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This study evaluates the thermal performance of Lead Frame, Al,O3 Direct-Plated Copper
(DPC) Ceramic, and AIN DPC Ceramic packages in Driver-MOSFET(Dr.MOS) devices.
Experimental measurements at 12V and 19V under current loads of 0A-40A, along with
ICEPAK simulations, confirm that the AIN DPC Ceramic package achieves the lowest
thermal resistance (Rthjc = 1.48 K/W) and temperature rise (120.7°C at 19V, 40A). The
Lead Frame package exhibits moderate thermal performance (Rthjc = 2.61 K/W, 144.6°C),
while the Al,Oz DPC Ceramic package shows the highest thermal resistance (Rthjc = 3.33
K/W) and temperature rise (172.8°C), limiting its suitability for high-power applications.
These results emphasize the significant impact of packaging materials on thermal
management, identifying AIN as the most efficient solution for high-power Dr.MOS

applications.

I. INTRODUCTION

Power semiconductor packaging plays a pivotal role in en-
hancing device reliability, performance, and power density.
With the continuous increase in switching frequencies and
current densities in power electronic systems, efficient heat
dissipation and thermal management have become crucial
for maintaining device integrity and extending operational
lifetimes (Chen and Hsiao-Yu 2012). In recent years,
Dr.MOS technology—integrating a gate driver and MOSFET
in a single package—has attracted significant attention due
to its capability to reduce parasitic inductances and im-
prove power density. However, selecting an appropriate
packaging technology to handle the elevated thermal loads
and parasitic effects in high-current, high-speed Dr.MOS
applications remains a key challenge in the packaging field
(Mouawad et al. 2015, 2012; Hamidi and Cottet 2004).

To meet the growing demand for heat dissipation, nu-
merous studies have focused on high-thermal-conductivity,
high-mechanical-strength substrate materials, such as alu-
minum oxide (Al,0z) and aluminum nitride (AIN). These
materials can withstand high operating temperatures and
exhibit a relatively low coefficient of thermal expansion
(CTE), making them particularly advantageous in high-
power modules and in wide- or ultra-wide-bandgap device
applications (Zhang et al. 2015; Hou et al. 2020; Qin et
al. 2023). Due to their excellent thermal and insulation
properties, ceramic substrates effectively reduce thermo-
mechanical stress and are therefore often employed in
high-voltage or high-temperature power conversion sys-
tems. Furthermore, several studies suggest that incorporat-
ing advanced copper-bonding and thermal design strategies
onto high-thermal-conductivity ceramics can further boost

system efficiency and reliability (Mouawad et al. 2015)
(Mouawad et al. 2012).

On the other hand, Lead Frame packaging—typically us-
ing copper, nickel, or silver—offers flexible metal layouts,
low parasitic inductances, and high current-carrying capa-
bility, making it highly competitive for power applications
such as MOSFETSs and IGBTs (Williams et al. 2017). In par-
ticular, copper clip packaging further reduces parasitic ef-
fects commonly seen in wire bonding and, by optimizing
the multichip module layout and minimizing contact resis-
tance and source inductance, enhances power density and
thermal conductivity (Alichael-HylmgMook-Choi, Lwin,
and Smith 2018; Lwin et al. 2016; Liu et al. 2022; Wang
et al. 2022). Reliability and solder joint strength can also
be evaluated following standards such as IPC-9701A
(“IPC-9701A, Performance Test Methods and Qualification
Requirements for Surface Mount Solder Attachments”
2006), ensuring long-term stability under temperature cy-
cling and operational stress.

In addition, several new or modified packaging struc-
tures have been introduced for high-voltage, high-fre-
quency applications, including direct copper bonding, spark
plasma sintering for low-temperature interconnections,
and double-sided cooling designs that help minimize ther-
mal resistance and reduce form factor (Mouawad et al.
2015, 2012; Hamidi and Cottet 2004; Herbsommer et al.
2010; Zhu et al. 2017). However, current literature offers
limited direct comparisons of the thermal behavior be-
tween ceramic and Lead Frame packages in Dr.MOS devices.
Whether ceramic packages deliver higher thermal and me-
chanical stability or Lead Frame packages provide a better
cost-performance balance in Dr.MOS applications is still an
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open question that design engineers must carefully evalu-
ate.

Therefore, this study aims to investigate in depth the
thermal management differences between ceramic-based
andLead Frame-based packaging in Dr.MOS applications.
Through temperature measurements, thermal resistance
analyses, and thermomechanical reliability evaluations, we
compare the advantages and trade-offs of these two major
package types and provide insights for meeting applica-
tion-specific requirements—such as high switching speed,
high power density, and cost effectiveness. We expect that
the findings of this work will offer a more comprehensive
technical foundation for selecting package materials and
designing Dr.MOS products.

II. METHODOLOGY

A. DESCRIPTION OF PACKAGE TYPES

In the context of thermal management for Dr.MOS devices,
the choice of packaging technology plays a critical role in
determining the overall thermal performance and reliabil-
ity of the system. This study focuses on comparing three
widely utilized packaging types: Lead Frame packages, DPC
Ceramic Al,O3 packages, and DPC Ceramic AIN packages.
Each of these packaging solutions differs in material com-
position, structural design, and thermal properties, which
collectively influence their suitability for various power ap-
plications.

Lead Frame packages are a conventional choice in semi-
conductor packaging, known for their cost-effectiveness
and mechanical robustness. These packages typically con-
sist of a copper-based Lead Frame encapsulated within a
plastic molding compound. The copper Lead Frame serves
as the primary pathway for electrical connections and heat
dissipation. However, the plastic encapsulation introduces
a significant thermal resistance, limiting the overall ther-
mal performance of the package. With a thermal conduc-
tivity in the range of 1-5 W/m-K for the plastic material,
Lead Frame packages are more suitable for low-to-mod-
erate power applications where thermal management re-
quirements are not overly stringent.

On the other hand, DPC (Direct-Plated Copper) ceramic
packages leverage ceramic substrates to achieve superior
thermal performance. The DPC Ceramic Al»O package uti-
lizes aluminum oxide (AlO5) as its base substrate material.
Al>O5 offers good electrical insulation and mechanical sta-
bility, making it a reliable choice for many electronic ap-
plications. The ceramic substrate is typically plated with
copper to facilitate heat conduction and electrical connec-
tivity. While Al,O; exhibits a moderate thermal conduc-
tivity of approximately 24-30 W/m-K, its performance in
high-power applications may be limited by its inability to
dissipate heat as effectively as other advanced materials.

To address these limitations, DPC Ceramic AIN packages
incorporate aluminum nitride (AIN) substrates, which are
distinguished by their exceptional thermal conductivity,
ranging from 170 to 230 W/m-K. AIN not only offers high
thermal performance but also maintains excellent electrical

insulation properties, making it an ideal choice for applica-
tions requiring efficient heat dissipation. The combination
of AIN with direct-plated copper further enhances the ther-
mal performance by minimizing thermal resistance along
the heat conduction path. However, the high cost and com-
plexity of manufacturing AIN substrates present challenges
that may limit their widespread adoption in cost-sensitive
applications.

Table 1 summarizes the key material properties and
structural characteristics of these three package types, pro-
viding a basis for the comparative analysis conducted in
this study.

This comparative analysis highlights the strengths and
weaknesses of each packaging type, laying the foundation
for evaluating their thermal performance under realistic
operating conditions. The study’s findings will provide in-
sights into selecting the optimal packaging solution based
on specific thermal and application requirements.

B. EXPERIMENTAL SETUP

To evaluate the thermal performance of the Lead Frame
package, DPC Ceramic Al;O-; package, and DPC Ceramic
AIN package for Dr.MOS devices, a structured experimental
setup was designed. This setup integrated ICEPAK thermal
simulations to calculate junction-to-case thermal resis-
tance (Ry;c) and experimental surface temperature mea-
surements conducted under various operational conditions.
The experimental configuration focused on surface tem-
perature behavior using an infrared thermal imaging cam-
era, with the primary goal of comparing thermal dissipation
characteristics among the three packaging technologies.

The ICEPAK simulations were designed to replicate the
geometries and material properties of each package type,
including the thermal conductivities of substrates and cop-
per plating. Heat sources were modeled to reflect the power
dissipation typical of Dr.MOS devices. The simulations were
conducted to determine Ripjes defined as the temperature
gradient between the simulated junction and the case, di-
vided by the heat dissipation. Boundary conditions repli-
cated a natural convection environment, ensuring realistic
modeling of heat transfer behavior.

For the experimental surface temperature measure-
ments, Dr.MOS devices were powered at two voltage levels,
12V and 19V, with current loads incrementally set to 0A,
20A, 30A, and 40A. The devices were mounted on test fix-
tures designed to ensure consistent thermal contact and
avoid measurement variability. An infrared thermal imag-
ing camera was used to capture surface temperature dis-
tributions. This non-invasive method provided a detailed
thermal map of the packages, visualizing the heat dissipa-
tion paths and identifying temperature gradients across the
package surfaces.

The experimental procedure was carefully structured to
minimize environmental influences and ensure repeatabil-
ity. The tests were conducted in a controlled ambient en-
vironment at 25°C. After powering the devices to the spec-
ified voltage and current levels, a stabilization period was
allowed to ensure thermal equilibrium before measure-
ments were taken. Surface temperature data was recorded
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Table 1. Comparative Overview of Material Properties and Structural Characteristics of Packaging Types

Thermal
Package Type Material Structure Conductivity (W/ Advantages Limitations
m-K)
Lead Frame Copper frame + plastic Low cost, High thermal
. 1-5 . .
Package encapsulation mechanically robust resistance
DPC Ceramic Al203 substrate + copper 24-30 Good electrical Moderate thermal
Al20s Package plating insulation performance
DPC Ceramic AIN AIN substrate + copper High thermal High cost, complex
: 170-230 L .
Package plating conductivity fabrication

Table 2. Experimental Parameters for Surface
Temperature Measurements

Voltage (V) Current (A) Measurement Method
12 0, 20, 30, 40 Infrared thermal imaging
19 0, 20, 30, 40 Infrared thermal imaging

| Power Source
| Power Input (12V/19V) | [Heat Dissipation Path

i Dr.MOS Device
I
L

Test PC]B Aluminum Heat Sink
IR Thermal Camera

Figure 1. Schematic Representation of the
Experimental Setup for Surface Temperature
Measurements

for each operational point, capturing the maximum tem-
perature observed on the package surfaces.

Table 2 summarizes the parameters used in the experi-
mental setup, detailing the voltage and current conditions
under which surface temperatures were measured. The con-
figuration of the experimental setup is further illustrated in
Figure 1, which provides a schematic overview of the test
arrangement, including the placement of the infrared ther-
mal imaging camera and the mounting of the test samples.

C. THERMAL SIMULATION MODELING AND METHODS

To accurately predict the thermal performance of the Lead
Frame package, DPC Ceramic Al,Oz package, and DPC Ce-
ramic AIN package, a comprehensive simulation method-
ology was implemented using ANSYS Icepak, a computa-
tional fluid dynamics (CFD) software specialized in thermal
simulations for electronics. This methodology focused on
determining the junction-to-case thermal resistance
(Rthjc) and analyzing the temperature distribution of each
packaging material under various heat dissipation scenar-

ios. Icepak incorporates all modes of heat transfer—con-
duction, convection, and radiation— making it suitable for
both steady-state and transient thermal analyses.

The simulation models were constructed based on the
precise geometries and material properties of the three
packaging types. The Lead Frame package was modeled
with a copper frame and a plastic encapsulation layer, while
the DPC ceramic packages utilized Al,Oz or AIN substrates,
each plated with copper to enhance thermal conductivity.
The material properties, including thermal conductivity,
specific heat capacity, and density, were obtained from
standard material databases to ensure accuracy in the ther-
mal analysis. Table 3 lists the thermal conductivities of all
materials used in the simulations.

The 3D simulation model, shown in Figure 2, represents
a Dr.MOS package mounted on a printed circuit board (PCB)
with SAC305 solder joints. The PCB was placed on an alu-
minum cold plate coated with thermally conductive silicone
grease to facilitate heat dissipation. The sample package,
with dimensions of 5mm x 5mm x 1.1mm, featured vinyl
encapsulation for insulation and silicon as the primary ma-
terial for the MOSFET and driver IC, both known for their
high thermal conductivity.

To ensure realistic heat dissipation analysis, the bound-
ary conditions were carefully defined. The ambient envi-
ronment was set to 25°C, with natural convection serving
as the primary cooling mechanism. A convection heat
transfer coefficient of 5 W/(m?2-K) was applied to simulate
airflow surrounding the package, while radiation effects
were considered negligible due to the low emissivity of
metal surfaces. The power dissipation of 2W was applied at
the MOSFET junction, serving as the primary heat source.
Heat transfer followed the pathway from the junction to the
package case, then dissipated via convection and conduc-
tion through the PCB. The bottom surface of the Dr.MOS
package was thermally coupled to the PCB, ensuring that
heat conduction was accurately represented. The PCB was
assumed to have high thermal conductivity, consistent with
FR4 or metal-core PCB properties, and a thermal interface
material (TIM) was applied at the PCB-case interface to en-
hance heat dissipation efficiency.

To maintain simulation accuracy, high grid density was
applied around the MOSFET heat source and critical heat
conduction paths. This mesh refinement ensured that tem-
perature gradients and heat fluxes were accurately cap-
tured. Additionally, mesh independence tests were con-
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Table 3. Thermal Conductivity and Material Properties in the 3D Thermal Model

Item Type Thermal Conductivity(W/mK) Heat Capacity (J/g K) Density(g/cm3)
Die Silicon 1175 0.71 2.33
Die Pad Aluminum 160 0.9 273
Solder SAC305 64 219 7.4
DPC Cu Copper 400 0.385 8.96
DPC Ceramic Al,O4 24 0.75 4.1
AIN 170 0.6 0.326
Clip C1100 391 0.385 8.96
Lead Frame C194 262.2 0.385 8.96
Epoxy EN4900 0.99 - 3.4
TIM Grease Grease 8 0.092 3
Cold Plate Aluminum 160 0.9 273

..... —
) QFN
e T EE— ___PCB
Cold plate
Tolate = 25°C

Figure 2. Thermal simulation model in 3D material

ducted to verify that further refinements did not affect the
final simulation results.

The thermal simulation methodology used these bound-
ary conditions to determine the junction-to-case thermal
resistance (Rthjc), a critical parameter defined as:

R_(thjc) = (T_j—T_c)/P_diss
whereTj represents the junction temperature, T is the case
temperature, and P is the power dissipation.

In addition to quantifying Ripies the simulation provided
valuable insights into temperature distribution under dif-
ferent power levels. The MOSFET was modeled as the pri-
mary heat source, dissipating 2W of thermal power, with
heat transfer occurring through natural convection, con-
duction to the PCB, and minimal radiation effects. The
model’s 3D thermal configuration, incorporating realistic
material properties and accurate boundary conditions, en-
sured a precise representation of heat dissipation path-
ways.

By incorporating these detailed boundary conditions and
high-resolution thermal modeling, the ICEPAK simulations
allowed for a comprehensive evaluation of heat transfer be-
haviors in different packaging technologies. This approach
provided critical insights for optimizing the thermal design
of Dr.MOS packages, ensuring reliable and efficient thermal
management for high-power electronic applications.

III. RESULTS AND DISCUSSION

A. THERMAL RESISTANCE COMPARISON

The thermal resistance comparison provides a detailed
evaluation of the junction-to-case thermal resistance
(Rthic) obtained from ICEPAK simulations for the three
packaging technologies: AIN, Lead Frame, and Al,O5. This
parameter is critical in determining the thermal perfor-
mance of a package, as it quantifies the efficiency of heat
transfer from the semiconductor junction (the primary heat
source) to the package’s outer case. A lower Ry,;. indicates
superior thermal management, which is essential for ensur-
ing the reliability and performance of high-power Dr.MOS
devices.

The ICEPAK simulations revealed a clear hierarchy in
thermal resistance values among the three packaging types.
The AIN package demonstrated the lowest Ryy;., with a
value of 1.48 °C/W. This exceptional performance is attrib-
uted to the intrinsic properties of aluminum nitride (AIN),
which has a thermal conductivity ranging from 170 to 230
W/m-K, making it one of the most effective materials for
thermal management. The high thermal conductivity al-
lows for rapid and efficient heat transfer away from the
heat-generating junction, minimizing temperature gradi-
ents and reducing the risk of thermal hotspots.

The Lead Frame package exhibited a moderate Ry, jc of
2.61 °C/W. This package leverages copper, a material with
an impressive thermal conductivity of 400 W/m'K, in its
structure. While copper enables efficient heat conduction,
the overall thermal resistance is slightly higher than AIN
due to the package’s reliance on plastic encapsulation lay-
ers, which introduce additional thermal resistance.
Nonetheless, the Lead Frame package still performs signifi-
cantly better than the Al,03 package, making it a viable op-
tion for mid-power applications that require reliable ther-
mal dissipation.

The Al;05 package displayed the highest Rthjc at 3.33 °C/
W, reflecting its limitations in thermal conductivity com-
pared to the other materials. Aluminum oxide (Al;03) has a
thermal conductivity of only 24-30 W/m-K, which is signif-
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Table 4. Thermal Resistance (Rthic) from ICEPAK
Simulations

Package Type RthjC (°C/W)
AIN 1.48
Lead Frame 261
Al203 3.33

icantly lower than that of AIN and copper. As a result, heat
dissipation in the Al;05 package is less efficient, leading to
higher thermal resistance. This makes Al,O- packages less
suitable for high-power applications where effective ther-
mal management is critical.

The simulation results are summarized in Table 4, which
lists the Ry;. values for each package type. Figure 3 pro-
vides a visual representation of these thermal resistance
values, highlighting the superior performance of AIN com-
pared to the other packaging technologies.

B. JUNCTION TEMPERATURE ANALYSIS

To complement the thermal resistance analysis, experi-
mental surface temperature measurements were conducted
at two voltage levels, 12V and 19V, under varying current
loads (0A, 20A, 30A, and 40A). These measurements pro-
vide practical insights into the heat dissipation capabilities
of the packages, reflecting the combined effects of material
properties, design, and environmental factors. The results
were obtained using an infrared thermal imaging camera,
providing both numerical data and thermal maps of the
package surfaces under each operating condition.

The surface temperature measurements at 12V and 19V
revealed a consistent hierarchy among the packaging tech-
nologies. The AIN package exhibited the lowest surface
temperatures, followed by the Lead Frame package, with
the Al>O package consistently showing the highest tem-
peratures. These trends align with the junction-to-case

L/F-based DPC AlL,O;
Termperature (C) Termperature (C)

102.07
98367
93,668
28960
8427

78571
74872
70173
65474
60.775

99857
85117
80.377
85637
80897
76157
71417
E6.677
61.937
57.197

PKG case

7389
81382
81.375
72262
75262
72.355
69,348
66,342
63.235
60328

Figure 3. Comparison of Thermal Resistance (Rthjc)

thermal resistance (Rthjc) results, highlighting the superior
heat dissipation of the AIN package.

At 19V and 40A, for example, the maximum surface tem-
peratures recorded were 120.7°C for the AIN package,
144.6°C for the Lead Frame package, and 172.8°C for the
Al>Oz package. At 12V and 40A, the corresponding values
were 106.6°C, 131.0°C, and 160.6°C, respectively. At lower
current levels, the temperature differences between the
packages were less pronounced but remained consistent.
For instance, at 0A and 19V, the surface temperatures were
33.5°C, 36.6°C, and 38.7°C for the AIN, Lead Frame, and
Al,03 packages, respectively, demonstrating the superior
thermal properties of AIN across all operating conditions.

In addition to numerical data, thermal images captured
using an infrared thermal imaging camera provided valu-
able insights into the heat dissipation behavior of the pack-
ages. Figures 4 and 5 show the thermal imaging results for
12V and 19V, respectively. The thermal maps highlight the
surface temperature distribution and clearly illustrate the
differences in heat dissipation efficiency among the pack-
ages. The AIN package consistently displays more uniform
and lower temperature distributions, while the Al;0; pack-
age exhibits concentrated hotspots, indicating less efficient
heat management.

The trends for surface temperatures at 12V are summa-
rized in Table 5 and visualized in Figure 6, while the results
for 19V are presented in Figure 7. The graphs demonstrate
that as current increases, the surface temperature differ-
ences among the packages become more pronounced. The
AIN package outperforms the other two across all scenarios,
making it the most suitable option for high-power appli-
cations requiring efficient thermal management. The Lead
Frame package provides moderate performance, while the
Al>O5 package struggles to dissipate heat effectively, re-
sulting in higher surface temperatures.

The numerical and visual data collectively emphasize
the importance of material properties and thermal design
in determining the thermal performance of these packaging
technologies. The AIN package’s superior performance,

DPC AIN

Ternperature (C)
83389
1102
78815
76520
14242
71855
69.652
67.381
65.094
62 808

74927
73503
j2re3
70,681
68.238
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Table 5. Surface Temperature (°C) Measurements at 12V and 19V

Voltage (V) Current (A) AIN DPC Ceramic Lead Frame Al203 DPC Ceramic
12V 0 304 33.9 36.3
12V 20 54.7 61.8 69.3
12V 30 81 99.3 106.6
12V 40 106.6 131 160.6
19V 0 335 36.6 38.7
19v 20 554 59.7 71
19V 30 84.7 107.8 115.3
19v 40 120.7 144.6 172.8

12V
AIN DPC
Ceramic
Lead Frame
ALO: DPC
Ceramic

Figure 4. Thermal Imaging Results at 12V

demonstrated by both surface temperature trends and ther-
mal imaging, makes it the most efficient choice for high-
power applications, while the Al,0- package’s limitations
restrict its use in thermally demanding environments.

C. HEAT DISSIPATION PERFORMANCE

The heat dissipation performance of theLead Frame, DPC
Ceramic Al,03, and DPC Ceramic AIN packages was as-
sessed by analyzing their ability to manage heat effectively
under different operating conditions. This analysis draws
on both the thermal resistance (Rthjc) obtained from simu-
lations and the surface temperature data from experimen-
tal measurements. The integration of these two approaches
provides a detailed understanding of how material proper-
ties and design influence heat transfer efficiency.

Surface temperature measurements under 12V and 19V
conditions reveal clear differences in the heat dissipation
capabilities of the three packages. At 40A and 19V, the sur-
face temperatures of the AIN, Lead Frameand Al,O3 pack-

ages were 120.7°C, 144.6°C, and 172.8°C, respectively.
These values indicate that the AIN package is the most ef-
fective at dissipating heat, maintaining the lowest surface
temperatures even at high power levels. In contrast, the
Al,03 package exhibited the highest surface temperatures,
underscoring its limitations in thermal performance.

The heat dissipation performance directly correlates
with the thermal resistance of each package. The AIN pack-
age, with its low Rthjc of 1.48 °C/W, efficiently transfers
heat from the junction to the case and subsequently to the
environment. The Lead Frame package, with an intermedi-
ate Rthjc of 2.61 °C/W, performs reasonably well but can-
not match the efficiency of AIN. The Al,03 package, with
the highest Rthjc of 3.33 °C/W, faces challenges in manag-
ing heat, resulting in higher surface temperatures and less
effective heat dissipation.

To quantify heat dissipation performance further, the
temperature rise (Trise) above ambient (25°C) was calcu-
lated for each package type under varying current loads
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Figure 5. Thermal Imaging Results at 19V
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Figure 7. Surface Temperature Trends at 19V under
Varying Current Loads

at 19V. Table 6 provides a summary of these calculations,
showing the relative temperature increases as power levels
rise.

The differences in heat dissipation performance among
the packages highlight the critical role of material selection
and design optimization. Packages incorporating high ther-
mal conductivity materials, such as AIN, enable superior
heat transfer, reducing the risk of thermal stress and com-
ponent failure. In high-power applications, these benefits
translate into enhanced reliability and performance. Con-
versely, packages with lower thermal conductivity, such as
Al,03, are limited to applications with lower thermal de-
mands, where the heat dissipation requirements are less
stringent.

The findings from this section reinforce the need to pri-
oritize materials and designs that optimize heat dissipation
pathways, particularly in high-power electronic systems.
AIN emerges as the best choice for advanced thermal man-
agement, ensuring efficient and reliable operation across a
wide range of power levels.

D. DISCUSSION ON MATERIAL PROPERTIES AND DESIGN
TRADE-OFFS

The thermal performance of Dr.MOS packages is intrin-
sically tied to the material properties and design charac-
teristics of the packaging technologies. This section dis-
cusses the implications of material choices—AIN, Al»Os,
and Lead Frame— and their design trade-offs in terms of
thermal management, cost, and manufacturing complexity.
By synthesizing data from thermal resistance (Rthjc), sur-
face temperature trends, heat dissipation performance, and
cost considerations, a comprehensive evaluation of the
strengths and limitations of each technology is presented.
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Table 6. Temperature Rise (7

o) at 19V for Different Packages

Current (A) AIN DPC Ceramic (T, °C) Lead Frame (qyje, °C) Alz203 DPC Ceramic (T s, °C)
0 8.5 11.6 13.7
20 304 33 46
30 59.7 82.8 84.1
40 95.7 119.6 147.8

The thermal conductivity of the substrate material plays
a pivotal role in determining heat transfer efficiency within
a package. AIN, with a thermal conductivity ranging from
170 to 230 W/m'K, stands out as the superior material for
thermal management, ensuring rapid heat dissipation from
the junction to the environment. This is reflected in its
low Rthjc of 1.48°C/W, as well as its lower surface temper-
atures observed in experimental conditions. Figure 8 visu-
alizes the relationship between thermal conductivity and
Rthjc for the three package types, highlighting the direct
correlation between material efficiency and thermal resis-
tance.

However, AIN comes at a significantly higher cost due to
its manufacturing complexity and raw material expenses.
The high-purity aluminum nitride powders required for its
production are substantially more expensive than Alumina.
Furthermore, AIN substrates must be sintered at extremely
high temperatures (above 1800°C) in a nitrogen-controlled
atmosphere, increasing energy consumption and produc-
tion costs. The brittle nature of AIN also makes precision
machining difficult, requiring diamond-coated tools and
specialized processing techniques, further raising costs.
Studies indicate that AIN package fabrication costs can be 5
to 10 times higher than Al,O3 packages, making it econom-
ically viable only for high-power applications where ther-
mal efficiency is critical.

Conversely, Al,Oz, with a much lower thermal conduc-
tivity of 24-30 W/m-K, struggles to match the heat dissipa-
tion performance of AIN. This is reflected in its high Rthjc
of 3.33°C/W, leading to higher surface temperatures across
all current loads. However, Al;Os is significantly more cost-
effective, with a well-established, lower-temperature sin-
tering process (1500-1600°C) that requires less energy and
simpler processing equipment. Its high manufacturing
yields and lower material costs make it a widely used al-
ternative for applications with moderate thermal demands,
where cost is a key concern.

The Lead Frame package, which leverages copper (ther-
mal conductivity of 400 W/m-K) as its primary heat conduc-
tor, achieves a moderate Rthjc of 2.61°C/W. While copper
provides excellent thermal performance, the plastic encap-
sulation layer significantly reduces overall heat dissipation
efficiency, introducing thermal resistance between 1-5 W/
m-K. Despite this limitation, Lead Frame remains the most
cost-effective option, benefiting from mass production ef-
ficiency and automated manufacturing techniques such as
metal stamping, electroplating, and plastic molding. The
total production cost of Lead Frame packages is typically
50-70% lower than ceramic-based packages, making them

ideal for consumer and mid-power applications where cost
considerations outweigh extreme thermal efficiency.

The trade-offs between material properties, cost, and
design complexity are summarized in Table 7, which com-
pares the key characteristics of the three packaging tech-
nologies.

Figure 8 further illustrates the trade-offs between cost
and thermal performance for the three packages. AIN sits
at the high-performance, high-cost end of the spectrum,
while Al;O3 occupies the low-cost, low-performance end.
The Lead Frame package balances cost and moderate ther-
mal performance, making it suitable for mid-range applica-
tions.

These findings emphasize the importance of selecting
packaging materials that align with application-specific re-
quirements. For high-power applications, where effective
heat dissipation is crucial, AIN is the preferred choice de-
spite its higher cost. In contrast, for low-to-moderate
power applications, Al,Oz and Lead Frame packages offer
more economical solutions while still meeting functional
thermal requirements. Among them, Lead Frame strikes
the best balance between cost-effectiveness and manufac-
turability, making it an attractive choice for mass-produced
semiconductor applications.

Ultimately, the choice of packaging technology must
consider both thermal performance and cost constraints, as
well as long-term reliability and manufacturability. Future
advancements in material science and design optimization
may help bridge the gap between cost and performance, en-
abling the more widespread adoption of high-efficiency ce-
ramic-based packaging solutions like AIN in cost-sensitive
markets.

E. COMPARISON OF THERMAL IMAGING AND FEA
SIMULATION RESULTS

To ensure accuracy in thermal performance evaluation, a
comparison between FEA-simulated temperatures and
thermal imaging measurements was conducted, as shown
in Figure 9. The results demonstrate a strong correlation
across different current loads (OA to 40A). FEA results
slightly underestimate surface temperatures due to ideal-
ized boundary conditions and material property assump-
tions, whereas thermal imaging captures real-world effects
such as convection, minor surface variations, and radiation
losses.

This comparison validates the FEA model’s accuracy,
with deviations within an acceptable margin (<2%) at lower
currents and slightly larger differences (~1.5-2°C) at higher
power levels. These results confirm the reliability of FEA
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Figure 8. Cost vs. Thermal Performance of Different
Packaging Materials

predictions while emphasizing the importance of experi-
mental validation in real-world applications.

To further validate the thermal performance of Dr.MOS
packages, a 1D thermal resistance model was developed and
compared with both FEA simulations and thermal imaging
results. This analytical approach provides a simplified yet
effective estimation of heat dissipation pathways and helps
assess the accuracy of numerical and experimental findings.
The 1D model assumes a series thermal resistance network,
where the total thermal resistance (R, ) is the sum of the
junction-to-case thermal resistance (Rthic) and the case-to-
ambient thermal resistance. Using this approach, junction
temperatures were estimated and then compared to values
obtained from FEA simulations and thermal imaging exper-
iments. The results, summarized in Table 8, indicate that
the 1D model predictions align closely with FEA and ex-
perimental thermal imaging results, with deviations of less
than 1°C across all packaging types. While the 1D model
provides a strong first-order approximation, it does not
fully capture localized temperature variations that arise in

real-world conditions. Thermal imaging results tend to be
slightly higher than FEA due to surface heat losses, natural
convection effects, and minor material inconsistencies that
are not explicitly modeled in simulations. Despite these dif-
ferences, the AIN package consistently exhibits the low-
est junction temperature, followed by the Lead Frame and
Al,O3 packages, confirming the strong influence of ther-
mal conductivity on heat dissipation efficiency. This close
agreement between the 1D model, FEA, and experimental
results validates the reliability of the analytical approach,
demonstrating that it can serve as an efficient preliminary
design tool for estimating thermal behavior in Dr.MOS
packaging technologies. However, for detailed thermal
analysis and localized heat transfer predictions, FEA and
experimental validation remain essential to ensure accu-
rate thermal performance assessments.

IV. CONCLUSIONS

A. SUMMARY OF KEY FINDINGS

This study evaluates the thermal performance of Lead
Frame, DPC Ceramic Al,03, and DPC Ceramic AIN packages
for Dr.MOS applications, integrating thermal resistance
simulations, experimental temperature measurements, and
heat dissipation analyses to assess their effectiveness in
thermal management.

The findings confirm that AIN packages provide superior
thermal performance, attributed to the high thermal con-
ductivity of aluminum nitride (170-230 W/m-K). With an
Rthjc of 1.48 °C/W, AIN exhibited the lowest junction-to-
case thermal resistance, ensuring efficient heat dissipation.
Experimental results reinforced this, as AIN consistently
maintained lower surface temperatures across different
voltage and current conditions. For example, at 19V and
40A, the maximum surface temperature of the AIN package
(120.7°C) was significantly lower than that of the Lead
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Table 8. Comparison of 1D Thermal Model, FEA, and Experimental Results

Package Type Rthjc (°C/W) Rtotal (°C/W) 1D Model Tj (°C) FEAT]j (°C) Thermal Imaging Tj (°C)
AIN DPC Ceramic 1.48 2.3 69.6 70.4 71.2
Al203 DPC Ceramic 3.33 4.2 83.4 84.7 85.5
Lead Frame 261 3.6 76.2 77.1 78
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Figure 9. Comparison of Thermal Imaging Results and
FEA Simulations

Frame (144.6°C) and Al20O3 (172.8°C) packages, making it
the preferred choice for high-power applications.

The Lead Frame package achieved moderate thermal
performance with an Rthjc of 2.61 °C/W, benefiting from
the high thermal conductivity of copper (400 W/m-K) but
constrained by plastic encapsulation, which added thermal
resistance. Despite this limitation, its thermal performance
was notably better than that of the Al,O3 package, particu-
larly under higher power loads.

Conversely, the Al,Oz package, with an Rthjc of 3.33
°C/W, exhibited the highest thermal resistance, owing to
its low thermal conductivity (24-30 W/m-K). This resulted
in higher surface temperatures and concentrated thermal
hotspots, as confirmed by thermal imaging data. At 19V
and 40A, the Al,O3 package reached 172.8°C, making it less
suitable for high-power applications.

The overall heat dissipation analysis further validated
these trends, with AIN demonstrating the most efficient
heat management, followed by Lead Frame, while Al;Os
displayed the steepest temperature rise, underscoring its
thermal limitations.

B. IMPLICATIONS FOR DR.MOS DESIGN

The findings of this study highlight the critical role of ma-
terial selection in optimizing the thermal performance of
Dr.MOS devices, particularly for high-power applications.
The thermal differences between Lead Frame, DPC Ceramic
Al303, and DPC Ceramic AIN packages emphasize the need
for tailored thermal management strategies based on oper-
ational requirements and cost-performance trade-offs.

Journal of Microelectronics and Electronic Packaging

For applications where thermal efficiency is critical, AIN
packages offer the best solution, with a low Rthjc of
1.48°C/W and consistently lower surface temperatures, en-
suring effective heat dissipation and enhanced device reli-
ability. However, the higher cost and manufacturing com-
plexity of AIN make it best suited for high-power
applications where superior thermal management justifies
the investment.

The Lead Frame package, while less thermally efficient
than AIN, provides a cost-effective solution for mid-power
applications. Its Rthjc of 2.61°C/W and moderate surface
temperatures demonstrate reliable heat dissipation, lever-
aging the high conductivity of copper while being limited
by plastic encapsulation. The affordability and ease of man-
ufacturing make Lead Frame a versatile option for cost-sen-
sitive applications that still require effective thermal man-
agement.

Conversely, the Al;Oz package, with the highest Rthjc of
3.33°C/W, exhibits the least effective thermal performance
due to its low thermal conductivity (24-30 W/m-K), lead-
ing to higher surface temperatures and thermal hotspots.
However, its cost advantages and mechanical stability make
it suitable for low-power applications where thermal de-
mands are less stringent.

In designing Dr.MOS devices, balancing cost, thermal
performance, and reliability is essential. AIN ensures opti-
mal performance for high-power applications, while Lead
Frame offers a practical balance for mid-power systems,
and Al;O3 remains a viable option for cost-sensitive, low-
power designs. These insights reinforce the importance of
selecting appropriate packaging materials to enhance relia-
bility, efficiency, and lifespan, ensuring optimized thermal
management in power electronic applications.

C. SUGGESTIONS FOR FUTURE RESEARCH

This study has provided key insights into the thermal per-
formance of Lead Frame, DPC Ceramic Al,Oz, and DPC Ce-
ramic AIN packages for Dr.MOS devices. However, further
research is necessary to overcome material limitations, op-
timize design methodologies, and explore innovative so-
lutions for improving thermal management in high-power
applications.

One promising area of research is hybrid packaging tech-
nologies, which combine the advantages of multiple ma-
terials. For example, integrating AIN substrates into Lead
Frame designs could leverage AIN’s superior thermal con-
ductivity while retaining the cost-efficiency of copper and
plastic encapsulation. Advancements in manufacturing
techniques will be essential to enable seamless integration
of hybrid materials.
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The long-term reliability of AIN, Al,O3, and Lead Frame
packages under real-world thermal cycling conditions also
requires further investigation. While this study focused on
steady-state thermal performance, power electronic devices
experience dynamic thermal loads, leading to thermal
stress, mechanical fatigue, and material degradation. Fu-
ture research should assess how these effects influence
package durability and explore strategies to improve ther-
mal resilience.

Another critical area is the development of novel ther-
mal interface materials (TIMs) to enhance heat dissipation
efficiency. While conventional TIMs like thermal grease
were assumed in this study, phase-change materials and
graphene-based TIMs could offer superior thermal perfor-
mance. Research should focus on optimizing TIM compat-
ibility with different package structures to maximize heat
transfer efficiency.

Additionally, the role of active cooling methods, such as
liquid cooling and integrated microchannels, should be ex-
plored. While passive cooling remains dominant in Dr.MOS
designs, increasing power densities may necessitate active
solutions. Studies assessing the feasibility, efficiency, and
cost implications of integrating active cooling mechanisms

could provide valuable insights for future thermal manage-
ment strategies.

Finally, advancements in computational thermal analy-
sis and optimization are crucial. While this study utilized
ICEPAK simulations, integrating machine learning and ar-
tificial intelligence into thermal modeling and design opti-
mization could enhance prediction accuracy and accelerate
innovation. Al-driven approaches could identify optimal
package geometries, material combinations, and cooling
strategies, pushing the boundaries of thermal management
efficiency.

Future research should focus on bridging the gap be-
tween current packaging technologies and the evolving de-
mands of high-power electronics. By developing hybrid de-
signs, improving TIMs, exploring active cooling solutions,
and leveraging Al-driven thermal optimization, researchers
can pave the way for more efficient, reliable, and cost-effec-
tive thermal management strategies in Dr.MOS and similar
applications.
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