplate, providing mechanical support and
enhancing heat spreading. A ceramic layer (for this work, aluminum nitride, AIN, but



Energies 2025, 18, 1665

30f15

many others can be adopted too) is embedded within the DBC, enclosed in between two
Cu sheets, and devices are soldered on the top Cu layer.

vertical
conngctors—»

Figure 1. Three-dimensional representation of SSC PM built in COMSOL Multiphysics (draw mode);
Cu (dark orange) and AIN (blue) layers are highlighted. Electronic devices (SiC MOSFETs) are drawn
in green, while aluminum source/gate PADs and vertical connectors are represented in dark gray.

In Figure 2, the DSC variant assembled using two interfacing DBCs is depicted. The
electrical interconnections are vertical (DBC-to-DBC or device PADS-to-DBC), and are
ensured by Cu bumps; in this work, spherical bumps are considered. Since wirebonds
are replaced by vertical interconnections, parasitics are reduced, especially in terms of
inductive and resistive contributions; in addition, mechanical robustness is granted by
mechanical bumps, that is, the Cu spheres that have no electrical use, but help to maintain
the fixed distance between the two sandwiched DBCs. Such robustness makes the thick
Cu baseplate—needed in the case of SSC PMs—unnecessary in this case. In both the SSC
and DSC technology, the PMs are equipped with 3.3 kV SiC power MOSFETs in their bare
die form.

mechanical
bumps_

Figure 2. Three-dimensional representation of DSC PM built in COMSOL Multiphysics (draw mode).
To left of dashed black line, top substrate is hidden from view. Cu (dark orange) and AIN (blue)
layers are highlighted. Electronic devices (5iC MOSFETs) are drawn in green. Picture is not to scale
with one in Figure 1, as SSC PMs are typically bigger than DSCs.

Regardless of the technology, the thickness of the layers composing the assemblies
plays a significant role in defining the PM’s electrical, mechanical, and thermal ratings [18];
ref. [19] thoroughly describes the link between material thickness and thermal resistance,
also subdividing the latter into its convective and conductive contributions. It is also
worth noting that thicker Cu layers (for both the baseplate and DBC) are beneficial to
the mechanical ruggedness; in addition, undesired effects, such as partial discharge [20]
and dielectric breakdown, are pushed to higher operating voltages with thicker ceramic
sheets [6].

3. Methodology
3.1. Methods

To quantify PMcost, R, and T, highly detailed 3D FEM thermal.only simulations
were run in COMSOL Multiphysics on exact replicas of the PMs described above. The
thermal problem was set by placing the heat source (HS) on the top surface of one of the
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dies, as this corresponds to the channel region of SiC MOSFETs where most of the power is
dissipated. The sensing surface coincided with the HS. The 3D models were built by means
of an in-house routine, relying on the livelink between MATLAB (9.14) and COMSOL. It is
explained as follows:

(i) A 2D footprint of each layer composing the assemblies was imported into COMSOL
and extruded into the 3rd dimension;

(ii) Material properties were assigned to each domain, also considering the temperature
dependence of thermal conductivities [21,22];

(iii) The domains were discretized into a tetrahedral mesh;

(iv) Boundary conditions (BCs) were assigned to the bottom surface, and to the top and
bottom surfaces, in SSC and DSC PMs, respectively;

(v) A dissipated power step was set on the HS, and the initial temperature of the domains
was set to the ambient temperature, T, [K];

(vi) A thermal-only dynamic simulation was conducted.

As far as the BCs are concerned, the cooling surfaces (CSs) were modeled with a
heat transfer coefficient 1 [W/m?2K], the value of which was set at 10* and 10° W/m?2K
to emulate a passive heatsink and a forced liquid system, respectively. Such values were
chosen as they fall within a range of practical interest [19], but they were not intended
to exactly model the two cooling scenarios, which would require computational fluido-
dynamics simulations; nonetheless, they were useful in evaluating relevant figures of merit
in the two cases. The remaining external surfaces were set as adiabatic, and T,,;, was set
to the reference temperature, Ty = 300 K. In the COMSOL Multiphysics environment, the
following equation is solved for both the space and time variables:

oT
prep 5+ V- (—k-VT) =Q (1)

where k, cp, and p are the material thermal properties, T is the temperature distribution, and
Q is the dissipated power density. Convective BCs were applied to CSs in the numerical
environment, that is, the following condition was imposed:

qo = h- (Tumb - T) (2)

where h, Tyyp, and T have their customary meaning, and qp is the magnitude of the

outgoing flux, defined as follows:
— =

qo=—n-¢ )
with 1 and ﬁ) being the unit vectors normal to the surface and to the total flux [W/m?],
respectively. Finally, adiabatic BCs—applied on all remaining external surfaces—made use
of the following condition:

q0 =0 (4)

More than 200 thermal-only dynamic simulations were automatically carried out to by
varying geometrical, technological, and cooling features; more specifically, the thicknesses
of the baseplate (tbaseplate, [m]) and DBC layers (tcy, [m], and taN, [m]) spanned the ranges
of practical interest specified in Section 4. Figures 3 and 4 schematically depict the cross-
sections of PMs, highlighting (i) the BCs on the CSs and (ii) the thicknesses involved in the
parametric investigation.
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Figure 3. Schematic cross-section of SSC PM under investigation: heat source and cooling surfaces
are highlighted by red and blue lines, respectively; thicknesses of baseplate and DBC layers are
also evidenced.

cooling surface
N DBC HM

te, DBC Ftan
cooling surface

tC
tCu;

Figure 4. Schematic cross-section of DSC PM under investigation: heat source and cooling surfaces
are highlighted by red and blue lines, respectively; thicknesses of baseplate and DBC layers are
also evidenced.

3.2. Mesh- and Grid-Independence Analysis

A smart meshing strategy was conceived in order to optimize the trade-off between
simulation accuracy and computational efforts. More specifically, finer (coarser) grids
were used near to (far from) the active areas, as shown in Figures 5 and 6. The number of
tetrahedra was chosen after a mesh-independence analysis conducted on both structures,
reported in Figure 7. On average, the number of tetrahedra was ~475 k (~700 k) for the

SSC (DSC) structure. Dynamic simulations were run on a PC equipped with an Intel Core
i9-10900 CPU and a 16 GB RAM, and the average CPU time for a single simulation turned
out to be ~20 min.

Figure 5. Three-dimensional representation of tetrahedral grid in SSC PM built in COMSOL Multi-
physics (mesh mode).

Figure 6. Three-dimensional representation of tetrahedral grid in DSC PM built in COMSOL Multi-
physics (mesh mode).
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Figure 7. Grid independence analysis conducted on SSC and DSC PMs; average values of tcy, tain,
and tpaseplate Were considered. Dashed lines highlight number of tetrahedra chosen for investigation.

3.3. Materials

The thermal conductivity at T = Ty, k, heat capacity, cp, density, p, and nonlinear
coefficients for the materials used in this work are listed in Table 1.

Table 1. Parameter values for PM materials used in this work.

Material [V\’l{/(ril;(?;(] cp [J/’kgKI] p [kg/m3] « B [W/m-K2]
SiC 370 690 3211 1.29 -
AIN 150 748 3230 1.84 -
Al 200 905 2707 - 2.1-1072
Cu 398 384 8954 - 521072
SnAg (solder) 57 220 7500 - 2.0-10~2
insulator 0.29 1624 1024 constant k

In the numerical environment, the temperature dependence of thermal conductivities
was taken into consideration with the following power and linear laws:

k(T) = k(Tp) (TTO>“ (5)

k(T) = k(To) = p- (T — To) (6)

The total cost of the PM was identified as the cost of the materials needed to assemble
the DBC (Cu and ceramic AIN) and the baseplate in the SSC variant (Cu), since they
typically represent most of the PMcost [23]. The AIN and Cu prices per unit volume [$/ cm?]
were identified through a survey on specialized ceramic vendors’ websites [24-27] and
stock market quotations for Cu [28]. It must be noted that, concerning the price of AIN,
sheets’ prices increase with their thickness; for this study, an average price of 15 $/ cm® was
evaluated and adopted for AIN, whereas a market quotation of 0.09 $/cm?® was assessed
for Cu.

4. Results

The results from the parametric analyses are reported in this Section. In order to define
appropriate figures of merit to compare Rty and T in all investigated cases, it is worth
stating their definitions. Figure 8 reports a simple representation of the thermal impedance
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Z7u(t) [K/W], as can be extracted with numerical tools or by experiments according to the

following formula:

T(t) — Tamb
Pp

where T(t) is the temperature waveform, spatially averaged over the sensing region, and Pp

Zru(t) = 7)

is the magnitude of the power step applied to the heat source. The thermal resistance Ry
is represented by the steady-state value of Zty(t). The thermal time constant T (a parameter
that is widely used in academia [16] and industry [29,30]) is defined as the time instant at
which Z7p(7) = (1 — Ye)-Rry; T provides an indication of how quickly the assembly heats
up to a significant percentage (~63%) of its steady-state temperature.

4

.t
T (Iogscalg)

Figure 8. Schematic depiction of thermal impedance Zty(t) vs. time waveform, with thermal time
constant T, Zy(t = 7), and steady-state Rty = Zty(t—o0) values highlighted.

4.1. Parametric Analysis for SSC Baseplate

To study the impact of baseplate thickness on the thermal metrics, 18 dynamic thermal
simulations were carried out, according to the above methodology, on the SSC replica in
the FEM environment. Figure 9 reports the SSC thermal impedances Zt vs. time, while
Figure 10 shows Ryy and T vs. PMcost by varying tpaseplate in the range of 2-4 mm.

T 0.35 e
é ' ' ' T h=10 Wim?K
o028}
=
N
Q
2
S 021
©
8 tbaseplate
£ o1l h=10% Wim?K _|
®
£
2 oo7f i
Q
9
>
S 0.00 . . : :
10°  10*  10% 102 107 100 10"

time t [s]

Figure 9. Results of parametric analysis conducted on SSC PM in COMSOL Multiphysics by varying
thaseplate in range of 2-4 mm: thermal impedance Zry vs. time with 1 = 10* W/m? (red lines) and
h =10° W/m? (blue lines), representing passive heatsink and forced liquid cooling, respectively.

The following observations can be made:

e In the case of passive heatsink, increasing the baseplate thickness has a beneficial
influence on the device’s static thermal behavior. Thicker baseplates promote heat
spreading, which takes place to reduce the conductive (by virtue of the larger average
cross-section of the heat flux) and the convective (thanks to the wider effective area of
heat exchange on the baseplate’s bottom surface) contributions to Rty. As a result, an
Rty decrease of ~11.5% was quantified.

e  Conversely, with the more efficient forced liquid cooling, the Rry increases with
thaseplate Py approximately 9.6%, leading to opposite behaviors to those seen with
passive heatsink cooling. This can be explained as follows: if high-performing cooling
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systems are employed, the CSs become more and more efficient in terms of heat
exchange. This means that the heat is not encouraged to spread as much as in the case
of passive heatsinks (the heat spreading becomes less necessary). Therefore, in this
case, a thinner baseplate is preferred, as it minimizes the distance between the HS and
the CS.

e  Moving from a passive heatsink to liquid cooling has a significant impact on T values,
that is, they decrease by a higher order of magnitude; in addition, the T vs. PMcost
slope is much higher in the passive heatsink case, where heat spreading mechanisms
are incentivized by thicker baseplates and, hence, the equivalent thermal capacity
associated with the assembly increases.

o
w
@
N
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- () (b) ~
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\l\. A
!

0.28

—=— passive heatsink |
—=— forced liquid
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device thermal time constant T [s]

0.18 L L L L 0.2
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cost of PM PM__; [$] cost of PM PM__; [$]

Figure 10. Results of parametric analysis conducted on SSC PM in COMSOL Multiphysics by varying
tpaseplate IN range of 2—4 mm: (a) thermal resistance Ryyy and (b) thermal time constant T vs. PMcost
with it = 10* W/m? (red squares) and 1 = 106 W/m? (blue squares).

It is also worth noting that Ry, in both cases, shows saturation at higher tyaseplate
values, whereas thermal time constants have a linear behavior in the investigated tpaseplate
range, with no saturation.

4.2. Parametric Analysis for DBC Substrate in SSC and DSC PMs

A second set of simulations was devoted to evaluating the influence of DBC substrates
on thermal metrics. Figure 11 reports Ry vs. PMcost in SSC PMs with passive heatsink
(Figure 11a) and forced liquid cooling (Figure 11b), employing DBC substrates with tcy
and ta)y spanning the ranges 0.15-0.55 mm and 0.336-0.936 mm, respectively.

0.33 5
g‘ EmSSC, passive heatsink B
RS = " tain =
X ]
= 0.31} - " n s
T L] [ ]
= = - u . [ ] - n
o2 * & T = 5 = "
2 fom 3 = F (@)
5]
-‘é 027 C’"IJ h 1 1 1 1 1 1 1
(7]
® 0.23 —
o m SSC, forced liquid .
g L
5 021 = Blan] T
£ -
I - l
2 0419f i i ]
S 18 (b)
017 1 1 1 1

15 20 25 30 35 40 45 50 55 60
cost of PM PM_ . [$]

Figure 11. Simulation results of parametric analysis involving tc, and tajy spanning ranges
0.15-0.55 mm and 0.336-0.936 mm, respectively: device thermal resistance Ryg vs. PMcost in SSC
PMs employing (a) passive heatsink and (b) forced liquid cooling.
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The following observations can be made:

e PMost increases with both tcy, and tain; however, due to the high cost of ceramic, it is
always less expensive to employ thicker Cu layers rather than AIN ones.

e  The beneficial effect of using forced liquid cooling was quantified, resulting in an
average decrease of ~33% in the Rty of devices embedded in SSC PMs; such a decrease
is mainly due to the convective contribution of the junction-to-ambient Ry, which
steeply decreases at high / values.

Regardless of the BC, thicker Cu layers are more convenient from a thermal point of view,
whereas thicker AIN sheets are detrimental to Ryy. This opposite behavior can be explained
as follows: as shown in Table 1, both materials can be considered heat conductors, even if
Cu has a higher k than AIN. Hence, between the two layers, heat spreading mechanisms are
incentivized in the more conductive Cu baseplate, and thicker ceramic sheets only increase
the conductive portion of the total Rty [19]. Figure 12 reports T vs. PMcest in SSC PMs
with passive heatsink (Figure 12a) and forced liquid cooling (Figure 12b), with embedded
DBC substrates with tc, and tapy spanning the ranges 0.15-0.55 mm and 0.336-0.936 mm. It
can be inferred that T increases with thicker layers (that is, with more volume invested by
the heat flux) in the case of forced liquid cooling, while it decreases if passive heatsinks are
employed. The latter counterintuitive phenomenon happens in SSC PMs for the following
reason. Poor cooling efficiency, as already pointed out above, encourages heat spreading
mechanisms. If thin AIN layers are embedded in the PM, such heat spreading happens in the
thick Cu baseplate, where p-cp ~ 3.5-10° J/K-m3; on the other hand, by increasing tapy, the
heat spreading mechanisms migrate to the ceramic layer, where p-cp ~ 2.5-10° J/K-m?>. Since
T is proportional to such a product, having thicker AIN sheets affects this parameter (as well
as the overall thermal capacity).

0.15

L [ mSSC, passive heatsink |
0 H - i
. 0.14+ ] u ] N -

n u u = N
T [ tom [ = : = [ : ]
2 013} “Cu = " . " w g
c L u [ -
] - = [ ()]
© 0.12 1 1 1 1 1 1 = |
q’ . 1 1 1 1 1 1 1 e R
1S
= 0.04 — =
o m SSC, forced liquid = n
£ s @ BN
[0] L] | | ] ™
= 0.03f = s 5 0= = "]
8" n o2 3 = "
'(% t oM - u ]
© oo (b)
002 1 n 1 n 1 1 1 1

15 20 25 30 35 40 45 50 55 60
cost of PM PM__ [$]
Figure 12. Simulation results of parametric analysis involving tc, and tajn spanning ranges

0.15-0.55 mm and 0.336-0.936 mm, respectively: device thermal time constant T vs. PM¢ost in SSC
PMs employing (a) passive heatsink and (b) forced liquid cooling.

With regard to the DSC PM, Rty vs. PMcost is reported in Figure 13. More specifically,
the results obtained with passive heatsink and forced liquid cooling are shown in Figure 13a
and b, respectively. The same ranges of tc, and tay used above were analyzed. The
following observations can be made:

e Differently from SSC PMs, DBC substrates are responsible for the heat spreading
action in DSC assemblies, since there is no thick baseplate serving this specific purpose.

This is evident when considering the large spread in Rty values obtained in the case
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of passive heatsink cooling, where heat spreading mechanisms are incentivized. Here,
increasing tc, and tay has a significant and beneficial impact on the overall Ryy.

e  On the contrary, when forced liquid cooling is employed, Rty is dominated by its
conductive contribution [31], and thicker layers have a detrimental effect. As a general
rule, as long as the BCs are not restricting the outgoing heat flux (that is, at high
values), the conductive contribution given by thermally resistive layers becomes the
limiting factor in reducing the overall Rry.

0.6

g - mDSC, passive heatsink
2 B T

T n [ - B
o 0.5r . - " = ] u TN
© n = [ n -

Q Ik = [ n = - - ]
@© Cu ® u | | ] ] ™ (a)
-“@' 04 [ N | | N | N

(%]

2 0.16 —
(—E“ m DSC, forced liquid i i taiN
E tCu i '
= 0.12+ ' ' s
g i
O

5 L]
o (b)

008 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1 "
15 20 25 30 35 40 45 50 55 60

cost of PM PM_ [$]

Figure 13. Simulation results of parametric analysis involving tc, and tajn spanning ranges
0.15-0.55 mm and 0.336-0.936 mm, respectively: device thermal resistance Rg vs. PMcost in DSC
PMs employing (a) passive heatsink and (b) forced liquid cooling.

Figure 14 reports T vs. PMcost, showing all combinations of tcy, tain, passive heatsink,
and forced liquid cooling conditions. In this case, the dynamic response of the assembly
becomes slower as the AIN and Cu layer thicknesses increase. It is also worth noting that
the T values in the SSC and DSC PMs with h = 10* W/m?2K are comparable, while the
SSC PM has a higher thermal inertia than the DSC counterpart when forced liquid cooling
conditions are applied.

0.22
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Figure 14. Simulation results of parametric analysis involving tc, and tapy spanning ranges 0.15-0.55 mm

and 0.336-0.936 mm, respectively: device thermal time constant T vs. PMst in DSC PMs employing (a) pas-
sive heatsink and (b) forced liquid cooling.
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4.3. Static and Dynamic Cost-Impacted Thermal FOMs

In the following subsection, three FOMs are defined and quantified in the tcy, taNn,
and % ranges used in the above investigation:

e  FOMgy [W/K$] is defined as

1
RTH -P Mcost

where Rty and PMcest are a function of tc, and tay. This formula weighs the improve-

FOMgt = 8)

ments in Ry against the cost of the assembly: for both parameters, the lower the value,
the better.

e  FOMpyni [s/$] and FOMpyn; [1/5$] are defined to assess and quantify the thermal
behavior of devices in terms of dynamic performance and cost:

T

FOMpyn1 = P )
Ccos
1
FOMovne = =g (10
c0oS

where T and PM_qg; are a function of tc, and tapy. The choice between FOMpyn7 and
FOMpynp largely depends on the designer’s goal and on the application environment
of the specific assembly. FOMpynj promotes high T values, which is the ideal choice
if designers are aiming to improve device ruggedness against failure events such as
short-circuit, clamped, and unclamped inductive switching events [32,33]. Under
these circumstances, devices undertake a large amount of dissipated power, and they
fail due to their temperature rapidly rising: the higher the T value, the slower the rate
at which the device approaches its failure. On the other hand, designers should rely
on FOMpynp, if the reliability of the application is not their main concern. Since the
design of power circuits is typically aimed at optimizing the electrothermal periodic
steady state (or limit cycle), reaching this regime sooner is preferable, meaning that
lower T values are favored.

A reference tCu and tAIN combination was set (tCu = 0.35 mm, tAIN = 0.636 mm),
and the percentage variations of FOMST, FOMDYN1, and FOMDYN2—with respect to the
reference case—were evaluated, and are shown in Figures 15 and 16. The following can
be noted:

e Itis always convenient to design PMs in the low-to)n corner, since AIN is the most
expensive material, and it negatively (and significantly) impacts on all three FOMst;
indeed, the worst design choice is represented by PMs with thick AIN sheets, re-
gardless of tcy. It must be noted that the ceramic thickness must ensure compliance
with electrical ruggedness specifications, where a thicker ceramic layer is generally
preferable [34]. Therefore, designers should choose the minimum thickness within the
range that meets this requirement.

e Focusing on the FOMgr, designs with tyny = 0.336 mm can still be improved with
appropriate tc, choices. More specifically, the low Cu cost makes thicker Cu sheets
almost always convenient, except for in the case of forced liquid cooled DSC PMs.
In this latter case, there is no need for heat spreading, and the thinner the assembly,
the better.

e Regarding dynamic FOMs, it is confirmed that designs with the lowest ta;n value
perform better. However, two different corners are preferred, depending on the FOM:
a design based on FOMpyn1 (FOMpyn?) should make use of thicker (thinner) Cu



Energies 2025, 18, 1665 12 of 15

layers, that is, the PM should belong to the upper-left (bottom-left) corner of the
colormaps shown in Figures 15 and 16.

e )
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Figure 15. SSC PM under passive heatsink (top) and forced liquid (bottom) cooling conditions:
percentage variations in FOMgt, FOMpyn;1, and FOMpyn», with respect to same FOMs evaluated in
reference case (tc, = 0.35 mm, ta = 0.636 mm).
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Figure 16. DSC PM under passive heatsink (top) and forced liquid (bottom) cooling conditions:
percentage variations in FOMgt, FOMpyn1, and FOMpyn;, with respect to same FOMs evaluated in
reference case (tc, = 0.35 mm, tp)n = 0.636 mm).
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5. Conclusions

In this work, state-of-the-art power modules have been studied using 3D thermal FEM
simulations in COMSOL Multiphysics. Specifically, the trade-off between key static and
dynamic thermal metrics—such as the thermal resistance and thermal time constant—of
devices within these assemblies has been thoroughly investigated, along with the overall
power module cost. The evaluation of the cost was focused on the most expensive layers of
the assembly, namely, the copper and ceramic sheets adopted in the baseplate and DBC
substrates. Numerical simulations have been performed by varying the thicknesses of
their layers in a practical range, quantifying their impact on thermal resistance (Rry), the
thermal time constant (), and module cost (PMcost) under two distinct cooling conditions:
passive heatsink and forced liquid. To assist designers in quantifying the impact of their
design choices on thermal performance, three figures of merit (FOMs) were developed and
evaluated across different design variants. These figures of merit integrate both static and
dynamic thermal performance with cost considerations; they provide practical, intuitive
guidelines for optimizing thermal management in power modules.

The results clearly demonstrate that increasing the thickness of the copper layer consis-
tently improves thermal performance, with a lower cost compared to thicker ceramic sheets.
Furthermore, the effects of varying copper and ceramic thicknesses are more pronounced
under less efficient cooling conditions, highlighting the critical role of material selection
in thermal management. These findings have been supported by a physical explanation
based on heat-spreading mechanisms. Overall, the use of FOMs has been proven to be
an invaluable tool for power module designers, offering clear and actionable insights that
facilitate the development of more efficient and cost-effective thermal designs. This work
provides a solid foundation for further optimization in power module design, ensuring
both high performance and cost-efficiency in the PM technologies under investigation.
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