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Abstract—The novel power module introduced in this article
features an etched section of the bottom copper layer of a direct-
bonded copper substrate, encapsulated in silicone gel. The pro-
posed design improves manufacturability and reduces common-
mode (CM) electromagnetic interference, while it does not sacrifice
size, thermal performance, and manufacturing process. The mea-
sured CM noise in prototype hardware was decreased by maximum
5 dBµV in steady-state operation. Thermal cycling tests with a
total of 1000 cycles confirmed the proposed power module does not
compromise mechanical stability.

Index Terms—Common-mode (CM) noise, encapsulation, manu-
facturability, power module packaging, reliability, silicone gel.

I. INTRODUCTION

VARIOUS approaches to reduce conducted common-mode
(CM) noise were introduced to compensate high dv/dt and

di/dt during the switching transition of power semiconductor
devices. Various filters and circuits have been introduced to
attenuate CM noise. Passive and/or active filters are widely
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employed to reduce the CM noise [1]. Adopting symmetric
circuit topologies effectively attenuates CM noise by generating
antiphase CM current [2], [3]. Impedance balancing techniques
design the CM equivalent circuit into a Wheatstone bridge and
remove the CM noise without configuring symmetric topology
[4], [5].

Various power module designs have been proposed to reduce
the CM noise. Additional direct-bonded copper substrate (DBC
hereafter) was placed under the main DBC, working as a CM
noise screening layer [7]. Designing the screening middle layer
pattern further improved the noise attenuation [8]. Four power
modules with different screening architectures were fabricated
and compared in [6]. However, Screening CM noise with an
extra substrate may degrade thermal performance, complicate
manufacturing, and decrease cost effectiveness.

Other approaches attenuated CM noise by modifying ca-
pacitive coupling of power module. A top copper layer was
redesigned to reduce the area of pulsating nodes and the capaci-
tance between the midpoint of half-bridge circuit and a baseplate
[9]. Additional printed circuit board (PCB) on the DBC places
the pulsating nodes without close contact with the grounded
baseplate, resulting in low CM capacitance [10], [11]. Adjust-
ing capacitances between each power module terminal and the
grounded baseplate effectively canceled out the CM current
[12], [13]. Comprehensive analysis was conducted to clarify the
influence of the parasitic capacitances in power modules [14].
Nevertheless, the approach may complicate manufacturing and
decrease reliability.

Suppressing capacitive coupling of power modules was real-
ized by etching away a portion of the bottom copper layer. The
work in [15] and [16] replace the etched area with air which
has the lowest relative permittivity, i.e., 1. This approach does
not compromise the size and layout of the power module, while
its mechanical reliability remains uncertain. Low-permittivity
epoxies were used instead of air to improve the mechanical
reliability and realized effective CM noise reduction [17], [18].
However, injecting and curing the epoxies requires longer manu-
facturing time. Selection of epoxy materials and their packaging
conductions also need to be carefully determined.
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Fig. 1. (a) Half-bridge power module and its parasitic capacitances. (b) High-
frequency equivalent circuit of Fig. 1(a).

This article improves manufacturability and reduces the CM
noise of the power module. The proposed power module re-
places etched area between the bottom copper layer and the
baseplate by silicone gel instead of air [16] or epoxies [17]. The
proposed design does not require extra material and manufac-
turing process because: the gel is the encapsulation material typ-
ically used in power modules; the injection of this gel is fulfilled
by conventional encapsulation process; the gel has high surface
tackiness and low viscosity so that the mechanical reliability is
not sacrificed. The proposed design merely degrades CM noise,
module size, and thermal performance. The prototype power
module was tested in a 1-kW 50-kHz buck converter to measure
the CM noise. The prototype module is visually inspected before
and after 1000-cycle thermal cycling test (TCT) to verify the
enhanced reliability compared to the modules in [17].

The rest of the article is organized as follows: Section II
explains the configuration of the proposed power module to
reduce CM capacitance. The CM capacitance is estimated and
compared with various power modules. Thermal performance,
thermomechanical stress, and manufacturability are introduced.
Section III validates the manufacturability and reliability of the
proposed power module. The CM noise and thermal resistance
are experimentally measured and verified its effectiveness in
Section IV. The results of TCTs show the good reliability of the
proposed method. Finally, Section V concludes the article.

II. PROPOSED POWER MODULE DESIGN

Fig. 1(a) illustrates a power module including the high-side
bare die Q1, and the low-side bare die Q2. The module is

Fig. 2. (a) Cross section of the proposed power module near NO. In red-dotted
box, a part of the bottom copper is replaced by the encapsulant material. (b)
Cross-section of the conventional power module near NO.

connected to the input power supply through line impedance
stabilization networks (LISNs). The module, inductor L, and
capacitor C build a buck converter of which input and output
voltages are Vin and Vout, respectively. The CM capacitance
CP (CN) is connected between the positive (negative) dc ter-
minal and the ground. Another CM capacitance between the
node NO and ground is denoted as CO. Fig. 1(b) presents the
high-frequency equivalent circuit of Fig. 1(a). Capacitances CP

and CN are in parallel due to the low-impedance of the large
input capacitor at the high frequency. The impedance of LISN
is represented by RLISN and CLISN. The pulsating voltage at
NO or the drain-source voltage of Q2 is expressed by v(ω). The
CM current iCM is calculated as in (1). Fig. 1(b) presents the
high-frequency equivalent circuit of Fig. 1(a). Capacitances CP

and CN are in parallel due to the low-impedance of the large
input capacitor at the high frequency. The impedance of LISN
is represented by RLISN and CLISN. The pulsating voltage at NO

or the drain-source voltage of Q2 is expressed by v(ω). The CM
current iCM is calculated as

iCM =
jωCOCLISNv(ω)

CA + CLISN + jωCACLISNRLISN
(1)

where CA is defined as (2).

CA = CP + CN + CO. (2)

From (1)–(2), iCM increases as CO increases as also intro-
duced in [22] and [23].

A. Estimation of CO

Fig. 2(a) shows a cross section view of the proposed power
module. Top copper [corresponds to NO shown in Fig. 1(a)],
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Fig. 3. Estimation of Ab1 based on the heat spreading angle and heat flux
region.

ceramic (Al2O3 in this article), and bottom copper layers con-
figure DBC. Device Q2 is on the top copper layer and a baseplate
is attached beneath the bottom copper layer, which is a typical
lay-up structure of power modules. A specific portion of the
bottom copper layer, indicated by red-dotted box in Fig. 2(a),
is etched away and replaced by silicone gel, the encapsulant
material. The thickness of the ceramic layer is dc, and the
distance between the bottom surface of the ceramic layer and
the top surface of the baseplate is de. The capacitance CO in
Fig. 2(a) is obtained as

CO = CO1 +
CO2Ce

CO2 + Ce
(3)

where CO1, CO2, and Ce are expressed as

CO1 = ε0εc
Ab1

dc
(4)

CO2 = ε0εc
Ab2

dc
(5)

Ce = ε0εe
Ab2

de
. (6)

In (4)–(6), εo is the permittivity of free space or 8.85×10-12

F·m-1; εc is the relative permittivity of the ceramic material; εe
is the relative permittivity of the encapsulant. Literals Ab1 and
Ab2 represent the area of the remaining and etched-away bottom
copper, respectively, as illustrated in Fig. 2(a).

If the bottom copper in the red-dotted portion in Fig. 2(a) is
not etched out, the design will become the conventional power
module in Fig. 2(b). The CM capacitance between NO and the
baseplate or CO,conv is as in (7).

CO,conv = ε0εc
Ab1 +Ab2

dc
. (7)

Numerically, CO < CO,conv and thus CM EMI is lower in
Fig. 2(a) than in Fig. 2(b). The calculated capacitances from
(3)–(7) can be slightly lower than actual values since this article
neglects fringing effect to simplify the estimation [19].

The bottom copper layer is etched considering heat flux not
to increase the thermal resistance. Fig. 3 shows major heat flux
region among layers. The head spreading angles are 35° for the
copper layers and 80° for the Al2O3 ceramic layer [21]. The
area except the remaining bottom copper area Ab1 beneath NO

is etched out. The horizontal distance from Q2 is dr which is

TABLE I
COMPARISON OF DIMENSIONS AND ESTIMATED CAPACITANCES OF POWER

MODULES

obtained as

dr = dt/tan(35
◦) + dc/tan(80

◦) + db/tan(35
◦). (8)

In (8), dt and db are the thickness of top and bottom copper
layers, respectively.

Fig. 4 presents the 25 × 19.2 mm2 DBC to build prototype
power modules. Fig. 4(a) shows the layout of the top copper layer
with the location of Q1 and Q2. Fig. 4(b) presents the bottom
copper layer with the etched region Ab2.

In this article, Ab2 was filled by three different materials:
epoxy of which coefficient of thermal expansion (CTE) is 15
ppm/K (the module using this epoxy is referred as epoxy15
module hereafter); another epoxy of which CTE is 32 ppm/K
(epoxy32 module hereafter); and encapsulant (proposed mod-
ule). In contrast to epoxy15 or epoxy32 modules which require
additional manufacturing process to inject and cure epoxies, the
proposed module features simpler manufacturing–the encapsu-
lant is extended into Ab2 during the encapsulation process and
does not need any extra development.

The bottom copper in the orange region, Ab1 in Fig. 4(b), was
not etched out in order to maintain the same thermal performance
between modules. The estimated dr was 0.92 mm based on
the thicknesses of the copper and Al2O3 layers. The DBC
was designed and prototyped with 1-mm dr to secure enough
margin. Fig. 4(c) shows the etch-free bottom copper layer of the
conventional module (full-copper module hereafter).

Table I compares the estimated CM capacitances of the four
prototype modules: full-copper, epoxy15, epoxy32, and pro-
posed modules based on (3)–(7). The estimated CO was 16.38
pF, implying 54.1% reduction compared to CO,conv.

B. Thermal Performance

A steady-state thermal simulation of the three modules was
performed by Ansys 2023 R2 Icepak. The coolant temperature
and flow rate were 65°C and 8 liter per min, respectively, which
are typical in automotive power module cooling. A thermal load
of 10 W was assigned to the top surface of each die. The thermal
conductivity of silicone gel (encapsulant) was set to only 0.18
W/m·K.
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Fig. 4. Photographs of the DBC used in this article. (a) Top copper. (b) Etched bottom copper layer for epoxy32, epoxy15, and the proposed modules. (c) Etch-free
bottom copper for the conventional module.

Fig. 5 shows the simulation results of the full-copper and
the proposed modules. The average maximum temperature of
the two Q2 bare dies are 92.3°C in the full-copper module [see
Fig. 5(a)] and 92.6°C in the proposed module [see Fig. 5(b)].
Fig. 5(c) presents the temperature of Q2 as dr varies. It shows that
a 1-mm dr is at an acceptable level with only 0.3°C difference,
while dr < 1 mm cause a significant increase in Q2 temperature.
The structure function of each module was also experimentally
measured, and the same thermal performance was also observed
in Section IV-C.

C. Thermomechanical Stress

Static structural analysis was performed by Ansys 2023 R2
Mechanical to assess the reliability of the proposed power mod-
ule assuming 9.8-m/s2 gravity. A thermal load of 10 W was
applied to the top surface of each die. Film coefficient of 4
kW/m2·K was assigned to the baseplate of the power module
with 65°C ambient temperature. The side and bottom surfaces
of the baseplate and screw holes of the busbars were fixed in
position as a boundary condition.

All power modules regardless of the bottom copper con-
figuration tend to experience high thermal stress at the edges
of the baseplate solder layer. Delamination typically initiates
from these edge regions. This behavior leads to a common
stress distribution pattern: higher stress at the periphery and
lower stress toward the center. Fig. 6 presents the simulated
von-Mises stress of the baseplate solder for epoxy32 module [see
Fig. 6(a)] and silicone gel module [see Fig. 6(b)]. The simulation
results also show localized high thermal stress near the solder
edge. However, the proposed modification does not introduce
additional thermal stress near the etched region. The maximum
thermal stress at the innermost area was approximately 40 MPa,
which is below the ultimate tensile strength of SAC305 solder.
Actual stress is expected to be even lower in practical config-
urations, since the solder fillets which are not reflected in the
simulation will relieve the stress. Delamination is more likely
to occur in the outermost regions as with conventional modules,
which is further confirmed in Fig. 16. Mechanical reliability is
additionally supported by the experimental results presented in
Section IV-B.

Fig. 5. Steady state thermal simulation results. (a) Full-copper module. (b)
Silicone gel module (dr = 1). (c) The average maximum temperature of two Q2

bare dies as dr varies.
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Fig. 6. Simulated von-Mises stress of the baseplate solder (a) in epoxy32
module and (b) in silicone gel module.

The results indicate that the epoxy32 module shown in
Fig. 6(a) presents slightly lower thermal stress in the baseplate
solder layer than the silicone gel module, assuming the epoxy
completely fills the etched region without voids or delamina-
tion. In practice, however, epoxies often introduce voids and
delamination which causes long-term reliability issues.
Moreover, the proposed silicone gel module simplifies the
manufacturing process while still achieving comparable me-
chanical reliability.

D. Manufacturability

The manufacturing process of the power modules is explained
as follows to validate the feasibility of the proposed method
for mass production: the first stage is to place all components
including bare dies, the DBC, a thermistor, busbars, and a
baseplate within a jig. The position of the DBC is laser-marked
on the baseplate. A tip of bonding wire is attached at each corner
of the baseplate to secure the same solder thickness as shown in
Fig. 7(a). This provides the same de to all modules for fair com-
parison. Fig. 7(b) and (c) show the position of baseplate-attach
solder (SAC305) and die-attach solder (Pb95Sn5), respectively.
Bare dies Q1 and Q2 were placed on the die-attach solder as
shown in Fig. 7(d). After the components placement, single
vacuum reflow with formic acid is conducted.

The epoxy15 and epoxy32 modules need additional manu-
facturing process to inject and cure the epoxy material after the
reflow, which is not necessary for the proposed power module.

TABLE II
SPECIFICATIONS OF PROPOSED POWER MODULE

A syringe with 0.3-mm diameter was used to inject epoxy into
0.45-mm gap between the Al2O3 layer and the baseplate which
is de defined in Fig. 2(a) and Table I. The injection was carried
out on an 80-°C hotplate to lower the viscosity of the epoxy,
since low viscosity is preferred to avoid potential voids in the
epoxy [17]. Epoxy32 was cured in a temperature chamber at
150°C for an hour. The epoxy15 module was cured at 130°C for
5 min, and again at 160°C for 10 min as recommended in its
datasheet. Fig. 8(a) shows the conceptual cross section image of
epoxy15 and epoxy32 modules.

The etched area of the silicone gel module is filled dur-
ing the conventional encapsulation process without additional
processes. In the proposed module presented in Fig. 8(b), the
encapsulant extends beneath the ceramic layer of DBC in the
etched region. The gel was cured at a temperature of 80°C for 1
hour based on the recommended curing condition.

Fig. 8(c) shows the prototype power modules. Aluminum
wires are bonded to bare dies for interconnections. Power lines
used in the power modules are 400-μm diameter wires, while
signal lines utilize 125-μm diameter wires. All three modules
appear identical when observed from above. Table II summarizes
characteristics of the components used in the prototype modules.

III. VALIDATION OF MANUFACTURABILITY AND RELIABILITY

The prototype modules in Section II-D were scanned to vali-
date their manufacturability. Fig. 9 shows constant-depth mode
scanning acoustic microscopy (C-SAM) images of epoxy32 [see
Fig. 9(a)] and epoxy15 modules [see Fig. 9(b)]. The depth was
adjusted to capture the bottom copper layer. White and gray areas
are the etched region or Ab2 in Fig. 4(b). The color difference
at the etched region implies a defect in epoxy32 and epoxy15
modules.
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Fig. 7. (a) Baseplate with laser-marking and tip of bonding wires. (b) Baseplate-attach solder (SAC305) is placed on the baseplate. (c) DBC and die-attach solder
(Pb95Sn5) is positioned. (d) All components are set in the jig.

Fig. 8. Cross section view of (a) epoxy15 and epoxy32 modules and (b) the
proposed power module using silicone gel (encapsulant). (c) Photograph of the
prototype power module.

Epoxy32 and epoxy15 modules were cut along the red broken
lines in Fig. 9(a) and (b) to observe the cross-sections. The
interfaces between the ceramic and epoxy layers were cap-
tured using a scanning electron microscope (SEM) as shown
in Fig. 10. Fig. 10(a) shows the gray area of epoxy32 module

Fig. 9. C-SAM images of (a) epoxy32 and (b) epoxy15 modules. The depth
was adjusted to scan the bottom copper layer.

and Fig. 10(b) and (c) describe the white area of epoxy32 and
epoxy15 modules, respectively. Epoxy32, of which the CTE is
higher than copper, resulted in cracks at ceramic layer as shown
in Fig. 10(b). The high temperature of curing conditions may
cause damage to the ceramic layer due to the high mismatch
of CTE. Epoxy15 with similar CTE with copper, in contrast,
exhibited no ceramic crack as shown in Fig. 10(c). However,
delamination or low adhesion was observed at the interface. Due
to difficulties in fabricating the epoxy15 module in an acceptable
condition, it was excluded from the experimental verification.
These observations suggest that the material properties and
packaging conditions of the epoxy such as its adhesion strength,
CTE, and viscosity must be carefully considered in a design
stage.
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Fig. 10. Cross-section images captured by SEM. The location of each cross-section is indicated by red dashed squares in Fig. 8 or red broken lines in Fig. 9. (a)
Gray area of epoxy32 module shown in Fig. 9(a). (b) White area of epoxy32 module shown in Fig. 9(a). (c) White area of epoxy15 module shown in Fig. 9(b). (d)
Proposed power module encapsulated by silicone gel.

Fig. 11. Experimental setup to measure CM noise.

Fig. 10(d) presents the cross-section of the proposed power
module encapsulated by silicone gel as shown in Fig. 6(b). The
silicone gel is softer and tackier than epoxies and it hardly made
voids and delamination. The curing temperature of the gel is
lower than that of epoxy resins, scarcely damaging the ceramic
layer. No cracks and delamination were detected in the proposed
module.

IV. EXPERIMENTAL VERIFICATION

A. CM Noise Measurement

The experimental setup using the prototype modules is
shown in Fig. 11. Two LISNs NNBM8124 and noise separator
CMDM8700B were used to measure CM noise. Spectrum an-
alyzer RSA306B with a 9-kHz resolution bandwidth processed
the noise with SignalVu. The parameters of the circuit are given
in Table III.

Fig. 12 shows the measured CM noise spectra of the full-
copper (black), epoxy32 (red), and proposed module using
silicone gel (yellow). The epoxy32 and proposed power modules
reduced CM noise by approximately 5 dBμV compared to
the full-copper module. It is noted that the proposed module

TABLE III
SPECIFICATIONS OF THE CIRCUIT TO MEASURE CM NOISE

Fig. 12. Measured CM noise spectra of full-copper (black), epoxy32 (red),
and proposed modules using silicone gel (yellow).

achieves nearly identical performance to the epoxy32 mod-
ule despite the simpler manufacturing process explained in
Section II-D.

B. Thermal Cycling Test

The proposed power module modifies the vertical structure
through the etched region, focusing on the structural stability of
the entire module. TCTs were conducted in this article because
the tests are more relevant for evaluating package-level reliabil-
ity [20]. Power cycling tests of which aim is chip-level inter-
connections such as die attachment and wire bonding were not
conducted in this article. TCTs with 1000 cycles were performed
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Fig. 13. C-SAM images of the baseplate solder layer of (a) full-copper module before TCTs, (b) epoxy32 module before TCTs, (c) silicone gel module before
TCTs, (d) full-copper module after TCTs, (e) epoxy32 module after TCTs, and (f) silicone gel module after TCTs.

Fig. 14. SEM images of the cross-sections indicated in Fig. 4. (a) and (b)
Captured from epoxy32 modules, while (c) is from the proposed module
encapsulated by silicone gel.

by a thermal shock chamber TSA-73ES to validate the reliability
of the proposed module. In a cycle, the temperatures were –40
°C and 125 °C, and each temperature was maintained for 30
minutes. The test conditions were determined based on AQG324
standards [20]. Among the fabricated samples, epoxy32 modules
in the best achievable condition were selected and conducted
TCTs alongside the proposed silicone gel modules.

Fig. 13(a)–(c) shows C-SAM images of the baseplate solder
layer for the full-copper, epoxy32, and silicone gel power mod-
ules before TCTs, and Fig. 13(d)–(f) presents the corresponding

Fig. 15. SEM images after the thermal cycling test. Die attachment of Q2 in
(a) the epoxy32 module and (b) the silicone gel module. Baseplate attach solder
near Q2 in (c) the epoxy32 module and (d) the silicone gel module.

images after TCTs. Delamination was observed at the edge
regions due to high thermal stress. In contrast, the etched region
hardly showed delamination, as predicted in Section II-C, indi-
cating that the proposed modification does not induce additional
thermal stress.

Fig. 14(a) and (b) shows the cross sections of two different
epoxy32 modules captured by SEM after the TCT. The location
of the cross section is indicated in Fig. 4. The results imply
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Fig. 16. (a) Setup for measuring structure function. Measured structure functions of (b) the full-copper (conventional) and (c) silicone gel (proposed) modules.
Case 1 and case 2 are with adequate and minimal amount of thermal grease, respectively, to distinguish Rth.Q2 and the thermal resistance of thermal grease Rth.Gr.

that the epoxy may delaminate from the ceramic layer and leave
several areas in the etched region unfilled. This reminds the
importance of careful selection of epoxy material and packaging
conditions mentioned in Section III. Fig. 14(c) presents the cross
section of the proposed module. The silicone gel used in the
proposed module features low viscosity, high surface tackiness,
and inherent softness, making it less prone to delamination and
damage during the manufacturing process or operation. These
characteristics contribute to complete filling of the etched region
and improving manufacturability while maintaining CM noise
reduction. There were also no solder cracks at the baseplate
attachment, while cracks were observed without silicone gel
filling [16].

Fig. 15(a) and (b) shows SEM images of the die attach for
Q2 of epoxy32 and the silicone gel module, respectively, after
the thermal cycle test. Fig. 15(c) and (d) present the baseplate
attach solder near Q2 for epoxy32 and the silicone gel module,
respectively. The location of the cross sections is indicated in
Fig. 13(e) and (f). No delamination and cracks were observed
as expected in Section II-C and Fig. 6. This verifies that the
proposed power module with the etched bottom copper hardly
degrades the overall reliability and does not damage adjacent
components.

The proposed power module was not subjected to an H3TRB
(High-humidity, high-temperature reverse bias) test [20], since
this test is typically intended to evaluate insulation degradation
and passivation layer failure at the chip level due to moisture
ingress under high humidity and high temperature conditions.
The proposed scheme does not modify chip-level configuration,
hence H3TRB may not be suitable for validating the specific
structural aspects of the proposed power module. Nevertheless,
the silicone gel, a widely adopted encapsulant in power modules,
provides a high level of moisture protection: it effectively shields
encapsulated devices from moisture, chemicals, and contami-
nation. Silicone gel also slightly absorbs moisture. However, it
dissolves moisture gradually, acting as a moisture buffer that de-
lays rapid humidity transmission to the semiconductor surface.
Therefore, it prevents localized condensation by distributing
absorbed water uniformly, reducing the risk of moisture-induced
failure.

C. Thermal Resistance

The structure functions were evaluated using a Power Tester
1500A from Mentor Graphics (currently Siemens EDA) to
ensure that the proposed module maintains thermal performance
Fig. 16(a) illustrates the setup used to measure the thermal
resistance from Q2 to the baseplate, denoted as Rth.Q2. The
power modules were mounted on a cold plate using fixtures
on the top frame with a torque of 0.5 N·m. Each structure
function was obtained after the body diode of Q2 conducted a
13-A current for 30 seconds. The measurements were performed
twice; first with an adequate amount of thermal grease (case
1) and then with a minimal amount of the grease (case 2) to
distinguish between Rth.Q2 and the thermal resistance of the
thermal grease, Rth.Gr.

Fig. 16(b) and (c) presents the measured structure functions
of the full-copper and silicone gel modules, with Cth repre-
senting their thermal capacitance. The red and black traces
correspond to cases 1 and 2, respectively. The measured Rth.Q2

of the proposed power module was even slightly lower than
that of the full-copper module, although the difference may
be within the range of measurement error. These findings
confirm that the selective etching of the bottom copper de-
scribed in Section II-A does not degrade the overall thermal
performance.

V. CONCLUSION

This article proposed a low-CM-noise power module which
does not require additional materials or manufacturing pro-
cesses. A portion of the bottom copper layer was etched and filled
with silicone gel during the conventional encapsulation process,
resulting in 54.1% reduction in CM capacitance and 5-dBμV
reduction in CM noise. Due to the softness, low viscosity,
and high surface tackiness of the silicone gel, defects such as
cracks, delamination, and unfilled area were not observed in
the cross-sections of the proposed module. TCTs comprising
a total of 1000 cycles were conducted, and cross-sectional
images confirmed that the proposed power module maintains
mechanical stability, exhibiting no cracks in the solder layers.
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The thermal performance was also verified by simulation and
measured structure functions.
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